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ABSTRACT 

Oily wastewater, which constitute a large part of industrial wastewaters, can contain emulsified 

oil and surfactants, a wide variety of hydrocarbons and related contaminants, inorganic salts 

and organic matter. Conventional treatment techniques include dissolved air flotation, gravity 

separation, chemical breaking of emulsions, coagulation and flocculation. However, these 

techniques have several drawbacks, such as complex operational procedures, low efficiency in 

the case of small-diameter oil droplets and a large amount of sludge produced, which, in itself, 

represents an environmental and economic problem. Flocculation of oily wastewaters employ 

often polymers designed for other applications and used at dosages tenfold higher than for 

those used in sludge dewatering. Hence, it is not surprising that companies with such oily 

wastes, including dairies, food-processing or edible oil producers, are often reluctant to try to 

recover assets from their water resource while they are still recoverable (i.e. in the plant).  

The main purpose of this work is twofold: the development of novel flocculants to treat oily 

wastewaters, especially from food industry, and to use more health-friendly formulations in 

their synthesis. In this way, it is possible to produce a specific product to treat a defined 

wastewater, avoiding the problems of having to overdose polymers designed for other types 

of waters. Besides this, it is also possible to do this development using processes that are safer 

for health, replacing the hazardous compounds used in their synthesis, especially the aromatic 

compounds.  

The first step to synthesize the target products was the development of health-friendly 

formulations for inverse-emulsion polymerization of well-known polyelectrolytes (copolymers 

of acrylamide and 2-(acryloyloxy) ethyltrimethyl ammonium chloride), replacing the traditional 
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organic phase and optimizing the surfactant formulations. The procedures established proved 

to be able to polymerize the expected flocculants and the characterization techniques showed 

that the products synthesized had the suitable characteristics for the final applications, not 

much different from the characteristics of the polymers produced in the traditional media.  

The second stage was the synthesis of cationic and anionic polyelectrolytes based on 

acrylamide monomer and using cationic, anionic and neutral hydrophobic monomers different 

from the well-known copolymer combination, selected by their reactivity with acrylamide, 

affinity for oily mixtures and price. The monomers [3-(methacryloylamino)propyl] 

trimethylammonium chloride (MAPTAC), acrylamido-2-methyl-1-propanesulfonic acid (Na-

AMPS), ethyl acrylate (EA), lauryl methacrylate (LMA) and stearyl methacrylate (SMA) were 

chosen to develop the copolymers Poly(AAm-MAPTAC) and Poly(AAm-Na-AMPS), and the 

terpolymers Poly(AAm-MAPTAC-SMA), Poly(AAm-Na-AMPS-EA), Poly(AAm-Na-AMPS-

LMA) and Poly(AAm-Na-AMPS-SMA). Polymers with several charge densities were 

produced by inverse-emulsion polymerization, using the previously mentioned health-friendly 

formulations as the synthesis media. The polyelectrolytes were synthesized as co- or 

terpolymers, including or not the introduction of a hydrophobic monomer. Three different 

hydrophobic monomers were tested, varying in the length of the hydrophobic chain. The 

obtained polymers were extensively characterized, studying their composition and final 

morphology. It was shown that the selected monomers combination was able to be 

polymerized using the selected method, leading to stable products, and that the composition 

of the final polymers has an important influence on its final characteristics, which proved to 

be suitable for the final application.  

The performance tests of the developed polyelectrolytes, applied as flocculants, were carried 

out using industrial effluents from olive oil mill, dairy and potato crisps manufacturing 

industries. The base performance indicators used were the reduction of turbidity, chemical 

oxygen demand (COD) and total solids, for each dosage and pH tested. In general, the 

developed flocculants revealed very good performance in the reduction of turbidity, showing 

reductions above 90% for the tested wastewaters, without needing further addition of any aids 

other than the variation of the pH. Cationic polyelectrolytes, based on acrylamide and 

MAPTAC monomers, performed better for olive oil mill effluent treatment, while anionic 

polyelectrolytes, based on acrylamide and Na-AMPS monomers, showed better results in the 

treatment of dairy and potato crisps manufacturing effluents. The introduction of 

hydrophobicity proved to be beneficial for the treatment efficiency, although an optimum 

content could be defined for each case. A comparison with reference copolymers also based 
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on acrylamide monomer, usually used in these treatments, namely flocculants of similar charge 

and charge density supplied by Aqua+Tech Specialities SA., showed that polymers developed 

in this study exhibited higher efficiencies at lower dosages, suggesting a positive effect of the 

introduction of suitable hydrophobicity in flocculant structure.  

Finally, an evaluation of the flocculation process was performed using the effluent from 

potato crisps manufacturing industry, revealing that laser diffraction spectroscopy (LDS) is a 

suitable technique for the flocculation monitoring in real effluents. It was possible to prove 

that this technique can be used to supply information about the flocculation kinetics, 

supplying, simultaneously, information on the evolution of flocs structure with time. Thus, it 

will be possible, in the future, to use this technique as a pre-screening methodology to select a 

range of best flocculants for a specific application, which will avoid making an intensive use of 

expensive pilot trials, which can be minimized. 

Using data obtained from the LDS monitoring, a statistical model was developed was well, in 

order to identify the most important flocculant parameters influencing the flocs size and 

structure. The results obtained suggested that hydrodynamic diameter, charged fraction and 

concentration are the parameters having stronger influence in the characteristics of flocs 

obtained using copolymers, while charged fraction, concentration and hydrophobic content 

have a stronger effect on the characteristics of the flocs produced using terpolymers. These 

predictive models, are also capable of future industrial use for the selection of flocculants for 

specific/target applications.  

As results of the studies conducted, a wide range of flocculants was prepared, apparently with 

suitable characteristics for application in the treatment of oily wastewaters from organic 

nature. The developed flocculants and application procedures on oily wastewaters treatment 

show to be very promising, suggesting to be worthy of pursuing in research with the view to 

achieve a possible future practice at an industrial scale. The same applies to the monitoring 

methodology developed, which was applied for the first time in this work, to follow the 

flocculation process in a real effluent.  

This work is inserted in a European Project of European Industrial Doctorates (FP7 Marie 

Curie-EID), involving the collaboration of a company with large experience in polyelectrolytes 

production, especially tuned polymers, which is also partner of the Project.  
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RESUMO 

As águas residuais oleosas, que constituem uma grande parte das águas residuais industriais, 

podem conter óleo e surfactantes, uma grande variedade de hidrocarbonetos e contaminantes 

relacionados, sais inorgânicos e matéria orgânica. As técnicas convencionais de tratamento 

incluem flutuação por ar dissolvido, separação por gravidade, quebra química de emulsões, 

coagulação e floculação. No entanto, estas técnicas têm várias desvantagens, como 

procedimentos operacionais complexos, baixa eficiência no caso de gotas de óleo de pequeno 

diâmetro e uma grande quantidade de lama produzida, o que, por si só, representa um 

problema ambiental e económico. A floculação águas residuais oleosas aplica muitas vezes 

polímeros projetados para outras aplicações, que são utilizados em doses dez vezes superiores 

às utilizadas na desidratação de lamas. Assim, não é surpreendente que as empresas com 

resíduos oleosos, incluindo indústrias de lacticínios, produtores de alimentos ou de óleos 

alimentares, geralmente se mostrem relutantes em recuperar ativos de seus efluentes enquanto 

ainda são recuperáveis (isto é, na planta). 

O objetivo principal deste trabalho é duplo e inclui o desenvolvimento de novos floculantes 

para tratar as águas residuais oleosas, especialmente da indústria alimentar, e o uso de 

formulações mais favoráveis à saúde na sua síntese. Desta forma, é possível produzir um 

produto específico para o tratamento de águas residuais definidas, evitando problemas como a 

sobredosagem de polímeros destinados a outros tipos de águas. Além disso, também é 

possível fazer esse desenvolvimento usando processos menos prejudiciais para a saúde, 

substituindo os compostos perigosos utilizados na síntese, especialmente os compostos 

aromáticos. 
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O primeiro passo para sintetizar os produtos em questão foi o desenvolvimento de 

formulações favoráveis à saúde, para a polimerização em emulsão-inversa de polieletrólitos 

largamente usados como floculantes (copolímeros de acrilamida e acrilato de 2-

(dimetilamino)etil quaternizado), substituindo a fase orgânica tradicional e o surfactante na 

formulação de síntese. O procedimento estabelecido demonstrou a capacidade de polimerizar 

os floculantes previstos, e as técnicas de caracterização mostraram que os produtos 

sintetizados possuíam as características adequadas para a aplicação final, e não muito 

diferentes das características dos polímeros produzidos com as formulações tradicionais. 

A segunda fase incluiu a síntese de polielectrólitos catiónicos e aniónicos usando acrilamida 

(AAm) e monómeros catiónicos, aniónicos e hidrofóbicos, diferentes da combinação de 

copolímeros já usada, selecionados pela sua reatividade com a acrilamida, afinidade para 

misturas oleosas e custo. Os monómeros cloreto de 3-trimetilamoniopropil-metacrilamida 

(MAPTAC), ácido acrilamido-2-metil-1-propanosulfónico (Na-AMPS), acrilato de etilo (EA), 

metacrilato de dodecil (LMA) e metacrilato de octadecil (SMA) foram escolhidos para 

desenvolver os copolímeros Poli(AAm-MAPTAC) e Poli(AAm-Na-AMPS) e os terpolímeros 

Poli(AAm-MAPTAC-SMA), Poli(AAm-Na-AMPS-EA), Poli(AAm-Na- AMPS-LMA) e 

Poli(AAm-Na-AMPS-SMA). Os polímeros foram produzidos com várias densidades de carga 

por polimerização por emulsão-inversa, utilizando as formulações favoráveis à saúde 

mencionadas anteriormente como meio de síntese. Os polielectrólitos foram sintetizados 

como co- ou terpolímeros, incluindo ou não a introdução de um monómero hidrofóbico. 

Foram testados três monómeros hidrofóbicos diferentes, variando no comprimento da cadeia 

hidrofóbica. Os polímeros obtidos foram caracterizados, analisando sua composição e 

morfologia final. Mostrou-se que as combinações de monómeros selecionados foram 

possíveis de ser polimerizadas usando o método selecionado, originando produtos estáveis, e 

que a composição final dos polímeros tem uma relevante influência nas suas características, 

que provaram ser adequadas para a aplicação final. 

Os testes de desempenho dos polielectrólitos desenvolvidos, aplicados como floculantes, 

foram realizados em efluentes industriais de natureza orgânica das indústrias de fabricação de 

azeite, lacticínios e produção de batatas fritas. Os indicadores de desempenho utilizados foram 

a redução da turbidez, da carência química de oxigênio (CQO) e de sólidos totais, para as 

várias dosagens e pHs testados. Em geral, os floculantes desenvolvidos revelaram um 

desempenho favorável na redução da turbidez, apresentando reduções acima de 90% para as 

águas residuais testadas, sem necessidade de adição adicional de outros auxiliares, além da 

alteração do pH. Os polielectrólitos catiónicos, constituídos por monómeros de acrilamida e 
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MAPTAC, mostraram melhores resultados no tratamento do efluente de lagar de azeite, 

enquanto os polielectrólitos aniónicos, constituídos por monómeros de acrilamida e Na-

AMPS, apresentaram melhores resultados no tratamento de efluentes da indústria de 

lacticínios da produção de batatas fritas. A introdução da hidrofobicidade provou ser benéfica 

na eficiência do tratamento, embora possa ser definida uma quantidade ótima para cada caso. 

Uma comparação com os copolímeros de referência, também construídos por acrilamida e 

geralmente utilizados nestes tratamentos, nomeadamente floculantes de carga e densidade de 

carga semelhantes, fornecidos pela Aqua+Tech Specialties SA, mostraram que os polímeros 

desenvolvidos neste estudo apresentaram melhores eficiências com o uso de doses inferiores, 

sugerindo como efeito positivo a introdução da hidrofobicidade adequada na estrutura do 

floculante.  

Finalmente, uma monitorização do processo de floculação foi realizada, utilizando o efluente 

da indústria de produção de batatas fritas, revelando que a espectroscopia de difração laser 

(LDS) é uma técnica adequada para o acompanhamento da floculação em efluentes reais. Foi 

possível provar que esta técnica pode ser usada para fornecer informações sobre a cinética de 

floculação, fornecendo, simultaneamente, informações sobre a evolução da estrutura dos 

flocos com o tempo. Assim, no futuro, será possível usar esta técnica como uma metodologia 

de pré-seleção de uma gama de melhores floculantes para uma aplicação específica, o que 

reduzirá o uso intensivo de ensaios piloto dispendiosos, que poderão assim ser minimizados.  

Com base nos dados obtidos a partir da monitorização por LDS, um modelo estatístico foi 

desenvolvido para identificar as características dos floculantes com mais influência no 

tamanho e estrutura dos flocos obtidos. Os resultados alcançados sugerem que o diâmetro 

hidrodinâmico, a fração carregada e a concentração de floculante são os parâmetros que têm 

maior influência nas características dos flocos obtidos usando copolímeros, enquanto a fração 

carregada, a concentração e o conteúdo hidrofóbico têm um efeito mais evidente nas 

características dos flocos produzidos usando terpolímeros. Estes modelos preditivos, também 

poderão ser usados industrialmente no futuro para a seleção de floculantes para aplicações 

específicas.  

Como resultado dos estudos realizados, uma ampla gama de floculantes foi produzida, 

aparentemente com características adequadas para aplicação no tratamento de águas residuais 

oleosas de natureza orgânica. Os floculantes desenvolvidos e os procedimentos de aplicação 

no tratamento de águas residuais oleosas mostram ser muito promissores, sugerindo que a sua 

pesquisa deve prosseguir com o objetivo de alcançar futuramente uma possível prática em 
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escala industrial. O mesmo se aplica à metodologia de monitorização desenvolvida, que foi 

aplicada em efluentes reais pela primeira vez neste trabalho, para acompanhar o processo de 

floculação.  

Este trabalho está inserido num Projeto Europeu de Doutoramentos Industriais Europeus 

(FP7 Marie Curie-EID), envolvendo a colaboração de uma empresa com grande experiência 

em produção de polielectrólitos, sendo também parceira do Projeto. 
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1. PROJECT MOTIVATION 

Water purification is one of the most inevitable problems affecting people throughout the 

world. Industrial wastewaters, as well as recirculating process water, are the most problematic 

and challenging, and have become a concern as scarcity and costs of water both become more 

pronounced. The development and implementation of solutions to enhance water treatment is 

crucial.  

Several traditional and advanced technologies have been applied in wastewater treatment, 

including coagulation, flocculation, flotation, adsorption, membrane filtration, biological or 

electrolytic methods. Flocculation is an extensively used technique in separation processes 

applied in many industrial wastewaters treatment, both on its own or complementing other 

treatments.  This process is able to remove suspended and dissolved impurities, using a 

simply, versatile and low energy technology.  

Although the progress in treatment methodologies, flocculation still remains a vital process for 

treating industrial wastewater, since, for instance, if used as a pre-treatment it can reduce the 

costs and increase the efficiency of the following treatment stages. Hence, the development of 

suitable flocculation products to optimize the process performance is very important. 

Moreover, the concern with environmental issues is increasing, shifting the research toward to 

the use of eco-friendly alternatives to the products frequently used in numerous industries. 

Finally, due to the extensive variety of wastewaters produced, the selection and tuning of the 

ideal solution and treatment conditions is still a time-consuming mission, based in screening of 

several potential options.  

To improve the flocculant’s performance, specific customized products for a target 

application should be developed. Additionally, to meet the actual environmental requirements, 

these must be developed using eco-friendly approaches. A deep analysis of their performance 

in real wastewaters must also be performed, in order to establish a correspondence between 

flocs quality, and thus ability to be removed, and flocculant characteristics.  

This project results from a collaboration between the Department of Chemical Engineering of 

the University of Coimbra and the company Aqua+Tech Specialities SA. This company 

develops and markets water soluble polymers for application in water treatment, cosmetics, 

and other industries such as paper, tissue or mining. The main goals of the project include the 

synthesis of novel, more environmentally-friendly flocculants, based on new monomers 

combinations, and optimization of their performance, through the identification of the ideal 
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process parameters. Also, the most appropriate flocculant for each process wastewater must 

be identified using an advanced screening process, in which the floc properties resulting from 

the application of a product (flocculant or mixture of additives) with specific characteristics, 

can be easily evaluated, minimizing, in this way, expensive pilot trials. Target industries for the 

testing can include sugar, textile, food processing, pharmaceutical, oil, among others.  
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2. OBJECTIVES  

Oily wastewaters present one of the main challenges not only in petroleum, petrochemical and 

steel industries but also in food, cosmetics and pharmaceutical production. Several 

complementary techniques, e.g. coagulation/flocculation, floatation, centrifugation and 

filtration, have been developed to remove pollutants from oily waters. However the 

coagulation/flocculation method is one of the most widely used for its capability of 

destabilizing and aggregating colloids. Flocculation is a crucial process in industrial wastewater 

treatment and can be used in combination with other more advanced techniques. Organic 

polymeric flocculants are extensively used currently due to their remarkable ability to 

flocculate efficiently at low dosage, producing large aggregates, in contrast to what happens 

when using traditional inorganic coagulants. Some traditional water treatment flocculants are 

now applied in oily waters, however, as they were designed for aqueous systems without oil, 

the dosages required are high and the efficiency relatively low. The improvement of methods 

to break oil-in-water emulsions would have a notable utility and environmental benefits. The 

cost allied to treatment operations would be more economical if the level of residual oil in 

treated wastewaters or the speed of the oil removal process could be improved. These 

enhancements would provide an economic and environmental benefits.  

Some of the flocculants mentioned previously have been conventionally synthesized using 

aliphatic mineral oils, thus presenting a mild health concern as they are irritants. Consequently, 

it might be useful to develop treatment methodologies that combine all the environmental 

concerns, being health-friendly, efficient and cost-effective. 

This 3-years thesis is designed, specifically, to produce novel cationic and anionic flocculants 

to treat oily wastewaters, mostly organic in nature, using more health-friendly formulations in 

their synthesis. The study aims to overcome the disadvantages of using traditional water 

treatment chemicals in oily waters, tuning the flocculants to the target application, and 

reducing simultaneously the amount of additives and the dosages, providing a more 

economical process. The development of these products will be based in the inverse-emulsion 

polymerization technique. The final products obtained will be tested in real industrial oily 

effluents, from three different activities. Besides this, the development of a new screening 

methodology to pre-select the best flocculant for a specific application, based on laser 

diffraction spectroscopy (LDS) will be performed. This methodology will also supply 

information of the flocs morphology (size and structure) which will highlight the underlying 

flocculation mechanisms. Moreover, and based on the data obtained, predictive models to 
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select the best flocculant for each type of wastewater will be developed. All this will allow the 

detailed analysis of the obtained aggregates using the different flocculation products and find 

the combination of characteristics that result in specific floc properties.   
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3. THESIS OUTLINE  

In addition to the present Chapter 1, which includes as well an introduction to the project 

motivation and the study objectives, this thesis is divided in six more chapters. In Chapter 2, a 

state of the art on oily wastewaters, origins and treatment procedures, polyelectrolytes and 

flocculation process is presented.  

Since one of the objectives of this work was to develop health-friendly formulations to 

synthesize the novel flocculants, it was first necessary to evaluate the viability of possible 

health-friendly media to synthesize polymers using inverse-emulsion polymerization. This was 

accessed through the polymerization of a well-known polymer (copolymer of acrylamide and 

2-(acryloyloxy) ethyltrimethyl ammonium chloride), and evaluation of its performance, which 

is described in Chapter 3. This preliminary study allowed to choose three new heath-friendly 

media which were then used in further synthesis.  

The first step regarding the development of novel flocculants was to evaluate potential 

monomers suitable to produce innovative flocculants to treat oily wastewaters. From this list, 

the selected monomers need to be economically viable and able to be polymerized together to 

produce high-molecular weight cationic and anionic polyelectrolytes. The previous selected 

monomers were then polymerized in the selected health-friendly formulations, and the 

resulting copolymers and terpolymers were characterized in terms of composition, 

hydrodynamic diameter, charge and molecular weight, which is presented in Chapter 4.  

Chapter 5 describes the application of the developed flocculants in the treatment of industrial 

oily effluents, namely from olive oil mill, dairy and potato crisps manufacturing industries. The 

main performance indicator used was reduction of turbidity, though chemical oxygen demand 

and total solids reduction were also assessed.  

In Chapter 6, an analysis of the flocculation process is presented. Monitoring of flocculation is 

performed using laser diffraction spectroscopy, and results regarding floc size and structure, 

and flocculation kinetics are shown. Moreover, statistical models are developed in order to 

find the combination of flocculant characteristics that can be used to better predict the 

properties of the obtained flocs.  

Finally, Chapter 7 includes the main conclusions from this work, along with recommendations 

for future work.  
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1. OILY WASTEWATERS  

Oily wastewaters present one of the main challenges regarding disposal, not only in petroleum, 

petrochemical and steel industries, but also in food, cosmetics and pharmaceutical production. 

Oil contaminated effluents have been documented as one of the most concerned pollution 

sources1. They are considered as hazardous industrial wastewaters due to the presence of toxic 

substances such as phenols, petroleum hydrocarbons and polyaromatic hydrocarbons, which 

are inhibitory to plant and animal growth and also are carcinogenic and mutagenic to humans2. 

Also, the low biodegradability of such substances impact the biosphere, since the oil in water 

fields, even in very low concentration, will decrease the penetration of light and the oxygen 

transfer, affecting aquatic life3. The composition of oily wastewaters is different depending on 

which industrial field it came from, however, independently of the source, a significant part of 

oil is present in emulsified form, which typically leads to a difficult separation from the water 

phase. There are, in general, two great classes of oily waters: those from biological/organic 

sources (e.g. animal fats, vegetable oils), which mostly result from food processing and are 

mainly composed of triglycerides; and those with a mineral origin (e.g. hydrocarbon solvents, 

gasoline, lube oils, paraffins), which typically result from crude manufacturing processes, and 

consist in a mixture of hydrocarbons with different chemical configurations4. 

The dispersion and stability of oil in aqueous medium have impact in the separation methods 

needed for the treatment. The type of oil-water mixture is usually classified in four categories, 

according to the physical form: free oil, dispersed oil, emulsified oil or dissolved oil5. Free oil 

typically occurs when an oil-water mixture has droplets greater than or equal to 150 µm in size 

and the oil rises quickly to the water surface, under quiescent conditions, due to the imbalance 

of forces. A dispersed oil is characterized by the presence of a droplet size range between 20 

and 150 µm, and it is an array of fine droplets stabilized by their electrical charges and other 

particle forces, without the presence of surfactants. An emulsified oil mixture has droplet sizes 

smaller than 20 µm and it has a similar distribution as dispersed oil, but its stability is 

enhanced due to the chemical action of surface active substances. Finally, an oil-water mixture, 

where the oil is truly chemically dissolved or dispersed in extremely fine droplets that are not 

visible to the naked eye, is classified as dissolved oil and the oil droplets size is normally less 

than 5 µm6. The latter is, in many countries, not regulated for discharge. 

Oils and greases in wastewaters need to be removed before water is reused in closed-loop 

processes, or discharged into sewer systems or surface waters. Excessive discharges of oil and 

grease to sewerage systems can lead to problems such as blockage of sewers and interference 
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with biological treatment processes. Thus, oily wastewaters should not be discharged directly 

to the environment, though they are in many countries including those which supply 

foodstuffs to Europe. There are in literature several technologies for their treatment4, though 

the broad diversity of chemical and physical characteristics create a challenge in their 

management7.  

 

1.1. Organic oily wastewater treatments 

As previously referred, the presence of oily wastes in wastewater can occur in many forms. Of 

the four forms, the treatment to separate either dissolved or emulsified oil is in general more 

complex and expensive. Usually, the addition of chemicals like detergents or other solubilizing 

agents is used in industry to induce the oil to stay in the emulsified form, requiring, thereafter, 

the need of harsh processes, during the treatment, to break the emulsion before the oil can be 

successfully removed. Moreover, many of the industrial organic oily effluents also contain 

high solids content, which need to be separated to clarify the system.  

 

Conventional methods  

Removal of oil and grease from wastewater resulting of oil processing industries can be 

performed by the use of widely established techniques. The removal of oil and grease depends 

on the condition of the oil-water mixture, so the type of process must be carefully selected. 

