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RESUME

Les latex cationiques sont des produits actuellement utilises dans 1 industrie du

papier. Les fibres cellulosiques ont une charge negative naturelle. Par 1'utilisation d'un

latex cationique, la repartition du latex sur la cellulose se fait plus facilement et de fayon

plus uniforme. Cependant, certains criteres doivent etre satisfaits: les particules de latex

doivent presenter une certaine densite de charge afin de stabiliser les particules de

polymere; les polymeres obtenus doivent avoir une temperature de transition vitreuse

specifique, determinee soit par Ie choixjudicieux du monomere utilise, soit par la plage de

masse molaire d'un polymere donne ou encore une combinaison des deux. Finalement,

les particules obtenues doivent etre de faible taille afin qu'elles puissent penetrer a

1'interieur du volume libre de la pulpe ou du reseau de la fibre.

Afin d'eliminer Ie probleme de contamination du a la presence des agents

tensioactifs et d'augmenter la resistance du papier a 1'eau, laquelle est reduite a cause de

ces memes agents tensioactifs, les polymerisations sont efifectuees en leurs absences.

La majorite des travaux de recherche effectues dans ce domaine, en absence

d'agent tensioactifs, utilisait une concentration optimale de 10% en monomere. Le

methacrylate de butyle est utilise dans ce projet a une concentration de 30%. Ce

monomere est peu soluble dans 1'eau (0, 078% poids). La temperature de transition

vitreuse de son polymere (39, 81 °C) se rapproche de la temperature a laquelle Ie papier
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presente ses meilleures performances. Comme la faible solubilite du methacrylate de

butyle se rapproche de celle du styrene, 1'etude de la cinetique de la polymerisation en

emulition sans agent tensioactifest faite en fonction des theories actuelle telles celles de la

nucleation micellaire de Fitch et de Poehlein.

L'hydrochlomre de azobis -2, 2' isobutyramidine est utilise comme amorceur. Des

charges positives sont creees sur Ie polymere en croissance avec la decomposition

thermique de 1'amorceur. Ces macromolecules se rearrangent dans la particule afin que

ces charges se retrouvent a la surface de la particule.

Les resultats obtenus montrent que la vitesse d'agitation influence grandement la

taille des particules. Avec une augmentation de la vitesse d'agitation, les particules

produites sont petites, possedent un potentiel zeta eleve et par consequent profitent d'une

plus grande stabilite. Cependant, une trop grande augmentation de la vitesse d'agitation

produit un cisaillement eleve, entramant une reduction de la difiusion normale du

monomere dans la particule et par consequent une augmentation du temps de reaction.

Des vitesses d'agitation de 300, 400, 500 et 600 rpm ont ete utilisees dans ce processus

de polymerisation. Pour chaque vitesse de reaction, Ie rendement de la reaction, la masse

molaire du polymere ainsi que la grosseur des particules et Ie potentiel zeta ont ete

mesures.

La temperature influence aussi grandement la polymerisation. 4 differentes

temperatures ont ete verifiees dans ce projet: 60, 70, 75 et 80°C.

Une valeur de 9.37 Kcal/mole a ete obtenue comme energie globale pour cette

reaction. Les resultats montrent qu'a des temperatures elevees, la reaction s'efFectue tres
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rapidement La quantite d'amorceur afiTecte aussi la vitesse de reaction, la masse molaire,

la taille des particules ainsi que Ie potentiel zeta. En augmentant la quantite d'amorceur,

de plus petites particules, possedant une masse molaire plus faible et un potentiel zeta

plus eleve sont obtenues.
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ABSTRACT

Cationic latices are products not commonly used in the paper industry. Cellulose

fibers in their natural state have negative charge characteristics, thus an electrostatic

attraction can be created between the fibers and the cationic latex polymer particles. This

will help to distribute the particles uniformly on the pre-charged pulp surfaces and

reinforce the produced papers. In order to reinforce the fibrous networks, the latex

particles should have specific charge density in order to stabilize the polymer particles. As

well, the particles should be as small as possible so they can penetrate into the free

volume of the pulp or the fibrous network. While most polymerizations produce a low

solids concentration (approximately 10%), an attempt was made to produce latices of

high solids concentrations ( about 30% ) using n-butyl methacrylate (BMA). The

advantage ofBMA latices is the improvement in the polymer/paper interaction due to its

glass transition temperature of 35. 98 C. 2,2'-azobisisobutyramidine hydrochloride is used

as the initiator in order to eliminate the detrimental effect of emulsifiers on the sizing

performance of latices in paper. The positive charges are obtained from the thermal

decomposition of this initiator and will locate on the surface of the polymer particles.



Since n-butyl methacrylate is similar to styrene in its solubility, kinetics of

polymerization and particle growth have been analyzed by the theory of the emulsion

polymerization ofstyrene without emulsifier, given by Song and Poehlein in 1989.

The agitator speed has been found to have a great influence on particle size and

zeta potential. It has been suggested that for each speed there is a critical amount of

initiator which can produce the most stable latex. In addition, because of the shearing

eflFect of the speed on the difiEusion of monomer molecules to the particles, an increase in

the speed of agitation will increase the reaction time. In this work, four agitator speeds of

300, 400, 500 and 600rpm have been used in the polymerization process. At each speed,

the reaction yield, molecular weight, zeta potential, and the particle size are measured.

Temperature also has a significant eflfect on the polymerization system. Four

different temperatures of 60, 70, 75 and 80 C have been studied. As a result, an overall

activation energy of reaction of ER = 9. 37 Kcal/mole has been obtained for the

polymerization of this monomer in an emulsifier-free emulsion polymerization process.

The results also show that at higher temperatures the reaction is very fast, and in less than

an hour a high conversion with the same particle size having higher zeta potential and

higher molecular weight is obtained. This is due to the effect of temperature on the

thermal decomposition of the initiator.

The initiator affects the reaction rate, molecular weight, particle size, and zeta

potential. By increasing the amount of initiator used in the polymerization, higher reaction

rates with smaller particle size, higher zeta potential, and lower molecular weight are

obtained.
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CONDENSE EN FRAN^AIS

Les materiaux a base de latex cationiques ont difFerentes applications industrielles,

dont 1'une des plus importante se trouve dans 1'industrie du papier.

Les avantages suivants sont relies a 1'etablissement de liaisons ioniques dans les

reseaux de fibres:

1- les liaisons ioniques se forment rapidement en milieu aqueux, ne necessitant aucun

autre traitement thermique particulier;

2- les composes ioniques sont frequemment solubles dans 1'eau;

3- les liaisons ioniques sont reversibles;

4- la force d'attraction electrostatique a un rayon d'action plus grand que celui des

liaisons covalences;

5- les fibres de cellulose et de lignocellulose sont tres soumises aux reactions ioniques a

cause de leur caractere anionique naturel.

Les sites negatifs ne sont pas tous disponibles pour faire des liaisons dans les

fibres parce que plusieurs se trouvent dans la region poreuse des fibres. Toutefois, les

sites anioniques qui sont localises a la surface des fibres peuvent agir comme agents de

liaison en presence d'un polymere cationique.
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Le caractere negatif des fibres de cellulose engendre une attraction physique entre

les fibres et les particules de latex, laquelle aidera a la distribution uniforme des particules

sur les surfaces des pulpes pre-chargees. Ainsi, il y aura un renforcement dans Ie papier

produit par Ie cisaillement des liaisons fibre-fibre, remplacees par des liaisons fibre-

polymere-fibre.

Ces types de latex peuvent etre fabriques par polymerisation en emulsion. Les

produits contiennent alors des particules de taille superieure a 500 nm, tandis que les

espaces libres dans les reseaux fibreux sont en general plus petits que 100 nm. En plus,

ces latex ont un grand pouvoir d'absorbtion d'eau de part leur nature emulsifiant. Pour

reduire la contamination dans les emulsifiants, on a besoin de controler la taille des

particules, et d'augmenter la repulsion entre elles dans 1'eau, generee par les reseaux dans

la polymerisation en emulsion; pour cette raison, une polymerisation en emulsion sans

emulsifiant a ete utilisee dans ce projet.

Le probleme qui existe avec ce type de systemes est qu'ils n'ont jamais ete

produits avec des concentrations de monomere plus hautes que 10%. Ce projet a ete

selectionne avec comme objectifde produire des reseaux a concentrations de monomere

superieures a 30%. Pour verifier ce type de systemes, differentes conditions d'operation

telles que la concentration de 1'initiateur, la vitesse d'agitation et la temperature de

polymerisation ont ete employees. Pour chacune des difFerentes conditions, la conversion

du monomere, la taille de particule, Ie potentiel zeta, et la masse moleculaire ont ete

determines, et les resultats sont presentes dans Ie chapitre 3.
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Le monomere choisi est Ie n butyle methacryl te, insoluble dans 1'eau, parce que

ses homopolymeres ont leurs temperature de transition vitreuse (Tv) presque egales a la

temperature ambiante, a laquelle Ie papier devrait avoir des caracteristiques optimales.

La Tv du polymere obtenu dans Ie present travail est de 35. 98°C.

En vue de produire des latex cationiques en 1'absence d'emulsifiant, on suggere la

generation de charge positives a partir de :

(1) initiateurs ionisables,

(2) polymeres ou oligomeres amphiliques,

(3) comonomeres hydrophiliques ou ioniques.

Le 2-2'azobis-isobutyramidine a ete utilise comme initiateur ionisable dans ce

travail; ce materiau se decompose avec la chaleur et genere deux radicaux cationiques.

La solubilite du monomere dans 1'eau a une grande influence sur la prediction du

mecanisme de la polymerisation en emulsion et de la polymerisation en emulsion sans

emulsifiant. En general, pour les monomeres relativement solubles dans 1'eau, les

particules sont nucleees suivant une nucleation homogene, alors que pour les monomeres

moderement solubles, comme c'est Ie cas avec Ie styrene et Ie n-butyle methacrylate, Ie

mecanisme se presentera comme une nucleation micellaire. La theorie de la

polymerisation en emulsion est basee sur la theorie de nucleation micellaire developpee

par Fitch; dans Ie cas de la polymerisation en emulsion sans emulsifiant, on a applique les

trois etapes d'initiation, de propagation, et de terminaison suggerees par Song et Poehlein

[1989, 1990]. Dans leur theorie, ils mentionnent que la polymerisation peut etre initiee

dans la phase aqueuse parce que 1'initiateur utilise dans Ie systeme est soluble dans 1'eau.
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La periode de nucleation de la particule peut etre divisee en deux etapes. Letape 1, de

courte duree (mains de 10 minutes), durant laquelle des noyaux de micelles sont produits

en grand nombre a partir de grandes particules d'oligomeres, leur stabilite etant due a la

densite de charges a leur surface generee par les groupes finaux de 1'initiateur. La faible

solubilite du monomere dans la phase aqueuse et la vitesse de terminaison relativement

elevee font que la concentration des petits oligomeres augmente au point d'atteindre son

CMC, occasionnant une diminution dans la longueur critique de la chaine pour la

micellisation in situ (n*). Cette etape est connue comme 1'etape n* ou 1'etape 1.

Le processus de polymerisation se poursuivant. Ie nombre et la taille des

particules augmentent continuellement; la vitesse de capture des radicaux libres par les

particules va jouer un role plus importante que la terminaison dans la phase aqueuse. Par

consequent, la concentration des oligomeres dans la phase aqueuse ne va pas augmenter,

et n* sera pratiquement constant. Cette etape de nucleation de la particule est connue

comme 1'etape n* constant ou 1'etape 2.

Les micelles de particules d'oligomere produites durant 1'etape 1 sont stables grace

a leur charge de surface creee par les groupes finaux de 1'initiateur, mais elles ont

legerement tendance a coaguler. Lorsque les radicaux libres sont captures par les

particules de 1'oligomere, la masse moleculaire du polymere augmente; ce resultat a ete

atteste par les courbes obtenues par GPC, ou il est possible de distinguer deux pics

localises aux environs du poids moleculaire de 1000 et un autre pic dans la region de

poids moleculaire eleve de 105 a 106, lesquels pics sont relies aux etapes de la reaction.
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L'efFet d'incorporer a de petites chames (plus petites que 5 nm) au polymere de

masse moleculaire elevee a comme consequence la reduction de la masse moleculaire des

particules en croissance et de leur densite de charge surfacique. Done, les micelles

initiates de 1'oligomere perdraient leur stabilite, provocant une floculation et une

coalescence tres rapide durant 1'etape de n* constant.

Le coefficient de vitesse pour la coagulation de la particule a done une valeur plus

grande durant 1'etape 2 que durant 1'etape 1. Cette grande vitesse de coagulation va

generer une rapide diminution du nombre de particules et sera accompagnee par une

augmentation de Ie taille des particules. Cette augmentation causera un soudain

accroissement du coefficient de vitesse de capture de radicaux par les particules. D'un

autre cote, la diminution du nombre de particules provoquera une diminution de la vitesse

de capture des radicaux par les particules. Ainsi, 1'augmentation de la taille et du

nombre de particules va reduire la vitesse de coagulation de la particule. Eventuellement,

un remarquable equilibre va naitre entre la nucleation de la particule a travers la

micellisation in situ et la coagulation de la particule, et verra Ie nombre de particules

tendre vers une valeur constante [Song, 1989].

On a choisi Ie type d'agitateur et sa vitesse parmi trois types d'agitateurs et trois

vitesses. La methode utilisee pour Ie choisir a ete la decoloration, celle-ci consistant a

mesurer Ie temps de decoloration pour chaque vitesse selectionnee, Ie temps Ie plus petit

etant Ie facteur sur lequel Ie type d'agitateurs est choisi. La verification de la vitesse a ete

faite sur Ie milieu de la reaction de polymerisation, car Ie systeme est compose de deux

phases formees par Ie monomere et par 1'eau.
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La methode suivante a ete utilisee pour toutes les reactions de polymerisation

effectuee.

225 ml d'eau distillee sont incorpores dans un ballon. Un agitateur de teflon est

place au centre de 1'ouverture du ballon, et relie a une tige d'acier, elle-meme connectee a

un moteur digital qui montre la vitesse de 1'agitateur. Les precautions sont prise afin de

s'assurer que la distance entre 1'agitateur et Ie fond du ballon est la meme pour chaque

operation. Un condenseur de reflux refroidi a 1'eau est pose sur une deuxieme ouverture

du ballon. La temperature a 1'interieur du reacteur est enregistree a 1'aide d'un

thermocouple de type J relie a la troisieme ouverture du ballon et connecte a un

ordinateur. Le ballon est immerge dans un bain d'eau thermostatique a la temperature de

70±0. 5 °C. La reaction est faite sous une atmosphere d'azote, dont Ie debit est minime

afin d'eviter au maximum 1'evaporation du monomere. Pour prevenir la diffusion

d'oxygene dans Ie systeme, Ie condensateur est connecte a un vase a sec avec de 1'eau.

Apres avoir agite pendant 10 min sous atmosphere d'azote, 105 g de butyle methacrylate

est ajoute au reacteur. La temperature d'equilibre est obtenue apres 20 min. L'initiateur

est dilue dans 10 ml d'eau, pour ensuite etre lave dans 10 ml d'eau distillee. On a

constate qu'une duree de reaction de 90 a 120 min etait suffisante pour la reaction,

quoique cette duree depende aussi de la temperature et de la vitesse d'agitation. Des

echantillons ont ete extraits a diflferents intervalles de temps pour chaque reaction. Une

fois Ie temps de reaction acheve. Ie produit etait recueilli dans des bouteilles de

polyethylene.
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La quantite de monomere joue un role important dans Ie processus de la

polymerisation. Avec des contenus eleves de monomere, il est tres difiBcile de produire

des reseaux stables sans la coagulation, et dans 1'intervalle, lorsque la quantite du

monomere est elevee, la conversion augmente accompagnee d'une reduction dans Ie

temps de polymerisation, c. a.d. la concentration elevee du monomere va generer une

augmentation de n* (Ie nombre de molecules du monomere dans la chame primaire qui

prendraient place apres la nucleation). Done on va produire de grandes particules dans

une quantite minime, et voir diminuer la probabilite de dif&sion du monomere dans les

particules. Tant que la densite de charges positives n'est pas trap elevee par rapport a la

taille des particules, il y aura plus de chances que la particule coagule avec une

augmentation dans la probabilite de floculation du systeme avec la concentration elevee

du monomere.

Comme prevu, la vitesse de polymerisation augmente avec un accroissement de la

quantite d'initiateur. Dans les systemes d'emulsion, 1'augmentation du diametre des

particules est liee a 1'augmentation de la conversion. Quand on utilise une basse

concentration d'initiateur. Ie nombre de particules formees va diminuer, et les particules

de latex ne peuvent plus absorbees les noyaux d'autres particules dans la phase aqueuse.

Dans ce cas, la vitesse de coagulation des particules sera comparable a

1'heterocoagulation des particules de latex. Done les particules vont grandir a diflferentes

vitesses.

A hautes concentrations d'initiateur, les particules seront petites qu'a basses

concentrations d'initiateur, dans la meme conversion, a cause d'une vitesse d'initiation
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plus grande, ce qui augmente Ie nombre des particules a la meme concentration du

monomere. L'initiateur utilise dans ce systeme de polymerisation est ionique, et Ie

systeme est stabilise par les groupes ioniques finaux de 1'initiateur; done, la diminution de

la quantite d'initiateur cause une diminution des charges positives du milieu de

polymerisation, et aussi des charges positives des particules du polymere. La coagulation

des particules est plus prononcee et formee de particules larges. La taille des particules et

Ie potentiel zeta ont une distribution aigue pour une quantite specifique d'initiateur, lequel

estde 3. 7 a 3. 8 a 600 rpm. Les donnees obtenues a difFerentes vitesses montrent qu'il y a

un niveau specifique de la quantite de 1'initiateur, a laquelle la temperature enregistree est

stable et correspond a la temperature moyenne de la reaction.

Les conditions d'agitation ont une grande influence sur la dispersion des

particules du monomere dans la phase continue, afFectant la conversion, la taille de

particule, et la distribution de taille des particules. Elles ont aussi un efFet de cisaillement

sur la diffusion des molecules du monomere sur les particules qui grandissent dans 1'etape

de propagation de la polymerisation. Done, la polymerisation est fake a plus basses

vitesses pour de hautes vitesses d'agitation.

Pour la polymerisation du styrene en emulsion sans emulsifiant. Song et

Poeh1e1n[1990] ont trouve qu'a des vitesses plus hautes que 450 rpm, il y avait apparition

de nouvelles particules apres que les particules du polymere aient grandi jusqu'a un taille

specifique. La meme conclusion peut etre tiree pour Ie taille des particules de polybutyle-

methacrylate obtenue a 500 et 600 rpm, ou il y a une diminution de taille de 800 a 900

nm. Cependant, il n'y a pas formation de particules a 400 rpm. Aux memes conditions
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de conversion et de quantite d'initiateur, la taille de la particule augmente si on accroit la

vitesse d'agitation lorsqu'elle est inferieure ou egale a 400 rpm; si la vitesse devient tres

elevee, la formation d'une nouvelle particule fait en sorte que la taille de la particule va

diminuer.

Comme on a mentionne anterieurement, il existe un niveau particulier de la

quantite d'initiateur a chaque vitesse d'agitation. L'accroissement de la vitesse

d'agitation est 1'unique solution pour prevenir la coagulation pres de 1'etape de

conversion quand la quantite d'initiateur utilisee dans Ie reactant est plus grand que sa

limite particuliere. Ceci peut etre relie a la diminution de la repulsion electrostatique due

a 1'augmentation de la vitesse de 1'agitateur, et done Ie temps necessaire pour la

coagulation pourrait etre plus grand que Ie temps que met deux particules pour se

rejoindrent dans Ie systeme de polymerisation. De plus, la formation de nouvelles

particules pendant la reaction de polymerisation va augmenter, et diminuera 1'efifet de la

coagulation. Dans ce travail, quatre difFerentes vitesses d'agitation furent verifiees : 300

rpm, 400 rpm, 500 rpm et 600 rpm. La vitesse d'agitation permet d'augmenter la

quantite specifique d'initiateur utilisee dans Ie systeme de polymerisation; par exemple, la

quantite specifique d'initiateur a 400 rpm est de3. Gg et de 3. 8 g a 600 rpm, basee sur les

temperatures enregistrees, la diminution de la taille des particules et la distribution du

potentiel zeta pour chaque vitesse. Puisque 1'initiateur transporte la charge positive dans

Ie systeme, les reseaux a hautes vitesses ont une meilleure stabilite. Si on veux obtenir de

petites particules polymeriques (plus petites que 150 nm), il est recommande de travailler

a des vitesses superieures a 600 rpm.
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L'efFet de la vitesse d'agitation observe sur Ie systeme de polymerisation peut etre

decrit de la fa?on suivante : pour des quantites d'initiateurs plus faibles que leur niveau

specifique a chaque vitesse, les particules formees pendant 1'etape de propagation

grossissent jusqu'au point que la densite de charges a la surface ne suffisent plus a

stabiliser les particules et elles commencent a coaguler. Cette coagulation apparait encore

quand la densite de la charge diminue a cause de la croissance des particules. Le produit

sera alors compose de particules grandes (plus grandes que 2000 nm), Ce type de

systeme a ete observe durant la diminution de la temperature dans la reaction.

Si la quantite d'initiateur est plus grande que sa limite speciale, dans la premiere

etape de la polymerisation Ie nombre de radicaux libres dans Ie milieu de reaction sera

eleve et les forces de cisaillement empecheront les molecules du monomere d'entrer dans

les particules du polymere, ce qui s'observe de part les petites particules, les basses

vitesses de polymerisation, et les faibles valeurs du potentiel zeta. Puisqu'on emploi une

grande quantite d'initiateur, on va produire plus de particules. Apres les etapes 1 et 2, les

particules vont grandir, perdre leur stabilite et precipiter, comme c'est Ie cas quand on

diminue la temperature a la fin de la reaction. Si on additionne encore plus d'initiateur

que Ie niveau special, la polymerisation est aflTectee aux limites de 1'etape 1. Les

particules perdent leurs stabilite, se conglomerent et Ie materiel se change en un precipite

complet. L'eflFet est confirme par Ie soudain accroissement de la temperature de la

reaction durant les etapes de la polymerisation.

Les enregistrements de temperature montrent qu'il y a une limite dans la quantite

d'initiateur utilisee pour chaque vitesse d'agitation. De plus, a cette limite, la
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temperature dans Ie reacteur reste constante durant toute la duree de la reaction, alors

qu'a de plus basses concentrations d'initiateur la temperature augmente a la fin de la

reaction, et qu'une plus grandes quantites d'initiateur que Ie limite cause une diminution

sur la temperature de la reaction. Ce phenomene peut etre mentionne comme temoignant

de deux difFerents types de coagulation sur Ie systeme de polymerisation pour les petites

et grandes particules [Chen & Lee, 1992]. Le premier survient durant la polymerisation

quand de faibles quantites d'initiateur sont utilisees et resultant en la formation de

grandes particules. D'un autre cote, quand de fortes quantites d'initiateur sont utilisees,

les particules sont stables jusqu'aux conversions elevees, et quand la densite de la charge

commence a diminuer a cause de la croissance des particules, la coagulation survient a la

fin de la reaction. Si la quantite d'initiateur surpasse de 0. 5 a 0. 75 g Ie niveau special, de

grandes quantites de particules sont formees au debut de la reaction, et la vitesse de

polymerisation est plus rapide. Dans cette etape, les particules en croissance vont perdre

leur stabilite et Ie tout commencera a coaguler. Au meme moment, la densite des

particules est plus grande que dans les reactions prealables, et pendant que la coagulation

commence elles se precipitent toutes et produisent un materiau solide a 1'interieur duquel

des molecules de monomere sont piegees. La conversion final de ce solide est de 75%.

La temperature afFecte la vitesse de decomposition de 1'initiateur, sa vie moyenne,

et diminue Ie temps de reaction. Les temperatures qui ont ete verifiees dans ce projet

etaient de 60, 70, 75, et 80°C.

L'augmentation de la vitesse de polymerisation avec 1'accroissement de la

temperature est due a la decomposition thermique de 1'initiateur. De plus grandes
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particules sont produites a basses temperatures pour une meme conversion, du a la rapide

decomposition de 1'initiateur a hautes temperatures, resultant en une concentration plus

elevee de particules. Dans ce cas, comme 1'initiateur est cationique, les particules de

latex seront stabilisees a hautes temperatures grace au plus grand nombre de groupes

finaux de 1'initiateur. Ce meme type de resultat a ete rapporte par Song [1990] sur la

polymerisation du styrene en emulsion sans emulsifiant. En raison de la vitesse elevee de

polymerisation, une augmentation de la masse moleculaire suit une elevation de la

temperature.

Les conclusions suivantes sont tirees a partir de la polymerisation en emulsion du

n-butyle methacrylate sans emulsifiant:

- la Tv obtenue pour Ie poly-n-butyle methacrylate est de 35. 98°C;

- a partir de cette valeur de Tv, on peut considerer que Ie polymere synthetise est un des

meilleures pour une application qui touche Ie papier employe dans les imprimantes a jet

d'encre; grace a 1'utilisation d'initiateur cationique dans la polymerisation, il y a un

accroissement du nombre des liaisons fibre-polymere dans les reseaux fibreux;

- I'energie d'activation (Ep) pour cette reaction de polymerisation est de 9. 37 kcal/mol,

laquelle montre que 1'energie consommee par la reaction est petite;

- la cinetique de reaction acceptee pour la polymerisation en emulsion sans emulsifiants

du monomere utilise dans Ie developpement de cette recherche est celle suggeree par

Song et Poehlein [1989, 1990], basee sur la nucleation de micelles en trois etapes de

polymerisation;
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- la concentration de monomere a beaucoup d'efFet sur la vitesse de polymerisation,

comme c'est Ie cas lorsqu'on augmente la concentration de monomere et que la vitesse

de polymerisation diminue;

-1'augmentation de la quantite d'initiateur va augmenter la vitesse de polymerisation et la

densite de charge des particules du polymere, ainsi que diminuer la taille des particules;

la masse moleculaire va diminuer si on augmente la concentration d'initiateur;

- la vitesse d'agitation aflFecte la polymerisation de la fa9on suivante

- en augmentant la vitesse, la vitesse de polymerisation diminue;

- a partir de 400 rpm, de nouvelles particules sont creees durant la reaction

lorsque la taille des particules atteint 800 - 900 nm;

- la taille de la particule va diminuer quand la vitesse d'agitation est plus grande

que 400 rpm;

- Ie potentiel zeta diminue lorsque la vitesse passe de 400 a 500 rpm, mais il

augmente lorsque celle-ci passe de 500 a 600 rpm;

- a partir de la concentration d'initiateur et de la vitesse d'agitation, il est possible de

determiner la quantite specifique d'initiateur pour chaque vitesse.

Pour obtenir de meilleurs resultats, on recommande de travailler a des

temperatures plus elevees que 70°C et a des vitesses d'agitation superieures a 600 rpm.

La microemulsion peut etre consideree comme un nouvelle branche de la science

des polymeres.
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INTRODUCTION

Throughout many centuries, man has produced paper and tried to unprove its

physical and mechanical properties. In 1960, the use of synthetic polymers to reinforce

paper was discussed [ Waterhouse, 1983 ]. Polymers were incorporated into paper to

enhance the interfiber bonding, improve the water resistance, or to modify the fiber

surface. The latices were used as a polymer colloid to improve the tensile properties of

paper. In order to facilitate the latex deposition, latex particles, bearing positive charge,

are preferred due of their attraction to the negatively charged fibers. In 1976, a team of

researchers the Pulp and Paper Research Institute of Canada published an article

describing this process [ Alince, 1976].

The purpose of the present work is to produce cationic latices with a high solids

concentration, but with no emulsifier in the system. Cationic latexes produced by this

procedure may improve not only the tensile strength, but also the sizing properties of the

paper. Another important property for this type of lattice is their low polydispersity and

smaller size compared with one obtained by conventional emulsion polymerization. The

particle size significantly aflfects end-use performance of paper. Finer particles can cover a

greater surface area of the pulp fiber, thus a lower amount of latex necessary. Another

important factor in choosing the polymer latex as a reinforcing material is to have a

proper glass transition temperature (Tg). Latexes with Tg closer to room temperature are



preferred because of easier film forming tendencies. Cationic latexes are also resistant to

bacteria growth, thus they can be stored for very long times.

In this project, n-butyl methacrylate(BMA) has been used as the monomer in an

emulsifier-free emulsion polymerization, because its glass transition temperature is close

to room temperature. The objectives of this project are:

(1) to produce a cationic BMA latex with a 30% solids content in an emulsifier-free form,

(2) to optimize the polymerization reaction in tenns of variables such as initiator

concentration, reaction temperature, and mixing conditions, small particle size, high

charge density and a Tg near the room temperature.

2,2'-azobis isobutyramidine dihydrochloride, abbreviated as ABAH2++ 2CF, was

chosen as initiator. This is a water soluble initiator which produces positively charged

radicals and starts the polymerization in the aqueous phase. These positive charges on the

polymer particles will provide the colloidal stabilization without an emulsifier. In this

work, the polymerizations were carried out at temperatures of 60, 70, 75, and 800C to

determine the overall activation energy of the reaction.

To investigate the effect of mixing conditions on the rate and particle size, four

different speeds of 300, 400, 500, and 600rpm have been chosen. The experimental

results were compared to a recent theory for the emulsifier-free emulsion polymerization

suggested by Song [ 1989, 1990 ].



CHAPTER 1

LITERATURE SURVEY

1. 1-INTRODUCTION

Interfiber bonding strength between natural or man made fibers can be reinforced

using one or more types of polymers. These reinforcing polymers should provide

properties such as dimensional stability, resistance to chemical and environmental

degradation, ability to hold stitch, resistance to cracking, biological inertness, etc.

Polymers added to the fibers can have different forms: (1) as a monomer which will be

polymerized while it is mixed with fibers; (2) as low molecular weight polymer solutions

which are then crosslinked; (3) as a nonaqueous solution; or (4) as a latex. These

polymers can be added to the fibers before, during, or after the fiber networks have been

fanned. The polymer can be used as (1) a binder for coatings and fibers; (2) a protective

agent against chemical and mechanical degradation; or (3) a retaining agent for fillers.

The surface and aesthetic properties of the fibrous network, can also be improved by the

polymer.

The polymers which presently being used in the paper industry are, Styrene/

Acrylic Ester copolymer (SAE) in a latex form and solution of a water soluble copolymer

(Styrene/ Maleic Anhydride). SAE copolymer naturally has negative charges; They are

deposited on the negative charged pulps by using a retention aid which is usually cationic

starch.



In order to facilitate the adherent of the latex particles to the naturally negative

charged pulp fibers, different researchers have studied cationic latexes which, they have

the advantage of the physical charge attraction. The most extensive work has been carried

out by Alince[1976, 1977, 1985]. However, the use of such latexes have not yet being

commercialized.