The treatment of oily wastewaters comprises a primary or gravity treatment step, followed by 

a secondary process, and, when needed, a tertiary step for enhancement of quality parameters4.  

The primary treatment is used to remove free oils, including tramp oils, from the emulsion or 

suspension. Common techniques include gravity methods, with quiescent flow conditions for 

the free oil to move to surface, or centrifugal separation. This is only really possible for oil 

levels higher than 1000 mg/L. In cases of high solids content in the wastewater, sedimentation 

promoted by stagnant conditions is used to settle those solid impurities6. The secondary 

treatment is aimed to reduce the organic load that remains after the primary treatment, break 

emulsions and remove dispersed oil that does not separate spontaneously under the action of 

gravity. Generally, breaking of emulsions can be stimulated by several chemical, electrical and 

physical methods. Chemical approaches are the most usual and destabilize the oil droplets by 

the addition of ingredients such as aluminum or iron salts. The more recent electrical 

processes work by the coagulation promoted by consumable electrodes, which release metallic 
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coagulants to the wastewater8. Lastly, physical methods, such as heating, centrifugation, 

filtration or dissolved air flotation, promote coalescence through change of physical properties 

of the droplets or by application of forces6. When further effluent refinement is need, a 

tertiary treatment is applied, involving a more selective technology. Tertiary treatment includes 

physicochemical processes to reduce the levels of dissolved organic and inorganic compounds. 

Nanofiltration, reverse osmosis and activated carbon adsorption are the main treatments 

used9. 

 

Primary treatment  

Primary treatment takes advantage of gravity and density difference to separate the oil in free 

form, solids and unstable colloidal particles from the aqueous matrix. Gravity separators 

consist in tanks or channels where the horizontal flow is low and does not affect oil rise or 

solids deposition, allowing quiescence of the wastewater10. Viscosity and density difference are 

the factors with main influence in the oil rise velocity. Since the higher the viscosity of the 

fluid the lower the rising rate, decrease the viscosity by increasing the temperature can 

enhance phase separation. Another alternative is the change of the separator design in order to 

have larger surface areas, which will decrease the surface-loading rate and improve the 

separation. At the end of the quiescence time, the oil and sludge are removed from the top 

and bottom of the separator, respectively. The less dense part is gathered through an oil-

skimming device, at the surface, while the sediment is removed manually or using a scraper 

and a sludge pump, from the bottom6. 

 

Secondary treatment  

The secondary treatment is the step that requires more attention, since it aims to remove the 

remaining oil dispersed in very small droplets, stabilised by surface active agents or particle 

forces.  

When water contains more than about 5% oil it no longer behaves like an aqueous, 

Newtonian, fluid but rather like a non-Newtonian fluid. The main difference is the 

propagation of charge. Water has a high dielectric constant whereas oil has a much lower one. 

Therefore, charge mechanisms in water prevail and we can clean the water, for example, with 

chemical approaches. In hydrocarbon dominated systems we must first coalescence the 

droplets to reduce the total surface area. Therefore, oily waters treatment requires, in addition 
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to the presence of electrostatic forces, the manipulation of the surface (interfacial chemistry). 

Several different chemical methods can be used to break the emulsion in oily wastewaters and 

the degree of oil removal is dependent on the physical nature of the oil and its droplet size11,12. 

This breakage can be achieved using pH changes, coagulants, polymers or surface 

destabilization by adsorbing molecules at the oil-water interface. Oil droplets in an aqueous 

medium usually carry a surface charge, and as two droplets approach each other, electrostatic 

repulsion prevents them from forming larger aggregates. Using chemical additives destabilizes 

the dispersed phase by reducing the charge on the surface of oil droplets, leading to emulsion 

break and promoting droplet coalescence. In real organic oily wastewaters, dispersed phase 

includes not only the oily material but also solid particles, thus dispersed phase aggregation 

can be accomplished by two mechanisms: coagulation and flocculation, which in most cases 

are complementary. These processes use inorganic salts and organic polymers, known as 

coagulants and flocculants, respectively. The most used coagulants in oily wastewater 

treatment include iron and aluminum salts, which are cheap and easily available13–16. Also, for 

this purpose, calcium salts, as calcium chloride or lime, and polyaluminum chloride (PAC) 

have been used17–19. Nevertheless, chemical methods with inorganic salts has as disadvantage 

the large amount of hazardous sludge produced, which usually involves a costly treatment20. 

Thus, organic and biodegradable products have been tested to replace inorganic salts. 

Polyelectrolytes and organic polymers are often used for direct flocculation of the oil droplets. 

They either change the surface charge of the oil droplets or form aggregates of the solid 

particles by bridging mechanisms, which are then easier to separate from the aqueous 

medium21. In all cases, chemical treatment promotes coalescence of oil droplets and 

aggregation of solids, which can then be removed by several techniques. The most common 

natural organic coagulant used in oily wastewater treatment is chitosan. It is a natural polymer 

and it is believed to work based on adsorption and coagulation20,22.  

Separation of aggregated particles from the aqueous system can be achieved using physical 

methods, such as sedimentation or flotation, being dissolved air flotation (DAF) the most 

used16,23. DAF uses compressed air that is dissolved in the liquid, under pressure, and comes 

out from the solution as very fine gas bubbles when the pressure is reduced. The gas bubbles 

rise to the surface carrying attached oil and suspended solids. The feed stream, often treated 

with flocculating agents, enters the inlet mixing chamber as does the recycle stream, which is 

supersaturated with air. The stream then enters the flotation zone, where the 

oil/solids/bubble assemblies migrate to the surface and are mechanically skimmed. 

Coagulants and flocculants stimulate the aggregation of oil droplets and also enhance the 
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adhesion of oil to the air bubbles, facilitating the flotation of oily material13. With similar 

characteristics, induced air flotation (IAF) techniques produce larger bubbles and higher 

turbulence. IAF is a process on which a mixture of air is forced through nozzles providing the 

shearing action necessary to create millions of bubbles, which are then dispersed throughout 

the flotation chamber. Oil and suspended solids in the air bubbles are carried to the surface of 

the water forming a foam and a skimmer paddle sweeps the oil and solids into an overflow 

compartment24. The major differences between DAF and IAF are the bubble size and mixing 

conditions. In DAF, the bubbles are about 50–60 μm in diameter, while in IAF bubbles are 

bigger (around an order of magnitude larger). Recently, other flotation techniques have been 

presented and tested for wastewater treatment. Foam separation is based in spontaneous 

formation of air bubbles in the present of a foaming agent, which improves the interaction 

between flocs and bubbles, bringing to the surface oily matter and suspended solids17.   

On the other hand, electrical techniques are based in electrochemistry and increase the 

coagulation and flocculation efficiencies. Electrocoagulation involves generation of coagulants 

in situ, through consumable electrodes, while in electroflotation, gas bubbles are generated by 

the electrolysis of water, simulating an air flotation process12. The most important advantage 

of the electrical methods is that usually they are combined in a treatment process, leading to 

high efficiency increases. Moreover, the use of electroflotation reduces the amount of 

hazardous sludge produced, since the electrodes are insoluble25,26. 

Application of physical separation methods, such as heating, coalescence or filtration, can be 

an alternative when gravity separation, chemical and electrochemical methods lead to 

insufficient results27. Centrifugation is also a possible technique to separate the aggregated part 

from aqueous medium and can be applied directly to oil-in-water emulsions. However, this 

method needs the addition of coagulants or demulsifiers in order to remove the smallest oil 

droplets and reduce chemical oxygen demand (COD) levels. Membrane technology is used in 

oily wastewater and it has a high oil removal efficacy, low energy cost and compact design 

compared with other treatment methods28. This technology has several advantages including 

stable effluent quality and small area requirement. The chemical nature of the membrane may 

have a big effect on the filtration performance, as well as the affinity of the membrane 

material to the oil and water. Membranes can vary from superhydrophobic to 

superhydrophilic, and from superoleophilic to superoleophobic. One more significant 

characteristic is the membrane pore size, which defines the process as microfiltration (MF), 

ultrafiltration (UF) or reverse osmosis (RO). MF membranes give higher permeate fluxes but 

have a higher risk of oil permeation. Since MF has larger pores, it is often used as pre-
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treatment in a two-step membrane treatment29,30. UF membranes, which have tighter pores, 

have been selected in most applications to ensure steady permeate quality, and have been used 

as secondary or tertiary treatment. However, high operating pressures and specific cleaning 

and regeneration methods are necessary to guarantee a smoothly running of UF29. Membrane 

filtration is most successful in separating emulsified and dissolved oil, as all the other kinds of 

oily wastes can be removed readily by the mechanical separations previously described. The 

major drawback in membrane processes is the decline in permeate flux with time, mainly 

because of concentration, polarization and membrane fouling – due to surfactant or oil 

adsorption on the pore walls – gel layer formation or pore blocking by oil droplets. 

Furthermore, the porosity of the membrane limits its flow rate to a certain volume per day31. 

This can be minimized through suitable pre-treatments, in order to remove a considerable part 

of oil and suspended solids, and careful choice of membrane parameters and operating 

conditions15. 

 

Biological treatment  

Biological reactors are a cheap and easily accessible technology in wastewater treatment. The 

biological treatment uses the microbial metabolism to convert organic pollutants in to 

harmless stable substances. Oils from biological sources are commonly easier to biodegrade, 

and are mostly constituted by soluble substances and very finely divided droplets18. Presently, 

this process involves equipment comprising more actual technology and is used usually in 

activated sludge and biological filter techniques. In the biological filter technique the 

microorganisms are attached to the filter when the wastewater goes through the filter surface 

from top to down. During the adsorption of organic pollutants, the simultaneous 

decomposition takes place by microorganisms. Several microorganisms have shown able to 

degrade oil wastewater, such as bacteria and yeasts32–34. Drawbacks related with biological 

treatment processes include the volume of sludge produced, the fact that wastewaters flow is 

often low, the relatively large plants required and the consequent large investment costs.   

 

Tertiary treatment  

Tertiary treatment is normally used when an effluent with great quality is desired, for instance 

for water reuse. NF and RO membranes can provide a very high quality permeate, however 

they are expensive methods to operate35. Furthermore, RO allow the separation of salts, 
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frequently found in oily effluents from petroleum and food industries. Advanced oxidation 

processes are also alternatives for tertiary treatment, due to their ability to eliminate dissolved 

organic matter, reducing COD content36. Adsorption processes by porous materials, such as 

activated carbon, is as well an alternative to remove the remaining low molecular weight 

dissolved organic contaminants, colour related compounds. Phenols are particularly 

susceptible to irreversible adsorption onto some activated carbons37. Many materials may be 

used for the manufacture of activated carbon, such as petroleum coke, sawdust, lignite, coal, 

peat, wood, charcoal, nutshell and fruit pits. At an industrial level, pollutants are removed 

from wastewater by using the columns and contractors filled with the required adsorbent38. 

Advantages of activated carbon include simple application and the possibility of regeneration 

and reuse. Examples of membranes used in oily wastewaters include ceramic, carbon or 

porous glass membranes39–41.  

 

Combined Technologies  

Many of the above-mentioned treatment methods effectively reduce the amount of oil present 

in wastewaters, but in most cases a combination of two or more separation processes 

(integrated or hybrid process) is required to reach the most severe discharge standards. In 

Table 2.1 it is possible to see the standard limits of some parameters for liquid wastewaters to 

be disposed in public systems, in Portugal. The treatment processes used to clean wastewaters 

to be discharged must ensure that the final effluent follows these specifications.  

 

Table 2.1 Specifications of liquid wastewater to be disposed in public systems, in Portugal. Adapted from 
Decreto-Lei nº 236/98 of 01-08-1998.  

Parameters Standard limit  

Temperature (ºC) Increase of 3ºC 

pH 6.9-9.0 

BOD (mg/L) 40 

COD (mg/L) 150 

TS (mg/L) 60 

Aluminum (mg/L) 10 

Total Iron (mg/L) 2.0 

Oils and greases (mg/L) 15 

Phenols (mg/L) 0.5 
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Integrated processes may reduce total production cost, energy consumption, and capital cost, 

and give better oil separation efficiency. The selection of a suitable integrated or hybrid 

process depends on the characteristics of the oily effluent to be treated, and some of the most 

commonly used are described briefly in the literature (Table 2.2). 

Table 2.2 Oily wastewaters treatment by combined technologies reported in the literature.  

Methods Source of oily wastewater Reference  

Physicochemical and biological 

treatment  

Vegetable oil refinery  Pandey et al.42 

Filtration, demulsification/ 

centrifugation, UF and peat bed 

filtration 

Cutting oil residue from 

metalworking  

Benito et al.43 

Different types of membranes Synthetic bilge water Peng and 

Tremblay29 

Advanced oxidation processes and 

biological filtration supported on 

granular activated carbon 

Petroleum wastewater Souza et al.44 

Sedimentation, centrifugation, 

filtration and sorption on activated 

clay 

Olive mill effluent  Al-Malah et al.45 

Coagulation, sedimentation and 

sorption  

Palm oil mill effluent Ahmad et al.46 

DAF and active sludge reactor and 

clarifier  

Refinery wastewater  Otadi et al.47 

DAF, acidification and coagulation  Biodiesel wastewater  Rattanapan et al.48 

Acidification, electrocoagulation and 

biomethanization  

Biodiesel wastewater Siles et al.49 

Membrane bioreactors, 

electrocoagulation and 

electroflotation  

Simulated restaurant wastewater Yang et al.50 

Electroflotation and flocculation  Synthetic oil-in-water emulsion Mostefa and Tir51 

UF and RO Refinery wastewater Salahi et al.51 

Flocculation and MF Refinery wastewater  Zhong et al.52 

Membrane bioreactor and UF Synthetic wastewater containing 

fuel oil and lubricating oils 

Scholz and Fuchs53  

Coagulation and MF Synthetic oily wastewater Abbasi et al.54  

Abbreviations: UF, Ultrafiltration; DAF, Dissolved air flotation; RO, Reverse osmosis; MF, Microfiltration. 
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2. POLYELECTROLYTES 

Polyelectrolytes are water-soluble macromolecules from natural or synthetic sources, 

containing ionic charges along the polymer chain. According with their charges in side-chain 

groups or on the backbone, they can be classified into anionic (negative charge), cationic 

(positive charge) and amphoteric (both negative and positive charges)55. Chemical structure, 

charge density and molecular weight are the most important characteristics of polyelectrolytes. 

Depending on the type and distribution of charge, and low, medium or high molecular weight, 

they can be used for many applications in industry, namely in effluents treatment.   

 

2.1. Synthesis of polyelectrolytes  

Free radical polymerization (FRP) is the most widely method used in industry to obtain 

macromolecules. The FRP mechanism is based on highly reactive radicals that have the strong 

ability to add to double bonds, starting with decomposition of an initiator, which creates 

radicals. Then, in the presence of unsaturated bonds in the monomers, new radicals in the 

monomer units are generated and so on, leading to the polymer chain growing. FRP is a 

versatile polymerization technique, which can be applied in homogenous or heterogeneous 

processes, and in many reactor configurations, either continuous, batch or semi-batch56. Atom 

transfer radical polymerization (ATRP) and reversible addition fragmentation transfer (RAFT) 

have also been successfully applied in the synthesis of tailor-made polyelectrolytes with 

adjusted structure and molecular properties. In ATRP, the radicals are generated through a 

reversible redox process catalysed by a transition metal complex57. RAFT makes use of a chain 

transfer agent in the form of a dithio compound, which will react with the initiator after 

decomposition, to give transferred chains, assuring control over the generated polymer 

molecular weight and polydispersity58. From the generated free radicals, polymer chains grow 

by the addition of the intermediate radicals to monomers and terminate, as in a conventional 

FRP. Ultraviolet irradiation (UVI) polymerization  is an easy operation process and 

environmental friendly, which allows the achievement of products with high molecular weight 

consuming low amounts of initiator and requiring short reaction times59. The previous types 

of polymerizations can be applied in several polymerization methodologies, such as solution 

polymerization, precipitation polymerization, suspension/emulsion polymerization or inverse-

suspension/emulsion polymerization. Suspension or emulsion processes differ on the size of 

the polymer particles produced. Fluids containing droplets or particles smaller than about 1 
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µm are known as emulsions (latex or colloids), and those containing particles larger than about 

1 µm as suspensions60. 

 

Solution polymerization  

Solution polymerization is carried out in solvents like water, formamide, formic acid, acetic 

acid or dimethylsulfoxide, which dissolve monomers and polymers. The kinetics of 

polymerization and properties of the final polymer are affected by the solvent, temperature, 

pH, presence of complexing agents, surfactants or chain transfer agents61. Very low chain 

transfer to the solvent and hindering the termination reaction, through protection of the 

propagating polymer radical, are the main advantages of the polymerization in aqueous media. 

Moreover, establishment of hydrogen bonds between monomers and water can increase the 

monomers reactivity62. On the other hand, solution polymerization has limitations in 

monomer conversion due to the high viscosity of the final polymer solution61. This techniques 

is used to produce polymers including vinyl acetate, acrylonitrile or esters of acrylic acid63,64. 

 

Precipitation polymerization  

In precipitation polymerization, the reactions occur in a medium which dissolves the 

monomers, but not the polymer. The system starts in homogeneous conditions and then, as 

the polymerization continues, the precipitation of the polymer happens and the reaction 

becomes heterogeneous. In these conditions, the mixture never reaches high viscosities and 

the polymer isolation and purification is simplified. The typical solvents for this 

polymerization technique include acetone, tetrahydrofuran, acetonitrile, dioxane, ethanol and 

tertbutanol. Organic-aqueous systems are also used to facilitate the monomers dissolution65. 

Precipitation polymerization has the advantage of the absence of any stabilizer in the process, 

providing a quite simple, straightforward and highly efficient procedure for the preparation of 

uniform and clean polymer particles. On the other hand, with increasing solid loading of the 

reaction, collision between the particles might increase, causing coagulation. This coagulation 

during the polymerization affects the stability and leads to particles with larger size 

distribution and irregular morphologies. Also, separation of the product from the solvent can 

be difficult and expensive. Acrylonitrile in water is an example of a polymer synthesized using 

this technique66.  
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Inverse-suspension/emulsion polymerization 

Nowadays, most of the commercial polyelectrolytes are synthesized by polymerization in 

inverse-emulsion. This process involves the dispersion of aqueous monomers solution in a 

continuous oil phase (water-in-oil). The process advantages include possibility of obtaining 

polymers with very high molecular weight, due to the high monomer concentration in the 

aqueous droplets distributed in the organic phase; high polymer content in the final product as 

result of good heat transfer in the reactor and low viscosity of the final dispersion; and simple 

post-treatment process due to easy handling of inverse latexes. Kinetics of the polymerization 

are affected by the nature and amount of stabilizer, stirring rate, organic solvent and 

temperature67. The main drawbacks include solids level of about 30-50%, transport costs that 

may be higher than for dried powers and it is also a hard and expensive method if a solid 

polymer product is required. The organic phases used include aromatic, aliphatic or 

halogenated hydrocarbons. The main examples of polymers produced by water-in-oil 

polymerization include polyacrylamide and water soluble acrylates68,69. 

 

2.2.  Applications of polyelectrolytes 

Polyelectrolytes have many applications, mostly related to modifying flow conditions, inducing 

agglomeration or improving the stability of aqueous colloids and gels. Since they are water-

soluble, they also have been used in biochemical and medical applications such as implant 

coatings and controlled drug release systems, besides environmental applications61,65. 

Synthetic polyelectrolytes such as polyacrylamide and its copolymers have attracted much 

attention as flocculants for wastewater treatment. Polyelectrolytes with high molecular weight 

and medium to high charge densities have been applied as flocculants in direct flocculation or 

combined with inorganic coagulants like aluminum, ferric chloride or ferric sulphate. 

Polyelectrolytes with a large number of charges along the polymer chain can interact with 

charged particles of wastewater and destabilize the aqueous dispersion by charge 

neutralization, leading to the particles sedimentation and, thus, clarifying the system. The 

aforementioned feature also allows to promote the polyelectrolytes application in sludge 

dewatering70. The sludges are colloids which include two-phase systems and may be found in 

municipal wastes, pulp, paper and other industrial wastes. Mechanical assistance, such as 

mixing, centrifuging, vacuum or pressure, increase the drainage rate and the amount of water 

released from the sludge, and the dewatering performance is dependent of both the chemical 

treatment and the mechanical equipment. Furthermore, in mineral processing, the suspended 
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fines are impurities, from crushing and grinding, which must be separated from the liquid part, 

where the mineral of interest is in solution. This process can be facilitated using 

polyelectrolytes as flocculants to promote the thickening and concentration increase of foam 

flotation and clarification steps71. 

Water-soluble polyelectrolytes are also used in many oilfield operations, including drilling, 

water flooding, and chemical flooding. Those polyelectrolytes include polyacrylamide, 

polyethylinamine, styrene and acrylic acid, among others72. To enhance oil recovery, the 

polymer acts as a viscosity modifier, increasing the viscosity of the aqueous phase. Thus, 

water-soluble polymers can be added to the flooding water to improve the water/oil mobility 

ratio, a key parameter in determining the efficiency in the process, since water’s viscosity 

generally is much lower than the viscosity of the oil65.  

Polyelectrolytes are one of the most important additives used in drilling fluids73. To prevent 

wellbore instability and dispersion of drilled cutting, polymeric additives are used in ecological-

friendly water-based drilling fluids. Polyelectrolytes have high affinity for clay, and polymer 

adsorption is able to reduce the water content. Also, inhibitive properties of polyelectrolytes, 

related with the polymer structure, reduce the dispersion and disintegration of clay cuttings74. 

Possible polymeric additives can include copolymers of different kinds of monomers, such as 

acrylamide, acrylic acid and sodium 4-styrenesulfonate75. 

Enhancement of soil stabilization to better control erosion, using synthetic and water-soluble 

polymers is, as well, an application of polyelectrolytes like copolymers of acrylic acid and 

acrylamide or poly-N,N-diallyl-N,N-dimethylammonium chloride (PDADMAC)76. Charged 

polyelectrolyte chains adsorb, through hydrogen bonding interaction between silanol and 

aluminuminol OH groups, at the soil particles surface and larger particles are formed by 

bridging mechanism. This allows holding smaller soil particles together, making the soil more 

resistant to the erosion forces and shear61.  

Dispersing agents enhance the dispersion process and guarantee a fine particle size in the 

matrix. Polymeric dispersants containing ionic functional groups provide electrostatic and 

steric stabilization of particles and have good performance in keeping a uniform distribution 

of solid particles in the liquid phase, for instance in mineral ores, inorganic pigments in 

ceramics, and materials for the construction industry. They have been used in a wide variety of 

industries, including mining, ceramics, paint, ink, coating and construction77. 
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The rheological behaviour of polyelectrolytes also allows that they are applied in conditioners, 

cosmetics and shampoos78. Formulations for personal care products contain polymeric foam 

stabilizers and diamines for improvement of mildness and skin feel. Cationic polyelectrolytes, 

like PDADMAC, are used in conditioners and foam stabilizers, while anionic ones, like 

polysulfonic acid, are often used in hair-fixative polymers and gels65,79.  

Retention agents are used in the papermaking industry and added in the paper machine to 

improve retention of fine particles and fillers during the formation of paper, and also of other 

papermaking chemicals, such as sizing and cationic starches. Cationic polyelectrolytes have 

been selected as retention aids, also referred as flocculants80. The improved retention of 

papermaking additives improves the operational efficiency of the paper machine, reduces the 

solids and organic loading in the process water loop, lowering the overall chemical costs. 

Usual polyelectrolytes used as retention aids include polyacrylamides, polyethyleneoxide and 

polyethyleneimine81,82. Polyelectrolytes also have potential application in papermaking as 

strength additives. The use of the synthetic polyelectrolytes such as poly(allylamine 

hydrochloride) or polyacrylic acid,  combined with a natural polyelectrolyte, proved to increase 

considerably the paper properties83. 