Penetration of latex particles into the cracks and pores of the fibrous network is

an important aspect. Possible locations for the particles in the fibrous network are shown

in Figure 1. 1. 1. These locations include: (1) the interfiber bond, (2) within the cell wall of

the fiber, (3) along the surface of the fiber, either as a film or agglomeration, and (4)

bridge networks between fibers.

Film

Inter fiber
bond

Fiber cell wall Aggregates fi:-''

Figure 1. 1. 1 - Sketch of possible polymer locations in a fiber web.

If the eflfective diameter of a particle is quite large, it will be unable to penetrate into the

pores and cracks in the surface. Thus the particle size of the latex can play an important

role. In this work, more attention has been made on the particle size of the produced

latices.

Glass transition temperature (Tg) of the latex is also an important aspect with

respect to the adhesive properties of lignin and hemicellulose. The adhesion between the



latex and cellulose will increase at this temperature[Waterhouse, 1983]. A Tg of 40 to

55 C is recommended for the produced latexes. Higher than this Tg will make the treated

paper more fragile and brittle. Although, lower Tg's will have the film forming property

on the pulps and the fibrous network but will increase the tackiness of the final product.

An emulsion polymerization system is used in this project for the production of a

cationic latex. The utilized monomer in this project is n-butyl methacrylate. The water

solubility of this material is very close to one for styrene, therefore, in this work, it has

been suggested that the polymerization should follow the same mechanism as styrene,

which is, a homogeneous polymerization, startmg with a micellization nucleation

procedure. These mechanisms will be mentioned in the foregoing sections.

1.2- EMULSION POLYMERIZATION

Emulsion polymerization is one of the most common methods used in the polymer

industry. In general, an emulsion system consists of two liquid phases which are

immiscible and where one of the phases is distributed in the form of droplets in the

continuous phase by use of mechanical agitation. Typical emulsion polymerizations are

made by the oil-in-water emulsion system, in which, minimally or partly soluble

mononiers are polymerized in water. In this system, monomers are emulsified in water by

emulsifier which not only emulsifies the monomer droplets, but also stabUizes the final

polymer particles in the water. Polymerization reaction starts by using a water-soluble

initiator.



1. 2. 1- EMULSION POLYMERIZATION THEORY

The mechanism of emulsion polymerization in the presence of an emulsifier has

been described by Harkins [ 1947 ], for which Smith and Ewart [ 1948 ] developed a

mathematical model. The particle formation mechanism is based on micellization

nucleation. Fitch [ 1973 ] extended the Smith and Ewart treatment and included the

homogeneous nucleation mechanism, in which particles are nucleated by a growing

oligomeric free radical that precipitates from the aqueous phase when it reaches a critical

chain length, rf .

1.2. 1.1- SMITH AND EWART THEORY ( MICELLIZATION NUCLEATION )

In this theory, the monomer will be dispersed in water in the form of fine droplets

by mechanical agitation, which are then stabilized in the system by the surfactant, as

shown in the Figure 1.2.1

By adding the initiator to the polymerization system, the reaction starts inside the

emulsified monomer droplets, as shown in Figure 1. 2.2. After a conversion of about 10 to

20 percent, there are no more surfactant micelles in the system and the concentration of

the emulsifier will drop below the CMC. All of the surface active agents are absorbed on

the surface of the fanned particles. From this point on, there isno more formation of

new particles, and the number of the particles will remain constant. The

polymerization proceeds only inside the particles. The particles receive their monomers

from the monomer droplets by dififijsion of the monomer inside the aqueous phase, shown

in Figure 1. 2. 3, so that the reaction rate is constant. After about
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40 percent polymerization, the monomer droplets disappear in the system (Figure 1. 2. 4 ).

The polymerization stops when there are no further monomer molecules left inside the

particles (Figure 1.2. 5).

1.2. 1.2- SMITH AND EWART IONETICS

In the kinetics of emulsion polymerization suggested by Smith and Ewart in 1948,

they were concerned with the factors which govern the rate of polymerization in a single

swollen particle, and mentioned the factors which determine the number of particles.

They discussed three limiting cases in their kinetics in order to obtain the:

- rate of formation of free radicals;

- rate of escape of free radicals from reaction loci;

- rates of termination of free radicals in the reaction sites and water solubility.

A system was proposed, consisting of lcm of an external medium suspended in N

isolated reaction locations ( polymer particles ), each having a volume, v, and an

interfacial area, a. They assumed that the free radicals are initiated only in the external

medium, and the rate of entrance of the free radicals into a single particle is expressed by

the following Equation:
dn p'

(1. 2. 1)
dn p'
dt N

where p' is the overall rate of entrance into all of the N polymerization sites.

When a free radical enters inside a monomer droplet, it causes polymerization

which continues until the activity of the radical is destroyed or transferred out of the

particle. The rate of radical transfer out of the particle is given by :



dn . /?

'dt=~koa~v (1. 2. 2)

where ko is a specific rate constant for the event, ( n/v ) is the concentration of free

radicals in the locus, and a is the interfacial area through which the transfer takes place. If

the radical termination takes place only by combination of two radicals, the speed of

termination in each particle is then given by

dn
^=-"'"1

^0
( 1. 2. 3 )

the factor 2 is for the fact that two free radicals are destroyed at termination, k, is the

termination reaction rate constant, and ( n-1 )/v is the concentration of the free radicals

with which any of the n free radicals in a particle can react.

At steady-state, the rate of entrance into a particle is equal to the rate of leaving

out of the particle plus the rate of termination. For reacting N particles, the following

polymer chains can be obtained in each particle:

No without radical

Ni having one radical

Nz having two radicals

Nn having n radicals

For each entrance of one radical into a particle, the Nn-i becomes Nn, for each radical

leaving the particle, the Nn+i becomes Nn, and for each tennination inside the particle, a

chain ofNn+2 becomes Nn. Therefore, at the steady-state condition one can write:
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^]+^.<^
+N^k,\ '^..+')Y^^^

(1. 2. 4)

The left side of this Equation is the rate of appearance of the particles and the right side

shows the rate of particle disappearance.

Smith and Ewart solved this equation for three limiting cases:

1- Number of free radicals per particle much less than unity,

2- Number of free radicals per polymer particle approximately equal to 0. 5,

3- Number of free radicals per polymer particle much greater than unity.

The case 2 explained all the results obtained with styrene and therefore, it will be

the only case discussed here.

CASE 2; Number of free radicals per polymer particle approximately equal to 0.5

In this case, it is assumed that the rate of free radicals leaving the polymer particle

is negligible compared to the rate of radicals entering into the particles. In addition, it has

been assumed that the rate of termination reaction between a radical presently inside the

particle and a radical which penetrates inside the particle is large enough so that the

average time necessary for them to terminate is small compared to the average time

interval between successive entrance of free radicals into a particle. With this condition, a

very simple situation exists in which approximately half of the particles contain a single

free radical and the other half contain no radicals. The requirements for this case can be

expressed as:

k^\«p'/N<k, /v (1. 2. 5)
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By neglecting the terms involving ko in Equation 1. 2. 4 one has:

Nn-[^N^k\ («+2)(/2+7) -N^]+t^ (1. 2. 6)

In order to simplify Equation 1. 2. 6, a quantity called p is defined as:

v̂p'

and Equation 1.2.6 is then written as:

^-/+^X"+2)(/7+7)=^[7+pn(»-7)] (1. 2. 7)

A satisfactory approximation for this Equation is that R>1, thus Equation 1. 2. 7 will

change as follows:
N.

(1. 2. 8)N^=l^n{n-l}

If n = 0;

^. =4
V2=2p

and when n := 1;

N, =N^+6N^

Nj can also be related to N2 using Equation 1. 2, 8;

N,=
^

L2p(7+(?P)
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and,

N, =N,
4+6^
7+(?P

This could be continued to obtain any degree of approximation desired. Since the rate of

polymerization is considered, the important thing is the total number of particles,

measured by:

n, =!N, +2N, +3N, +.... nN,....

while the total number of particles is given by:

N=N, +N, +N,+.... N,.

From these relations, the following Equation can be written:

"(=
N i4 ^.-

P 3P2

Thus, when P is sufficiently large, the total number of free radicals present will be very

close to one-halfthe number of polymer particles.

Under these conditions the rate of polymerization per cm3 of water solution is

expressed by a remarkably simple Equation:

d[M] k, [M]N
dt 2

(1. 2.9)

The mean polymerization lifetime, ip , will be V/2pf. If it is assumed that p= p\ then:

N

r'~-Tp (1. 2. 10)

The characteristic feature of emulsion polymerization can now be easily

interpreted. It can be seen from Equation 1.2. 8 that the number of polymerizing free
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radicals will be nearly equal to half the number of particles. Since it is possible to have a

large number of particles present, a fast rate of polymerization is naturally followed. Also,

from Equation 1. 2. 10 it can be seen that the average lifetime of a free radical increases

with an increase in number of particles. Therefore, it is possible to have high rates of

polymerization and high molecular weights in emulsion polymerization[P. Bataille, 1994].

1.2. 1.3-FITCH'S THEORY ( HOMOGENEOUS NUCLEATION )

The Harkins-Smith-Ewart theory for micellization nucleation does not apply for

systems involving partially water-soluble monomers. Fitch [1969, 1970] proposed a

theory to predict the number of particles quantitatively, based on a homogeneous

nucleation model. This model requires the knowledge of the rate of radical generation

and the average distance that a primary oligomer radical can dififuse in solution before it

self-nucleates. Polymerization starts in the aqueous phase and oligomeric chains appear.

These chains grow by free radical propagation until a critical chain length, where the

chains collapse upon themselves and a new polymer phase is formed. This is shown

schematically in Figure 1. 2. 6 [Fitch, 1973]. The initiation point is Q , and the average

distance the growing radical diffuses prior to selfnucleation is L.

The rate of particle formation will thus be equal to the effective rate of radical

generation, R, =fR, where/is the initiator efficiency and R is rate of radical generation.

The soluble oligomers which are subsequently formed will then have a choice of

forming more new particles by this process, or of being captured by pre-existing particles.

Initially the rate of appearance of new particles, dN/dt, should thus be simply equal to the

eflFective radical generation rate, R, . As the capture of oligomeric radicals increases, the
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rate of particle nucleation will be correspondingly reduced. Additionally, in real systems,

flocculation is often a principal factor in determining the final number of particles, and in

^.

Qo-

\

K°
v

.b

\.

s

Figure 1. 2. 6- Diffusion and homogeneous self-nucleation of a growing oligomeric radical.

some systems the decrease in the number of particles is due solely to flocculation.

Therefore, the Equation for R, should be modified to:

di-R'-R'-R' (1. 2. 11)

where Rf is the rate of flocculation. The rate of flocculation for latex particles bearing a

charge is given by:

R-ZS^}
21

^kTs\

k'=i+j
V^. =^+^

where Dy is the difitusion coefEcient, Ry is approximately the sum of the radii, r, and r,, of

any two flocculating particles, n, and /?, are the respective particle concentrations, V,j is
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the potential energy barrier, which is comprised of two parts; ^ and PR, the Van der

waals-London attraction and the electrostatic repulsion, respectively, and s is a. measure

of the distance of the particle separation.

The overall rate of flocculation must be the sum of all the various rates, R^,

between the different sizes of particles:

7?/=Z^A.. (1. 2. 13)
k'=l

For small charged particles, stability by electrostatic repulsion, V, depends on the

particle radii, /-; and rj , and surface potential, ^:

_^_^, -7.ri+rj

'^2e-kH} A( 2
6l^-4'7

2 . , ^-4'
+-+/«-

/ (1. 2. 14)

The surface potential depends upon the total electhc charge, Q, fixed upon the particle

surface due to the end groups:

Q\

^=

1+
e-^-2)
^-(l-e-'2X'+ff)

Ts(l+T)(l-S(l+a)) (1. 2. 15)

The emulsifiers have a water absorbency characteristics. This property should be

minimized for the papers used in ink jet printers. In this project in order to decrease the

particle size and reduce the efifect of emulsifiers in the produced latexes, an emulsifier-

free emulsion polymerization has been used. The charge on the surface of the particles is

maintained by using a cationic initiator, while stabilizing the polymer particles will replace

the emulsifier.
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1.3- EMULSIFIER- FREE EMULSION POLYMERIZATION

This method of polymerization has the distinct advantage of eliminating the

emulsifier in the polymerization system. The produced latices in an emulsifier-free system

are monodisperse with respect to their molecular weight and particle size, without

removable surfactants. Therefore, they can be used as ideal model colloids for studying

stability and other colloidal phenomena. Emulsifier-free emulsion polymerization has

generated considerable interest since 1965 [Chiu, 1991]. As an emulsion system, the

continuous phase is water and monomer is dispersed by the use of mechanical agitation.

The initiator is water soluble and it starts the polymerization in the aqueous phase. In

such a system, polymer particles are stabilized by positive or negative charges. The

charge on the particles could be obtained from (1) ionizable initiators, (2) amphiphilic

polymers or oligomers, or (3) hydrophilic or ionic comonomers [Song, 1989]. The

kinetics ofemulsifier-free emulsion polymerization have been described by Z. Song and G.

W. Poehlein [1990], and will be discussed in the following sections.

1. 3. 1- EMULSIFIER- FREE POLYMERIZATION PROCESS

Homogeneous polymerization takes place in the aqueous phase in the beginning

because a water-soluble initiator is used. As the polymerization proceeds, oligomers with

diflTerent chain length are produced and their concentrations increase. For low water-

soluble monomers, such as styrene, and due to its relatively high aqueous-phase

termination rate, the products of the aqueous-phase polymerization are oligomers with

average molecular weight of about 1000. These oligomers are surface active because of
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the hydrophilic end group obtained from the initiator, and will undergo micellization and

form the precursor particles.

Shinoda [1963 ] has shown that the CMC of surfactants decreases with increasing

the chain length, ^, according to the following Equation:

CMC = C,e(-Daj) (1. 3. 1)

where Co and Do are constants. Application of this model to the styrene emulsion

polymerization system suggests that the longer oligomers will be the first to reach the

CMC. The oligomeric radicals that grow to a sufficient length (the critical chain length

for the in situ micellization, n ) will then undergo micellization and oligomer micellar

particles will be formed. The micellar particle nuclei are very small, and their number is

also small at the beginning. Therefore, the rate of free radical capture by these particles is

small compared to that of the aqueous-phase temiination. The concentration of shorter

oligomers will thus increase, because of the aqueous-phase termination or , possibly,

chain transfer reactions, and in turn they will reach their CMCs. This will result in an

decrease in rf and an acceleration of particle nucleation. This early stage of particle

nucleation will be called the variable n stage, or Stage 1.

As the polymerization proceeds, the particle number continues to increase and at

the same time particles begin to grow through polymerization. The rate of free-radical

capture by particles will then increase. The mechanism of radical capture by particles will

eventually become much more significant than aqueous-phase tennination. Consequently,

the concentration ofoligomers in the aqueous phase will no longer increase, and n will

tend to remain constant. The remainder of the particle nucleation period will be called the

constant n stage, or Stage 2.
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Oligomer micellar particles produced during Stage 1 are stable because of the

surface charge from the initiator end groups. Therefore, they will have little tendency to

coagulate. However, as free radicals and monomer are captured by these oligomer

micellar particles, high molecular weight polymer is formed inside. The effect of

incoq)orating a high molecular weight chain into a small, probably less than 5nm, nucleus

consisting mainly of low molecular weight material, results in particle growth and a rapid

reduction in the surface charge density. Thus, the initial oligomer micellar particles lose

the stability they had initially, and rapidly begin to flocculate and coalesce during the

constant/? stage.

The rate coefficient for particle coagulation is, therefore, much higher during

Stage 2 than during Stage 1. The high rate of particle coagulation will result in a rapid

decrease in particle number and a corresponding increase in particle size. The sharp rise in

particle size, and in particle surface area, will in turn cause a sudden increase in the rate

coeflRcient for radical capture by particles. The decrease in the particle number by

agglomeration, on the other hand, will cause a decrease in the rate of radical capture by

particles. However, the increase in particle size and decrease in particle number will also

reduce the rate of particle coagulation. Eventually, an equilibrium will be established

between particle nucleation through in situ micellization and particle coagulation. The

number of particles will then tend to a constant value [ Song, 1989 ].

1. 3. 2-PARTICLE FORMATION

Several particle nucleation mechanisms have been proposed for the emulsifier-free

systems:
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(a) homogeneous nucleation, proposed by Fitch [1973], in which growing oligomeric free

radicals precipitate from the aqueous phase when they reach a critical chain length nf to

fonn a primary particle;

(b) growing free radicals which undergo termination followed by particle nucleation

through coagulation of these dead species, suggested by Aral et al [ 1979];

(c) growing free radicals which achieve a size and concentration at which they become

surface active and undergo micellization, as proposed by Chen and Piirma [ 1980 ].

Munro et al [1979] suggested that, none of these alone can predict the particle

nucleation for all of the monomers. The water solubility has a great influence on the

mechanism prediction. In general, relatively water soluble monomer particles are

nucleated by the homogeneous nucleation, while the sparingly water soluble monomers

such as styrene the micellar nucleation mechanism occurs. The particle nucleation period

can be divided into two stages. Stage 1 is short (less than 10 minutes), and a large

amount of oligomer micelle particle nuclei are produced during this stage. The particles

are stable due to the surface charge density generated by the initiator end groups. As the

particle nuclei capture free radicals from the aqueous phase and produce internal high

molecular weight polymers, the surface charge density decreases and particles lose their

stability and begin to undergo coagulation. This is the beginning of stage 2, resulting in a

rapid growth in particle size and a decrease in particle number. Goodall and Wilkinson

[1980] observed micellar-like particles during the early stages of emulsifier free

polymerization of styrene. Their GPC results on the early stage samples showed that the

particles were composed of a significant fraction of material of approximately 1000

molecular weight and a high molecular weight fraction of 106. The amount of the low
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molecular weight fraction did not appear to increase as the reaction progressed,

indicating that it was formed in quantity only during the early stage of the reaction. This

suggests that a significant portion of the termination between the oligomeric free radicals

occurs during the early stage of the reaction. The micelles produced through the

micellization of the surface-active oligomer serve as a site for further polymerization,

leading to the high molecular weight polymer.

The homogeneous nucleation theory was established by Fitch [1973], and was

then developed by Hansen and Ugelstad [ 1978 ]. In these treatments, the critical chain

length, n , was considered to be a constant for a given monomer system. This hypothesis

is invalid for the early stage of particle nucleation in emulsifier- free systems.

1. 3. 3- THEORY

1.3.3. 1- Changing « Stage ( Stage 1)

The homogeneous nucleation theory is based on the precipitation of the

oligomeric radicals to form particle nuclei when they reach a critical chain length n . This

holds only when the aqueous phase is saturated with the oligomer species of the chain

length n . Every species of oligomer has a finite solubility in the aqueous phase. The

water solubility ofoligomer with chain lengthy, Cj', decreases as the chain lengthy in the

aqueous phase, [ Oj }, increases, due to the termination reaction and chain transfer

reactions. The increase in [ Oj } is particularly significant at the beginning of the

polymerization, when no particles are formed. Thus, the value of the critical chain length

n' will vary with reaction time as the concentration ofoligomer of shorter length reaches

its saturated concentration, Cj'
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As mentioned previously, /? is assumed to be constant, when the emulsifier is

employed at concentrations higher than CMC for a given monomer. However, in an

emulsifier-free system, a constant value for /;* is valid only during the latter stage of the

particle nucleation period when the concentration of particles is high enough to absorb

most of the free radicals generated in the aqueous phase. Thus, the concentrations of the

oligomers with chain length less than n will not increase beyond their solubilities in the

aqueous solution.

The micellization nucleation theory is based on the formation of oligomeric

micelle particles when the growing oligomeric free radicals achieve a size and

concentration at which they become surface active and undergo micellization. As with the

solubility of the oligomers in water, the CMC of the surface-active oligomers decreases

with increase in the chain lengthy.

One can argue that micellization nucleation and homogeneous nucleation are very

similar, with only a difference in the size of the particles formed: a precursor particle

formed in homogeneous nucleation consists of only a few oligomer chains, while an

oligomer micelle particle generated from the micellization nucleation is composed of up

to a hundred oligomeric chains

Precursor particles generated from homogeneous nucleation are unstable because

of their small size and lack of surface charge density. These precursor particles will

undergo coagulation to form larger polymer particles with sufficient surface charge to be

stable. Therefore, particles from homogeneous nucleation are more likely to grow

through coagulation than through polymerization.
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Oligomer micelle particles from micellization nucleation, on the other hand, are

stable because of sufficient charges on their surface. This is confirmed by the emulsifier-

free emulsion polymerization ofstyrene, investigated by Goodall and Wilkinson [1980].

Therefore, the formation of stable latex particles from homogeneous nucleation and

micellization nucleation are different only in the rate of coagulation among oligomer

micelle particles consisting of short oligomers in micellization nucleation, and among

precursor particles consisting of longer oligomers in homogeneous nucleation.

Shinoda [1963] has shown that the CMC ofsurfactant decreases with increasing

the chain length, y, according to the following Equation:

CMC = C,e,t-Do]) (1.3. 1)

Panicles are nucleated from oligomeric free radicals with chain length n*, when

the concentration ofoligomers with chain length above n' are all at their corresponding

limit of water solubilities or CMCs. As soon as the oligomeric free radicals precipitate

from their aqueous solution, m of these radicals associate to form an oligomer micelle in

the case of micellization nucleation, or to form a precursor particle in the case of

homogeneous nucleation. The value of m will be much greater for micellization

nucleation than for homogeneous nucleation. Thus, the particle nucleation rate can be

wntten as:

d\P] kM^M^i ^^^
(1. 3.2)

d[Q_kM. M^, _^^
dt m

where t is the time, [P] is the particle concentration, Mw is monomer concentration in the

aqueous phase, tM n-_J is the concentration of free radicals with chain length /?*-! in the

aqueous phase, kp is the propagation rate constant, and Kf is the average rate coefficient
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for particle coagulation. -i-!- represents the rate of particle nucleation through

homogeneous precipitation and/or in-situ micellization of oligomer radicals with chain

length n The term ( KpMw [M/i'-i ] ) is the production rate of oligomer radicals with

chain length n .. Assuming the tennination of radicals in the aqueous phase is solely by

disproportionation, the increase in inactive oligomery can then be expressed as:

401
dt = kt»[R^Mj]+^n[Mj}[CTA,] (1. 3. 3)

where [Oj ] is the concentration of oligomer with chain length j in the aqueous

phase, [ Mj ] is the concentration ofoligomeric free radicals with chain length 7, [R^ ] is

the concentration of the total free radicals in the aqueous phase, kiw is the termination rate

constant for the radicals in the aqueous phase; and [CTA;] and kin are the concentration

and chain transfer rate constant, respectively, of the chain transfer agent (CTA)i (i can

solubititv cun. 'c

(t >1)

[0, ]( r)

projected oligomcr
conceniraiion

[0, ](t)

Figure 1. 3 1- Scheme of n changing with time.
Oliy.omer chain length
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represent monomer, initiator, solvent, etc. ), If a steady-state concentration of free radicals

is assumed and [CTA, ] is constant, ( [CTAn, ] is the monomer concentration in the

aqueous phase, Mw, for chain transfer to monomer ), the right side of the Equation 1. 3.3

can be considered constant, and the following Equation is obtained by integration:

[Oj] = \ kiw[Rw] + Z kiri[CTA, ] [-[Mj]t ( 1 .3. 4 )

By solving the balance Equations for free radicals in the aqueous phase with the

assumption of steady state free radical concentration, the following relationships can be

derived:

[M]=[p/^. )]a; (1. 3. 5)

(J= 1,2, 3,...)

[R.] = [p / (W.)] * [a.(7 - a";-7) / (7 - a.)] (1. 3. 6)

where;

p=^kt n[R»\[CTA, ]+p, (1. 3. 7)

ap = kpM»/\kiM»+k^[R»]+K^P}+^k^[CTA, ][ ( 1. 3. 8 )

where p, is the free radical generation rate in the aqueous phase, K'/is the net rate

coefficient for radical capture which includes the effect of the free radical desorption from

particles, n is the critical chain length ofoligomers for homogeneous nucleation or in-situ

micellization, and a? can be considered as the probability of free radicals adding a

monomeric unit by propagation.
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In principle, [Rw ] will change with time since //* changes with time. However,

because «' is large at the beginning, as seen in Figure 1. 3. 1, [Rw ] is not significantly

influenced since (Xp< 1. Therefore, [R» ] can be assumed to be constant. This justifies the

derivation of Equation 1. 3. 4 from Equation 1. 3. 3. Substituting Equation 1. 3. 5 into

Equation 1. 3. 4 gives:

[0'}s[^[R. ]+I, t,ACTA^t[p/(t, M.}}a', l ( 1. 3. 9)
When the concentration ofoligomer with chain lengthy equals the water solubility (in the

homogeneous nucleation ) or the CMC (in the micellization nucleation ) of the same

oligomer species Cj , they will become the critical chain length n . Thus,

[o, ]=^»M+2:^[C?'4]}*[p/(*, A/. )]a;-(=C; (1. 3. 10)
The water solubility or the CMC of the oligomers, Cj*, is assumed to decrease with length

j according to the Equation 1. 3. 1, i. e.,

C;=Cy-D^ (1. 311)

Substituting Equation 1. 3. 11 into Equation 1. 3. 10 and solving for n* gives.

n*=[ln(E, //)]/£, (1. 312)
where

E,=
Ck_M^

o p 'w

''|^K]+z^[CTA]j

E, =ln(a, eDO)=D^lna,

(1. 3. 13)

(1. 314)



26

Substituting Equations 1. 3. 5 and 1. 3 12 into Equation 1. 3. 2 yields:

dt ^a,mj{E,,
. ^[p]' (1. 315)

where

d. -. -(/na').
"0-(^+^)

N = Ft"0d^l

where

F=N,p/{ni(d^l)a^]

(1. 3. 16)

(1. 3. 17)

(1. 3. 18)

and NA is Avogadro's number.

1.3.3.2- Constant n Stage ( Stage 2)

The derivation of the equations for determining particle concentration is much

simpler when n is constant. The production rate of particles for the in-situ micellization

can be written as:

d[P] kM. Mn^ ^,^
^ °""""""-Kr[pr <L32)

where [M^. J is the concentration ofoligomer radicals with the chain length n*-l and

be expressed as:

[M. -\-^T

can

k, M^
(1. 319)

Thus the Equation 1. 3. 2 becomes:
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d[P]_p. a;-1
dt m

-^[4' (1. 3. 20)

Equation 1. 3, 20 is then solved to give:

N=\P}N. =N{l+Al}~{l~Aly
"-="-(^A,)^-A, )e- (1. 3. 21)

where NA is Avogadro's number, and N5 is the particle number at steady state calculated

fi-om the equation below

N. ^N. p:a'
»*-1

's - ly A
mK

(1. 3. 22)

T is defined by

T =

/

^

2K, N^
(1. 3.23)

and Ai is the ratio of particle number, Nc, at t = tc (the end of Stage 1), to the particle

number N, at t = oo. That is, Ai = Nc/Ns.

1.4- MICROEMULSION POLYMERIZATION

Microemulsion polymerization is a very simple polymerization process first

reported by Staffer and Bone[1980]. Monomer is dispersed in water by use of a

surfactant, and the polymerization is initiated by use of a lipophilic radical. A

cosurfactant, such as alcohol, can be used in these systems. Microemulsions are usually

formed spontaneously by mixing the components, and there is no need for high shear

conditions. The polymerization reaction is very fast and reaches conversions of greater

than 80% in less than an hour, with small particle sizes(<130 nm)[Candau, 1990]. The
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obtained latices from these systems are thermodynamically stable, transparent, and

nonbirefrigent with low viscosity and high molecular weights (106). The particle size in

these systems is controlled by the ratio of the monomer to surfactant, and the amount of

the initiator. The ultimate characteristics of these latices depend on the nature of the

surfactant.

In 1990, Puig and Kaler and their coworkers [Perez-Luna et a/, 1990] described

the ternary microemulsion polymerization system (monomer-water-initiator) for styrene.

Another report was published on the kinetics of the ternary microemulsion polymerization

for methyl methacrylate[Rodriguez-Guadarrama et al, 1993], where high molecular

weight polymers(106) with small particle sizes (<70 nm) were obtained. It was also

mentioned that the activation energy for the system was lower than in a bulk

polymerization.
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CHAPTER 2

EXPERIMENTAL PROCEDURE

AND ANALYSIS

2. 1-INTRODUCTION

The eflfect of experimental variables such as temperature, the speed and type of

agitator, and the amount of initiator on the polymerization rate, particle size, zeta

potential, and molecular weight are examined.

2.2-MIXING

A decoloration method was used to evaluate the mixing efficiency[Yap, 1976] of

three types of agitators: propeUer, turbine, and anchor. Each of these agitators was tested

at three dififerent speeds and the mixing time was measured with a chronometer (precision

of 0. 1 sec). The decoloration method and the materials used are described completely in

appendix A.
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2.3-POLYMERIZATION

2. 3. 1-MATERIALS

Distilled water and concentrated hydrochloric acid were used in aU of the

polymerization reactions.

N-butyl methacrylate, the monomer, was obtained from Omega Chemical

Company ( Quebec, Canada ) as 99% pure, with a molecular weight of 142. 19 and a

density of 0. 889g/cm3. Other physical properties of this monomer are B.P. (boiUng

point)=163. 5-170. 5°C; flash point=66°C; inhibitor lOppm ofmethylethylhydroquinone. In

order to purify the monomer from the inhibitor, it was washed three times with 5M

sodium hydroxide solution at a volume ratio of 5:1, monomer to caustic, respectively.

The washed monomer was chilled to -4°C to freeze out the residual caustic soda. The

frozen caustic was then filtered out and stored at 4°C in a dark bottle until required. The

purified monomer was used within one month.