Sodium carboxymethyl cellulose is an example of a semi-synthetic polyelectrolyte with many 

applications in the food industry84. The edible sodium carboxymethyl cellulose can act as an 

emulsifying stabilizer in the drinks containing fat and protein, and can play a role in the gelling 

processes in the production of jelly, panna cotta, jam, among other foods85.  
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3. FLOCCULATION 

Organic polyelectrolytes are extensively used, currently, as flocculants due to their ability to 

aggregate/flocculate efficiently at low dosage. Flocculation is the most extensively used 

separation process to remove suspended and dissolved solids, colloids and organic substances 

in industrial wastewater21. Generally, flocs formation involves several steps occurring 

sequentially, such as dispersion of the flocculant in the solution, diffusion near and to the 

solid-liquid interface, adsorption of the flocculant to the surface of the particles, collision of 

particles containing adsorbed agent with other particles, adsorption of the flocculant on the 

free surface of those neighbor particles in order to form aggregates and to enable growth of 

the microflocs to larger and stronger flocs by consecutive collisions and adsorption, or, 

alternatively, establishment of bonds between flocculant chains absorbed in different 

particles86.  

To optimize the flocculation performance there are several parameters that need to be 

controlled during the process. The ideal amount of flocculant usually depends on the content 

of suspended solids and colloids in the wastewater and on the characteristics of the polymer, 

and the treatment success usually increases with the increase of flocculant input. However, the 

treatment efficiency can achieve a maximum and decrease if the input dosage is too high87. An 

important mechanical factor in the flocculation process is the stirring, which helps the contact 

between the flocculant and the suspended colloids in the system, allowing the formation of 

flocs, however can also lead to flocs breakage if excessive. There are two stages in the mixing 

process in a typical flocculation process, corresponding to a rapid and a slow stirring stage. 

The fast stirring is used to give a good dispersion of the flocculant after addition and to 

destabilize the colloidal system, while slow stirring is used to promote the flocs growth and 

limit the breakup of aggregates88.  

 

3.1.  Flocculation mechanisms  

Destabilization of colloids and suspensions by polymers can be associated to different 

flocculation mechanisms such as charge neutralization, polymer bridging and electrostatic 

patches interactions. These mechanisms are strongly related with the way adsorption of 

flocculants on particle surfaces occurs, which depends on the affinity between the polymer 

and the particle surface21. 
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Charge neutralization  

Charge neutralization is assumed as the main mechanism when the flocculant and the particle 

have opposite charge. The flocculation process can occur due to decrease of electrical 

repulsion force between colloidal particles, resulting from the reduction of surface charge (zeta 

potential), which facilitates initial aggregation of colloidal and fine suspended materials, as the 

result of Van der Waals forces of attraction (Figure 2.1). It has been reported that optimal 

flocculation occurs using polyelectrolytes dosages that are just the necessary amount to 

completely neutralize the particle charge, leading to a zeta potential close to zero. When this 

occurs, the particles start to agglomerate by the influence of the Van der Waals’ forces and the 

suspension is destabilized 89. When the amount of polymer used is too high, a charge reversal 

can happen and the particles will disperse again 87. The flocs formed by charge neutralization 

can be loosely packed and fragile, which will lead to a slow settling 90. 

 

 

Figure 2.1 Schematic view of a charge neutralisation mechanism. 

 

Polymer bridging  

Polymer bridging occurs when polymers with high molecular weight and low charge density 

are used. The long polymer chains adsorb on the particle surface and long loops extend in 

solution overpassing the electrical double layer91. The interaction of these polymer segments 

with other particles, with a charge opposite to that of the polymer, becomes possible and, 
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when occurring, leads to a ‘bridge’ between particles (Figure 2.2)24. It is well documented that 

polymer bridging can give much larger and stronger flocs when compared with other 

mechanisms. The polymer chains need to be long enough to extend from one particle to 

another, in order to perform an effective connection and, for this reason, a polymer with high 

molecular weight is preferred. If the amount of polymer is excessive, the particle surface will 

be over coated, which can lead to the situation where there is no available sites to ‘bridge’ with 

other particles and, in this way, the particles tend to repel. In contrast with this, if the 

adsorbed amount is too low it may not be enough to form bridging contact between particles. 

Again, this means that an optimal amount of polymer is needed and too high levels can result 

in restabilization of the colloidal particles87. 

 

 

Figure 2.2 Polymer bridging between particles. 

 

Electrostatic patch  

Bridging capability is reduced when polyelectrolytes with low molecular weight and high 

charge density adsorb on the surface of oppositely charged particles, allowing the ‘electrostatic 

patch’ mechanism to occur (Figure 2.3). When a highly charged polymer with small chains 

adsorbs on a weakly oppositely charged surface it is physically impossible for the particle 

surface to be neutralized by the polyelectrolyte and achieve an overall neutrality. So, there is 

formation of charged ‘patches’ in the same surface where there are uncoated regions24. The 

consequence of this is the electrostatic attraction between patches and regions with opposite 

charge of different particles not covered by the polymer, leading to particle attachment and 

consequent flocculation. Flocs formed based on this mechanism are stronger than flocs 
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formed by simple charge neutralization in the presence of metal salts24. For an efficient 

electrostatic patch flocculation, the polymer charge density needs to be significantly high. If 

the charge density is too low, the bridging mechanism becomes more likely92.  

 

 

Figure 2.3 Charge neutralization flocculation by patch mechanism. Arrows show attraction of opposite charged 
zones. 

 

3.2.  Flocculants in wastewater treatment 

A large diversity of wastewaters are produced in industries and domestic environments. These 

wastewaters contain high quantities of dispersed solids, organic and inorganic particles, metal 

ions and other impurities. Flocculation is frequently used to promote the solid-liquid 

separation of wastewater suspensions in many industrial processes, at least as a wastewater 

pre-treatment process. Synthetic polyelectrolytes have been commonly used, in the last years, 

as flocculants to enhance the flocculation process efficiency, and the results are promising93. 

Characteristics like molecular weight, structure (linear or branched), charge density, charge 

type and composition have a strong influence on the flocculation process94. Cationic and 

anionic polyelectrolytes are the mainly used flocculants in industrial wastewaters flocculation 

processes.  

 

 Cationic polyelectrolytes  3.2.1.

Water-soluble cationic polyelectrolytes present usually one of the three following functional 

groups: ammonium, sulfonium and phosphonium quaternaries. Quaternary ammonium is the 
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most frequently reported cationic structure. The positive fragment in the polymers can 

strongly interact with negatively charged particles present in wastewaters from several 

industries, such as textile, paper production, oily water clarification, paint manufacturing, dairy 

and food processing, among others.  

The majority of the commercial available linear cationic flocculants are based on 

copolymerization of acrylamide and methacryloyloxyethyl trimethylammomium chloride or 

acryloyloxyethyl trimethylammomium95. Okada et al.96 presented the radiation-induced 

copolymerization of the methyl chloride salt of dimethylaminoethyl methacrylate quaternized 

methyl chloride with acrylamide to prepare a cationic polymer flocculant, which was tested in 

sludge from sugar manufacturing. Wang et al.97,98 developed a water-soluble cationic flocculant, 

copolymer of acrylamide and acryloylamino-2-hydroxypropyl trimethylammonium chloride, 

through the dispersion polymerization method in aqueous ammonium sulphate solution, and 

tested it in 0.25 wt% kaolin suspensions. A cationic terpolymer was prepared from 

dimethylaminoethyl methacrylate, vinyl pyrrolidone and vinyl acetate using the solution 

polymerization technique, by Nasr et al.99. The terpolymer solution was used as flocculant in a 

river Nile sample clarification. Razali et al.100 reported self-synthesized 

poly(diallyldimethylammonium chloride) flocculants used in the treatment of pulp and paper 

mill wastewater. In Lu et al.101, copolymers of methyl acrylate and the cationic monomer 2-

acryloyloxyethyl trimethylammonium chloride were synthesized via emulsion polymerization, 

and used as sludge dewatering aid in wastewater treatment. Abdiyev et al.102 investigated radical 

copolymerization of diallyldimethylammonium chloride with dimethylacrylamide, and the 

flocculating ability was studied for bentonite suspensions and animal manure slurries. 

Palomino et al.103 synthesized a copolymer of acrylamide with dimethylaminoethyl acrylate 

quaternized methyl chloride by inverse-emulsion polymerization and used it to induce 

flocculation of monodisperse latex suspensions.  Summarized literature in this area is 

presented in Table 2.3. 
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Table 2.3 Summary of linear cationic polyelectrolytes used as flocculants in previous studies, including structure, 

monomers and testing medium.  

Polyelectrolyte structure  Comonomersa  Testing medium Reference  

 

AAm and 

DMAEM 

Sludge from sugar 

manufacturing  

Okada et al.96 

 

AAm and 

AMHP 

Kaolin suspension Wang et al.97,98 

 

DMAEMA, 

NVP and VA 

River water Nasr et al.99 

 

DADMAC Pulp and paper 

mill wastewater 

Razali et al.100 

 

MA and 

AETAC 

Waste sludge   Lu et al.101 

 

DADMAC and  

DMA 

Bentonite 

suspensions and 

animal manure 

slurries 

Abdiyev et al.102 
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Table 2.3 (Contd.) 

Polyelectrolyte structure  Comonomersa  Testing medium Reference  

 

AAm and 

AETAC 

Latex suspensions  Palomino et al.103 

aAbbreviations: AAm, acrylamide; DMAEM, dimethylaminoethyl methacrylate; AMHP, acryloylamino-2-

hydroxypropyl trimethylammonium chloride; DADMAC, diallyldimethylammonium chloride; DMAEMA, 

dimethylaminoethyl methacrylate, NVP, vinyl pyrrolidone; VA, vinyl acetate; AETAC, 2-acryloyloxyethyl 

trimethylammonium chloride; MA, methyl acrylate; DMA, dimethylacrylamide. 

 

 Anionic polyelectrolytes 3.2.2.

Anionic polyelectrolytes can be used in the treatment of municipal wastewaters and effluents 

from industries such as mineral processing, tanning, sugar processing, paper production, metal 

working and gravel washing, among others93. Most of the commercial linear anionic 

flocculants present carboxylate and sulfonate ions in their structure as functional groups, and 

are often copolymers of acrylamide.    

Acrylamide copolymerized with acrylic acid and acrylamido-2-methyl-1-propanesulfonic acid 

sodium salt, through ultraviolet irradiation polymerization, and its application in flocculation 

of simulated wastewaters and dewatering of waste sludge was reported by Ma et al.104,105 and 

Zheng et al.106,107. Lu et al.108 developed a polymeric anionic flocculant of methyl acrylate and 

acrylic acid by emulsion polymerization and tested it in the reduction of turbidity of clay 

suspension. Feng et al.109 synthesized an acrylamide and sodium allylsulfonate copolymer, using 

ultraviolet-initiated template polymerization, and the flocculation performance was evaluated 

in a simulated mining wastewater, with high turbidity. Jha et al.110 studied the flocculation 

efficiency of a copolymer of acrylamide and acrylic acid, prepared in aqueous medium, in a 

tannery waste. As alternatives, anionically modified polysaccharides as flocculation agents have 

also been recently reported in literature111–114, however the control of the properties in these 

natural-based polyelectrolytes is much more complicated.  A summary of the literature in this 

domain is presented in Table 2.4. 
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Table 2.4 Summary of linear anionic polyelectrolytes used as flocculants in previous studies, including structure, 

monomers, and testing medium.  

Polyelectrolyte structure  Comonomersa  Testing medium Reference  

 

AAm, AA and 

Na-AMPS  

Simulated wastewaters 

and waste sludge 

Ma et al.104,105 

and Zheng et 

al.106,107 

 

MA and AA Clay suspension Lu et al.108 

 

AAm and SAS Simulated mining 

wastewater  

Feng et al.109 

 

AAm and AA Tannery waste Jha et al.110 

aAbbreviations: AA, acrylic acid; Na-AMPS, acrylamido-2-methyl-1-propanesulfonic acid sodium salt; MA, 

methyl acrylate; AAm, acrylamide; SAS, sodium allylsulfonate.  

 

 

 Hydrophobically modified polyelectrolytes 3.2.3.

Recently, hydrophobic modification of polymers have been extensively investigated for 

application in solid-liquid separation, due to their capacity of enhance polymer performance115. 

Hydrophobically modified polymers can be obtained by chemical grafting or copolymerization 

procedures, through the introduction of a relatively low amount of hydrophobic monomer 

into the polymer structure116. The synergetic effects between the charge functionality and the 

hydrophobic group have shown a remarkable performance in wastewater treatment115,117. 

Several well-known polyelectrolytes have been hydrophobically modified, including 

polyacrylamide or PDADMAC, and the final polymer characteristics have promoted the 

performance in wastewater treatment. Zhao et al.118 copolymerized the hydrophobic monomer 

VTMS with DADMAC to produce a hydrophobically modified cationic polyelectrolyte and 

apply it in treating negatively charged kaolinite, dye liquor and oily wastewater. Dragan et al.119 

synthesised hydrophobic cationic polyelectrolytes and investigated the flocculating efficiency 
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on montmorillonite suspension in water. Cationic polyelectrolytes with quaternary ammonium 

salt groups in the backbone and hydrophobic side chains were produced using 

epichlorohydrin, dimethylamine, 1,3-dimethyltrimethylenediamine and two primary amines 

with nonpolar chains (hexyloxypropylamine and decyloxypropylamine). Ren et al.117 studied the 

copolymerization of acrylamide with 3-acrylamido-2-hydroxypropyltrialkylammonium 

chloride, in which alkyls were ethyl, butyl and octyl, respectively. The developed hydrophobic 

cationic polyelectrolytes were tested in flocculation of kaolin suspensions. Later, Lee et al.120 

produced homologous series of the previous ones, using larger hydrophobic chain lengths and 

tested them also in kaolin suspensions. A series of hydrophobically modified cationic 

polyacrylamides were synthesised, by means of trihexylamine, trioctylamine and 

tridodecylamine. Shang et al.121 synthesized a hydrophobically modified and cationic flocculant 

of acrylamide, methacryloxyethyl trimethylammonium chloride and methacryloxypropyl 

trimethoxysilane by inverse emulsion polymerization, and studied the flocculation 

performance on reactive brilliant red X-3B dye solution and 0.10 wt% kaolin suspension. 

Yang et al.122 produced a hydrophobic cationic polyacrylamide, with dimethyldiallyammonium 

chloride and butylacrylate, by the micellar free radical copolymerization technique, and the oil 

removal efficiency in oily wastewater was verified. Shang et al.123 synthesized acrylamide with 

diallyldimethylammonium chloride and vinyltrimethoxysilane by inverse free-radical emulsion 

polymerization technique, and applied it as flocculant in dye molecules removal. Zheng et 

al.124,125 developed a new composite flocculant through the copolymerization of acrylamide, 

acryloyloxyethyltrimethylammonium chloride, and butylacrylate, under ultraviolet radiation, 

and its performance in a textile sewage sludge and activated sludge dewatering was evaluated. 

Later, Lü et al.126 successfully produced a hydrophobically modified cationic flocculant, via 

dispersion copolymerization of acrylamide, 2-methylacryloylxyethyl trimethylammonium 

chloride and methyl methacrylate, in aqueous ammonium sulphate solution. Its flocculation 

performance was assessed in the treatment of an oily wastewater. A summary of 

hydrophobically modified polyelectrolytes used as flocculants in literature is presented in 

Table 2.5 
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Table 2.5 Summary of hydrophobically modified polyelectrolytes used as flocculants in previous studies, 

including structure, monomers, and testing medium. 

Polyelectrolyte structure  Comonomersa  Testing medium Reference  

 

DADMAC and 

VTMS 

Kaolinite 

suspensions, dye 

liquor, and oily 

wastewater 

Zhao et al.118 

 

Epichlorohydrin, 

dimethylamine, 

DMAPA, HPA 

and DPA 

Montmorillonite 

suspension 

Dragan et 

al.119 

 

AAm, 

epichlorohydrin, 

triethylamine, 

tributylamine 

and 

trioctylamine  

Kaolin suspension Ren et al.117 

 

AAm, 

epichlorohydrin, 

trihexylamine, 

trioctylamine 

and 

tridodecylamine 

Kaolin suspension Lee et al.120 

 

AAm, DMC and 

MAPMS  

Dye solution and 

kaolin suspension 

Shang et al.121 

 

AAm, 

DADMAC and 

BA 

Oily wastewater Yang et al.122 
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Table 2.5 (Contd.) 

Polyelectrolyte structure  Comonomersa  Testing medium Reference  

 

AAm, 

DADMAC and 

VTMS 

Dye solutions Shang et al.123 

 

AAm, AETAC 

and BA 

Textile and activated 

sludge 

Zheng et 

al.124,125 

 

AAm, DMC 

and MMA 

Oily wastewater Lü et al.126 

aAbbreviations: AAm, acrylamide; DMC, methacryloxyethyl trimethylammonium chloride; MAPMS, 

methacryloxypropyl trimethoxysilane; DADMAC, diallyldimethylammonium chloride; BA, butylacrylate; 

VTMS, vinyltrimethoxysilane; AETAC, 2-acryloyloxyethyl trimethylammonium chloride; DMC, 2-

methylacryloylxyethyl trimethylammonium chloride; MMA, methyl methacrylate; DMAPA, dimethylamino 

propylamine; HPA, hexyloxypropylamine and DPA, decyloxypropylamine 

 

3.3. Flocculation of industrial oily effluents 

Oily wastewaters are generated in many industrial processes, where three main activities, as 

described below, generate the oily effluents sources. From the petroleum industry originate, 

via crude oil extraction and oil refineries, salty wastewaters which contain very high 

concentrations of hydrocarbons as well as ammonia, sulphides, chlorides and phenol127. The 

manufacturing of metal pieces in metalworking industries produce wastewaters containing oil-

in-water emulsions resulting from the use of cutting, cooling and lubricating fluids. During 

cleaning operations, the diluted metalworking fluids originate effluents with several grams of 

oil per liter128,129. Food processing industries, including production and transformation of both 

animal and vegetable products, also produce large volumes of oily wastewaters. Meat 

processing, dairy industries, refining of vegetable oils from sunflower, cotton-seed, soybean or 

rapeseed, palm and olive oil mill facilities, are some examples of food-related activities that 

result in oily effluents42,130,131.  
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Among the extensive list of industrial oily effluents, the present work will focus only on three 

of them: olive oil mill effluent, dairy effluent and potato crisps manufacturing effluent, 

considering their importance in Portugal.  

 

 Olive oil mill effluent 3.3.1.

Olive oil mill effluents (OME) have increased significantly in the last years as a result of the 

rapidly increasing demand for olive oil, and the existing oil extraction techniques that involve 

high amounts of water132. The composition of the produced wastewater changes with climate, 

cultivation conditions and milling processes133. Typically, OME presents a high concentration 

of solids resulting from washing actions, show intense dark color, acid pH and strong odor. 

These effluents, when disposed to the environment, lead to severe problems including 

coloration and pollution of waters, changes in soil quality and phytotoxicity, plants growth 

inhibition and odor nuisance134.  

OME must be treated before disposal and several treatment technologies and integrated 

processes have been developed to shape a suitable and effective method to deal with the 

produced wastewater135. Direct discharge on fields decreases the amount of dissolved oxygen, 

harming aquatic fauna136. Open evaporating ponds or lagooning leads to insect reproduction 

and increase the risk of surface and groundwater contamination137. Biological methods include 

microbiological treatment, co-composting, aerobic and anaerobic digestion. However, the 

OME have high concentration of fats, lipids and phenols that can compromise the growth of 

microorganisms and, consequently, the OME degradability138. Advanced oxidation processes, 

consisting in Fenton and Fenton-like oxidation and ozonation, can also be applied139,140. 

Physico-chemical treatment methods such as ultrafiltration, reverse osmosis, sedimentation, 

centrifugation, coagulation-flocculation and electro-coagulation are actually predominant141–143. 

Nevertheless, most of these treatment processes on their own are not cost effective and 

reported results present significant drawbacks, indicating that combined technologies are 

needed in order to reduce the overall portion of organic load, and thus reducing the operating 

costs. These hybrid systems can include ozonation and aerobic biological treatment, 

coagulation-flocculation combined with anaerobic biological process, electron-Fenton and 

anaerobic digestion or chemical oxidative procedure in combination with aerobic biological 

treatment144,145.  

Coagulation-flocculation processes have proved to be very useful as a pre-treatment stage in 

the OME processing methodologies146,147, involving low associated costs and carbon dioxide 
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emissions148. The addition of organic and inorganic compounds stimulates the destabilization 

of colloidal materials and promotes the agglomeration of small particles in large flocs able to 

settle. Coagulants, such as aluminum, ferric sulfate, starch, chitosan and lime, and cationic or 

anionic flocculants, like PDADMAC, poly(allylamine) or poly(allylamine) hydrochloride, have 

been tested142,149,150. Experiments showed considerable reduction of solids, color and COD in 

the pre-treated effluent. However, it is usually needed a combination of both (inorganic and 

organic additives) or, when in single use, a very high concentration of polymer, which 

generates large amounts of sludge151.  

The minimization of sludge production is important considering the costs related with 

subsequent sludge treatment and disposal152. Ginos et al.142 tested inorganic materials such as 

lime, iron, magnesium and aluminum, four cationic and two anionic commercial 

polyelectrolytes either alone or in various combinations. Combining lime or ferrous sulphate 

(in the range of several g/L) with cationic polyelectrolytes (in the range of 200–300 mg/L) led 

to total modest suspended solids (TSS), COD and total phosphorous (TP) removals between 

about 18-95%, 10-40% and 30-80%, respectively, depending on the materials and the effluent 

used. Rizzo et al.153 studied the pre-treatment of OME by coagulation using chitosan and 

found that the optimum coagulant concentration was 400 mg/L. The efficiency of the 

chitosan coagulation was found to be for TSS about 81% and turbidity about 94%. Meyssami 

and Kasaeian154 used aluminum as the main coagulant and chitosan as a coagulating aid which 

was effective in reducing the primary turbidity of the emulsions (90%), at concentrations of 15 

and 25 mg/L, respectively. In Sarika et al.155, four cationic and two anionic polyelectrolytes 

were tested in direct flocculation and showed to be capable to remove nearly completely TSS 

and reduce considerably COD (55%) with a minimum dosage of about 2500-3000 mg/L, is 

the best cases.  Michael et al.131 investigated coagulation/flocculation as pre-treatment in the 

application of a solar-driven advanced oxidation process (solar Fenton), using ferrous sulfate 

(6670 mg/L) as the coagulant, and an anionic polyelectrolyte (287 mg/L) as flocculant, leading 

to approximately 44% of COD removal and TSS were removed by 94%. Iakovides et al.150 

presented experiments of coagulation/flocculation with electrolytes salts [ferric chloride, 

calcium hydroxide, calcium oxide, calcium chloride) and polyelectrolytes [poly(allylamine), 

poly(allylamine) hydrochloride, PDADMAC, and Floccan 23-20 (a commercially available 

anionic polyacrylamide)] separately or in combination. The best results were obtained with a 

combination of calcium hydroxide at 20000 mg/L and 1250 mg/L of PDADMAC, where 

reductions of 43% in total solids (TS), 27% in TSS, 56% in COD, and 76% in phenols were 

achieved. Azbar et al.156 evaluated the feasibility of using chemical pretreatment to improve the 
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anaerobic biological degradation of industrial effluents. Aluminum sulfate was the best 

chemical agent in terms of removing color (65%), and as the concentration of aluminum salt 

increased from 500 to 6000 mg/L, the removal in COD also increased (21%, 32% and 47%, 

respectively). In the work of Kestioğlu et al.134, addition of ferric chloride to olive mill effluent 

resulted in a 95% COD, 90% total phenol and 99% suspended solids (SS) removals at a 

dosage of 3000 mg/L. Two inorganic materials, polyaluminum chloride and aluminum sulfate, 

and two organic polyelectrolytes, anionic polyacrylamides, were used in a study by Pelendridou 

et al.148. The best results were achieved, using polyaluminum chloride as coagulant, and the 

maximum removal efficiencies of all parameters tested corresponded to a concentration of 

4000 mg/L and a flocculant dosage of 10 mg/L (36%, 37% and 92% for COD, TS and TSS, 

respectively). In Yazdanbakhsh et al.157, the performance of aluminum, ferric chloride and 

polyaluminum chloride was studied as coagulants in olive oil mill wastewater treatment. Ferric 

chloride showed the best results in comparison with the others, removing 91.2% of COD, 

98.9% of total suspended solids and 99.2% of turbidity at pH 6 and with 3000 mg/L 

coagulant dosage. A summary of the main literature in this subject is presented in Table 2.6. 

 

Table 2.6 Removal efficiencies of olive mill wastewater treatment using coagulation-flocculation processes. 