The initiator used in this project was 2, 2/-azobisisobutyramidine dihydrochloride,

and was supplied by Wako Chemicals Company USA incorporation ( VA, U. S.A. ) as V-

50. It was kept at 4°C until use. The initiator was used without further purification.

2.3.2-FORMULA TION

The formulation used throughout this project is given in Table 2. 3. 1.
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Table 2. 3. 1- The polymerization formulation

- n-butyl methaciylate

- distilled water

- concentrated hydrochloric acid

initiator

temperature

speed

105g

245g

20 drops

2. 5-4g
(As indicated in appendix B)

70°C or as indicated

As indicated for each experiment

2. 3. 3-POLYMERIZATION PROCEDURE

A schematic of the polymerization set up is given in Figure 2. 3. 1 The

polymerization reactions were carried out in a 1 liter round bottomed flask with a four

necked flanged top. A total reactant mass of 350g was normally used. A typical
preparation is as follows:

225ml of distilled water was added to the flask. A teflon stirrer of half-moon

shape was connected to a stainless steel shaft fitted with a teflon guide, and added to the

central outlet of the flask cover. The shaft was connected to a digital motor which

indicated the agitator speed. Care was taken to ensure that the stirrer was at uniform

distance from the bottom of the flask in each experiment. The water-cooled reflux

condenser was added to the second outlet of the flask. A J-type thermocouple, connected

to a computer, was placed in the third outlet in order to record the temperature inside the
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reactor. The flask was immersed in a thermostat water bath and a thermometer was

placed in the water bath ( 70 ± 0. 5°C ). A nitrogen gas blanket was maintained over the

reacting medium throughout the reaction. The flow rate was maintained at a low level to

numnuze monomer evaporation. To prevent the back difiEusion of oxygen into the system,

the condenser was connected to the atmosphere via a beaker filled with water. After

stirring for 10 minutes under nitrogen atmosphere, 105g of butyl methacrylate was added

to the vessel. The system was then left for 20 minutes to attain temperature equilibrium.

The initiator was dissolved in 10ml of water and was washed with another 10ml of

distilled water. A reaction time of 90 to 120 minutes was found to be adequate, although

this depends to some extent on temperature and agitator speed. Samples were taken at

different time intervals for each reaction. At the end of the reaction time, the vessel was

removed from the thermostat bath and allowed to stand for a few minutes; the product

was then stored in polyethylene bottles.

2.3.4-SAMPLING

A glass tube with an internal diameter of 6mm was used for sampling. The

samples were poured into covered testing tubes. 1ml of inhibitor (hydroquinone 0. 1%

gHQ/inl solution ) was then added in order to stop the polymerization reaction. The

samples were left standing for 24hours. The unreacted monomer separated out from the

top layer and was removed, as it may have dissolved the polymer, thereby affecting the

particle size and the charge density of polymer particles.
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2.4-POLYMER CHARACTERIZATION

The following properties were determined:

- yield

- zeta potential

- particle size

- molecular weight and molecular weight distribution

- glass transition temperature, Tg.

2.4. 1-YIELD

The polymer conversion was followed gravimetrically at difiFerent time intervals

during the reaction. Weighing bottles were weighed on a balance with O. OOOlg precision.

Approximately Ig of 0. 1% hydroquinone solution was added to the bottles and weighed

with the same precision. Samples were taken from the reaction medium using a glass

tube, and poured in the weighing bottles. The bottles were weighed and put under

infrared light for an hour, to evaporate the water and the unreacted monomer. The bottles

were then placed in a Fisher Scientific isotemperature vacuum oven ( model 282A ) and
left at 45UC overnight. The bottles were weighed several times until a relative constant

weight was obtained. The equations used to measure the percentage of the yield are given

in Appendix B-l.
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2.4.2-ZETA(g) POTENTIAL

The zeta potential was determined from electrophoretic mobility and measured

using an MK-II Rank Brothers Microelectrophoresis instrument. The instmment was

calibrated for the rectangular cell before use and the location of the stationary layers were

measured.

A very dilute suspension of a sample was made ( 1 drop in 100ml of distilled

water ). The suspension was poured into the rectangular thermostat water bath (25°C),

two electrodes were placed in their positions and a constant voltage of 50 volts was

adjusted between the two electrodes. Using a television screen and a chronometer with a

precision of 0. 01 sec, the displacement of one particle from one point to another point of

premeasured distance was measured. The zeta potential for each sample was determined

according to the procedure given in Appendix B-2.

2. 4.3-PARTICLE SIZE

A laser light scattering goniometer from Brookhaven Instruments Corporation

was used to determine the particle size of the latices. Twice distilled deionized water was

passed through a 2-micron filter and poured to clean and dust-free sampling tubes. A very

small amount of the latex (1 drop in 100ml of the afore-mentioned water ) was added to

this sampling tube, which was then shaken to fonn a uniform, light opaque suspension.

The samples were placed in a paraffin bath at 25°C. The laser light was sent through two

narrow adjustable windows to the sample and the scattered beams were collected,
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identified, and counted by a laser detector( type TFL ) adjusted on 90° from the main

beam. The signals obtained from the detector were sent to a primary computer to

measure and calculate particle size. The data were sent to a BI-2030AT Digital

Corrolator where they were compared and correlated, and then saved in a second

computer. Care was taken not to have overflows of the laser Ught through the detector.

The average of three saved particle sizes was accepted as the particle size of each sample.

2.4.4-MOLECULAR WEIGHTS AND MOLECULAR WEIGHT DISTRIBUTION

The molecular weight of the latices was detennined by passing the samples through

two GPC columns in series, from Waters Association. The first column was an

ultrastyragel-type which has a linear pore size with an effective molecular weight of 2, 000

to more than 10, 000,000. The second column was also an ultrastyragel-type with a pore

size of500A and an effective fractionation of molecular weight of 100 to 10, 000.

The samples obtained from the experiments were dried in a vacuum oven at 45°C.

A 0. 2% solution of dried sample was made in the THF ( HPLC grade solvent, obtained

from Caledon Laboratories, Ontario, Canada). In order to obtain a complete solution, the

sample solutions were left to stand overnight. The solutions were passed through a 0. 5 m

filter, type FH (from Millipore Corporation). The obtained curves were analyzed and the

molecular weight and its distribution were measured by the Equations given in Appendix
B-3.
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2.4.5- GLASS TRANSITION TEMPERATURE, Tg

The glass transition temperature of the latex was detennined via a Dielectric

Analyzer, DBA 2970. The polymer was pre-dried in an aluminum foil dish and was kept

in a vacuum desiccator until placed in the two parallel plates of DEA apparatus.

A minimum spacing of 0. 5mm was chosen between the two parallel plates, along with

a ram maximum force of 250. OON. 10 different frequencies were chosen between 0.1

and 3000Hz for temperatures of-40 to 75°C and a speed of 1 °C/min. These temperature

and frequency intervals let the polymer chains become rubber-like, and the movements

can be verified and thus the polymer glass transition is determined.
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CHAPTER 3

RESULTS

3. 1-INTRODUCTION

The results of the experimental work discussed in Chapter 2 will be given in this

Chapter. The efiEect of temperature, amount of initiator, and the speed of agitation on the

characteristics of the polymer particles is investigated. The formulation and the

polymerization conditions used for each experiment are shown in Appendix C. A

discussion of the results will be made in the following Chapter.

The temperature inside the polymerization medium was not always constant

during the reaction. This temperature was measured every 10 seconds and the results

were recorded on a computer, and are shown in Figures 3. 1. 1-3 for speeds of 400, 500,

and 600rpm. As a result, it can be suggested that there is a specific level in the amount of

initiator where the steady reaction temperature is maintained.
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3.2-MIXING

The decoloration method was used to find the optimum agitator type and

agitation speed. The following results were obtained for three types of agitators

(propeller, turbine and anchor):

Table 3. 2. 1- The mixing time for different types of agitators at different speeds.

propeller

turbine

anchor

100 rpm 200 rpm 300 rpm

45 sec 20 sec 10 sec

56 sec 14. 3 sec 12.2 sec

15. 7 sec 11. 2 sec 4. 3 sec

3.3-POLYMERIZATION RATE

The polymerization rate was afifected by the following variables thusly:

- decreasing the monomer concentration increased the polymerization rate. Figure 3. 2,

- an increase in the amount of initiator increased the polymerization rate. Figure 3, 3,

- increasing the agitation speed decreased the polymerization rate. Figure 3. 4,

- an increase in the reaction temperature increased the polymerization rate. Figure 3. 5.
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3. 4-PARTICLE SIZE

The following variables affect the particle size in the emulsifier-free emulsion

polymerization ofBMA thusly:

- the particle size decreased with an increase in the amount of initiator. Figure 3. 6. 1-2,

also it can be seen that, there is a limit in the amount of initiator added to the

polymerization system, where, there is a rapid increase in the particle size, at the early
stages of the reaction, Figure 3. 6. 2,

- the effect of agitation speed on the particle size can be divided into two identical groups
of:

below 400rpm, the particle size increased with an increase in the agitation
speed. Figure 3.7

* higher than 400rpm, the particle size decreased with an increase in the

agitation speed. Figure 3. 8. 1-2, Figure 3. 9. 1-2, Figure 3. 10. 1-2,

- increasing the temperature decreased the particle size at the same conversion and the

polydispersity of the latex particles. Figure 3. 11. 1-2.

3. 5-ZETA POTENTIAL

The afore-mentioned polymerization variables had the following affects on the
particles zeta potential:

- increasing the initiator concentration increased the zeta potential of the BMA particles

at the same conversion. Figure 3. 12. 1-2,
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- increasing the agitation speed increased the zeta potential and delayed the coagulation

to higher conversions. Figure 3. 13. 1-2, Figure 3. 14. 1-2,

- at the same conversion, increasing the temperature increased the zeta potential and the

zeta potential has a sharper distribution. Figure 3. 15. 1-2.

3.6-MOLECULAR WEIGHT

- The efifect of initiator concentration on the molecular weight can be divided into:

* concentrations lower than a specific level, where an increase in the amount of

initiator decreased the molecular weight, Figure 3. 17. 1-2,

* concentrations higher than the specific level, where an increase in the initiator

concentration increased the molecular weight, Figure 3. 17. 1-2,

- the molecular weight increased with an increase in the agitation speed. Figure 3. 18. 1-2,

- the molecular weight increased with an increase in the temperature. Figure 3. 19. 1-2,

- the GPC diagrams were reviewed and the micellization nucleation kinetics is suggested
for the polymerization ofBMA, Figure 3. 20

3. 7-REACTION TIME

The examined parameters affected the reaction time as follows:

- increasing the amount of initiator decreased the polymerization time, Figure 3. 3,

- the reaction time was increased with an increase m the agitation speed. Figure 3.21,
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-increasing the reaction temperature decreased the polymerization time. Figure 3. 22.

3.8-GLASS TRANSITION TEMPERATURE, Tg

The glass transition temperature was found to be 35. 98°C for one sample using

the DEA by extrapolating the obtained line from frequency versus temperature (Figure

3. 23).

3.9-OVERALL ACTIVATION ENERGY, ER

The kinetics of polymerization were also studied at four different temperatures of

60, 70, 75, and 80" C. The slope of the linear portion of the time vs. conversion graph

plotted as ( 1/T ) versus Ln( conversion %/ time ), Figure 3. 24. The overaU activation

energy of the reaction was found to be ER = 9. 37 Kcal/mole.



75

74

73

43

G

72
0"

p>

I71
I 70
1°

69

68

67

66
0

J
D

468

Time (sec)*1000

10 12

Figure 31. 1- Recorded temperature in different amounts of
initiator at 400 rpm and 70"C.

exp. E-[I]=2. 7g.
exp. D- [I] = 3. 0g.

exp. G-[I]=3. 7g.



44

0"

75

74

73

72

<u

i71
@- 70

1°
69

68

67

66

H

468

Time (sec)*1000

10 12

Figure 3. 1.2 - Recorded temperature in dififerent amounts of

initiator at 500rpm and 70"C.

exp. H- [I] = 3.0g.

exp. I-[I]-3.4g.

exp. J-[IJ=3.8g.



75

45

74 M

73

g 72
£

i 71
^
Q.

70

69

68

67
0

[\
^

\

N

K

46 :8 10

Time (sec)*1000

^f

12 14

Figure 3. 1. 3 - Recorded temperature in different amounts of
initiator at 600 rpm and 70°C.

exp. K-[I]=3. 5g.

exp. N-[I]=3. 7g.;
exp. M-[I]=4.0g.;



46

100

80 A

c

.0
1

I
0

0

^

60

40

20

0

0 345
Time (sec)*1000

Figure 3.2 - Rate of polymerization for different monomer
concentrations at 70°C, 400rpm and [ I ]=3.4g.

exp. 23 - 0. 21 gofmonomer/g of the total
material added to the reactor;

A exp. I - 0.30s ofmonomer/g of the total
matferial added to the reactor.



47

100

80

c
0

^

I
8

60

40

20

0

0 4 6

Time (sec)*1000

8

Figure 3. 3 -Effect of initiator-conceiitration on the polymerization
-rate at 70"C and 400 rpm.

exp. D-[I]=3. 00g.;
exp. A-[I]=3. 41g.;

- - exp. F- [I]= 3. 70 g.



100

80

48

c

.0
I

I
8
,p

60

40

20

/

/

0 4 6 S

Time (sec)*1000

10 12

Figure 3. 4 - Effect of speed on the rate of polymerization at 70°C and
[I]=3. 0g.

exp. D - 400rpm
D exp. H - 500ipm



100

80

49

c
0

2

I
0

0

^

60

40

-A

20

0

.D

4 6

Time (sec)*1000

a

8 10

Figure. 3. 5- Effect of temperature on the rate of polymerization
at400rpm-and[I]=3. 41g.

D exp. C - 60 C
exp. A - 70°C
exp. 0 - 75°C
exp. B - 80°C



50

1100

1000

900

I 800
<!.>
.s
w 700
-s
u

S. 600

500

400

300

T

1

^

^

T
T

x
^̂ ^!

r
^

v 1

468
Time (sec)*1000

10 12

Figure 3. 6. 1 - Effect of the amount of the initiator on the particle size
at 600 rpm and 70 C.

exp. K-[I]=3.5g,
' exp. N-[I]=3. 7g.;

exp. L- [I] = 3. 8 g.;

V exp. M- [I] =4. 0 g.



51

1000

900 T T

r

800

c

(D 700
.N
w

^

.-N 600
ro

Q-

500

1

400 5

300
0 20 40 60

% Conversion

80 100

Figure 3. 6.2 - Variation of particle size with conversion for

different initiator concentrations at 600 rpm
and70°C.
- - exp. K-[I]-3. 5g.;
-.A- exp. N-[I]=3. 7g,
- - exp. L-[I]=3. 8g.;

V exp. M- [I] = 4. 0 g.



52

1000

900

E

<p
.N
(0
0)
0

s

800

700

600

500

400
300 350 400 450 500 550 600 650

Agitator speed, rpm

Figure 3. 7- Effect of agitator speed on the size of the polymer
particles at constant conversion.



1100

53

1000

900
T

I 800

700

<1»
.N
U)

J2
^

0° 600

500

^

/

/^

/
/

^ T

I1

^-^-^ \ I
^"' - \j

400

300
±

0 468

Time (sec)*1000

10 12

Figure 3. 8. 1- Variation of particle size for agitation speeds greater
than 400rpm at 70°C and [ I ]= 3. 8g.

exp.J - 500 rpm;
-A- exp. L - 600 rpm.



11

54

0
0

10

8

I 7
M

^
^

16

T

7
^

A- .

---^''
/
/ \,/

T/ ^

4

3

0 20 40 60

% Conversion

80 100

Figure 3. 8.2- Variation of particle size for agitation speeds greater
than 400rpm at 70°C and [ I] = 3. 8g.

exp. J - 500 rpm;

-A- exp. L - 600 rpm.



55

s

0)
.N
(0
^

\0
.'.c
s

10

8

T

1

D
a

-a

T

1

D

D

T

1

T

1

D

0 4 6

Time (sec)*1000

8 10

Figure 3. 9. 1 - Effect of speed on-the particle size and the appearance of
new particles for speeds greater than 400rpm at 70°C
and [I ]= 3. 0g.

D exp. D - 400 ipm;

exp. H - 500 rpm.



56

s
<

E'

0)
N

y>

J?
^J

. '.c
(0

Q-

10

8

6

T

1

D

a

a
D

.a
T

1

D

20 40 60

% Conversion

80 100

Figure 3. 9. 2 - Effect of speed on the particle size and the appearance of
new particles for speeds greater than 400rpm at 70°C
and[I]=3. 0g.

D exp. D-400 rpm;

exp. H - 500 rpm.



57

c

1800

1600

1400

S 1200
w

<u

'.c 1000
s.

800

600

400
0 1000 2000 3000 4000 5000 6000 7000

Time (sec)

Figure 3. 10. 1 - Effect of agitator speed on particle size at 70 C and
[I]=3. 4g.

A exp. A - 400 rpm;
exp. K - 600 rpm.



58

1800

1600
A

1400
c

.§ 1200
w
0

§ 1000
a.

800

600 ?

400
0 20 40 60

% Conversion

80 100

Figure 3. 10.2 - Effect of agitator speed on particle size at 70 C and
[I]=3. 4g.
A exp. A - 400 rpm

exp. K - 600 rpm



59

1800

1600

1400

1200
c

<1>
.N
^ 1000
-a?
^
.c
(0

Q- 800

0

T

1

T

±

T

T

1

600

400

200

a

0 1000 2000 3000 4000 5000

Time (sec)

Figure 3. 11. 1- Effect of temperature on polymer particle size
at400rpmand[I]=3. 41g.

exp. A - 70 C
0 exp. B - 80°C

6000



60

1800

1600

1400

I 1200
9>
.N
2 10oo
^

.c

CL 800

600

400

200

T

/
/

-/
/
/
/
/

-6C

/
/

/

T -./

± ^'
/

/
/

^

0 /
/

/

/

0 20 40 60

% Conversion

80 100

Figure 3. 11.2- Variation of particle size for different temperatures with
respect to conversion at 400rpm and [ I] = 3. 4g.

exp. A - 70°C

0 exp. B - 80 C



61

140

120

100

^
. ro 80

!
?60

40

20

/
/

/

/
/
/ .. -"
/ D-'

0

468

Time (sec)*1000

10 12

Figure 3. 12. 1 - Effect of initiator amount on the zeta potential at

600 rpm and 70°C.

A

exp. K-[I]=3. 5g.,

exp. N-[I]=3. 7g.,

D exp. L-[I]=3. 8g.;

exp. M- [I] =4. 0 g.



62

140

120

100

I
ro 80
c

^
i
s
.0
N

60

40

20

D

D

D

D

A

0 20 40 60

% Conversion

80 100

Figure 3. 12. 2 - Variation ofzeta potential .with conversion for different
amounts of imtiator at 600 rpm and 70°C.

exp. K-[I]=3. 5g.;
A expN-[I]=3. 7g.;
D exp. L-[I]=3. 8g.;

exp. M- [I] = 4. 0g.



100

63

D

80
D D

t
.S 60 a
-c
^
s
-2
.

a>
N

40

D

D

20

4 6

Time (sec)*1000

8 10

Figure 3. 131- Effect of speed on the zeta potential at 70°C
and[I]=3. 0g.

exp. D - 400 rpm;

exp. H - 500 rpm.



64

100

a

80
D

t
.S 60 n
s
s
s
-®
N

40

D

20 a

0 20 40 60

% Conversion

80 100

Figure 3. 13.2- Effect of speed on the zeta potential at 70°C
and [ I] = 3. 0g.
D exp. D - 400 rpm;

exp. H - 500 rpm.



65

110

100

90

I
ro 80

i
s
<D
N

70

60

50

AA

A

40
4 6 8

Time (sec)*1000

10 12

Figure 3. 14. 1 - Effect of agitator speed on the zeta potential at
70°Cand[I]=3. 8g.

A exp. J - 500 rpm;

exp. L - 600 rpm



66

I
(0

c

^
I
-2
(D
N

100

90

80

70

60

A

50 A

0 20 40 60

% Conversion

80 100

Figure 3. 14.2 - Effect of agitator speed on the zeta potential at
70°Cand[I]=3. 8g.
A exp. J - 500 rpm;

exp. L - 600 rpm.



80

70

67

I 60
co

I
s
0)
N

50

40

0

0 0

0

0

0
0

30

012345

Time (sec)*1000

Figure 3. 15. 1 -Effect of temperature variation on the zeta potential
at400rpmand[I]=3. 41g.

exp. A - 70°C
0 exp. B - 80°C



80

70

68

I
.

TO

i
s
.

a>
N

60

50

40

0

0 0

0
0
0

0

30

0 20 40 60

% Conversion

80 100

Figure 3. 15.2 -Effect of temperature on the zeta potential at 400ipm
and [I]= 3. 41 g.

exp. A - 70 C
0 exp. B - 80°C



80

69

70

i»
(0

'.£
^
0

I50

40

\
\

\
\

\
\

\
\

\
\

^\
\

\

0
\

\
.s.

'--Y 0
\

0

\

0

30
200 400 600 800 1000 1200 1400 1600 1800

Particle size, nm

Figure 3. 16 - Variation of particle size with zeta potential at 400rpm
and [I ]= 3, 41g for different temperatures.

exp. A-70°C
0 exp. B - 80 C



70

0

8

90

80

70

60

0)
^
^ 50
00

^ 40
0

30

20

Y /

D

'a-'

/

/ \

/ \ ...
/ \ ....'

D

D

10
4 6 8 10

Time (sec)*1000

12 14

Figure 3. 17. 1 - Effect of amount of initiator on the molecular weight
at600rpmand70 C.

exp. K-[I]=3. 5g.;
A exp. N-[I]=3. 7g.;
D exp. L-[I]=3. 8g.;

exp. M- [ I] =4. 0g.



§

90

80

70

60

CT

I 50
(0

S 40

30

20

71

\
\

\
\

\
\

/v^^
/ \

\
\

\

D-. -a

.. --D-\
-D--

10
0 20 40 60

% Conversion

80 100

Figure 3. 17. 2 - Effect of amount of imtiator on the molecular weight
with respect to the conversion at 600rpm and 70°C.

exp. K-[I]=3. 5g.;
A exp. N-[I]=3. 7g.;
a exp. L-[I]=3. 8g,

exp. M- [ I] =4.0g.



72

50

0

0 0

s
0

40

0)

i

I 30

0

0

20
0

4 6

Time (sec)*1000

8 10

Figure 3. 1 &. 1- Effect of speed on the molecular weight at 70°C
and [I ]= 3. 4g.

exp. A - 400 rpm
0 exp. K - 600 ipm



73

60

50

0

S 40
0>

I
(0

I 30
0

20

10
0 20 40 60

% Conversion

80 100

Figure 3. 18^ - Effect of speed on the molecular weight with respect to

the polymerization conversion at 70 C and [ I ] =3. 4g.
exp. A - 400 rpm

A exp. K-600 rpm



74

100

90 0

§
0

80

70

CT 6Q
I
jo 50

^ 40

30

20

0

0

0

0

0
0 0

10
0 2 4

Time (sec)*1000

8

Figure-3. 19. 1 - Effect of temperature on the molecular weight
at400rpmand[I]=3. 41g.

0

exp. A-70 C
exp. B - 80°C



75

100

90 0

0

§

80

70

^

i s°

-§ 50
u
®

^ 40

30

20

0

0

0

0
0 0

10
0 20 40 60

% Conversion

80 100

Figure 3. 19.2 - Effect of temperature on molecular weight with respect
to eonversion at 400 rpm and [ I ] =3. 4g.

exp. A - 70°C
0 exp. B - 80°C



76

,^, r

^ II
i\ Sjl
Ml

LI 1 -after 1600 sec

^

L12 - after 3600 sec

L13 - after 5400 sec LI 10-after 12, 200 sec

Figure 3.20 - Typical GPC curves obtained from the emulsifier-free polymerization of
n-butyl methacrylate at 600 rpmand [ I] = 3. 8g. in exp. L'



76

74

77

72

u

£ 70

I 68
.5

66

un lvvr

64

62
0 4 6

Time (sec)*1000

8 10

Figure 3. 21- Effect of agitator speed on the reaction time and
temperature distribution at 70°C for [ I ]=:3. 4g.

300 rpm

400 rpm

500 rpm

600 rpm



78

84

80

°a) 76
3

2

£
I 72

68

B

64
4 6

Time (sec)*1000

8 10

Figure 3. 22- Effect of temperature on the reaction time at 400rpm
and[I]=3. 4Ig.

exp. A - 70°C
exp. B - 80UC

exp. C - 60°C



79

0"
2

I
I
<1)

100
90
80
70

60

5Q

40

30

20

T= 35. 98'^oC

10
0.1 10 100

Frequency, Hz

1000

Figure 323 - Frequency and temperature data from the DEA instrument

for measurement of the T of poly n-butylmethacrylate.



80

5.9

5.8

^ 5.7

c

15.6
8

c 5.5

5.4

5.3
2.70 2. 75 2.80 2.85 2. 90 2. 95 3. 00

1/T*10**3

Figure 3.24 - Graph of 1/T versus Ln(% conversion/ hr)



0)

81

unstable region for latex production

c,\»'^
\-^

unstable region for latex production

1

250 3QQ 350 400 450 500 550 600 650

Agitator speed(rpm)

Figure 3.25 - The specified level for the initiator concentration
at each speed.



82

1800

1600

f 1400
Q>.
N

w

-a?
0

? 1200
OL

1000

800
35Q 400 450 500 550

Agitator speed(rpm)

600 650

Figure 3. 26 - Effect of agitator speed on the particle size of the
stable latexes.



83

CHAPTER 4

DISCUSSION

4. 1-INTRODUCTION

In this Chapter, the results obtained in the previous Chapter will be discussed. The

results will be explained with respect to the theory given by Z. Song and G. W. Poehlein

[1989, 1990], mentioned in Chapter 1.

From the mixing results obtained by the decoloration method, the anchor agitator

with a speed of SOOrpm was chosen for the initial polymerization reactions. The

decoloration method does not represent an emulsion system, therefore the effect of speed

is fUrther investigated in the emulsifier-fi-ee polymerization ofBMA.

4.2- REACTION KINETICS AND MECHANISM

In the previous Chapters, it was mentioned that the water solubility of a monomer

can help predict the kinetics and the mechanism of the particle formation. The low water
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solubility ofBMA, which is similar to that ofstyrene, predicts that the mechanism follows

the micellization nucleation given by Z. Song and G. W. Poehlein [1989, 1990]. This

prediction is confirmed for BMA by the GPC diagrams. The results are shown in Figure

3.20 for experiment L. It can be seen that in the early stage of polymerization, low

molecular weight oligomers are made and their concentration does not change during the

reaction. In addition, results obtained from particle size analysis also show that there is a

rapid growth in the particle size of the polymer at stage two of the reaction, where the

polymerization continues inside the micellized particles(Figure 3. 6. 1). However, the rapid

increase ofzeta potential in the first half-hour of the reaction(Figures 3. 14. 1-2), which is

the particle formation period, indicates that the particle fonnation takes place by

micellization nucleation. This can not be observed in the homogeneous nucleation of

particles[Song, 1989, 1990]. According to the GPC, particle size, and zeta potential

results, the micellization nucleation proposed by Z. Song and G. W. Poehlein [1989] for

styrene is found to be applicable for the emulsifier-free polymerization of n-butyl

methacrylate.

From the initial reactions done in this work, it was observed that the temperature

inside the reactor was not steady during the polymerization. In order to follow the

reaction temperature, a thermocouple was placed inside the reaction medium. The

obtained temperature records showed that there is an optimum concentration of initiator

required for each speed. These results show that at this initiator level, the temperature

inside the reactor stays steady during the reaction. Below this optimum initiator
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concentration, the temperature decreases during the polymerization, while for amounts of

initiator above this specific level, an increase is seen in the temperature at the end of the

reaction . These results can be observed in Figures 3. 1. 1-3, and correspond to the two

different types of coagulation[Chen, 1992] and termination in the polymerization system.

Figure 3. 25 shows the trend for the optimum initiator concentration at which stable

latexes can be produced. At concentrations of initiator less than the one required for the

optimum conditions at a certain speed, the formed particles grow in the propagation step

to a point where the charge on the surface of the panicles is insufficient to stabilize them.

Coagulation begins, and the polymerization proceeds in the coagulated particles.

Coagulation occurs again when the charge density decreases by growth of the panicles.

As a result, large particles (greater than 2000nm) are produced in the final product. This

type of system is accompanied by a decrease in the temperature during the polymerization

reaction. Since there was no sudden increase in the viscosity of the latex during the

polymerization reaction, therefore, the termination should be a disproportionation versus

coupling reaction.

At initiator concentration higher than this special limit, the number of free radicals

in the reaction medium will be high in the first step of polymerization. The higher amount

of initiator will result in smaller oligomers and therefore, the CMC for these oligomers is

higher. More particles are made during the reaction and the particles will be stabilized in

the polymerization system by the difiEusion of small oligomers on the surface of the

particles rather than coagulation. At the end of the reaction, when the almost all of the
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oligomers have been used in precursor and mature particles, their concentration in the

aqueous phase will decrease and the mature particles will tend to coagulate. In such

system, the number of particles is higher than previous reactions and a coupling

termination happens. This result manifests itself by the sudden increase in the reaction

temperature and the increase in the viscosity of the latex which is related to the molecular

weight of the polymer at the end of the reaction. If the initiator concentration increases to

amounts greater than 0. 5 to 0.75g, of the specific level at the particular speed, then, at the

early stages of the reaction, large amounts of particles are formed. Since the number of

free radicals is very high, therefore, the number of polymerization sites is increased, thus,

the polymerization rate is fast in the early stages of reaction and coagulation starts in this

stage. The coagulation is accompanied by the coupling termination, which can be

observed in the molecular weight results(Figure 3. 18. 1) and will cause an increase in the

viscosity. The temperature inside the reactor, also shows an increase, caused by the

termination reaction. This is shown in the temperature records for the experiment G in

Figure 3. 1. 1. In higher amounts of initiator than latter, the precursor particles will lose

their stability and start to coagulate during the very early stages of polymerization. The

density of the particles is higher than the previous reactions as the coagulation starts. All

of the particles flocculate, and produce a solid-like material where the monomer

molecules are trapped inside. Upon completion, this solid-like material has a conversion

of 75% (exp. 23). This is confirmed by the sudden increase in the reaction temperature

during the very early stages of polymerization procedure.
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4. 3-POLYMERIZATION RATE

The amount of monomer added plays an important role in the polymerization

process. Recent works in this area of research have used small amounts of monomer (less

than 10% based on the water content). At higher monomer contents, it is very diflficult to

produce stable latices without coagulation. However, larger amounts of monomer will

decrease the polymerization rate and increase the polymerization time, as shown in Figure

3.2. Therefore, a high monomer concentration will increase the large n* (the number of

monomer molecules in the primary chains before the nucleation takes place)

concentration, resulting in a decrease in the CMC and thus higher amounts of particles

with low charge density and high particle size are produced. Since the concentration of

oligomers with high n is increased, thus, the difiEusion of oligomers onto the surface of

the growing particles decreases. Therefore, the probability of coagulation will increase in

the early stage of reaction. The number of panicles will decrease and thus the number of

polymerization sites (active particles) will decrease and the polymerization rate shows a

decrease during the reaction.

As expected, the polymerization rate increases as the amount of initiator

increases, as shown in Figure 3. 3. This is due to the greater amount of free radicals in the

system, resulting in smaller oligomers with higher CMC. Therefore, the number of
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particles will increase. This will increase the radical capture by the particles. Therefore the

number of active particles will increase and obviously the polymerization rate increases.