Initial parameters Coagulant/Flocculant 

Removals (%) 

Turbidity  COD    TS Reference  

COD=61-29 g/L 

TSS=37-53 g/L 

Lime or ferrous sulfate (5000-

50000 mg/L) and cationic or 

anionic commercial 

polyelectrolytes (200–300 

mg/L)  

 10-40  Ginos et al.142 

COD=61-29 g/L 

TSS=37-53 g/L 

Lime or ferrous sulfate (5000-

50000 mg/L) and cationic or 

anionic commercial 

polyelectrolytes (200–300 

mg/L)  

  

 10-40  Ginos et al. 142 

COD=53 g/L 

TSS=7 g/L 

Turbidity=10000 NTU 
 

Chitosan (400 mg/L)  

 

94   Rizzo et al.153 
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Table 2.6 (Contd.) 

Initial parameters Coagulant/Flocculant 

Removals (%) 

Turbidity  COD    TS Reference  

Turbidity=250 NTU Aluminum (15 mg/L) and 

chitosan (25 mg/L)  

  

90   Meyssami and 

Kasaeian154 

COD=5-89 g/L 

TSS=0.5-101 g/L 

 

Four cationic and two anionic 

commercial polyelectrolytes 

(2500-3000 mg/L)  

 

 55  Sarika et al.155 

COD=14 g/L 

TSS=50 g/L 

TS=20 g/L 

 

FeSO4 (6670 mg/L) and 

anionic commercial  

polyelectrolyte (287 mg/L)  

 

 44  Michael et al.131 

COD=40-82 g/L 

TSS=11-15 g/L 

TS=29-56 g/L 
 

Ca(OH)2 (20000  mg/L)  

and PDADMAC (1250 mg/L)  

 

 56 43 Iakovides et 

al.150 

COD=98 g/L 
 

Al2SO4 (6000 mg/L)   47  Azbar et al.156 

COD=186 g/L 

TSS=65 g/L 
 

FeCl3 (3000 mg/L)  

 

 95  Kestioğlu et 

al.134 

COD=22-88 g/L 

TSS=15-39 g/L 

TS=32-93 g/L 
 

PAC (4000 mg/L)  

 

 36 37 Pelendridou et 

al.148 

COD=59 g/L 

TSS=28 g/L 

Turbidity=25250 NTU 
 

Ferric chloride (3000 mg/L)  

 

99 91  Yazdanbakhsh 

et al.157 

Abbreviations: COD, chemical oxygen demand; TSS, total suspended solids; TS, total solids; FeSO4, ferrous 

sulfate; FeCl3, ferric chloride; Ca(OH)2, calcium hydroxide; PDADMAC, poly(diallyldimethyl ammonium 

choride); Al2SO4, aluminum sulfate; PAC, polyaluminum chloride. 

 

 

 Dairy effluent  3.3.2.

The dairy industry is considered as one of the most polluting food industries, due to the high 

demand for milk and derived products, the large water consumption in cleaning and washing 

operations and the characteristics of the resulting effluent158. Presence of fats, nutrients, 

lactose, detergents and sanitizing agents can cause serious environmental problems, by 

affecting the aquatic life and leading to eutrophication of receiving waters158. Since the dairy 

industry produces several different products, such as milk, cheese, butter, yogurt or ice-cream, 
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the raw effluent can vary broadly in quantity and composition159,160. Furthermore, wide ranges 

of variations in pH, concentration of solids, COD and biochemical oxygen demand (BOD) 

have been reported in literature161. The aforementioned aspects contribute to the complexity 

of the treatment of this wastewater and the necessity for studies using modern and innovative 

treatment techniques, considering the environmental sustainability. 

In the countries where dairy effluents are treated, biological methods are typically applied to 

treat them, considering the presence of a high load of organic matter, but often combined 

with physico-chemical treatment processes, required to remove suspended, colloidal, and 

dissolved constituents. Activated sludge process, aerated lagoons, biological filters, sequencing 

batch reactor, anaerobic sludge blanket reactor or anaerobic filters, in combination with 

coagulation/flocculation with various inorganic or organic polymers, or membrane processes, 

like nanofiltration or reverse osmosis or adsorption are some examples of treatments adopted 

in this industrial sector162. Anaerobic treatment seems to be the most widely process used for 

treatment dairy wastewaters, nevertheless not all compounds of dairy effluent are 

biodegradable, protein and fats are not easily degraded due to the presence of long-chain fatty 

acids, which are inhibitory to methanogenic bacteria163,164. In this way, additional treatment is 

necessary. Aerobic treatment methods require high amounts of energy, so physico-chemical 

treatment processes are frequently applied as primary procedure purification of dairy effluents 

treatment. 

Adsorption is an attractive method for removing organic content. Activated carbon, coal fly 

ash, rice husk ash, straw dust, saw dust, coconut coir and bagasse fly ash are some examples of 

adsorbents used165. Using electrocoagulation, the waste matter is removed from wastewater by 

electrostatic attraction followed by coagulation, with no chemical reagents added, which 

results in a sludge with no additional pollutants166. Thus it has been attracting interest, due to 

its flexibility and environmental capability. The membrane-treatment processes include 

microfiltration, ultrafiltration, nanofiltration, reverse osmosis, dialysis and electrodialysis. The 

several membrane techniques have advantages and disadvantages: microfiltration and 

ultrafiltration have lower energy costs than nanofiltration or reverse osmosis due to high flux 

of permeate at low transmembrane pressure167, however microfiltration and ultrafiltration 

show low reduction of COD values168,169. Moreover, an additional problem in using membrane 

filtration by itself is the obstruction of the membranes due to the accumulation of proteinous 

material on the surface170.  
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Coagulation and flocculation processes are of greatest importance and widely used in dairy 

effluents treatments, due to its simplicity and effectiveness171. Addition of coagulants and 

flocculants can also improve filtration performance, by reducing the organic matter and the 

amount of suspended and colloidal particles, responsible for the turbidity of the effluent172,173. 

This treatment method can be applied in previously anaerobically treated dairy wastewater or 

in raw dairy effluent174. In the literature the ability of conventional salts and polymeric 

coagulants for the treatment of different kinds of dairy wastewater has been studied. Metal 

salts are effective coagulants through hydrolysis of monomeric and polymeric species that will 

neutralize the surface of the colloids and soluble particles.  However, wastewater from the 

dairy industry treated with conventional coagulation requires large amounts of reactive 

inorganic chemicals and generates large volumes of non-biodegradable sludge. Moreover, 

coagulants from natural sources may not be appropriate, or more difficult to tune, for 

treatment of industrial dairy wastewaters due to their low availability in large-scale and the 

wide range of wastewater characteristics. On the other hand, polymer flocculants, especially 

ionic polymers, destabilize colloids through surface neutralization and particle bridging, 

leading to flocs growing, improving the efficiency of settling and filtration. However, only few 

studies are reported in the literature for the flocculation of dairy wastewater.   

Rusten et al.175 tested four different combinations of coagulants. Using ferric chloride sulfate 

showed the best results, removing 2-3% more COD than sulfuric acid combined with carboxy 

methyl cellulose, and 4-6% more COD than lactic acid combined with carboxy methyl 

cellulose. Selmer-Olsen et al.176 applied different types of chitosan as coagulant and achieved 

nearly 60% removal of COD and 90% removal of particles, for dosages of 5-15 mg/L at pH 

4.5-5. Hamdani et al.177 treated dairy effluent with iron chloride, aluminum sulfate and calcium 

hydroxide, removing 40% of organic matter and nitrogen content, and reducing the 

suspended matter in 94% and total phosphorus in 89% with calcium hydroxide. Sarkar et al.178 

applied coagulation by chitosan, followed by adsorption with powdered activated carbon, in 

treating dairy wastewater before a membrane separation method. At pH 4.0 the reductions 

were 48% in total dissolved solids and 57% in COD at 10-50 mg/L chitosan.  

Kushwaha et al.165 reported the treatment of simulated dairy wastewater with inorganic 

coagulants such as poly aluminum chloride, ferrous sulfate and aluminum potassium sulfate. 

Optimum pH was found to be 8.0 and 300, 800 and 500 mg/L for poly aluminum chloride, 

ferrous sulfate and aluminum potassium sulfate, respectively, resulted in 69.2, 66.5 and 63.8% 

COD removal efficiency. Tchamango et al.179 compared electrocoagulation with chemical 

coagulation with aluminum sulfate. Both gave similar removal rates for nitrogen and turbidity, 
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however the removals of phosphorus and COD are slightly higher by chemical coagulation. 

The turbidity was practically eliminated, while phosphorus, nitrogen, and COD were reduced 

up to 94, 81 and 63% respectively, at concentrations above 950 mg/L. Rivas et al.180 treated 

cheese wastewater by means of a coagulation-flocculation process with three different 

coagulants, ferrous sulfate, aluminum sulfate, and ferric chloride. The optimum conditions for 

ferrous sulfate were obtained using 250 mg/L at pH 8.5 and 50% of COD was removed. 

Aluminum sulfate achieved slightly lower reductions of COD, while the amount needed was 

significantly higher (1000 mg/L). With ferric chloride, similar results to those obtained with 

ferrous sulfate were verified, 250 mg/L was enough to eliminate COD in the range of 40-

60%, depending on operating conditions.  

Formentini-Schmitt et al.174 investigated the pretreatment of dairy industry wastewater by 

coagulation/flocculation/sedimentation using Moringa oleifera as coagulant. The efficiency of 

the pretreatment step with a coagulant concentration of 1500 mg/L was of 97.6% for 

turbidity reduction and 39.4% for COD removal. Prakash et al.181 studied the effectiveness of 

coagulation and Fenton’s oxidation in a simulated dairy wastewater. Individually, coagulation 

resulted in 67% COD removal, with a dosage of ferrous sulfate of 800 mg/L at pH 6.0. Loloei 

et al.182 investigated the effect of the coagulation process on the treatment of simulated dairy 

wastewater. Different types of inorganic and polymeric coagulants were tested, such as 

aluminum and ferrous sulfate, polyacrylamide and polyferric sulfate. The optimum conditions 

for aluminum and polyferric sulfate were 1000 mg/L and pH 5.0, reaching a COD removal 

efficiency of 68% and 62%, respectively. Addition of 20 mg/L of polyferric sulfate or 

polyacrylamide in combination with aluminum sulfate can increase the COD removal 

efficiency by 83% and 86%, respectively, requiring only 100 mg/L of aluminum sulfate. 

Aysegul Tanik et al.183 investigated ferric chloride, ferrous sulfate and aluminum as coagulants 

for the treatment of dairy wastewater originating from a dairy products plant. Optimum 

coagulant dosage was determined as 200 mg/L for all the coagulants with the optimum pH 

values between 4-4.5 for ferric chloride and ferrous sulfate, and 5‐6 for aluminum. The 

maximum overall COD removal efficiencies were 72, 59 and 54% for ferric chloride, ferrous 

sulfate and aluminum, respectively. Most of the flocculation processes in dairy effluents use 

inorganic or natural-based products. However, considering the results described above, there 

is still a need for flocculants with distinct characteristics, tuned for this specific process, which 

are immediately soluble in aqueous systems, highly efficient in little quantities and that 

generate large and strong flocs, leading to a good settling performance and providing, 
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thereafter, smaller sludge volumes. A summary of the present literature state, on the use of 

coagulation/flocculation in this type of effluent, is presented in Table 2.7. 

 

Table 2.7 Removal efficiencies of dairy wastewater treatment using coagulation-flocculation processes. 

Initial parameters Coagulant/Flocculant 

Removals (%) 

Turbidity  COD     TS Reference  

COD=1.2-2.7 g/L 

TSS=0.3-0.5 g/L 

Turbidity=360-910 NTU 
 

Chitosan (5-15 mg/L)  

 

 57 90 Selmer-Olsen 

et al.176 

COD=1.5-3 g/L 

TSS=0.3-0.6 g/L 

Turbidity=15-30 NTU 
 

Chitosan (10-50 mg/L)  

 

 57  Sarkar et al.178 

COD=3.9 g/L 

TS=3.1 g/L 

Turbidity=1744 NTU 
 

PAC (300 mg/L)   

FeSO4 (800 mg/L)  

KAl(SO4)2·12H2O (500 

mg/L)  

 

 69 

67 

64 

 Kushwaha et 

al.165 

N/A Aluminum sulfate (950 

mg/L)  

 

 63  Tchamango et 

al.179 
 

COD=9-26 g/L 

TS=7-8 g/L 

Turbidity= 1331-2004 

NTU 
 

FeSO4 (250 mg/L)  

FeCl3 (250 mg/L)  

 

 50 

40-60 

 Rivas et al.180 

COD=3.2 g/L 

Turbidity=897 NTU 
 

Moringa oleifera (1500 mg/L)  

 

98 39  Formentini-

Schmitt et al.174 

COD=3.6 g/L 

TS=2.7 g/L 

Turbidity= 1410  NTU 
 

Ferrous sulfate (800 mg/L)  

 

 67  Prakash et al.181 

COD=3.2 g/L 

Turbidity=97 NTU 

 

Aluminum sulfate (100 

mg/L) and PFS or PAA 

(20mg/L)  

 86  Loloei et al.182 

Abbreviations: COD, chemical oxygen demand; TSS, total suspended solids; TS, total solids; FeSO4, ferrous 

sulfate; KAl(SO4)2·12H2O, aluminum potassium sulphate; FeCl3, ferric chloride; PAA, polyacrylamide; PFS, 

polyferric sulphate.  
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 Effluent from the manufacturing of fried snacks 3.3.3.

Huge amounts of effluent with high organic load are generated in potato crisps and other fried 

snacks manufacturing industries during the several processes of washing, peeling, slicing and 

blanching, requiring an efficient treatment before discharging. These effluents present usually 

high levels of fats and oil, solids, COD and BOD. Conventional biological treatment methods 

are widely applicable, due to the readily biodegradable nature of the organic content, 

combining different aerobic and anaerobic processes184,185. However, the long retention times 

and large tanks required, and the sensitivity of the microorganisms used are still significant 

drawbacks of these techniques186. On the other hand, despite the use of highly reactive 

oxidizing agents in advanced oxidation processes (such as fenton reaction, ultra-violet (UV) 

photolysis, ozonation and electrochemical oxidation)187, the economic and operational benefits 

are worthy enough for their application. Ozonation is a promising technique since ozone is a 

powerful oxidizing agent, efficiently used to reduce organic matter188, with single-step 

degradation, easy operation, smaller reactor volumes and no sludge formation189. Despite the 

advantages, high production costs and reasonably low solubility in water make ozonation 

economically unattractive. More recently, due to the environmental compatibility, easy 

operation and low amounts of resulting sludge, electrocoagulation has been applied effectively.  

To the best of our knowledge, potato crisps manufacturing effluent treatment using a direct 

flocculation process was no reported in literature so far.  

Lin et al.190 evaluated the performance of an aerated lagoon, succeeding anaerobic lagoon-filter 

units, in treating unsettled potato-processing wastewater. In the end, 68% of COD removal 

was the highest result obtained. Thermophilic aerobic digestion was tested in the treatment of 

potato-processing wastewater by Malladi and Ingham191, reaching a decrease in BOD and total 

suspended solids of the supernatant of 98% and 75%, respectively. Hadjivassilis et al.184 

designed and installed a small industrial effluent treatment plant for the treatment of 

wastewater from a potato chips and snacks factory. The apparatus included a simple up-flow 

anaerobic reactor with internal settling and gas collection units, with a subsequent aerobic 

treatment based on the activated sludge process with diffused air system. The treatment 

process efficiencies were 99.2% for COD removal and 99.5% for BOD removal. The 

feasibility of the up-flow anaerobic sludge bed process for the treatment of raw potato-maize 

wastewater of a chip-processing industry was demonstrated by Kalyuzhnyi et al.192. Treatment 

efficiency around 63% for COD removal was obtained. El-Gohary et al.193 tested the 

performance of laboratory-scale aerobic and anaerobic systems in treating food-processing 

wastewater from a potato-chips factory. The results obtained showed that it is possible to 
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reduce BOD and COD, respectively, by 92.4% and 91.5% using an up-flow anaerobic sludge 

blanket reactor, while for an activated sludge system the results were about 86% and 84%, 

respectively.  

Sayed et al.194 presented a study to assess the feasibility of using a pilot scale aerobic side 

stream membrane bioreactor for treatment of potato-processing wastewater. The tested 

system was able to give a COD removal efficiency of 98.2 %. The treatment of wastewater 

from potato chips manufacturing by electrocoagulation was investigated by Kobya et al.186 

Aluminum and iron electrodes were used, and aluminum electrodes presented the higher 

removal rate of COD, turbidity and suspended solids. The removal efficiencies of COD and 

turbidity were 60% and 98%, respectively. The effect of three different types of glycerol on 

the performance of up-flow anaerobic sludge blanket reactors treating potato processing 

wastewater was studied by Ma et al.195 High COD removals were obtained, around 85%. 

Kupusović et al.196 tested a two-stage aerobic treatment consisting of conventional active 

sludge treatment followed by membrane bio reactor, to treat high strength wastewater from 

the potato chip industry. The overall pollutant removal efficiencies were about 97.1% for 

COD, 99.5% for BOD, 94.7% for total nitrogen and 72.9% total phosphorous.  

A study was conducted by Haydar et al.197 to assess the performance of anaerobic-aerobic 

treatment system in a local potato processing industry. The wastewater treatment plant 

consisted of primary treatment, up-flow anaerobic sludge blanket, activated sludge process 

and secondary clarifier. The removal efficiency in activated sludge system for TSS, BOD and 

COD was around 70%, 57% and 48%, respectively, while the removal efficiency of combined 

anaerobic-aerobic system was found to be 93%, 90% and 80%, respectively. An evaluation of 

a laboratory-scale aerobic method for the treatment of potato-processing wastewater was 

investigated by Manhokwe et al.198 Composite samples were exposed to active sludge treatment 

in a continuously stirred tank reactor. Average COD reduction of 86% was obtained with a 

total solids reduction of 57%. Arslan et al.199 studied the application of ozone/ultra-

violet/hydrogen peroxide advanced oxidation process to treat potato chips manufacturing 

wastewater. The efficiency of the system was evaluated considering total organic carbon 

removal, which reached an efficiency higher than 80%. Considering that all the processes 

referred above are cost intensive processes, it may be interesting to combine these processes 

with a pre-treatment by coagulation/flocculation to decrease the level of the usual control 

parameters in the effluent (COD, TSS or turbidity). In this way the more expensive processes 

only have to deal with less contaminated effluents, thus reducing their costs (investment and 

operation).   
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4. RELEVANCE FOR THE PRESENT WORK 

The research on water treatment methodologies has been progressively growing and, 

currently, flocculation and polyelectrolytes play an important role on the techniques applied in 

industrial effluents treatment.  

The literature review exposed that treatment of oily effluents is frequently based on 

coagulation/flocculation methods, with great impact in the environment, due to the materials 

used in their production and the sludge produced during the treatment process. Moreover, the 

dosages applied in the procedures are much above of what should be desirable.  

For the specific industrial oily wastewaters reviewed, large improvements could be achieved in 

order to lower the dosages of the products applied and to optimize the performances 

achieved. In general, direct flocculation is a simple technique, easy to apply and with lower 

associated costs. Additionally, using this method, the sludge is generated in considerably lower 

volumes and it is, as well, less toxic, since organic polymers are used.   

Overall, the production of novel flocculants specifically designed to treat oily effluents 

through direct flocculation with low dosages presents high potential to be explored, specially 

aiming their application in oily effluents from organic nature.  

Furthermore, flocculation can be combined with subsequent treatment processes, with the 

objective to reduce the costs, mainly operation costs, of the so called more advanced technical 

processes that allow the achievement of a final effluent obeying regulatory directives.  
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1. INTRODUCTION 

The inverse-emulsion polymerization method has been conventionally employing aliphatic 

mineral oils as continuous phase. Examples of hydrocarbon fluids applied for many years, in 

this type of synthesis, include mixtures of normal paraffins, iso-paraffins, cyclo-paraffins and 

aromatics95,200,201. These oils allow high chemical and oxidative stability, as well as inertness to 

provide high performance during the inverse polymerization processes95,202. They also have a 

similar molar volume to typical fatty acid ester surfactants, enabling the formation of a 

relatively condensed interface and stable droplets. However, the presence of aromatic 

compounds does not meet health or environmental regulations, exhibiting human and aquatic 

toxicity levels, and potentiating their classification under the reference GSH08 “Health 

hazard” as irritants in contact with skin203. Even if at residual levels as low as 0.01 wt%, they 

may not be toxic, they can present long-term health effects.  

Vegetable or plant oils represent a promising renewable route to develop sustainable products. 

Their ready availability, inherent biodegradability, low toxicity and the relatively low cost, 

make plant oils an industrially attractive material. Such natural and inexpensive alternative to 

existing methods have been investigated by Abramson et al.204 for the preparation of magnetic 

iron oxide/silica nanocomposite particles. The use of water-in-oil emulsions based on 

vegetable oils instead of usual solvents led to microsized or nanosized magnetic silica spheres 

exhibiting similar characteristics to those of classical procedures. Unfortunately, to perform an 

emulsion polymerization using a vegetable oil as continuous phase has not, so far, proved 

successful for the production of high molecular weight products. The main constituents of 

plant oils are triglycerides, products of the esterification of glycerol with fatty acids. The 

double bonds and ester groups present in these triglycerides are reactive sites and may act as 

radical scavengers or increase the tendency for the oil to polymerize itself205,206. Alternatively, 

the organic phase used in inverse-emulsion polymerization should have no free hydroxyl 

groups. The high density is also an important parameter of the oil, reducing the driving force 

that promotes sedimentation of the emulsion.  

Carmichael et al.207 patented the development of inverse-emulsion polymerization for personal 

care products, using as continuous oil phase ester oils based on alkoxylated alcohol. Villarroya 

et al.208 reported an enzymatic emulsion polymerization of water-soluble acrylamide in a water-

in-carbon dioxide emulsion. More precisely, the continuous phase used was supercritical 

carbon dioxide, which is an inexpensive, non-flammable, non-toxic and environmentally inert 

solvent. However, the majority of the polymers are insoluble in supercritical carbon dioxide, 
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and this methodology requires specific and expensive equipment. Chang et al.209 patented an 

environmentally friendly oil phase system for water-in-oil emulsion polymerization, in which 

the oil phase system used was a mixture of soy lecithin and a hydrocarbon solvent, a fatty 

ester. Quinn et al.210 developed a water-in-d-limonene emulsion with bimetallic particles in the 

emulsion droplets, where d-limonene is a terpenic bio-solvent that fulfils the requirements to 

be considered a green solvent. Later, Pérez-Mosqueda et al.211 examined the influence of using 

a natural gum (rosin gum) and d-limonene in oil-in-water emulsions, leading to very stable 

systems. 

There is still a need for an alternative continuous phase that allows to obtain products with 

comparable properties of the ones produced in traditional formulations, in order not to 

compromise their final application. Alternative continuous phases may include white mineral 

oils or hydrogenated polyalphaolefins. These are inert water insoluble organic liquids, with 

high density, so that the driving force that promotes sedimentation and/or creaming of the 

inverse-emulsions is reduced. White mineral oils are highly refined mineral oils, products of 

distillation and processing by several methods of crude petroleum oils. The various fractions 

produced from crude oil distillation result in products with different molecular weight, 

viscosity and boiling range. These fractions can suffer further refinement by solvent extraction 

in order to remove the toxic polycyclic aromatics and the heavy metals. These alternative oils 

are listed in the International Nomenclature for Cosmetics Ingredients (I.N.C.I.) under the 

designation “Paraffinum Liquidum” and comply with many pharmacopoeia and FDA 

regulations212. They are non-irritating, with high boiling point, high stability and high purity, 

free of harmful ingredients, color, odor and taste. These oils differ by their chemical 

composition and viscosity, and they are of high-interest to industry, due to their physical 

properties, minimal environmental impact and the level of purity which is required for use in 

personal care, food and pharmaceuticals213,214.  

Considering the objectives of this thesis, in the present chapter, a well-known copolymer of 

acrylamide and 2-(acryloyloxy) ethyltrimethyl ammonium chloride, Poly(AAm-AETAC), used 

in water treatment, with high molecular weight, was synthesized by inverse-emulsion 

polymerization200 using three different health-friendly formulations, which replaced the 

organic phase and surfactants of traditional formulations by using health-friendly oils, 

according to the INCI, as organic phase: two white mineral oils, an iso-paraffin (Carnation) 

and a mixture of liquid saturated paraffinic hydrocarbons (Marcol82), and an hydrogenated 

polydecene (Puresyn4). Chemical compositions of the oils are present in Table 3.1. Different 

monomers ratios were tested in order to evaluate if it is possible the control of charge density 
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in the synthesized polymers using this new formulations. To evaluate the preliminary 

performance of flocculants developed with the novel health-friendly formulations, they were 

applied for treatment of oily wastewaters from two different industries, namely dairy and 

potato crisps manufacturing.   