It can be pointed out that, agitation speed has a great influence on the

polymerization conversion. Since the particles produced during these reactions are larger

than 500nm, therefore, the shearing effect on the particles will be greater by increasing

the agitation speed. The shear rate in these systems is estimated to be between 66 to

lOOsec", which can affect the panicles in this size. As was mentioned by Nomura[1972],

the stirring effect is not negligible as long as the concentration ofemulsifier is lower than

CMC. In this case, in the early stage of the reaction, the oligomers are formed which they

act as the emulsifier in the polymerization system and their concentration is lower than

CMC in stage 1. The firstly formed oligomers which usually have longer chain lengths,

have lower CMC. The precursor particles will form rapidly. By increasing the speed, it

was mentioned by Song[1990] that, the radical capture by micelles will increase. In

addition, as was mentioned by Nomura[1972], the produced oligomers will tend to

adsorb onto the surface of the premier mature particles, by increasing the agitation speed.

Therefore, the rate of micelle formation will decrease as the speed increases. This will

cause a decrease in the final number of particles which decrease the coagulation at very

high speeds during the reaction. At very high conversions, by increase in the particle size

at which the shear rate can have its own effect on these particles, the coagulation of these

large particles will take place. Consequently, the rate of polymerization will show a

decrease by increasing the speed of agitation. This result is shown in Figure 3.4
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The polymerization rate increases with an increase in the temperature(Figure 3. 5).

This has been verified at difiFerent temperatures, such as 60, 70, 75, and 8QOC. 2, 2'-

Azobis isobutyramidine dihydrochloride ( abbreviated as ABAH2++2C1') has the following
chemical formula:

NH
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CH
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CH
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CH
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Its thermal decomposition was studied by T. J. Dougherty[1961]. As a first step,

ABAH2 2C1' will decompose into two positively charged radicals, which happens with

an azo-loss reaction (Figure 4. 3. 1). The half-life of these radicals at 6QOC is 300 minutes,

and is afifected by temperature. For example, at 70°C the half-life is 39 minutes. There is

no evidence of the disproportionation reaction of the two radicals, although small

amounts may form and produce tetramethyl-succinamide.
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Figure 4. 3. 1- Thermal decomposition ofABAHz^Cl-
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The rate constant for decomposition of ABAH2++2C1- is reported to be equal to

kd=15. 2 ± 0. 3*10"5 sec-l at 70°C. Meanwhile, the decomposition rate for unsalted initiator

at the same temperature is 0. 2*10"' see1. This shows the inefSciency in the free radical

production by the unsalted initiator [Hammond, 1963]. The addition of a small amount of

hydrocUoric acid to the system will retard the amidine loss without affecting the rate of

azo loss. For this reason, 20 drops of hydrochloric acid were added to the salted material.

Therefore, in the polymerization system it is guaranteed that increasing the reaction

temperature will increase the number of free radicals in the polymerization system. The

number of micellar particles then increases with smaller critical oUgomer chain. In

addition, since the concentration of free radicals increase, therefore, the radical capture by

the particles will also increase. In another words, there will be more reaction sites in the

system at higher temperatures. Thus, higher polymerization rates with higher conversions

are obtained at higher temperatures.
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4.4-PARTICLE SIZE

In emulsion systems, the particle diameter increases as conversion increases.

Figures 3. 6. 1-2 confirms that there is a specific level for the initiator used in these

polymerization system. In lower amounts than this critical concentration, the particle size

will increase by increasing the initiator level. The reason for this, in the early stage of

reaction is that long chains ofoligomers are produced. They have a low CMC, which they

reach to it very fast. The micelles will form rapidly and capture the free radicals.

Although the speed is high, but since the oligomer chain length is high, the mature

particles can not retain their stability by oligomer adsorption and they tend to

homocoagulation. As long as the oligomers can not absorb onto the particle surfaces. The

number of micelles and the number of polymer sites will increase and the rate of

coagulation will also increase during the first stage, as well as, polymerization procedure

and larger particles are obtained.

In higher amounts of initiator than this critical concentration, the particle size will

decrease by increasing the initiator concentration. This can be explained by the decrease

in the critical chain length of oligomers. Therefore, the stereospecific hinderance for the

oligomers to diffuse on the surface of the particles will decrease. The particles retain their

stability through oligomer diffusion rather than mature particles coagulation.

Consequently, up to end of the reaction, the effect of shear on the obtained large particles

can be neglected and the particle size will decrease. Figure 3.26 shows the effect of speed

on the particle size of the stable latexes obtained at each speed.
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As was observed in the emulsifier-free emulsion polymerization of styrene by

Song and Poehlein [1990], at agitation speeds greater than 450 rpm, new particles began

to appear after the polymer particles have grown to a specific size(about 300 to 400nm

for styrene). The same observation was made in this study from the results of the particle

size for BMA particles. At agitation speeds of 500 and 600 rpm, there is a decrease in the

particle size at about 800 to 900nm, as shown in Figures 3. 8. 1 and 3. 8.2. These can be

compared to the two particle size results in the reactions at 400 and 500 rpm (Figures

3. 9. 1 - 3. 9.2), where, there is no new particle formation at 400 rpm. For the same percent

of conversion and amount of initiator, the particle size changes with agitation speed as

shown in Figure 3. 7. This suggests that, in low agitation speed of300rpm, m the early

stage of polymerization, large number ofoligomers are produced, which they reach their

CMC and fonn the precursor particles. As was mentioned by Song[1990], kc (the radical

capture coefficient), by these micelles is decreased in low speeds. Therefore, the

polymerization system tends to form more micelles. The particles which capture free

radicals will retain their stability by their coagulation with the micelles. In addition,

monomer separation from the emulsion phase in the course of reaction will happen, which

will decrease the number of micelles, and the monomer concentration in the produced

particles is decreased by speed. Therefore, their particle size is smaller. At the end of

reaction, the homocoagulation happens.

By increasing the speed to 400rpm, the radical capture coefficient, kc, is increased

comparing to 300rpm. The monomer is better distributed. Larger number of oligomers
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with higher chain length are produced. They reach their CMC and larger number of

primary particles are formed. This large oligomer size will decrease the oligomer

absorption onto the surface of these mature particles and the stability is maintained only

through homocoagulation. During the polymerization in these panicles, other oligomers

with difFerent chain lengths reach their CMC and the micelle fonnation is completed in

the early steps of polymerization. In the rest of reaction, the particles will grow only by

polymerization in the particles and homocoagulation happens in order to retain their

stability. Therefore, larger particles than SOOrpm are produced(Figures 3. 7 to 3. 11. 2).

In 500, the monomer is very well distributed in the emulsion phase. The primary

micelles are formed. The rate of radical capture is increased according to results obtained

by Nomura[1972], Therefore, the polymerization starts in the micelles, while the

oligomers are getting formed in the reaction, these growing panicles will loss their

stability and in order to retain their condition they will absorb the oligomers onto their

surfaces. This will cause a delay in micelle formation and reduce the number of micelles.

Consequently, during the reaction, the obtained particles are smaller. At the end of

reaction, the stability loss is retained only by coagulation of particles. Since the end

particle number is decreased the coagulation is less pronounced and the particles are

smaller

In 600rpm, same conditions are obtained as 500rpm, except that the micelle

formation has a longer retention time and the number of micelles and particles is

decreased. Therefore coagulation is less noticeable than in 500rpm. Consequently, the

final particle size is smaller than in 500 rpm.
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Larger particles are produced at the same conversion at a lower temperature due

to the fast initiator decomposition at higher temperatures, resulting in higher oUgomer

concentration and fast micelle formation in the early stage of the reaction(Figure 3. 11. 2).

The oligomer critical chain length will decrease in higher temperature, because of the

higher aqueous termination rate. As was mentioned by Song[1990], the radical capture

rate increases by increasing the temperature. Thus the polymerization inside the micelles

will start while oligomers and micelles are fanning. The stability of the mature particles

can be retained by oligomer adsorption or coagulation of newly formed and mature

particles than mature particles coagulation.

4. 5-ZETA POTENTIAL

An increase in the amount of initiator will increase the zeta potential, shown in

Figures 3. 12. 1-2. Since the initiator used in this polymerization system is ionic and the

system is stabilized by ionic end groups from the initiator, increasing the initiator

concentration will cause an increase in the free radicals produced by the initiator, and

thereby increasing the zeta potential of the particles. In addition, as was discussed

previously with regards to the particle size, the particles are smaller at higher initiator

concentrations, so the charge density will be spread on a smaller surface area and the zeta

potential will be higher, as shown in Figures 3. 12. 1 and 3. 12.2. Obviously, higher

amounts of initiator will increase the amount of positive charge in the system, and will
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help to create a more stable system. In addition, the zeta potential also has a sharp

distribution for the specific amount of initiator which is about 3. 7 to 3. 8 at 600 rpm.

In two reactions which differ only in applied agitator speed, the zeta potential

variation can be divided into two different groups:

In Figure 3. 13.2, the zeta potential decreases with an increase in the agitation

speed. This can be explained as, in 400rpm, the latex retains its stability only by

coagulation of two mature particles. Therefore, the zeta potential is higher than 500rpm

in which there is a particle formation during the reaction, which allows the oligomers to

absorb onto the particle surface, during the particle growth.

There is an increase in the zeta potential with an increase in the agitation speed

from 500 to 600rpm(Figures 3. 14. 1-2). This is due to the delay in the formation of

micelles(stage 1) in the reaction medium, as well as reaching the constant n* stage (stage

2) where particle growth by means of the polymerization reaction occurs inside the

particles. The mature particles will retain their stability from the oligomer absorption onto

the surface or by coagulation of newly fanned and the mature panicles. Therefore, there

is a delay in the mature particles coagulation. It can be seen that using higher speeds of

agitation decreases the coagulation and increases the uniformity of the polymerization

system, and the produced latices are more stable.

As shown in figures 3. 15. 1&2, by increasing the temperature, the free radical

concentration increases at the beginning of the reaction. Therefore, the concentration of

oligomers will increase, they will reach their CMC very fast, and the rate of micelle
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formation is high. In this high free radical concentration and high temperature as

mentioned by Nomura[1972], the rate of radical capture by micelles is increased and the

particle growth happens when the stage 1 is not completed and there is a high rate of

oligomer formation. Therefore, in 80°C, the particles will retain their stability by

coagulation of the mature and precursor particles or by adsorption ofoligomers onto the

particle surface. Thus, as it has been shown in figure 3. 16, although the particle size is

increasing, the zeta potential remains in a very small range.

4.6-MOLECULAR WEIGHT

The effect of initiator concentration on the molecular weight is shown in figures

3. 17. 1&2, and can be explained as follows:

Below the determined specific level, an increase in the initiator concentration will

decrease the molecular weight. More free radicals are fanned and, therefore, more

precursor particles are produced. For the same amount of initiator concentration, a lower

molecular weight polymer is produced.

Above the determined specific level of initiator, the molecular weight increases

with an increase in the initiator concentration. At a constant agitation speed and in the

early stages of the reaction, there will be a high concentration of free radicals and the

amount of primary oligomers first fanned will increase. In view of increasing the amount

of free radicals, the rate of radical capture increases, and therefore the number of active

particles will increase. This will increase the rate of coagulation. As was mentioned
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previously coagulation in these systems is accompanied by coupling termination and thus

the molecular weight increases.

The effect of agitation speed is shown in Figures 3. 18. 1-2. It should be noted that

at 400rpm the utilized initiator concentration is greater than its specific level for this

speed (approximately 3. 00g), while at 600q)m the initiator concentration is less than its

specific concentration, which is 3. 7g. At 400rpm, the molecular weight shows a sudden

increase. Particle coagulation in the early stage of the precursor particles which is

accompanied by coupling tennination.. Since the agitation speed is low, the number of

micelles is high. The polymerization starts inside the micelles, and after particle

coagulation, the coupling teraiination will take place. The reason for the decrease in the

molecular weight is the creation of new chains in the same formed particles by radical

transfer or radical diffiision to the particles. Therefore, low molecular weight polymers

start to grow in the mature particles. At 600rpm, the molecular weight increases slowly

until new particles start to form, after about 6000sec. At this point, the molecular weight

drops and then increases as the reaction proceeds.

As a result of the higher yield for the polymerization at a higher rate, the

molecular weight increases with an increase in the temperature, as shown in Figure

3. 19. 1-2. The sudden increase in the molecular weight at 80°C is due to the coupling

termination of the chains existed in the particles.
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4. 7-REACTION TIME

The reaction time has been increased by increasing the amount of initiator in the

polymerization system. At higher amounts of initiator, a greater concentration of particles

is made during the reaction, therefore the polymerization rate will increase. Thus. the

polymerization takes place in less tune. This is shown in Figures 3. 1. 1-3.

By increasing the agitation speed, the polymerization time will increase. This is

due to the shearing effect on the polymerization system, which includes the monomer

molecules and droplets, as well as the polymer particles. Also since this reaction is

diffusion controlled, increasing the agitation speed will increase the polymerization time.

This can be seen in Figure 3. 21.

The temperature will also affect the polymerization time. An increase in the

temperature will decrease the half-life of the initiator from 300 minutes at 60°C to 39

minutes at 70"C. Therefore, the initiator decomposes to its surface active radicals faster

at higher temperatures, which increases the polymerization rate and decreases the

polymerization time. This is shown in Figure 3. 22.

4.8-GLASS TRANSITION TEMPERATURE, Tg

The glass transition temperature has a significant influence on the latexes which

are used in the paper industry. As indicated earlier, this temperature should be between
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40 and 55°C for this application. The Tg of the BMA polymer is found to be between 15

and 30"C, depending on the polymerization method. In the type of system used in this

work, in one case it was found to be 35. 98°C, the Tg is near the desired temperature.

Therefore, the cationic polymer produced here may be considered for certain application

in the paper industry. However, further work will have to be done to measure the Tg to

within the desired for this industry.

4. 9-OVERALL ACTIVATION ENERGY

The activation energy obtained from these reactions at different temperatures

(Ep=9. 37 KcaV mol) is lower than the activation energies reported for this monomer in

other different systems. No data is obtained through this point for the propagation and

termination activation energies for this system.
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CHAPTERS

CONCLUSION

AND FUTURE WORK

5. 1-CONCLUSION

At high monomer concentrations, it has been found that polymerization is difficult

in an emulsifier-free emulsion polymerization system. In these systems, the problem of

coagulation is well noticeable. However, there are several ways to decrease the

coagulation, such as increasing the agitation speed. It has been found in this work that at

each speed of agitation, there exists a specific initiator concentration at which the

reaction temperature stays steady during the reaction, resulting in higher conversion and

sharp particle size and zeta potential. An increase in the speed of agitation increases the

specific amount of the initiator used in the polymerization system. For example, the

specific amount of initiator at 400rpm is 3.0g, while it is 3. 8g at 600rpm. Since the

initiator carries the positive charge in the system, the latices formed at higher speeds have

better stability. In order to obtain small polymer particles, working with speeds greater
than 400rpm is recommended.
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The measured Tg of this polymer shows that this latex may be used as a sizing

agent in the paper industry.

The polymerization mechanism of BMA without emulsifier was found to follow

the one suggested by Song and Poehlein [1989, 1990]: the micellization nucleation which

involves a three step polymerization mechanism. In both their works and in the present

study, for speeds greater than 400rpm the new particle formation takes place. For BMA

particle formation happens while the particles reach a certain size which is approximately

800 to 900nm. As was mentioned in chapter 4, this was due to the delay in the micelle

formation in higher speeds.

By following the particle size during the polymerization at different speeds, it was

found that the particle size decreases at speeds greater than 400rpm. Same particle size

results were obtained for the stable latex produced in each speed.

An overall activation energy for this polymerization reaction was determined and

found to be equal to Ep= 9. 37 Kcal/mol, which shows that this is a low energy-

consuming reaction.

5.2-FUTURE WORK

In this project, the most important criteria to be considered is the stability and the

particle size of the latex. As was mentioned previously, in order to obtain the best results

in the papermaking processes the particle size should be less than lOOiun in diameter, so
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that the particles can enter the free volumes in the fibrous network. To achieve this aim,

it is necessary to use speeds greater than 400rpm, which also allows for the possibility of

working at higher special amounts of initiator, thereby producing latices with higher

stability. In addition, one can also increase the polymerization temperature. Working at

80 C can be recommended as a future work on this project to obtain stable latexes.

Adding a small portion ofcationic comonomer such as 2-diethyl-aminoethyl methacrylate

[Alince, 1995] can also be recommended in order to produce smaller particles in stable

systems. This will decrease the potential for coagulation. The preferred glass transition

temperature for a latex which can be used in the paper industry is between 40 and 55°C,

while the obtained latexes produced in this project have a Tg of 35. 98 C. Since the

amount of initiator changes with the speed of agitation, the production of a stable latex is

best achieved with a cationic comonomer in the polymerization system. MeanwhUe, the

low glass transition temperature of the n-butyl methacrylate latex can be increased by

using comonomers.

Instead of using the emulsifier-free emulsion polymerization, a microemulsion

process is another possibility for producing latices with small particles of less than lOOnm

size. This is particularly valid in cases where the surfactant is eliminated in the

polymerization process, such as that mentioned by Perez-Luna et al [1990], where a

three component system of water-initiator-monomer is used and there is no further

interference ofemulsifier for the end use properties of latex in the paper industry.
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APPENDIX A

A. 1-DECOLORATION METHOD

The fluid which is used in this method is initially colored, and by adding a small

quantity of a reagent to the system turns colorless. Using this method, the final mixing

patterns can be closely observed and the flow patterns can be clearly seen. The mixing

time is usually taken as the disappearance of the last trace of color. The decoloration

method used in this work is the iodide/potassium iodide system (I2-KI), which gives a

deep blue color in the presence of a starch indicator. Reactions of this colored mixture

will be decolorized by sodium thiosulphate (N028203). The solutions of iodine, starch,

and sodium thiosulphate were highly concentrated, and a maximum quantity of each was

used in this decoloration method.

A. 2-SOLUTION PREPARATION

A. 2. 1-2N IODINE-POTASSIUM IODIDE SOLUTION

The 2N iodine-potassium iodide solution was prepared according to the following

procedure:

25. Ag, of iodine crystals and 80g of potassium iodide (fc-KI) were weighed and

placed together in a beaker. 30ml of water was added and stirred until all of the materials

were dissolved. The solution was then diluted to 100ml and filtered through a sintered
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glass filter. The solution was stored in a cool place and allowed to stand over night

before use[ASTM Standards, 1995].

A. 2. 2-1N SODIUM THIOSULPHATE SOLUTION

62. 5g of Na2S203. 5H20 crystals were weighed and dissolved in 125ml freshly

boiled and cooled water. 0.275g sodium carbonate were then added. The solution was

diluted to 250ml with freshly boiled and cooled water. The solution was stored for 24

hours in a tightly closed glass bottle before use [ASTM Standards, 1995].

A.2.3-STARCH INDICATOR

The starch solution must be freshly prepared each time as it is attacked by fungi

and becomes unstable for use as an indicator.

The following procedure was used:

4g of starch were ground with a small amount of water until a smooth paste was

formed. The paste was then poured slowly into 100ml of boiling water and the resulting

suspension was boiled for approximately one minute. The solution was cooled and

decanted into a bottle which was tightly closed [ASTM Standards, 1995].

A.3-MIXING TEST PROCEDURE

500ml of water are poured into the 1 lit polymerization reactor, 3ml of starch

indicator are then added, followed by the addition of 3ml of the iodine-potassium iodide
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solution. Mixing in the reactor is started, after which the content is uniformly colored

deep blue, then 2. 7ml of sodium thiosulphate solution are added. The total mixing time is

the time it takes to completely discolor the solution. This test was done for three types of

agitators ( propeller, turbine and anchor ) and at three different speeds of 100, 200 and

300 rpm. The entire procedure was monitored by a video camera.
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APPENDIX B

B. 1- REACTION YIELD DETERMINATION

The results shown in the final chapters were determined as follows:

a=m^-m,'o - m\ mw!or = the weight of inhibitor m the sample

b=m^-m^
w.

monomer _

^. = the total weight of monomer in the sample
total

c =/», -Wg -a= the polymer left in the sampling dish after drying

Reaction yield %= - x 100
b

TOO = weighing dish weight; g

m, = weighing dish weight + approximately 1ml of the inhibitor solution; g

m2=mi+ weigh of the latex added into the dish; g

ms = weighing dish weight + dried latex; g
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B.2- ZETA POTENTIAL (^ ) DETERMINATION

The zeta potential was determined using the following equations:

C=u* 12. 83

Using this equation and the following dimensions, the zeta potential is measured in mV

VIL
u=

alt

V= constant voltage between the two electrodes; 50 volts.

L = inter-electrode distance, measured by using the standards for the cell; cm.

a = observation distance on the TV screen in which the traveling time of the particles has

been measured, ^m

t = traveling time of the particle between the two points on the screen (a); sec

L=kRA= 6.528 cm

k = electrical conductivity for a standard KC1 solution ( 7 419gKCl per lOOOg solution );

1. 286 *10-2 Q-lcm-1

R == resistance measured by an A. C. bridge to avoid polarization, measured by an external

electrical device;

V 49. 02
R=-= -=4. 844 KQ

/ 10. 12

A = vertical cross section of the rectangular cell = 10 * 1. 526 = 15. 26 mm2

Microelectrophoresis was used for the zeta potential measurements. Since in this

instrument the particles should be seen by the naked eyes. Therefore, the obtained

measurements and analysis is for the big, even coagulated particles. during the
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measurements the voltage was considered to be 50v, although the real voltage is less than

this voltage. Time was measured manually and therefore a delay error should be

considered during all of the sample measurements. It should be noted that, there is no

other way to measure the mobility and the zeta potential of the particles.

B.3 - MOLECULAR WEIGHT MEASUREMENTS

From Figure 3.20, it can be seen that the GPC diagrams contain two parts of high

and low molecular weight. The curve from the GPC is divided into at least 30 to 50 equal

parts. The distance between the injection point and each part is measured. Knowing the

paper speed, the retention time can be determined for each portion. Each retention time is

then placed in the calibration curve equation for the GPC and thus the molecular

weight for each point ( M; ) is then obtained. The area for each individual section is

measured (A, ), and by using the following equations the number-average molecular

weight, Mn , the weight-average molecular weight, Mw and the z-average molecular

weight,M; ,can be evaluated for each sample.

A^.=-Z4
£A
^M.

M.,=.

Z4A<.
Z4



114

x=2(4^)
'z ~ Z(4M)

The polymer molecules obtained in these reactions are considered to be linear.

According to the molecular weight measurements, the used columns for the partial

fractional of the obtained latexes based on their chain lengths in the GPC are packed with

styragel(crosslinked polymer of styrene with di-vinyl benzene). Thus, in order to obtain

the molecular weight of the BMA polymer, a factor of (MBMA/ Mgtyrene = 142. 19/104 =

1.367) was used.
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Figure B. 1- Calibration curve for the GPC prepared fi-om the standard solutions with the

following curve equation;

log Mw= 38. 97-5. 154*RT+0. 2526*RTA2-0. 004287*RTA3



Table B. 1- molecular weight determination from the oblained curve ot'the sample 1. 13.

RT (mm) RT(min) H (nun)
108
110,
Ill
113
115,
116
118,

0000
0000
5000
0000
0000
5000
0000

18. 0000
18. 3333
18. 5833
18. 8333
19. 1667
19. 4167
19. 6667

0. 0000
4. 0000
8. 0000
8. 0000
9. 0000
3. 0000
0. 0000

Ai
0. 0000
7. 3333

14. 6667
14. 6667
16. 5000
5. 5000
0. 0000

log Mi
3. 0386

. 9650
2. 9123
2. 8613
2. 7953
2. 7467
2. 6984

Mi
1092. 9895
922. 6009
817. 1779
726. 6399

624. 1264
558. 0574
499. 3964

Ai / Hi
0. 0000

7. 9485e-3
0. 0179
0. 0202
0. 0264

9 8556e-3
0. 0000

Ai * Mi
0. 0000

6765. 7402
11. 985e+3
10. 657e+3
10. 298e+3
3069. 3157

0. 0000

Mi**2
1. 1946e+6
851. 19e+3
667. 78e+3
528. 01e+3
389. 53e+3
311. 43e+3
249. 40e+3

Ai*Mi**2
0. 0000

6. 2421e+6
9. 7941e+6
7. 7441C+6
6. 4273e+6
1. 7129e+6

0. 0000

total 58. 6667 5240. 9885 0. 0936 350. 25e+3 27. 468e+6 1. 6434e+9

Mn

857. 1104

Mw

8161. 1561

0\
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APPENDIX C

The fonnulation and the polymerization conditions for each experiment is shown in

this section.

Experiment A
Fonnulation

BMA

H20

Hydrochlohc acid

ABAHz ++ 2C1~

Speed Temperature
m °C

105 g

245 g

20 drops

3. 41 g

400 70

Notes

The polymerization was
completed in 2 hrs. The final
conversion at the end of
polymerization was 81.44%. At
the end of the reaction, there
was no coagulation around the
agitator, thermocouple, or on
the side walls of the reactor.

Experiment B
Formulation

BMA

Hz 0

Hydrochloric acid

ABAH2 ̂  2CP

105 g

245 g

20 drops

3. 41 g

Speed Temperature
m) °C

400 80

Notes

The polymerization was
completed in 50inin. At the end
of the reaction, large particles
were attached to the agitator.
The final conversion was
91.72%.
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Experiment C
Formulation

BMA

H20

Hydrochloric acid

ABAH; ++ 2C1~

105 g

245 g

20 drops

3.41 g

Speed Temperature
°C)m

400 60

Notes

The polymerization was
stopped after 2 days. At the end
of reaction, the final conversion
was 6.2%.

Experiment D
Fonnulation

BMA

H20

Hydrochloric acid

ABAHz ++ 2C1-

105 g

245 g

20 drops

3.0 g

Speed Temperature
( m) 6,

400 70

Notes

The polymerization was
completed in 2 hr. Large
particles were stack to the
agitator at the end of the
reaction. The final conversion
was 98%.

Experiment E
Formulation

BMA

H20

Hydrochloric acid

ABAH2 ++ 2C1-

105 g

245 g

20 drops

2. 75 g

Speed Temperature
( m °C

400

Notes

70 The polymerization was
stoppedafter2.5hrs. At the end
of the reaction, a latex with
large particles was obtained.
The final conversion was 84%.
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Experiment F
Fonnulation

BMA

H20

Hydrochloric acid

ABAH2 ̂  2CF

105 g

245 g

20 drops

3. 50 g

Speed
( m

400

Temperahire
0 ,

70

Notes

The polymerization was
completed in 1. 5hrs. At the end
of the reaction, the obtained

latex was very viscous but there
was no sign of coagulation. The
conversion for the final product
was 71.73%.

Experiment G
Formulation

BMA

H20

Hydrochloric acid

ABAHz ++ 2CF

105 g

245 g

20 drops

3. 70 g

Speed
m)

400

Temperature

70

Notes

The polymerization was
stopped after 1. 5hrs. At the end
of the reaction, the obtained
latex had very large particles.
The conversion for the final

product was 86. 2%.

Experiment H
Formulation

BMA

H20

Hydrochloric acid

ABAHz ++ 2C1-

105 g

245 g

20 drops

3. 0 g

Speed
m)

500

Temperature

(°C)

70

Notes

The polymerization was stopped
after 2. 8his. At the end of the
reaction, the obtained latex was

very viscous and all the latex
was coagulated. The conversion
for the final product was 87.3%.



120

Experiment I
Fonnulation

BMA

H20

Hydrochloric acid

ABAHz ̂  2C1-

105 g

245 g

20 drops

3.41 g

Speed Temperature
m

500

(°C)

70

Notes

The polymerization was
stopped after 2. 2hrs. At the end
of the reaction, the obtained
latex did not have any large
particles. The conversion for the
final product was 72. 05%.

Experiment J
Formulation

BMA

H20

Hydrochloric acid

ABAH2++2C1-

105 g

245 g

20 drops

3. 80 g

Speed Temperature
m

500

0,

70

Note

The polymerization was
completed in 1. 61hrs. At the
end of the reaction, the latex
was completely uniform and
there was no sign of
coagulation. The conversion for
the final product was 91. 71%.

Experiment K
Formulation

BMA

Hi 0

Hydrochloric acid

ABAH2 ++ 2C1~

105 g

245 g

20 drops

3. 50 g

Speed
m

600

Temperature
°C)

70

Notes

The polymerization was
stopped after 8800sec (2. 4hrs. ).
At the end of the reaction, the
temperature started to increase
and the obtained latex was very
viscous. The conversion for the
final product was 87. 08%.
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Experiment L
Formulation

BMA

H20

Hydrochloric acid

ABAH2 ++ 2C1~

Speed Temperature
( m (°C)

105 g

245 g

20 drops

3. 80 g

600 70

Notes

The polymerizadon was
stopped after 12,200sec (3.9
hrs). At this time, the obtained
latex had no coagulum. No
temperature decrease was seen
during the reaction. The
conversion for the final product
was 97%.

Experiment M
Formulation

BMA

H20

Hydrochloric acid

ABAH2 ̂  2CP

Speed Temperature
m °C

105 g

245 g

20 drops

4. 00 g

600 70

Notes

The polymerization was
stopped after 10,000sec(2.8
hrs). At the end of the reaction,
there was no sign of
coagulation but the reaction
yield results show coagulation
of the latex during the
polymerization. The conversion
for the final product was
62.74%.

Experiment N
Fonnulation

BMA

H20

Hydrochloric acid

ABAH2++2C1-

105 g

245 g

20 drops

3. 70 g

Speed
m)

600

Temperature

3C)

70

Notes

The polyinerization was

stopped after 11400sec(3. 17
hrs). The obtained latex had a
conversion of 87% after 2hrs.

After this, the reacdon yield
results show that coagulation
occurred. At the end of the
reaction, the obtained latex was

very smooth without any sign of
coa lates.
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Experiment 0
Formulation

BMA 65g

H2 0 245g

Hydrochloric acid 20 drops

ABAH2 ++ 2C1~ 3. 4g

Speed Temperature
m °C

Notes

400 75 The reaction was completed
in 1 hr. The final conversion
at the end of the reaction
was 89%. At the end of the
reaction, there were no
coagulum around the agitator,
themiocouple, or on the side
walls of the reactor.

Experiment 23
Formulation

BMA 65g

H2 0 245g

Hydrochloric acid 20 drops

ABAH2 ++ 2C1- 3.4g

Speed Temperature
°cm

400 70

Notes

The reaction was very fast
and the temperature increased
very quickly during the first
half hoiir. Even at the end of
the reacdon the temperature
inside the reactor was 94°C.
The final material was a
complete coagulum with a
final conversion of 75%.
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