 

Table 3.1 Trade name and chemical composition of the health-friendly organic phases used.  

Trade name  Chemical composition Chemical composition structures 

Carnation Iso-paraffin 

 

Marcol82 Mixture of liquid saturated 

paraffinic hydrocarbons 

 

Puresyn4 Hydrogenated polydecene 
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2. POLYELECTROLYTES SYNTHESIS 

2.1. Materials  

Acrylamide (AAm) solution, at 50 wt%, was purchased from Kemira (Botlek, Netherlands). 

The monomer 2-(acryloyloxy)ethyltrimethyl ammonium chloride (AETAC), at 80 wt%, was 

purchased from BASF (Bradford, UK) and used as received. Tert-butyl hydroperoxide 

(TBHP) was purchased from Acros Organics (Geel, Belgium). Sodium metabisulfite (MBS) 

was purchased from Brenntag (Esseco, Italy). Diethylenetriaminepentaacetic acid pentasodium 

salt solution (Pentasodium DTPA) was purchased from Keininghaus Chemie (Essen, 

Germany). Adipic acid was purchased from Merck (Hohenbrunn, Germany). The surfactants 

Sorbitan isostearate (Crill 6) and Synperonic LF/30 were purchased from Croda (Goole, 

England). PEG-7 hydrogenated castor oil (Cremophor WO7) was purchased from BASF 

(Ludwigshafen, Germany). The hydrogenated polydecene (Puresyn4) and the mixture of liquid 

saturated paraffinic hydrocarbons (Marcol82) were supplied by ExxonMobil (Switzerland). 

The iso-paraffin (Carnation) was purchased from Sonneborn (Amsterdam, Netherlands). 

Deuterium oxide, potassium polyvinyl sulphate (PPVS) and methylene blue were supplied by 

Sigma-Aldrich (St. Louis, USA). Sodium Chloride (NaCl), hexane, acetone and isopropanol 

were purchased from VWR (Leuven, Belgium). Ferric chloride was supplied by Brenntag 

Química (Sevilla, Spain). 

Table 3.2 compares the characteristics of an example of a traditional oil applied103, Exxsol 

D100, with the health-friendly oils under the commercial names Carnation, Puresyn4, and 

Marcol82. 

 

Table 3.2 Comparison between traditional and alternative health-friendly oils used in inverse-emulsion 
polymerizations. 

 
Aromatic content 

(wt%) 

Density 

(g/ml) 

Viscosity 

(mm2/s at 40ºC) 

Flash point 

(ºC) 

Exxsol D100 <0.5 0.819 3.1 103 

Carnation 0 0.829-0.859 18.3 186 

Puresyn4 0 0.820 18.0 221 

Marcol82 0 0.842-0.855 14.5-17.5 182 
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2.2. Experimental description  

  Inverse-emulsion polymerization  2.2.1.

Inverse-emulsion polymerizations were carried out in a 500 mL glass reactor. Prior to reaction, 

the aqueous phase was prepared with deionized water, acrylamide, AETAC and 0.625 wt % of 

adipic acid for hydrolytic stability of the polymers. The copper was chelated with 334 ppm of 

pentasodium DTPA and the viscosity was controlled by adding lactic acid in the suitable 

amount. The total monomer level of the initial emulsion was 40 wt %. Sorbitan isostearate and 

PEG-7 hydrogenated castor oil were the surfactants blended to obtain a hydrophilic–lipophilic 

balance (HLB) between 4.5 and 5.5 depending on the organic phase. Carnation, Puresyn4 and 

Marcol82 were used as organic phases. The aqueous phase was added to the organic phase 

under mechanical stirring at 700 rpm for 30 min using an homogenizer, and the viscosity was 

measured. The monomers emulsion was then degassed with nitrogen for 60 min under 

mechanical stirring (700 rpm). Polymerizations were initiated by injecting 100 ppm of TBHP 

aqueous solution to the reactor and then a solution of 1.0 wt% sodium MBS. TBHP and 

sodium MBS were used as the initiator redox couple. The peak temperature was between 60 

and 65 ºC, being the exact maximum of the exotherm dependent on the monomers ratio. 

Additional quantities of TBHP and sodium MBS were added to scavenge residual monomer. 

After the batch had cooled down to 32 ºC, 2.20 wt% of wetting agent (Synperonic LF/30) was 

added to allow a rapid inversion of the polymer when added to water. For each organic phase, 

three different monomers ratios were used (see Table 3.3). A schematic representation of the 

synthesis reaction of the copolymer Poly(AAm-AETAC) is shown in Figure 3.1. 

 

 

Figure 3.1 Representation of the synthesis reaction for Poly(AAm-AETAC), using as monomers acrylamide and 
AETAC. 
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Table 3.3 Monomers ratios in the feed mixture and organic phases used for the copolymers production. 40 series 

for 40 wt% of AETAC, 60 series for 60 wt% of AETAC and 80 series for 80 wt% of AETAC. 

Polymer 

designation 

AAm ratio  

(wt%)          (mol%) 

AETAC ratio  

(wt%)          (mol%) Organic phase 

40_Puresyn4 60 80 40 20 Puresyn4 

40_Carnation 60 80 40 20 Carnation 

40_Marcol82 60 80 40 20 Marcol82 

60_Puresyn4 40 65 60 35 Puresyn4 

60_Carnation 40 65 60 35 Carnation 

60_Marcol82 40 65 60 35 Marcol82 

80_Puresyn4 20 41 80 59 Puresyn4 

80_Carnation 20 41 80 59 Carnation 

80_Marcol82 20 41 80 59 Marcol82 

 

 Isolation of polyelectrolytes  2.2.2.

All polymers were isolated by dilution of 3 g of emulsion in 9 mL of hexane and following 

addition to a mixture of 240 mL of acetone and 18 mL of isopropanol under stirring. After 15 

min, the precipitate was filtered under vacuum, washed with fresh acetone and dried in an 

oven at 60 ºC overnight. The samples were stored in a desiccator.  

 

 Characterization techniques 2.2.3.

The fourier-transform infrared (FTIR) spectra were recorded on a Bruker Tensor 27 

spectrometer, equipped with an attenuated total reflection (ATR) MKII Golden Gate 

accessory with a diamond crystal 45º top plate. The spectra were collected in the 500-4000 

cm−1 range with a resolution of 4 cm−1 and a number of scans of 128. For the measurements, 

polymers in the powder state were used.  

Charge density was determined by the colloid titration method with PPVS using methylene 

blue as indicator, as described in the literature previously215. At least three measurements for 

each sample were performed. 

The carbon nuclear magnetic resonance (13C NMR) spectra were recorded on a Bruker 

Avance III 400 MHz NMR spectrometer. Samples were dissolved at room temperature in 

deuterium oxide at about 5% (w/v) concentration and put inside 5 mm NMR tubes. 13C NMR 
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spectra were acquired at 25 ºC using a spectral width of 220 ppm, relaxation delay 2 s, 

acquisition time 1.37 s, 90º pulse, and 20 000 scans. Signals were referenced to 3-

(trimethylsilyl)propionate-d4.  

The intrinsic viscosity (IV) of the isolated and redissolved copolymers was determined in 0.05 

M NaCl aqueous solution at 20 ± 0.1°C by dilution viscometry, using an automatic capillary 

viscometer Viscologic TI1 (Sematech, France), with a capillary of 0.58 mm. At least two 

measurements were conducted for each test. The extrapolation to zero concentration was 

performed according to Huggins equation (3-1)216. 

 

𝜂𝑠𝑝

𝑐
= [𝜂] + 𝑘𝐻[𝜂]2                                                 (3-1) 

 

where ηsp is the specific viscosity of a polymer in solution, which is the ratio of the polymer 

viscosity to that of the solvent, c is the concentration of the polymer in solution, [η] is the 

intrinsic viscosity and kH is the Huggins coefficient  

Hydrodynamic diameter, molecular weight and zeta potential of isolated and redissolved 

polymers were determined by dynamic light scattering (DLS), static light scattering (SLS) and 

electrophoretic light scattering (ELS), respectively, in a Malvern Zetasizer Nano ZS, model 

ZEN3600 (Malvern Instruments Ltd, UK).  

Particles in solution are constantly interacting with the solvent molecules, which leads to 

Brownian motion217. The velocity of this movement is dependent on the particle size and on 

the viscosity of the medium. DLS uses a laser beam that interacts with the particles and gives 

rise to light scattering. The scattered light presents a fluctuation of intensity which is 

dependent on the particles movement. The frequency of that fluctuation can be related to the 

size of particles. Smaller particles move quicker, so the intensity fluctuation rate is higher. This 

oscillation in scattering intensity is then converted into the particle hydrodynamic diameter 

after being processed in a digital correlator in the equipment. The correlogram in then treated 

with the adequate model, dependent on the particle characteristics, to extract information 

about the particle size distribution217. For hydrodynamic diameter, stock solutions of 0.1 g/L 

of each polymer were prepared in ultrapure water and stirred overnight, using polymers in 

powder state. All samples were sonicated during 2 min and passed through 1-µm syringe 

filters prior to analysis. The measurement temperature was set to 25 ºC, backscatter detection 
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(173º angle) was used and CONTIN model was used to treat the correlogram, with at least 

three measurements for each sample performed.  

When using SLS, the equipment measures the intensity of the scattered light for several 

concentrations of each polymer sample and compares this with the scattering resulting from 

the standard used. The intensity of the scattered light is represented against the polymer 

concentration giving the so called Debye plot.  

If the Rayleigh equation (3-2) is used to correlate the intensity of light scattered by a particle in 

solution with the solution concentration217: 

 

𝐾𝐶

𝑅𝜃
= (

1

𝑀𝑊
+ 2𝐴2𝐶) 𝑃𝜃                                                          (3-2) 

 

where Rθ is the Rayleigh ratio (ratio of scattered light to incident light on the sample), C is the 

concentration, MW is the weight-average molecular weight, A2 is the 2nd
 virial coefficient 

describing the molecule-solvent interaction strength, Pθ is a correction shape factor and K is an 

optical constant, which is dependent on the laser wavelength and on the influence of 

concentration on the refractive index of the solution. This equation can as well be plotted in 

the Debye plot (Figure 3.2). 

 

 

Figure 3.2 A typical representation of a Debye plot217.  
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In this case, the weight-average molecular weight (MW) of the polymer is determined from the 

interception point on the X axis of the Debye plot, which provides the value of 1/MW, 

according to equation (3-2)(see in Figure 3.2 an example of a typical Debye plot).  

Molecular weight measurements of polymers were performed using stock solutions (0.1 g/L) 

of each polymer prepared in NaCl 0.05 M and stirred overnight. The samples for analysis were 

then obtained by diluting the stock solutions to concentrations from 0.09-0.06 g/L. All 

samples were sonicated during 2 min and passed through 0.45-µm syringe filters prior to 

analysis. Toluene was used as standard. Previously, the refractive index (RI) of each solution 

was determined, in the refractometer Atago RX-5000D. The measurements were performed at 

25 oC and the calibration of the equipment was completed using the solvent used, in this case 

NaCl 0.05 M. After this, each solution of the different concentrations was analysed and the RI 

acquired. By plotting RI versus concentration we could obtain dn/dc, through the extraction of 

the slope of the best fit, which was then supplied to the SLS software. The complete data is 

available in Appendix A, Figure A.11 to A.13. 

In ELS measurements, an electric field is applied to the sample and the charged particles are 

attracted and migrate to the electrode of opposite charge. The speed of this migration is 

related to the electrophoretic mobility and it depends on the strength of the electric field 

applied, dielectric constant, viscosity of the medium and the zeta potential of the particles. To 

determine the zeta potential, the Henry equation (3-3) is applied217:  

 

𝑈𝐸 =
2Ɛ𝑧𝑓(𝑘𝑎)

3µ
                                                                (3-3) 

 

where UE is the electrophoretic mobility, Ɛ is the dielectric constant, z is the zeta potential, 

f(ka) is the Henry's function and µ is the medium viscosity. When this measurement is 

performed in aqueous media, f(ka) is 1.5, referred to as the Smoluchowski approximation. 

For zeta potential measurements, 1 mL of each stock solution (0.2 g/L) in ultrapure water was 

carefully injected with a syringe into a folded capillary cell (ref. DTS1070), closed by cell 

stoppers. At least three measurements were conducted for each sample. 
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2.3. Results and discussion  

Based on previous literature referring copolymers of acrylamide and AETAC200, series of this 

copolymer with various charge densities were developed using the health-friendly new 

formulations in the inverse-emulsion polymerization. After a complete purification of the 

copolymers they were characterized for their chemical compositions (Table 3.4). In general, all 

produced polymers present lower charged fraction than the expected estimated from the 

ratios of monomers at the start of the reaction. These differences suggest a possible 

incomplete polymerization, due to, for example, the presence of oxygen molecules in the 

synthesis, that react with the radicals, interfering with the polymerization. For the same 

charged fractions, there is no large variance between different oils used in the health-friendly 

formulation. 

 

Table 3.4 Charged fractions calculated from the initial mass balance and estimated by titration for Poly(AAm-
AETAC) copolymers.  

Polymer designation 

Charged fraction from the 

initial mass balance (wt%) 

Charged fraction estimated by 

titration (wt%) 

40_Puresyn4 40 37 ± 4 

40_Carnation 40 37 ± 7 

40_Marcol82 40 35 ± 7 

60_Puresyn4 60 50 ± 1 

60_Carnation 60 55 ± 7 

60_Marcol82 60 55 ± 7 

80_Puresyn4 80 68 ± 9 

80_Carnation 80 68 ± 8 

80_Marcol82 80 69 ± 10 

 

13C NMR spectroscopy (example for 80_Marcol82 in Figure 3.3) evidenced the presence of 

the two different monomers. The 13C NMR spectra were dominated by a very intense signal at 

54 ppm due to the resonance of the three methyl carbons of the AETAC unit; signals due to 

the carbons from the amide functions of AAm and ester functions of AETAC, were also 

observed (marked with asterisk in Figure 3.3). The complete data for other polyelectrolytes is 

available in Appendix A, Figure A.1 to A.4. 
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Figure 3.3 13C NMR spectra for the Poly(AAm-AETAC) copolymer 80_Marcol82. 

 

ATR-FTIR spectroscopy provided a good insight into the main structural features of the 

poly(AAm-AETAC) copolymers obtained using the health-friendly formulations. Bands due 

to both constituents of the copolymer were clearly distinguished in the spectra. The spectra 

(Figure 3.4 and Figure 3.5) showed the characteristic bands of AAm monomers at ca. 3345 

cm-1 and 3185 cm-1, due to the asymmetric and symmetric NH2 stretching218. A band at 1655 

cm-1 due to the C=O stretching (amide 1) of AAm was also observed, which was accompanied 

by the amide 2 band at 1615 cm-1, which reduced in relative intensity when a lower amount of 

AAm was used in the synthesis (see Figure 3.4). Besides, AETAC characteristic bands219 were 

also observed: 1730 cm-1 from the C=O stretching in ester bond, 1478 cm-1 (asymmetric 

bending of CH3 groups), 1163 cm-1  (C-O stretching in ester bond) and 952 cm-1 (asymmetric 

stretching of C-N bonds). The relative intensity of the bands from AETAC increased with the 

increase of the amount of AETAC (vs. AAm) used in the synthesis (see Figure 3.4). 

Interestingly, for the same monomers’ ratio, similar infrared spectra were obtained regardless 

of the oil used in the copolymerization reaction (see Figure 3.5 for 60 series), which indicates 

that the composition of the final products did not differ much with the organic phase used if 

the reaction conditions were kept similar. 
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Figure 3.4 ATR-FTIR spectra for Poly(AAm-AETAC) copolymers developed in the same health-friendly 
formulation (Carnation as organic phase), 40_Carnation, 60_Carnation and 80_Carnation. 

 

 

Figure 3.5 ATR-FTIR spectra of Poly(AAm-AETAC) copolymers obtained, with similar charge density and 
employing different health-friendly formulations, 60_Puresyn4, 60_Carnation and 60_Marcol82. 

 

Table 3.5 summarizes the results of the characterization of the final polyelectrolytes (zeta 

potential hydrodynamic diameter, intrinsic viscosity, polydispersity index (PDI) and weight-
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average molecular weight). Detailed data and plots are available in Appendix A, Figure A.5 to 

A.19.  

Zeta potential revealed consistent results, considering the three different charge density ranges 

of the polymers estimated from titration method, which is the key parameter affecting this 

value (see Table 3.4). The polymers with lower charge density have lower values of zeta 

potential while the polymers with higher charge density have higher values of zeta potential. 

The values are also similar between polymers with the same charge density produced using 

different oils, more significant with the increase of the charged fraction. 

The particle size of the copolymers was determined by DLS and the results are also presented 

in Table 3.5. In water solution the smaller particles have a mean diameter 40 nm and the larger 

particles 77 nm. For same charge density, Puresyn4 leads always to higher hydrodynamic 

diameter while Marcol82 resulted always in lower values. This can be attributed to a tendency 

for polymer aggregation when using Puresyn4 as organic phase, as confirmed by the PDI 

values in Table 3.5, and by the complete size distribution in Appendix A (Figure A.8 to A.10). 

On the other hand, Marcol82, as a mixture of hydrocarbons, presents higher variability in their 

chemical composition, thus this variability may affect the polymerization yield, as well as the 

final size of the polymer220.  

All the values of weight-average molecular weight and intrinsic viscosity (IV) possess similar 

order of magnitude, meaning that the different oils used in the synthesis process do not have a 

considerable influence in the final length of the polymer chain. The same trends were 

observed for IV as for the hydrodynamic diameter of the polymers, higher values were 

obtained for the polyelectrolytes developed using Puresyn4, while lower values were obtained 

for the polyelectrolytes obtained using Marcol82. Regarding molecular weight, the same trend 

for the influence of the synthesis medium, which has just been described for hydrodynamic 

diameter and IV, can be observed for the higher and lower charge densities (40 and 80 series), 

however for median charge density (60 series) this was not observed. Since the values of 

molecular weight are not exactly the same, associations are difficult to be verified, however, 

comparing 40_Marcol82 with 80_Carnation and 80_Marcol82, which present similar 

molecular weight, the IV values are higher in the last two cases, where the charge density is 

also higher. The same can be verified for 60_Puresyn4 and 80_Puresyn4, presenting also 

similar molecular weight.  

In general, the values for IV of the developed polymers are slightly lower than reported in 

literature for similar copolymers, analyzed in similar conditions95,103,221. However, the IV values 



2. Polyelectrolytes synthesis 

65 

still represent polymers of high molecular weight, which is the main objective, as is possible to 

observe in Table 3.5.  

 

Table 3.5 Zeta potential measured by ELS, hydrodynamic diameter measured by DLS, Intrinsic viscosity in 
0.05M NaCl calculated according with Huggins equation and weight-average molecular weight measured by SLS. 

Polymer 

designation  

Zeta 

potential 

(mV) 

Hydrodynamic 

diameter (nm) 

Intrinsic 

viscosity 

(mL/g) 

Polydispersity 

index 

Weight-average 

molecular weight 

(106 Da) 

40_Puresyn4 26 ± 4 73 ± 5 1 546 0.47 0.36 ± 0.002 

40_Carnation 17 ± 3 45 ± 3 1 207 0.19 0.30 ± 0.07 

40_Marcol82 19 ± 4 44 ± 1 1 123 0.15 0.27 ± 0.001 

60_Puresyn4 47 ± 4 70 ± 2 1 550 0.45 0.51 ± 0.03 

60_Carnation 47 ± 4 41 ± 2 1 460 0.14 0.49 ± 0.08 

60_Marcol82 32 ± 3 40 ± 4 1 434 0.22 0.64 ± 0.1 

80_Puresyn4 84 ± 5 75 ± 3 1 638 0.45 0.56 ± 0.05 

80_Carnation 87 ± 4 63 ± 5 1 353 0.42 0.22 ± 0.04 

80_Marcol82 87 ± 6 44 ± 1 1 214 0.45 0.22 ± 0.01 

 

In Palomino et al.103, a polymer similar to 80 series developed in the present study, though 

produced in traditional medium, is characterized (AlpineFloc BHMW, 80 wt% charge). Values 

of zeta potential for the polymers here developed using health-friendly formulations are 

slightly higher, while values for hydrodynamic diameter and molecular weight are lower. In 

theory, higher values of zeta potential should lead to higher hydrodynamic diameter, however 

the corresponding molecular weight is also lower, which corroborates the lower hydrodynamic 

diameter.  
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3. PRELIMINARY EVALUATION OF PERFORMANCE  

3.1.  Experimental description  

For each polymer, 200-mL of stock solution of 0.4 wt% concentration were prepared under 

magnetic stirring and keeping the mixing for sixty minutes. Polymers in inverse-emulsion state 

were used. Polymer solution samples of 1 mL were added to 200-mL samples of pre-agitated 

wastewater with a successive increase of concentration from 27 mg/L until a maximum of 108 

mg/L. In each addition, the suspension-polymer mixture was manually agitated for 10 

seconds. For the dairy industry effluent the tests were conducted at pH 5 and with addition of 

5 drops of ferric chloride 1.0% solution before the flocculant addition, since it is a common 

coagulant for treatment of this type of effluent and which proved to help in the flocculation 

process. For the potato crisps manufacturing effluent the tests were performed at pH 11.6 

without the addition of any aid, since different coagulants were tested and no improvement in 

the flocs formation was observed. The conditions chosen were based on a pre-screening for 

all pH range and using combinations with common aids (ferric chloride and polyaluminum 

chloride). The size of the flocculated particles was visually assessed and the absorbance of the 

treated supernatant water was measured for the polymer concentration that showed better 

results, after 30 min of settling, using a UV/Vis spectrophotometer (Beckman, DU 650). 

Oily wastewaters tested include an effluent obtained from dairy industry (Lactogal, Portugal) 

and an effluent from potato crisps manufacturing industry (supplied by Adventech Group, 

Portugal).  

 

3.2. Results and discussion  

Two oily wastewaters from industry were used to evaluate the developed flocculants 

performance. Table 3.6 summarizes the results obtained, for each polymer, for the best 

conditions (pH and presence or not of aid) and with the optimized concentration of 

flocculant, from which no more absorbance reduction was observed. The flocculation 

performance is described by the absorbance reduction of the supernatant waters. Considering 

the effluent from dairy industry, the cationic flocculant 80_Carnation provided the best 

results, for the mentioned conditions, giving the highest absorbance reduction. This is the 

polymer which combines higher zeta potential with a high hydrodynamic diameter. Using 

other polymers with lower cationic charges produced in Carnation as organic phase, 

60_Carnation and 40_Carnation, the reduction of absorbance was not significant and the floc 
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formation was not visible. The same happened when the synthesis was conducted in Puresyn4 

or Marcol82, with the cationic flocculants 80_Puresyn4 or 80_Marcol82, presenting 

reasonable reduction, but lower than for 80_Carnation. The lower reduction is obtained for 

the case of 80_Marcol82, however this is also the polymer with lowest hydrodynamic diameter 

in the 80 series, even if charge density is similar to the other two polymers of the 80 series. 

Thus, a higher charge density and a higher hydrodynamic diameter are necessary for the 

polymer to be effective for this effluent treatment, probably combining the patching and 

bridging mechanisms.  

 

Table 3.6 Absorbance reduction for effluents from dairy and potato crisps manufacturing industries. 

Polymer 

designation 

Dairy industry effluent            

(pH 5 and addition of 5 drops of 

ferric chloride) 

Potato crisps manufacturing 

industry effluent                         

(pH 11.6 and no coagulant) 

Absorbance 

reduction (%) 

Dosage 

(mg/L) 

Absorbance 

reduction (%) 

Dosage 

(mg/L) 

40_Puresyn4 9 80 67 108 

40_Carnation 8 80 72 108 

40_Marcol82 21 80 70 108 

60_Puresyn4 28 80 75 108 

60_Carnation 7 80 74 108 

60_Marcol82 17 80 73 108 

80_Puresyn4 61 80 74 108 

80_Carnation 74 80 76 108 

80_Marcol82 37 80 75 108 

 

Regarding the effluent from potato crisps manufacturing industry, the cationic flocculant 

80_Carnation provided again the best results, giving an absorbance reduction of 76%, even if 

the flocculants 40_Carnation and 60_Carnation showed similar results. Furthermore, for this 

effluent, all the polymers developed presented high absorbance reduction, with the exception 

of 40_Puresyn4, that showed a slightly lower absorbance reduction. Apparently, for this 

effluent the synthesis medium does not seem to have a strong effect on the flocculant 

performance.  
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4. CONCLUSIONS  

The tested health-friendly formulations showed to be able to be used in inverse-emulsion 

polymerization of documented cationic polyelectrolytes applied in industrial wastewater 

treatment. Characterization of the polymers revealed suitable characteristics for the developed 

polymers, which confirm good copolymerization performance, adequate molecular weight and 

tunable charge density, though slightly distinct when comparing with similar polymers 

developed in traditional medium. These characteristics were confirmed by several 

characterization techniques. Despite some differences in the characteristics of the polymers 

developed with the new formulations when compared with the traditional ones, evaluation of 

performance using the developed polymers suggests an effective flocculation ability in two oily 

wastewaters from different industries. The best results were accomplished with polymers with 

the highest charge density and using Carnation oil as organic phase. 

Finally, based on the obtained results, Puresyn4 and Carnation were the organic phases chosen 

for the health-friendly formulations to be used to proceed for the further development of 

novel polyelectrolytes for application in oily wastewater treatment, since they are more viable 

from the economic point of view and no superior performance was observed with Marcol82.  
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1. INTRODUCTION 

The efficiency of flocculation using organic polyelectrolytes is much higher than with 

inorganic coagulants. Even in low dosages, polyelectrolytes can effectively promote floc 

growing and improve separation effect222. 

This chapter describes the development of novel cationic and anionic polyelectrolytes 

designed to the application as flocculants to treat oily effluents, using health-friendly 

formulations, described in the previous chapter, in their synthesis. Inverse-emulsion 

polymerization was applied, using different non-irritating continuous phases with high boiling 

point, high purity and high stability. In particular, Poly(acrylamide-co-[3-

(methacryloylamino)propyl] trimethylammonium chloride) (Poly(AAm-MAPTAC)) and 

Poly(acrylamide-co-acrylamido-2-methyl-1-propanesulfonic acid) (Poly(AAm-Na-AMPS)) 

were synthesized, in different polymer compositions.  

In addition to the aforementioned copolymers, polyelectrolytes comprising also a hydrophobic 

monomer were also developed. These hydrophobic monomers were chosen based on the 

different number of methylene groups in the aliphatic chains, in order to evaluate the 

influence of the hydrophobic chain length in the performance of the flocculants. For example, 

in Lee et al.120 the influence of hydrophobic chain length with six, eight and twelve methylene 

groups in flocculation performance was evaluated. In the present work it is studied the effect 

of hydrophobic chain lengths up to eighteen methylene groups. In the case of the cationic 

polyelectrolyte, stearyl methacrylate (SMA) was used to synthesize the terpolymer Poly(AAm-

MAPTAC-SMA), while for anionic polyelectrolyte, the hydrophobic monomers ethyl acrylate 

(EA), lauryl methacrylate (LMA) and SMA were used to produce the terpolymers Poly(AAm-

Na-AMPS-EA), Poly(AAm-Na-AMPS-LMA) and Poly(AAm-Na-AMPS-SMA), respectively.  

Carnation and Puresyn4 were chosen as organic phases in the inverse-emulsion 

polymerization of these polyelectrolytes. The selection was related with the results observed in 

the previous chapter and also with economic issues. Since Carnation and Puresyn4 led to very 

similar copolymer characteristics, as it will be presented, subsequent hydrophobic modification 

was conducted only using the oil Carnation. The polyelectrolytes obtained were characterized 

in terms of final composition, hydrodynamic diameter, zeta potential and molecular weight. 

Their flocculation performance was evaluated in the following chapter, in industrial oily 

effluents from olive oil mill, dairy and potato crisps manufacturing industries without presence 

of any aid. 
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2. CATIONIC POLYELECTROLYTES 

2.1. Experimental  

    Materials  2.1.1.

Acrylamide solution, at 50 wt%, was purchased from Kemira (Botlek, Netherlands). The 

monomer [3- (Methacryloylamino) propyl] trimethyl ammonium chloride (MAPTAC) was 

purchased from Qingdao Finechem Chemical Co. (Qingdao, China) and used as received. 

Stearyl methacrylate was purchased from BASF (Ludwigshafen, Germany). TBHP was 

purchased from Acros Organics (Geel, Belgium). MBS was purchased from Brenntag (Esseco, 

Italy). Diethylenetriaminepentaacetic acid pentasodium salt solution (Pentasodium DTPA) was 

purchased from Keininghaus Chemie (Essen, Germany). Adipic acid was purchased from 

Merck (Hohenbrunn, Germany). The surfactants Sorbitan isostearate (Crill 6) and Synperonic 

LF/30 were purchased from Croda (Goole, England). PEG-7 hydrogenated castor oil 

(Cremophor WO7) was purchased from BASF (Ludwigshafen, Germany).  The oil Puresyn4, 

a hydrogenated polydecene, was supplied by ExxonMobil (Switzerland). Carnation, an iso-

paraffin, was purchased from Sonneborn (Amsterdam, Netherlands). PPVS and methylene 

blue were supplied by Sigma-Aldrich (St. Louis, USA).  

 

 Inverse-emulsion polymerization  2.1.2.

Inverse-emulsion polymerization was carried out in a 500 mL glass reactor. Prior to reaction, 

the aqueous phase was prepared with deionized water, acrylamide, MAPTAC and 0.625 wt% 

of adipic acid for hydrolytic stability of the polymers. The copper was chelated with 334 ppm 

of Pentasodium DTPA. The total monomer level of the initial emulsion was 34 wt%. Sorbitan 

isostearate and PEG-7 hydrogenated castor oil were the surfactants blended to obtain a HLB 

between 5.0 and 5.3, according with the monomers ratios. Carnation, an iso-paraffin, and 

Puresyn4, an hydrogenated polydecene, were used as organic phases. The aqueous phase was 

slowly added to the organic phase under mechanical stirring for 30 min. In the case of the 

hydrophobically modified terpolymers (Poly(AAm-MAPTAC-SMA)), the desired amount of 

hydrophobic monomer SMA, was added at this point to the emulsion. The monomers 

emulsion was then degassed with nitrogen for 60 min under mechanical stirring (700 rpm), at 

room temperature. Polymerizations were initiated by injecting 100 ppm of TBHP aqueous 

solution to the reactor and then a solution of sodium MBS 1.0 wt%. TBHP and sodium MBS 

were used as the initiator redox couple. The peak temperature was between 45 and 52 ºC, 
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being the exact maximum temperature of the exotherm dependent on comonomer 

composition. After the completion of reaction, additional quantities of TBHP and sodium 

MBS were added to scavenge residual monomer. After the batch had cooled down to 32 ºC, 

2.20 wt% wetting agent (Synperonic LF/30) was added to allow a rapid inversion of the 

flocculant when added to water. A schematic representation of the synthesis reaction of the 

cationic co- and terpolymers (Poly(AAm-MAPTAC) and Poly(AAm-MAPTAC-SMA)) is 

shown in Figure 4.1 and Figure 4.2.  

 

 

Figure 4.1 Representation of the synthesis reaction for Poly(AAm-MAPTAC), using monomers of acrylamide 
and MAPTAC. 

 

 

Figure 4.2 Representation of the synthesis reaction for Poly(AAm-MAPTAC-SMA), using monomers of 
acrylamide, MAPTAC and SMA. 

 

Table 4.1 summarizes the composition of the developed polyelectrolytes. Lower cationic 

fraction is named as the 25 series, while higher cationic fraction is named as the 60 series. MC 
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and MP series in the list correspond to the use of Carnation or Puresyn4, respectively, as 

health-friendly organic phases.  

 

Table 4.1 Summary of the cationic polyelectrolytes developed. Initial composition at the beginning of the 
polymerization and organic phase used in the health-friendly formulation are described. Copolymers Poly(AAm-
MAPTAC): 25MC, 25MP, 60MC and 60MP. Terpolymers Poly(AAm-MAPTAC-SMA): 25M1SC, 25M2SC, 
60M1SC and 60M2SC. 

Polymer 

designation 

AAm ratio  

(wt%)     (mol%) 

MAPTAC ratio 

(wt%)      (mol%) 

SMA ratio  

(wt%)    (mol%) 

Organic 

phase 

25MC 75.0 90.0 25.0 10.0   Carnation 

60MC 40.0 67.0 60.0 33.0   Carnation 

25MP 75.0 90.0 25.0 10.0   Puresyn4 

60MP 40.0 67.0 60.0 33.0   Puresyn4 

25M1SC 73.0 90.0 23.0 9.0 4.0 1.0 Carnation 

25M2SC 71.0 89.0 21.0 9.0 8.0 2.0 Carnation 

60M1SC 38.5 67.0 58.5 32.0 3.0 1.0 Carnation 

60M2SC 37.0 66.0 57.0 32.0 6.0 2.0 Carnation 

 

 Isolation of polymers 2.1.3.

For detailed information regarding isolation of polymers see Section 2.2.2. of Chapter 3. 

 

 Characterization techniques 2.1.4.

Charge density was determined by the colloid titration method with PPVS using methylene 

blue as indicator, as described in the literature previously215. At least three measurements for 

each sample were performed. 

FTIR spectra were recorded on a Bruker Tensor 27 spectrometer, equipped with an 

attenuated total reflection (ATR) MKII Golden Gate accessory with a diamond crystal 45º top 

plate. The spectra were collected in the 500-4000 cm−1 range with a resolution of 4 cm−1 and a 

number of scans of 128. For the measurements, polymers in the powder state were used.  

Hydrodynamic diameter, molecular weight and zeta potential of isolated and redissolved 

polymers were determined by DLS, SLS and ELS, respectively, in a Malvern Zetasizer Nano 

ZS, model ZEN3600 (Malvern Instruments Ltd, UK). For detailed information regarding 



Chapter 4 | Synthesis of novel polyelectrolytes  

78 

these techniques, samples preparation and measurement settings see Section 2.2.3. of Chapter 

3. 

For the hydrodynamic diameter, stock solutions of 0.1 g/L for copolymers Poly(AAm-

MAPTAC) and 0.05 g/L for terpolymers Poly(AAm-MAPTAC-SMA) were prepared in 

ultrapure water and stirred overnight, using polymers in powder state.  

Weight- average molecular weight measurements of polymers were performed using stock 

solutions (0.5 g/L) of each polymer prepared in NaCl 0.1 M and stirred overnight. The 

samples for analysis were then obtained by diluting the stock solutions at several 

concentrations from 0.5-0.02 g/L. All samples were sonicated during 2 min and passed 

through 0.45 µm syringe filters prior to analysis. The measurements were performed at 25 oC 

and the calibration of the equipment was completed using the solvent used, in this case NaCl 

0.1 M. The complete data is available in Appendix B, Figure B.9 to B.20.  

For zeta potential measurements, 1 mL of each stock solution (0.1 g/L) in ultrapure water was 

used. At least three measurements were conducted for each sample.  

 

2.2. Results and discussion 

After purification of the polymers, their compositions were assessed (Table 4.2). The amount 

of charged groups and the corresponding real charge density for all synthesized polymers was 

evaluated by titration215. For copolymers, it was observed that the amount of charged groups 

was slightly lower in the final polymer than the initial monomer ratios of the formulation, 

which can be due to both a difference in monomer reactivity ratios and/or a non-complete 

polymerization of the feed monomers. In the case of the terpolymers, it is clear that the 

charged fraction increased as compared to the corresponding polyelectrolytes that do not 

contain any hydrophobic monomer, suggesting a non-complete reaction of the acrylamide 

monomer, possibly due to the presence of some impurity in the hydrophobic monomer SMA, 

which is acting as transfer agent and absorbing the radicals during the polymerization process.  
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Table 4.2 Charged fractions for the cationic polyelectrolytes, calculated from the initial mass balance and 
estimated by titration. Poly(AAm-MAPTAC): 25MC, 25MP, 60MC and 60MP. Poly(AAm-MAPTAC-SMA): 
25M1SC, 25M2SC, 60M1SC and 60M2SC. 

Polymer      

designation  

Charged fraction from the 

initial mass balance (wt%) 

Charged fraction estimated by 

titration (wt%) 

25MC 25.0 23 ± 0.8 

60MC 60.0 42 ± 2.2 

25MP 25.0 23 ± 0.7 

60MP 60.0 43 ± 0.2 

25M1SC 23.0 29 ± 0.1 

25M2SC 21.0 28 ± 0.1 

60M1SC 58.5 47 ± 0.2 

60M2SC 57.0 46 ± 0.2 

  

ATR-FTIR spectroscopy was used to characterize the copolymers for their main structural 

features (25MC, 60MC, 25MP and 60MP). The spectra of the copolymers (Figure 4.3) showed 

bands at ca. 3330 cm-1 and 3190 cm-1, attributed to the N-H stretching vibrations in the 

monomers. The characteristic amide I band (C=O stretching in the amide groups) of the 

monomers appeared as a very strong band with maximum at 1651-1660 cm-1. The frequency 

of this absorption maximum changed slightly between copolymers depending on the relative 

content of each monomer, i.e., acrylamide (primary amide) and MAPTAC (secondary amide) 

in the polyelectrolyte, whose amide functions absorb at a slightly different frequency. Bands 

showing clearly the presence of MAPTAC were observed at 1532 cm-1 (amide II of secondary 

amide), 1479 cm-1 (asymmetric bending of CH3 groups), 967 cm-1 and 915 cm-1 (asymmetric 

stretching of C4-N bonds), with an increased intensity for the polyelectrolytes with a higher 

content of MAPTAC (60 series). 

It is noteworthy that FTIR spectroscopy confirmed the aforementioned results of the 

monomer composition in the copolymers, determined by colloidal titration (Table 4.2), as 

demonstrated by the similar spectra obtained for copolymers 25MC and 25MP and 60MC and 

60MP (of comparable monomer composition) and terpolymers 25M1SC and 25M2SC, and 

terpolymers 60M1SC and 60M2SC.  Results also confirmed the reduced influence of the oil 

used as medium in the polymerization reactions (similar FTIR spectra were obtained for the 

copolymers 25MC and 25MP, and for the 60MC and 60MP, produced using different health-

friendly formulations).  
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The presence of the hydrophobic monomer SMA used in the preparation of terpolymers 

Poly(AAm-MAPTAC-SMA) was revealed by the appearance of two sharp bands in the region 

of the C-H stretching, at 2922 and 2852 cm-1, which are better resolved in the spectra of 

polyelectrolytes 60M1SC and 60M2SC. These bands are due to the asymmetric and symmetric 

stretching of the CH2 groups of the hydrophobic chain, respectively. Additionally, for the 

terpolymers 60M1SC and 60M2SC, a band of small intensity at 1729 cm-1 was visible in the 

FTIR spectra, due to the C=O stretching in the ester bonds of the SMA monomer. 

 

 

Figure 4.3 ATR-FTIR spectra for the cationic polyelectrolytes prepared. Copolymers Poly(AAm-MAPTAC): 
25MC, 25MP, 60MC and 60MP. Terpolymers Poly(AAm-MAPTAC-SMA): 25M1SC, 25M2SC, 60M1SC and 
60M2SC. 

 

A summary of the polyelectrolytes characterization, including zeta potential, hydrodynamic 

diameter, polydispersity index and weight-average molecular weight is given in Table 4.3. The 

complete data is available in Appendix B, Figure B.1 to B.20.  

The zeta potential values for the different polymers are consistent with the charge density of 

the polyelectrolytes evaluated by titration (Table 4.2). Charged groups are the crucial 

parameter affecting this value. Comparing the copolymers produced in the two different 

formulations, it is possible to observe that polyelectrolytes synthesized using Puresyn4 oil 
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present higher zeta potential values, and also higher charged fraction, when compared with 

polyelectrolytes synthesized using Carnation oil. Furthermore, comparing co- and terpolymers 

developed using the same oil in the formulation (Carnation), when hydrophobic content is 

present the zeta potential increases, as well as the charged fraction in the final polymer is also 

higher as seen in Table 4.2 (compare 25MC with 25M1SC and 25M2SC, and 60MC with 

60M1SC and 60M2SC).  

 

Table 4.3 Polyelectrolytes characterization: zeta potential, hydrodynamic diameter and weight-average molecular 
weight. Poly(AAm-MAPTAC): 25MC, 25MP, 60MC and 60MP. Poly(AAm-MAPTAC-SMA): 25M1SC, 
25M2SC, 60M1SC and 60M2SC. 

Polymer 

designation 

Zeta Potential 

(mV) 

Hydrodynamic 

diameter (nm) 

Polydispersity 

index  

Weight-average 

molecular weight 

(106 Da) 

25MC 44 ± 2 70 ± 2 0.68 0.5 ± 0.02 

60MC 75 ± 1 234 ± 9 0.62 2.9 ± 0.7 

25MP 51 ± 2 66 ± 1 0.64 0.4 ± 0.04 

60MP 79 ± 2 287 ± 13 0.51 3.1 ± 0.03 

25M1SC 61 ± 1 101 ± 5 0.91 1.1 ± 0.03 

25M2SC 62 ± 1 138 ± 1 0.61 1.1 ± 0.2 

60M1SC 97 ± 1 138 ± 9  0.63 1.0 ± 0.09 

60M2SC 89 ± 1 159 ± 7 0.44 1.3 ± 0.01 

 

The hydrodynamic diameter supplies information about the polymer conformation in 

solution. There is a good correlation between hydrodynamic diameter and polymer molecular 

weight for polymers with identical cationic fraction. Also, when charge density increases for 

similar molecular weight, the hydrodynamic diameter increases, as expected, since repulsion 

between charges makes the polymer less coiled (compare 25M1SC and 60M1SC, and 25M2SC 

and 60M2SC). Since the hydrodynamic diameters were measured in water solutions, the 

hydrophobicity present in the polyelectrolytes can affect their conformation in water, leading 

to similar diameters even when charge density increases (compare 25M2SC and 60M1SC). 

That is, a higher hydrophobic content results, usually, in a less coiled polymer. Regarding the 

hydrodynamic diameters distribution, this appears to be significantly broad, considering the 

PDI values in Table 4.3, as can also be verified by the plots presented in Appendix B, Figure 

B.5 to B.8. In copolymers, for both MC and MP series, increase of cationic fraction also 

increases the molecular weight, suggesting that the cationic monomer (MAPTAC) has higher 
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reactivity than acrylamide. However, the introduction of the hydrophobic monomer affects 

this reactivity, since terpolymers have very similar molecular weight values, independently of 

the cationic fraction.  

It is worth noting that molecular weight measured by SLS may not represent the exact real 

values of the absolute molecular weight, due to all the interferences (dust contaminations or 

polymer aggregation) that can affect the measurements, even if very good correlation 

coefficients were always obtained in the Debye plots, as can be seen in Appendix B, Figure 

B.13 to B.20.  However, the trends detected seem to be correct, considering the very good 

correlation between the hydrodynamic diameters and the molecular weights measured. On the 

other hand, the molecular weight values obtained are in accordance with the molecular weight 

ranges presented in the literature for copolymers comprising the same monomers, acrylamide 

and MAPTAC which are, in some cases lower and in other cases higher, depending on the 

polymerization method used223,224.  
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3.  ANIONIC POLYELECTROLYTES 

3.1. Experimental 

   Materials 3.1.1.

The monomer Acrylamido-2-methyl-1-propanesulfonic acid sodium salt solution (Na-AMPS), 

at 50 wt%, was purchased from Lubrizol (Bradford, UK) and used as received. Ethyl acrylate 

(EA) and lauryl methacrylate (LMA) were purchased from Evonik (Darmstadt, Germany). 

Sodium chloride and sodium dihydrogen phosphate were supplied by PanReac (Barcelona, 

Spain). Sodium azide was purchased from Sigma (St. Louis, USA). For details of remaining 

materials, see Section 2.1.1. of the present Chapter.  

 

 Inverse-emulsion polymerization  3.1.2.

As described previously for the cationic polyelectrolytes, inverse-emulsion polymerization was 

carried out in a 500 mL glass reactor. Prior to reaction, the aqueous phase was prepared with 

deionized water, acrylamide, Na-AMPS and, again, with 0.625 wt% of adipic acid for 

hydrolytic stability of the polymers. The copper was chelated in the same way as for the 

cationic polyelectrolytes. The total monomer level of the initial emulsion was 34 wt%. 

Sorbitan isostearate and PEG-7 hydrogenated castor oil were, as well, the surfactants blended 

to obtain a HLB between 4.75 and 5.75, according with the monomers composition and 

organic phase used. Carnation and Puresyn4 were used as organic phases. The aqueous phase 

was slowly added to the organic phase under mechanical stirring for 30 min. In the case of the 

combination with hydrophobic monomers, the desired amount of hydrophobic monomer 

(EA, LMA or SMA) was added at this point to the emulsion. The monomers emulsion was 

then degassed with nitrogen for 60 min under mechanical stirring (700 rpm), at room 

temperature. Polymerizations were initiated, in the same way as for the cationic 

polyelectrolytes, by injecting 100 ppm of TBHP aqueous solution to the reactor and then a 

solution of sodium MBS 1.0 wt%. TBHP and sodium MBS were used as the initiator redox 

couple. The peak temperature was between 41 and 57 ºC, being the exact maximum 

temperature of the exotherm, dependent on comonomers composition. After finishing the 

reaction, additional quantities of TBHP and sodium MBS were added to scavenge residual 

monomer. After the batch had cooled down to 32 ºC, 2.20 wt% wetting agent (Synperonic 

LF/30) was also added to allow a rapid inversion of the flocculant when added to water. 

Schematic representation of the several final polymer structures Poly(AAm-Na-AMPS), 
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Poly(AAm-Na-AMPS-EA), Poly(AAm-Na-AMPS-LMA) and Poly(AAm-Na-AMPS-SMA)  

are shown in Figure 4.4.  

 

 

Figure 4.4 Schematic molecular structure of the final polymers obtained: Poly(AAm-Na-AMPS) (a), Poly(AAm-
Na-AMPS-EA) (b), Poly(AAm-Na-AMPS-LMA) (c) and Poly(AAm-Na-AMPS-SMA) (d). 

 

Table 4.4 summarizes the composition of the developed polyelectrolytes. Lower anionic 

fraction is represented as the 50 series, while higher anionic fraction is represented as the 80 

series. MC and MP series in the list correspond to the use of Carnation and Puresyn4, 

respectively, as the health-friendly synthesis organic phase. For the terpolymers, only 

Carnation was used as organic phase, as discussed previously for the cationic polyelectrolytes 

(see Section 1 of the present chapter)  
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Table 4.4 Summary of the anionic polyelectrolytes developed. Initial composition at the beginning of the 
polymerization and organic phase used in the health-friendly formulation are described. Copolymers Poly(AAm-
Na-AMPS): 50AC, 80AC, 50AP and 80AP. Terpolymers Poly(AAm-Na-AMPS-EA): 50A1EC, 50A3EC, 
80A1EC and 80A3EC. Terpolymers Poly(AAm-Na-AMPS-LMA): 50A1LC, 50A3LC, 80A1LC and 80A3LC. 
Terpolymers Poly(AAm-Na-AMPS-SMA): 50A1SC, 50A3SC, 80A1SC and 80A3SC. 

Polymer 

designation 

AAm ratio 

(wt%)   (mol%) 

Na-AMPS ratio 

(wt%)   (mol%) 

Hydro-

phobic 

monomer 

Ratio 

(wt%) 

Ratio 

(mol%) 

Organic 

phase 

50AC 50.0 74.0 50.0 26.0 - - - Carnation 

80AC 20.0 42.0 80.0 58.0 - - - Carnation 

50AP 50.0 74.0 50.0 26.0 - - - Puresyn4 

80AP 20.0 42.0 80.0 58.0 - - - Puresyn4 

50A1EC 49.4 74.0 49.4 25.0 EA 1.2 1.0 Carnation 

50A3EC 48.5 72.0 48.5 25.0 EA 3.0 3.0 Carnation 

80A1EC 19.7 42.0 79.7 57.0 EA 0.6 1.0 Carnation 

80A3EC 19.0 40.0 79.0 57.0 EA 2.0 3.0 Carnation 

50A1LC 48.5 74.0 48.5 25.0 LMA 3.0 1.0 Carnation 

50A3LC 47.0 73.0 47.0 25.0 LMA 6.0 3.0 Carnation 

80A1LC 19.0 41.0 79.0 58.0 LMA 2.0 1.0 Carnation 

80A3LC 17.5 39.0 77.5 58.0 LMA 5.0 3.0 Carnation 

50A1SC 48.0 74.0 48.0 25.0 SMA 4.0 1.0 Carnation 

50A3SC 46.0 72.0 46.0 25.0 SMA 8.0 3.0 Carnation 

80A1SC 19.0 41.0 79.0 58.0 SMA 2.0 1.0 Carnation 

80A3SC 17.0 38.0 77.0 59.0 SMA 6.0 3.0 Carnation 

 

 Isolation of polymers 3.1.3.

For detailed information regarding isolation of polymers see Section 2.2.2. of Chapter 3. 

 

 Characterization techniques 3.1.4.

Charge density was determined by elemental analysis using an element analyzer EA 1108 

CHNS-O (Fisons) and 2,5-Bis(5-tert-butyl-benzoxazol-2-yl) thiophene as standard. C, H and 

N elemental analyses were performed and the N element was used in the calculation of the 

charged fraction. At least three measurements for each sample were performed. 

The FTIR spectra were recorded, as before, on a Bruker Tensor 27 spectrometer, equipped 

with an attenuated total reflection (ATR) MKII Golden Gate accessory with a diamond crystal 
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45º top plate. The spectra were collected in the 500-4000 cm−1 range with a resolution of 4 

cm−1 and a number of scans of 128. For the measurements, polymers in the powder state were 

used.  

The 1H NMR spectra were recorded on a Bruker Avance III 400 MHz NMR spectrometer. 

Samples were dissolved at room temperature in deuterium oxide at about 5% (w/v) 

concentration and placed inside 5 mm NMR tubes. 1H NMR spectra were acquired at 25 ºC 

and signals were referenced to sodium 3-(trimethylsilyl)propionate-d4. 

Hydrodynamic diameter, molecular weight and zeta potential of isolated and redissolved 

polymers were determined by DLS, SLS and ELS, respectively, in a Malvern Zetasizer Nano 

ZS, ZEN3600 model (Malvern Instruments Ltd, UK), as described previously for the cationic 

polyelectrolytes. For detailed information regarding these techniques, samples preparation and 

measurement settings see section 2.2.3. of Chapter 3. 

For the hydrodynamic diameter, stock solutions of 0.05 g/L for copolymers and 0.03 g/L for 

terpolymers were prepared in ultrapure water and stirred overnight.  

Weight-average molecular weight measurements of polymers were performed using stock 

solutions (0.5 g/L) of each polymer prepared in NaCl 0.5 M and stirred overnight. The 

samples for analysis were then obtained by diluting the stock solutions at several 

concentrations from 0.02-0.5 g/L. All samples were sonicated during 2 min and passed 

through 0.45 µm syringe filters prior to analysis. The complete data is available in Appendix B, 

Figure B.37 to B.60. From the SLS measurements the Debye plot was produced which 

provided information about the molecular weight average of the polymers, as has been 

described in more detail in Section 2.1.4. of the present Chapter.  

For zeta potential measurements 1 mL of each stock solution (0.1 g/L) in ultrapure water was 

used. At least three measurements were conducted for each sample.  

Weight-average molecular weight was also estimated by size exclusion chromatography (SEC), 

for three of the anionic polyelectrolytes developed, in order to confirm the values obtained by 

SLS. SEC uses a special type of chromatographic columns in which it is assumed that there 

are no enthalpy interactions between the sample and the stationary phase. Molecules are 

separated considering their hydrodynamic volume. Large molecules are eluted first, while small 

molecules will enter the pores of the stationary phase and take longer to elute. For quantitative 

measurements, at least one concentration detector must to be used, such as ultra-violet (UV), 

refractive index or light scattering detector (LS). Multi-angle LS is the most common LS 
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detector for the analysis of molecular weight distributions225. The chromatography equipment 

was a Shimadzu Prominence consisting of a LC-20AD peristaltic pump, a DGU-20A3R 

degassing unit and a Rheodyne 7725i injector (injection volume of 20 µl). Three detectors in 

series were used: a Shimadzu Prominence RF-20A fluorimetric detector, a multi-angle static 

light-scattering Wyatt MiniDawn Treos detector and a Shimadzu RID-10A Refractive Index 

detector (internal temperature 40 ºC). Data acquisition and analysis were performed with the 

Astra 5.3.2.1 software from Wyatt. The chromatography columns were two Waters 

Ultrahydrogel Linear WAT011545 analytical columns, of 300 mm length and 7.8 mm internal 

diameter, connected in series. The columns were in a Shimadzu Prominence CTO-20AC 

column oven (T = 35 ºC). The eluent was an aqueous solution of sodium chloride 1 mol/L, 

sodium dihydrogen phosphate 0.15 mol/L, sodium azide 4.6 mmol/L, pH 4.5, at a flow of 0.8 

mL/min, 35 ºC226. Polymer solutions with concentrations of 0.002 mg/L were prepared using 

the described eluent and used for the analysis.  

 

3.2. Results and discussion 

Charge density of polyelectrolytes was assessed by elemental analysis, using the N element 

ratio as reference for the functional anionic group quantification (Table 4.5). Results confirm 

the viability of using health-friendly formulations to produce the desired polyelectrolytes, as 

reported already above. Generally, all polyelectrolytes present lower charge fraction than the 

theoretical value estimated from the ratios of monomers at the start of the reaction. These 

discrepancies are typically justified by the different reactivity ratios of the monomers in the 

copolymerization, or by a possible incomplete polymerization, due to the presence of oxygen 

molecules in the synthesis, that react with the radicals, interfering with the polymerization. 

The same was already verified previously for the cationic polyelectrolytes.  
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Table 4.5 Charged fractions for anionic polyelectrolytes, calculated from the initial mass balance and estimated by 
elemental analysis. Poly(AAm-Na-AMPS): 50AC, 80AC, 50AP and 80AP. Poly(AAm-Na-AMPS-EA): 50A1EC, 
50A3EC, 80A1EC and 80A3EC. Poly(AAm-Na-AMPS-LMA): 50A1LC, 50A3LC, 80A1LC and 80A3LC. 
Poly(AAm-Na-AMPS-SMA): 50A1SC, 50A3SC, 80A1SC and 80A3SC.  

Polymer      

designation 

Charged fraction from the 

initial mass balance (wt%) 

Charged fraction estimated from 

elemental analysis (wt%) 

50AC 50.0 42 ± 0.2 

80AC 80.0 63 ± 0.5 

50AP 50.0 42 ± 2.3 

80AP 80.0 68 ± 2.1 

50A1EC 49.4 40 ± 0.4 

50A3EC  48.5 40 ± 1.2 

80A1EC 79.7 62 ± 1.7 

80A3EC 79.0 62 ± 1.5 

50A1LC 48.5 41 ± 0.2 

50A3LC 47.0 39 ± 4.6 

80A1LC 79.0 57 ± 3.3 

80A3LC 77.5 63 ± 0.3 

50A1SC 48.0 41 ± 2.1 

50A3SC 46.0 41 ± 1.5 

80A1SC 79.0 58 ± 0.6 

80A3SC 77.0 57 ± 0.3 

 

For polyelectrolytes in the same series, with and without the presence of hydrophobic content, 

it is possible to observe a lower anionic fraction for the hydrophobically modified samples 

(terpolymers), when compared with the equivalent non-modified (e.g. compare 50AC with 

50A1EC, 50A3EC, 50A1LC, 50A3LC, 50A1SC and 50A3SC), indicative of a lower reactivity 

of the monomers, contrary to what happen with the cationic polyelectrolytes. Two different 

organic phases were tested for the synthesis of the non-hydrophobically modified polymers 

Poly(AAm-Na-AMPS), however since both formulations lead to similar compositions, and 

Carnation oil is economically more accessible, this oil was chosen for the following synthesis 

with the hydrophobic modification.       

The developed polyelectrolytes were characterized by ATR-FTIR spectroscopy. The spectra 

of the polymers (Figure 4.5) showed bands at ca. 3330 cm-1 and 3200 cm-1, attributed to the N-

H stretching vibrations in the monomers. The characteristic amide I band (C=O stretching in 

the amide groups) of the acrylamide and Na-AMPS monomers appeared at 1656-1660 cm-1. A 
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shoulder at ca. 1620 cm-1 due to the amide II band of acrylamide was also observed in the 

spectra of the polymers with a higher content of acrylamide (50 series). Bands showing the 

presence of Na-AMPS were observed at 154 cm-1 (amide II), 1184 cm-1 (asymmetric stretching 

of S(=O)2), 1042 cm-1 (symmetric stretching of S(=O)2), and 625 cm-1 (S-O stretching), with 

an increased intensity for the polymers with a higher content of Na-AMPS (80 series).  FTIR 

spectra of copolymers 50AC and 50AP were similar to each other, as well as spectra of 

copolymers 80AC and 80AP, confirming the reduced influence of the oil used as a solvent in 

the copolymerization reactions.  

The incorporation of a low content of a ter-monomer was revealed by FTIR only in a few 

cases. For the terpolymers with added ethyl acrylate, the spectra were close to those of the 

50AC and 80AC samples. Thus, it was not possible the detection of the hydrophobic 

component. As for the terpolymers prepared with the addition of lauryl methacrylate, in spite 

of the fact that this hydrophobic monomer possesses a structure with a larger number of 

methylene (-CH2-) groups in the aliphatic chain (Figure 4.4), it could also not be identified 

unambiguously by ATR-FTIR spectroscopy, being the spectra of 50A1LC and 50A3LC 

similar to that of 50AC and the spectra of 80A1LC and 80A3LC similar to that of 80AC. In 

both cases, probably, the hydrophobic monomers are present in amounts below the sensitivity 

of the FTIR equipment or their bands are masked by the bands from the major constituents 

of the copolymers, precluding their detection by FTIR spectroscopy. On the other hand, the 

spectra of the polyelectrolytes 50A3SC and 80A3SC prepared with 3 mol% of added stearyl 

methacrylate were different from the spectra of the copolymers 50AC and 80AC, respectively. 

In particular, changes were noted in the region of 2800-3000 cm-1, by the appearance of two 

new bands at 2923 and 2853 cm-1, which can be assigned to the asymmetric and symmetric 

stretching, respectively, of the CH2 groups of the incorporated hydrophobic chain. A shoulder 

was also observed at ca. 1730 cm-1, due to the C=O stretching in the ester bonds of the 

hydrophobic monomer. For the terpolymers 50A1SC and 80A1SC prepared with 1 mol% of 

added stearyl methacrylate these differences were less distinguishable and the spectra were 

closer to those of the copolymers without added stearyl methacrylate (50AC and 80AC). 
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Figure 4.5 ATR-FTIR spectra examples for some of the anionic polyelectrolytes prepared. Poly(AAm-Na-
AMPS): 50AC and 80AC. Poly(AAm-Na-AMPS-EA): 80A1EC and 80A3EC. Poly(AAm-Na-AMPS-LMA): 
80A1LC and 80A3LC. Poly(AAm-Na-AMPS-SMA): 50A3SC and 80A3SC. 

 

1H NMR spectroscopy was then used to obtain an additional insight on the presence of the 

hydrophobic components in the terpolymers. Spectra for the copolymer 80AC and related 

terpolymers with EA and LMA were registered (Figure 4.6). The spectrum of 80AC showed 

signals at 3.33, 2.15, 2.03 and 1.43 ppm, which can be assigned to methylene (-CH2-) protons 

next to the sulfonic acid groups of the Na-AMPS monomer, CH and CH2 protons in the 

linear chain of the copolymer and methyl (CH3) protons from the Na-AMPS monomer. For 

the terpolymers 80A1EC, 80A3EC, 80A1LC and 80A3LC, where different amounts of EA 

and LMA, respectively, was added in the synthesis, new signals arose in the 1H-NMR spectra, 

including a very small intensity signal at 3.94 ppm and a signal at 1.10 ppm, whose intensities 

were higher for 80A3EC and 80A3LC. These can be attributed to methylene protons in the O-

CH2-C and C-CH2-C linkages, respectively, of the EA and LMA chain. The intensity of the 

signal at 2.15 ppm also increased greatly for these four terpolymers samples, in comparison to 
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80AC. Thus, although not observable by FTIR spectroscopy, the presence of the EA and 

LMA monomers in the terpolymers could be detected by 1H-NMR.   

 

 

Figure 4.6 1H NMR spectra for some of the polyelectrolytes prepared. Poly(AAm-Na-AMPS): 80AC. Poly(AAm-
Na-AMPS-EA): 80A1EC and 80A3EC. Poly(AAm-Na-AMPS-LMA): 80A1LC and 80A3LC. 

 

Results for zeta potential, hydrodynamic diameter, polydispersity index and weight-average 

molecular weight of polyelectrolytes are presented in Table 4.6. The complete data is available 

in Appendix B, Figure B.22 to B.63.  
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Table 4.6 Polyelectrolytes characterization: zeta potential, hydrodynamic diameter and weight-average molecular 
weight. Poly(AAm-Na-AMPS): 50AC, 80AC, 50AP and 80AP. Poly(AAm-Na-AMPS-EA): 50A1EC, 50A3EC, 
80A1EC and 80A3EC. Poly(AAm-Na-AMPS-LMA): 50A1LC, 50A3LC, 80A1LC and 80A3LC. Poly(AAm-Na-
AMPS-SMA): 50A1SC, 50A3SC, 80A1SC and 80A3SC.  

Polymer 

designation 

Zeta 

Potential 

(mV) 

Hydrodynamic 

diameter (nm) 

Polydispersity 

index  

Weight-average  

molecular weight (106 Da) 

By SLS By SEC 

50AC -71 ± 2 67 ± 2 0.43 0.9 ± 0.07 7.6 ± 0.7 

80AC -80 ± 1 72 ± 1 0.47 1.0 ± 0.08 8.2 ± 1.1 

50AP -72 ± 1 265 ± 37 0.61 2.5 ± 0.09  

80AP -85 ± 1 147 ± 4 1.00 1.3 ± 0.2 8.7 ± 0.4 

50A1EC -65 ± 2 70 ± 1 0.35 0.6 ± 0.02  

50A3EC  -58 ± 1 282 ±32 0.63 3.5 ± 0.07  

80A1EC -79 ± 1 143 ± 10 1.00 1.5 ± 0.2  

80A3EC -79 ± 2 206 ± 22 0.62 2.4 ± 0.08  

50A1LC -66 ± 1 129 ± 10 0.94 1.4 ± 0.007  

50A3LC -64 ± 1 209 ± 28 0.46 2.5 ± 0.3  

80A1LC -75 ± 1 174 ± 28 0.67 2.2 ± 0.2  

80A3LC -78 ± 1 124 ± 13 0.87 0.8 ± 0.03  

50A1SC -69 ± 1 219 ± 19 0.35 2.4 ± 0.1  

50A3SC -72 ± 1 180 ± 14 0.48 1.3 ± 0.1  

80A1SC -84 ± 1 132 ± 7 0.83 1.1 ± 0.007  

80A3SC -84 ± 1 81 ± 18 0.56 0.7 ± 0.2  

 

As expected, zeta potential values are in accordance with charge density (Table 4.5), 

determined by elemental analysis. Polymers of the 50 series have lower charge density and 

lower zeta potential than polymer of the 80 series. Similarly to charge density tendency, 

comparing polyelectrolytes of the same series, with and without presence of hydrophobic 

content, it is possible to observe a decrease in zeta potential in the hydrophobically modified 

polymers, with exception for three samples synthesized in the presence of the hydrophobic 

monomer SMA (50A3SC, 80A1SC and 80A3SC). This fact was already previously verified in 

the cationic polyelectrolytes hydrophobically modified using the same monomer, suggesting 

that this may be related with this specific hydrophobic monomer (see section 2.2. of the 

present Chapter). Considering that the mentioned hydrophobic monomer comprises the 

largest hydrophobic chain length (eighteen methylene groups), this may lower the monomer 

solubility in the reaction medium, leading to a higher possibility for the charged monomer, 
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highly soluble in the medium, to react, thus increasing the charged fraction in the final 

polymer.  

In the remaining terpolymers, the decrease of zeta potential when compared with the relative 

copolymers can be due to the steric hindrance promoted by the aliphatic chain of the 

hydrophobic monomer, which can affect the anionic monomer addition to the chain.   

For the same molecular weight and hydrophobicity, hydrodynamic diameter in water should 

increase consistently with zeta potential, since the repulsion in the molecule charged site 

increases. However, for these specific polymers, the molecular weight range is wide, since the 

size of the polymer is influenced by many factors in the polymerization process, preventing 

the correct confrontation between hydrodynamic diameter and zeta potential results. In a 

singular case of polymers 50AC, 80AC and 80AP, which have similar molecular weight, the 

tendency is verified and the hydrodynamic diameter increases with the increase of zeta 

potential. On the other hand, there is a notorious correlation between hydrodynamic diameter 

and molecular weight, for polyelectrolytes with similar charge density, where both values 

(hydrodynamic diameter and molecular weight) increase in parallel. Moreover, for similar 

molecular weights, the introduction of hydrophobic monomer leads to higher hydrodynamic 

diameter (compare 50AC with 50A1EC, 50A1LC and 50A3SC, and also 80AC with 80A1EC, 

80A3LC, 80A1SC and 80A3SC), probably due to the less coiled conformation in solution, 

resulting from the presence of the hydrophobic molecule. Regarding hydrodynamic diameters 

distributions, PDI values suggest that they are considerably wide, as can also be confirmed by 

the plots presented in Appendix B, Figure B.29 to B.36. 

The introduction of hydrophobic molecules seems to have also some influence in the 

molecular weight of the polymer, especially for higher hydrophobic content. For 

polyelectrolytes with 3 mol% of hydrophobic monomer, using hydrophobic monomers with 

higher number of methylene groups in the aliphatic chain, results in a decrease of final 

molecular weight (compare 50A3EC, 50A3LC and 50A3SC, and 80A3EC, 80A3LC and 

80A3SC), possibly due to the steric hindrance in the polymer chain. Additionally, in general, 

increasing the hydrophobic content leads to a decrease of final molecular weight for 

terpolymers with larger hydrophobic chain length (compare 80A1LC with 80A3LC, 50A2SC 

and 50A3SC, and 80A1SC and 80A3SC), suggesting that when the hydrophobicity of the 

molecule is higher, this hinders the polymerization process, due to the difficulty in originating 

a free radical by the hydrophobic monomer, consequently inducing the finalization of polymer 

chains, which reduces the final molecular weight obtained. When the chain length is shorter, 
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the impact in the final polymer characteristics is less. Both these observations were previously 

mentioned by Lee et al.120, in a study regarding hydrophobically modified cationic 

polyacrylamides for application in flocculation.  

Additionally, and since the molecular weight determination of charged molecules is very much 

dependent on the technique used227,228, it was decided to use as well SEC to determine the 

molecular weight of some of the copolymers, in order to obtain a confirmation of the trends 

observed. The complete data is available in Appendix B, Figure B.63. It must be noted that 

SEC was not available in our laboratorial premises at the University of Coimbra. As can be 

observed, the values acquired by SEC are higher than the ones obtained by SLS, even if of the 

same order of magnitude and, additionally, they show the same tendency, as mentioned 

already for SLS. Moreover, the values of molecular weight obtained for the copolymers 50AC, 

80AC, 50AP and 80AP were compared with similar copolymers of acrylamide and Na-AMPS 

presented in literature226. It is possible to see that the values referred in the work of Lounis et 

al.226 show slightly lower molecular weight, in one order of magnitude, than the ones presented 

in the present work, possibly due to differences in the polymerization method. On the other 

hand, in Qi et al.229 the values of molecular weight for similar copolymer, however with lower 

proportion of Na-AMPS, are in the same order of magnitude, with values between the ones 

obtained by SLS and SEC in the present study. Furthermore, since molecular weight is a 

significant factor for this study application, it is possible to confirm that the values obtained 

are in agreement with the expected for this type of application21. 
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4. CONCLUSIONS  

The health-friendly formulations used in the development of the flocculation agents, 

presented in this chapter, led to cationic and anionic polyelectrolytes with suitable 

characteristics for the final application. It was possible to produce co- and terpolymers with 

various chemical charge densities. Moreover, the characterization of the polyelectrolytes 

proved the success of the hydrophobic content integration, in several levels, without affecting 

factors like zeta potential or molecular weight. In both cases (anionic and cationic 

polyelectrolytes) charged fraction and zeta potential present very good correlation, as well as 

hydrodynamic diameter and molecular weight. In the case of cationic polyelectrolytes the 

increase of cationic fraction increase the molecular weight, however the introduction of a 

hydrophobic monomer increases zeta potential, but leads to very similar hydrodynamic 

diameters and molecular weights for the different terpolymers. Considering anionic 

polyelectrolytes, the addition of hydrophobic content conduct to lower anionic fractions and, 

consequently, lower zeta potential values, for most of the cases. The increase of hydrophobic 

content leads to lower molecular weight values in the terpolymers with long hydrophobic 

chain lengths and, for the polyelectrolytes with higher hydrophobic content, the larger chain 

length leads to lower the molecular weight obtained and, accordingly, hydrodynamic diameter 

also decreases. In the following chapter, their application as flocculants in oily wastewaters will 

be analysed.  
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1. INTRODUCTION 

The addition of organic and inorganic compounds stimulate the destabilization of colloidal 

mixtures and promote the agglomeration of sub-millimetre particles into flocs that are able to 

settle over a period of seconds to hours. Experiments have shown considerable reduction in 

turbidity, suspended solids, colour and chemical oxygen demand. However, usually a 

combination of both inorganic and organic additives is required. Alternatively, when a 

flocculant is applied alone a high concentration may be necessary. The total dose of minerals, 

coagulants and flocculants contributes to sludge generation. This presents important costs as 

well as environmental impacts. Therefore, the minimization of sludge production is important 

considering the costs related with consequent sludge treatment and disposal. Thus, there is a 

need for flocculants with distinct characteristics, immediately soluble in aqueous systems, 

highly efficient in little quantities and that generate large and strong flocs, leading to good 

settling performance and, thus, minimizing the amount of sludge produced. Ideally a 

flocculant will also permit a reduction in the inorganic coagulant dosage and not require 

adsorbents or pH adjustment as well. 

In this chapter, cationic and anionic polyelectrolytes (presented and characterized in Chapter 

4) were applied as low dosage flocculation agents in the treatment of several oily wastewaters, 

namely from olive oil mill, dairy and potato crisps manufacturing industries. Their 

performance was studied in terms of turbidity reduction, and chemical oxygen demand and 

total solids removal at several concentrations and pHs. Moreover, the influence of the 

hydrophobic content in the polymers, as well as the optimum conditions of concentration and 

pH were assessed.  
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2. OLIVE OIL MILL INDUSTRY EFFLUENT 

2.1. Procedure to evaluate flocculation performance  

For each polymer developed, a 200-mL stock solution at a 0.4 wt% concentration was 

prepared with distilled water using magnetic stirring for sixty minutes. Polymers in inverse-

emulsion state were used. A volume of 75-mL of pre-agitated wastewater (industrial effluent) 

was adjusted to three different pHs using hydrochloric acid (HCl) or sodium hydroxide 

(NaOH) aqueous solutions, with a pH meter SCAN3BW (Scansci). Specifically, 3 mL of HCl 

1 mol/L were added for pH 3, and 0.2 mL and 5.5 mL of NaOH 1 mol/L were added for pH 

5 and 10, respectively. Polymer solution samples with different volumes were added to the 

wastewater sample, with a successive increase of flocculant concentration from 13 mg/L until 

a maximum of 180 mg/L. In each addition, the suspension-polymer mixture was manually 

agitated for 10 seconds, allowed to settle for 2 min and the turbidity of the supernatant 

assessed with at least three repetitions, using a Photometer MD600 (Lovibond, UK). The 

variance in the measurements of turbidity was always below 1.0 %. Solids content and 

chemical oxygen demand of the treated supernatant water were measured for selected 

polymers. For COD test, 2 mL of sample was added to a COD Kit (Lovibond) and allowed to 

remain at 150 ºC for 2 h in a thermoreactor (VELP Scientifica). After reaching the room 

temperature, the COD value was measured in a Photometer MD600 (Lovibond). For total 

solids content, 10 mL of each sample was dried overnight at 105 ºC and the value was 

accessed gravimetrically. All the measurements were performed at least in duplicate.   

Commercially available polymer flocculants provided by Aqua+Tech Specialities SA were also 

evaluated, as references, in the same conditions described previously. These are the polymers 

under the commercial name AlpineFloc DHMW and Z1, high molecular weight cationic and 

anionic polyelectrolytes with 60 wt% and 50 wt% charged fraction, respectively. 

The zeta potential of the effluent was measured by electrophoretic light scattering, in a 

Malvern Zetasizer Nano ZS, model ZEN3600 (Malvern Instruments Ltd, UK). 

 

2.2. Initial wastewater characterization 

The olive oil mill effluent sample used in this study (supplied by Adventech Group, Portugal) 

was characterized in terms of pH, COD, total solids and turbidity, and the obtained results are 
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summarized in Table 5.1. All the flocculation tests were performed using this wastewater 

sample.  

 

Table 5.1 Characteristics of the industrial olive oil mill effluent sample. 

Parameter Values 

pH 4.7 

COD (gO2/L) 11.8 

Total solids (g/L) 5.99 

Turbidity (NTU) 3440 

 

The stability of the effluents is determined mainly by the charge of the particles surface, which 

is significantly affected by the pH of the aqueous medium.  

The zeta potential of the effluent after adjustment for the three pH values used in the 

performance tests was measured, and the obtained zeta potential distributions are presented in 

Figure 5.1. For pH 5 and 10, the effluent particles have a surface mainly negatively charged, 

with a median zeta potential of the -57 mV and -62 mV, respectively, while for pH 3 the 

particles show both positive and negative charges in their surface, presenting a median zeta 

potential of -2 mV, indicative of an essentially electroneutral heterogeneous effluent. This 

presence of both charges promotes a visible destabilization of the effluent, although not 

enough to form flocs or settle. Moreover, at pH 10, which is the more similar with the initial 

pH of the effluent, the particles charge is totally negative, explaining the stability of the initial 

effluent, due to the repulsion effect.  
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Figure 5.1 Zeta potential distribution for the olive oil mill effluent at pH 3, 5 and 10.  

 

2.3. Results and discussion 

Cationic flocculants have inherent positively charged groups, which are active in neutralization 

of negative charges on suspended colloidal particles and oil droplets during the flocculation 

process of oily wastewater103. Also, long polymer chains with medium charge density can 

promote the bridging effect between the particles, due to the polymer adsorption on the 

particle surface in a way that is extended and can interact with other particles21,87,94.  

The influence of pH and dosage of each flocculant was evaluated. Herein, the supernatant 

water turbidity was used to evaluate the treatment efficiency. Figure 5.2 and Figure 5.3 show 

the cationic polyelectrolytes performance in olive oil mill effluent treatment at different pHs 

and concentrations, from 0-180 mg/L, for the different co- and terpolymers produced. As can 

be seen, with increasing dosage, gradual increase was observed in the reduction of turbidity, 

until reaches a maximum. Acidic conditions always appear to lead to higher removal 

efficiencies in this case. Furthermore, the addition of flocculant did not change the effluent 

pH, based on the measurements conducted after the flocculant addition. The adjustment of 

the effluent to pH 3 decreased, by itself, the turbidity in about 20%, leading also to a visual 

destabilization of the effluent, possibly explained by the reduction of particles repulsion due to 

the change in their surfaces, which have, at this pH, both positive and negative charges, as 

verified by the zeta potential assessment (see Figure 5.1). Moreover, a distribution from -39.4 

to 31.9 mV in zeta potential, suggests the adequacy of using cationic flocculants. Thus, at pH 

3, the turbidity reduction was at the highest level for all the polymers tested. Regarding 

copolymers (see Figure 5.2), the turbidity reduction was above 90% for dosages above 80 
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mg/L for the polyelectrolytes with the highest charge density (60 series). In the case of the 

polymer 60MC, higher turbidity reduction is achieved even for a much lower dosage (27 

mg/L). When the cationic fraction is lower (25 series), the concentration of polymer required 

to achieve the same turbidity reduction is higher. This may be attributed to the fact that lower 

cationic charge density is less effective in neutralizing the negative charge on the oil droplets, 

and also to the lower molecular weight of polyelectrolytes of 25 series, compared with the 

polyelectrolytes of 60 series (see Table 4.3 in Section 2.2. of Chapter 4). When these four 

flocculants were used for different pHs (5 and 10), the wastewater needed much higher 

concentrations of polymer to reduce turbidity, without achieving the same maximum 

reduction of the testing at pH 3, even for the higher concentrations. Moreover, adjusting pH 

to basic conditions increased the turbidity of the initial wastewater by itself (thus the negative 

reduction values), severely reducing the flocculant efficiency. 

Considering the terpolymers, when the hydrophobic monomer is introduced in the polymer 

chain, higher turbidity reductions were achieved with the lower polymer dosages tested, for 

polyelectrolytes with both lower and higher cationic fraction (see Figure 5.3). In addition, 

significant turbidity reductions were obtained for dosages as low as 13 mg/L. The better 

performance was obtained again for the higher charge densities. When the amount of the 

hydrophobic monomer increased from 1 to 3 mol%, the performance of the polymer did not 

improve significantly. The best results were achieved with terpolymers 60M1SC and 60M2SC, 

similar in both cases, where it was possible to reduce 89% of turbidity using only a 

concentration of flocculant of 53 mg/L. For terpolymers with lower cationic fraction (25 

series), the performance for the optimal pH was considerably improved, when compared with 

the corresponding copolymers, particularly for the lower dosages tested. On the other hand, in 

testing at pH 5 it was observed that in this case it is possible to achieve similar maximum 

turbidity reductions to the ones obtained at pH 3, however with higher dosages of flocculant, 

which represents an improvement when compared with the corresponding copolymers. On 

the contrary, using the terpolymers at pH 10 led to slightly worse results than for the 

corresponding copolymers, especially when compared with the copolymers synthesized using 

Carnation as organic phase.  

The use of either an iso-paraffin, Carnation, or a hydrogenated polydecene, Puresyn4, in the 

synthesis process did not affect significantly the performance of the polyelectrolytes (compare 

MC and MP series of polymers), which is consistent with the similarity of the characterization 

parameters (zeta potential, hydrodynamic diameter and molecular weight) for these two types 
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of polyelectrolytes for similar cationic fraction (see table Table 4.3 in Section 2.2. of Chapter 

4). 

Considering that molecular weight of the higher charge density hydrophobically modified 

polymers (60M1SC and 60M2SC) is lower (see Table 4.3 in Section 2.2. of Chapter 4), 

improvement of performance must be justified by the affinity between the hydrophobic part 

of the polymer and the oil droplets in the effluent. Previously Lü et al.126 and Bratskaya et al.115 

demonstrated that oil removal efficiency was significantly enhanced using hydrophobically 

modified cationic flocculants, due to the affinity between hydrophobic regions of the 

polyelectrolyte and the oily particles of the effluent.  

 

 

Figure 5.2 Turbidity reduction curves for the industrial olive oil mill effluent treated by cationic copolymers 
Poly(AAm-MAPTAC): 25MC, 25MP, 60MC and 60MP, at three different pHs. 
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Figure 5.3 Turbidity reduction curves for the industrial olive oil mill effluent treated by cationic terpolymers 
Poly(AAm-MAPTAC-SMA): 25M1SC, 25M2SC, 60M1SC and 60M2SC, at three different pHs. 

 

The performance of the cationic polyelectrolytes developed in the treatment of the olive oil 

mill effluent was compared with the reference polymer commercially available (Figure 5.4), 

AlpineFloc DHMW, which has a similar charge density to the 60 series. Looking at the results 

for pH 3, which provided the highest turbidity removal efficiency, the reference polymer 

showed a similar behaviour as the newly developed copolymers with analogous cationic 

fraction (60MC and 60MP) for the highest dosage tested. Nevertheless, 60MC and 60MP 

achieved higher turbidity reduction values than AlpineFloc DHMW when comparing the 

lower dosages tested. On the other hand, comparing the performance of the hydrophobically 

modified polyelectrolytes developed (60M1SC and 60M2SC) with this reference commercial 

polymer, the former show much higher removal efficiency. This evidence proves once again 

that addition of a hydrophobic monomer to the copolymers considerably improves the 

flocculation performance of polyelectrolytes in the treatment of industrial olive oil mill 

effluents.   
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Figure 5.4 Turbidity reduction curves for the industrial olive oil mill effluent treated by reference polymer, 
AplineFloc DHMW, at various pHs.  

 

The total solids and COD removal efficiencies were measured for the terpolymers that 

presented higher turbidity reduction, and corresponding copolymer, in the optimized 

conditions of pH and concentration, in order to confirm that pre-treatment was also efficient 

regarding these two parameters (Figure 5.5). For both parameters, the removal for the 

different polymers tested was very similar with a slightly better performance of the 

polyelectrolyte 60M1SC. Comparing these results with previous publications150, the level of 

purification is similar, however much lower dosage was needed to reach the same effect.  

 

 

Figure 5.5 COD and total solids removal after the treatment of the industrial olive oil mill effluent with 60MC, 
60MP, 60M1SC and 60M2SC flocculants, in optimized conditions of pH (pH 3) and concentration (103 mg/L 
for 60MC and 60MP, and 78 mg/L for 60M1SC and 60M2SC). 

 

The photographs displayed in Figure 5.6 show the flocs after addition of the suitable dosage 

of 60MC (b), 60MP (c), 60M1SC (d) and 60M2SC (e) to the initial effluent sample (a), at pH 3. 
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Flocs resulting from the flocculation with the developed polyelectrolytes had very fast growing 

and settling performance, presenting a high resistance to breaking actions (transition of the 

flocs and supernatant between two recipients by pouring the mixture) and strong and compact 

structure after formation, suggesting a low water content in the flocculated fraction.     

 

 

Figure 5.6 Initial olive oil mill effluent (a) and effluent after treatment with flocculants 60MC (b), 60MP (c), 
60M1SC (d), and 60M2SC (e), in optimized conditions of pH (pH 3) and concentration (103 mg/L for 60MC 
and 60MP, and 78 mg/L for 60M1SC and 60M2SC). 

 

Anionic flocculants hold negative charges in their molecules, which can establish strong ionic 

interactions with cations available on the suspended particles of the effluents. Considering that 

in acidic conditions the effluent possesses both positive and negative particles (see Figure 5.1), 

the developed anionic polyelectrolytes were also tested in turbidity reduction of the olive oil 

mil effluent for three different pHs (3, 5 and 10) and with concentrations of polymer from 0-

104 mg/L (Figure 5.7 to Figure 5.10). As mentioned before for the cationic polyelectrolytes, 

also with the anionic polyelectrolytes, the best results were obtained when the pH was 

adjusted to 3. Using pH 5 and 10 proved not to be appropriate for the mentioned effluent, for 

all the anionic polyelectrolytes tested, since in first case there was no turbidity reduction with 

the addition of the flocculants and in the second case was verified an increase in the turbidity 

of the effluent. For the copolymers Poly(AAm-Na-AMPS), developed using two different 

health-friendly formulations, it is possible to observe that using different organic phases (MC 

and MP series) does not show significant influence in the polyelectrolytes performance (see 

Figure 5.7). When comparing polymers with different charge densities (50 and 80 series), 

superior maximum turbidity reductions are obtained when using the flocculant with higher 

anionic fraction (80 series), where also better results were achieved with lower concentrations. 

Specifically, using the copolymer 80AC, 79% turbidity was reduced using a dosage of 27 

mg/L.  

(a) (b) (c) (d) (e)
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Figure 5.7 Turbidity reduction curves for the industrial olive oil mill effluent treated by the anionic copolymers 
Poly(AAm-Na-AMPS): 50AC, 80AC, 50AP and 80AP, at three different pHs. 
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verified an improvement of performance, when comparing with the corresponding 

copolymers (Figure 5.8 to Figure 5.10). Considering the terpolymers Poly(AAm-Na-AMPS-

EA) in Figure 5.8, for polyelectrolytes with lower charge density (50 series) there was a lower 

performance than with corresponding copolymers, and for polyelectrolytes with higher charge 

density (80 series) a similar effectiveness compared to the corresponding copolymers was 

observed. On the other hand, for Poly(AAm-Na-AMPS-LMA) in Figure 5.9, an improvement 

of performance was verified applying lower dosages, for both the 50 and 80 series. In all the 

four flocculants it was achieved a turbidity reduction of 72-80% with only 13 mg/L of 

polymer concentration. However, the maximum turbidity reduction achieved was only slightly 

higher than with the corresponding copolymers. Finally, in case of Poly(AAm-Na-AMPS-

SMA) in Figure 5.10, the results were very similar to the ones for Poly(AAm-Na-AMPS-

LMA). Therefore, the results obtained suggest a positive effect of the hydrophobic 

modification, however dependent on the number of methylene groups in the hydrophobic 

aliphatic chain (see Figure 4.4 in Section 3.1.2. of Chapter 4). A hydrophobic chain larger than 
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larger than 12 methylene groups (LMA monomer) is no longer necessary, since Poly(AAm-

Na-AMPS-SMA) and Poly(AAm-Na-AMPS-LMA) show comparable efficiencies. Ren et al.117 

already discussed in the literature that larger chain length than two methylene groups, in 

hydrophobically modified flocculants, has a positive effect in flocculation.  

Regarding the amount of the hydrophobic monomer, the use of the highest fraction (3 mol%) 

showed not to improve significantly the flocculation performance. Similar behaviour was 

already reported by Lee et al.120  

 

 

Figure 5.8 Turbidity reduction curves for the industrial olive oil mill effluent treated by anionic terpolymers 
Poly(AAm-Na-AMPS-EA): 50A1EC, 50A3EC, 80A1EC and 80A3EC, at three different pHs. 
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Figure 5.9 Turbidity reduction curves for the industrial olive oil mill effluent treated by anionic terpolymers 
Poly(AAm-Na-AMPS-LMA): 50A1LC, 50A3LC, 80A1LC and 80A3LC, at three different pHs. 

 

 

Figure 5.10 Turbidity reduction curves for the industrial olive oil mill effluent treated by anionic terpolymers 
Poly(AAm-Na-AMPS-SMA): 50A1SC, 50A3SC, 80A1SC and 80A3SC, at three different pHs. 

-% 40

-% 20

% 0

% 20

% 40

% 60

% 80

% 100

0 20 40 60 80 100T
u
rb

id
it
y
 R

e
d
u
c
ti
o
n
 (

%
)

Dosage (mg/L)

50A1LC

pH=3

pH=5

pH=10

-% 40

-% 20

% 0

% 20

% 40

% 60

% 80

% 100

0 20 40 60 80 100T
u
rb

id
it
y
 R

e
d
u
c
ti
o
n
 (

%
)

Dosage (mg/L)

50A3LC

pH=3

pH=5

pH=10

-% 40

-% 20

% 0

% 20

% 40

% 60

% 80

% 100

0 20 40 60 80 100T
u
rb

id
it
y
 R

e
d
u
c
ti
o
n
 (

%
)

Dosage (mg/L)

80A1LC

pH=3

pH=5

pH=10

-% 40

-% 20

% 0

% 20

% 40

% 60

% 80

% 100

0 20 40 60 80 100T
u
rb

id
it
y
 R

e
d
u
c
ti
o
n
 (

%
)

Dosage (mg/L)

80A3LC

pH=3

pH=5

pH=10

-

-

-

-

-

-

-

-

-% 40

-% 20

% 0

% 20

% 40

% 60

% 80

% 100

0 20 40 60 80 100T
u
rb

id
it
y
 R

e
d
u
c
ti
o
n
 (

%
)

Dosage (mg/L)

50A1SC

pH=3

pH=5

pH=10

-% 40

-% 20

% 0

% 20

% 40

% 60

% 80

% 100

0 20 40 60 80 100T
u
rb

id
it
y
 R

e
d
u
c
ti
o
n
 (

%
)

Dosage (mg/L)

pH=3

pH=5

pH=10

-% 40

-% 20

% 0

% 20

% 40

% 60

% 80

% 100

0 20 40 60 80 100T
u
rb

id
it
y
 R

e
d
u
c
ti
o
n
 (

%
)

Dosage (mg/L)

80A1SC

pH=3

pH=5

pH=10

-% 40

-% 20

% 0

% 20

% 40

% 60

% 80

% 100

0 20 40 60 80 100T
u
rb

id
it
y
 R

e
d
u
c
ti
o
n
 (

%
)

Dosage (mg/L)

80A3SC

pH=3

pH=5

pH=10



Chapter 5 | Application of the novel polyelectrolytes in industrial effluents 

112 

The performance of the developed anionic polyelectrolytes was also compared with an anionic 

reference polymer commercially available, AlpineFloc Z1, which has comparable charge 

density with the 50 series presented previously (Figure 5.11). For the optimum pH (pH 3), the 

reference polymer proved to be more efficient in reduction of turbidity than polyelectrolytes 

50AC and 50AP. When compared with the hydrophobically modified 50 series, the results 

were very similar regarding the maximum reduction of turbidity. However, comparing the 

reduction for the lowest dosage tested (13 mg/L), 50A1LC, 50A3LC, 50A1SC and 50A3SC 

presented better performance than the reference AlpineFloc Z1, with a turbidity reduction 

above 70% for the developed polymers. The other pHs tested showed similar behaviour to 

the one observed for the novel developed anionic polyelectrolytes.  

 

 

Figure 5.11 Turbidity reduction curves for the industrial olive oil mill effluent treated by reference anionic 
polymer, AlpineFloc Z1, at various pHs. 
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and 80A3SC exhibited not so different COD removal efficiencies. In the case of total solids 
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Figure 5.12 COD and total solids removal after the treatment of the industrial olive oil mill effluent with 80AC, 
80AP, 80A1EC, 80A3EC, 80A1SC and 80A3SC flocculants, in optimized conditions of pH (pH 3) and 

concentration (78 mg/L for 80AC, 80A1EC and 80A3EC, and 53 mg/L for 80AP, 80A1SC and 80A3SC). 

 

Analysing the overall results of the developed anionic polyelectrolytes, terpolymer 80A1SC 

proved to be the one with better performance, achieving 87% turbidity reduction with 53 

mg/L of concentration, and removing COD and total solids in 43% and 30%, respectively. 

Furthermore, this polyelectrolyte also reduces 82% turbidity with 27 mg/L of concentration.  
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3. DAIRY INDUSTRY EFFLUENT 

3.1. Procedure to evaluate flocculation performance  

For detailed description of flocculation performance procedure, see Section 2.1 of the present 

Chapter.  

 

3.2.    Initial wastewater characterization 

The characteristics of the dairy effluent sample used in the flocculation tests are summarized 

in Table 5.2. The sample was supplied by the company Lactogal Produtos Alimentares S.A. 

(Portugal). All the flocculation tests were performed using this wastewater sample. 

 

Table 5.2 Characteristics of dairy effluent sample tested before any treatment. 

Parameter Values 

pH 11.7 

COD (gO2/L) 3.3 

Total solids (g/L) 6.2 

Turbidity (NTU) 680 

 

The zeta potential distribution for the initial effluent, after adjustment for the three pH values 

used, was determined and is presented in Figure 5.13. Zeta potential values obtained are 

relative to the surface charge of the impurities particles present in the effluent, which can vary 

according with the pH of the medium. Regarding the acidic conditions tested, for pH 3, a 

distribution from -40 to 15 mV was observed, with a median value of -13 mV, while for pH 5 

a distribution from -25 mV to 10 mV was acquired, with a median value of -7 mV. At pH 10, 

the closest to the initial effluent pH, a mainly negative distribution was detected, with a 

median value of -19 mV, ranging from -35 to -4 mV, proving the stability of the effluent, 

induced by the repulsion of charges.  
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Figure 5.13 Zeta potential distribution for the dairy industry effluent at pH 3, 5 and 10. 

 

3.3. Results and discussion 

Cationic polyelectrolytes were applied as flocculants in the treatment of the real effluent from 

dairy industry. Considering the zeta potential distribution for the pH values tested (see Figure 

5.13), it was indicated that positively charged polyelectrolytes would promote flocculation, 

since particles in the effluent presented mostly negatively charged surfaces. Performance tests 

were conducted using several polymer concentrations, from 0-104 mg/L for three different 

pHs, 3, 5 and 10 (Figure 5.14 and Figure 5.15). The best results were obtained adjusting the 

pH to 5, which, by itself, provided a slight destabilization of the effluent, though not reducing 

turbidity noticeably. Modifying the pH of the effluent to other values (3 or 10) decreased the 

turbidity around 20%, however addition of flocculant did not produce any further turbidity 

reduction. In general, flocculants with higher cationic fraction (60 series) presented better 

results in turbidity reduction. In this case, hydrophobic modification improved the 

performance (60M1SC and 60M2SC), however in the case the of higher hydrophobic content 

(60M2SC) this improvement was verified using lower dosages of flocculant and not so much 

in the maximum turbidity reduction, which was lower than using the polyelectrolytes with less 

hydrophobic content (60M1SC), and even lower than the corresponding copolymer 60MC. 

The terpolymer 60M1SC was the best flocculant, achieving 84% of turbidity reduction with a 

polymer concentration of 53 mg/L. On the other hand, polyelectrolytes with lower cationic 

faction (25 series) revealed very poor performance, with a maximum turbidity reduction 

reached of 39% with 25MC, suggesting that the amount of positive charges was not enough to 

induce flocculation efficiently. Indeed, the addition of hydrophobicity proved to be inefficient 
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in this charge density level, even reducing the effectiveness in the case of (25M1SC), with 

lower content of hydrophobic monomer. Furthermore, comparing the polymers produced 

with different synthesis formulations (MC and MP series), a higher turbidity reductions were 

achieved using Carnation as organic phase in the health-friendly formulation (MC series).   

 

 

Figure 5.14 Turbidity reduction curves for the industrial dairy effluent treated by cationic copolymers Poly(AAm-
MAPTAC): 25MC, 25MP, 60MC and 60MP, at three different pHs. 
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Figure 5.15 Turbidity reduction curves for the industrial dairy effluent treated by cationic terpolymers Poly(AAm-
MAPTAC-SMA): 25M1SC, 25M2SC, 60M1SC and 60M2SC, at three different pHs. 
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hydrophobically modified terpolymers, a better performance was obtained using the 60M1SC 
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Figure 5.16 Turbidity reduction curves for the industrial dairy effluent treated by a reference cationic polymer, 
AplineFloc DHMW, at various pHs. 
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length in the flocculation process, and the polymer comprising a dodecyl group (12 methylene 

groups, similar to LMA) also presented inferior performance, requiring a higher dosage, when 

compared with the other hydrophobically modified polymers, comprising shorter chain 

lengths. The authors suggested a relation with molecular weight, which is lower for 

polyelectrolytes with larger hydrophobic chain lengths. In the case of the polyelectrolytes 

developed in the present work, in general, the ones comprising LMA also present lower 

molecular weight values when compared with the ones comprising EA (shorter hydrophobic 

chain length than LMA), which can explain the worse performance of the terpolymers 

containing LMA (see Table 4.6 in Section 3.2. of Chapter 4). However, when comparing with 

the polyelectrolytes comprising SMA (larger hydrophobic chain length than LMA), these ones 

show better performance and present lower molecular weight values. Still, as referred in 

Chapter 4, the polyelectrolytes comprising SMA exhibit higher zeta potential values (see Table 

4.6 in Section 3.2. of Chapter 4), which can possibly explain their superior performance.  

For the 50 series, the presence of hydrophobicity improves the performance in flocculation in 

most of the cases (as mentioned previously with exception for polyelectrolyte 50A1LC), 

considering the maximum reduction of turbidity. For 80 series, increasing the amount of the 

hydrophobic monomer did not show significant effect in improving the turbidity reduction, 

with exception for the terpolymer 80A3SC, where the efficacy with the lower dosage (13 

mg/L) increased and lead to a turbidity reduction of about 88%. In addition, analysis of 

Poly(AAm-Na-AMPS) copolymers suggests that charge density has more influence in the 

flocculation performance than molecular weight, for this specific effluent, since the copolymer 

50AP presents a much higher molecular weight than 80AC and 80AP (see Table 4.6 in Section 

3.2 of Chapter 4), but 80AC and 80AP show better performances. Thus, when introducing the 

hydrophobic monomer, performance of the 50 series is improved, in relation with the 

corresponding copolymer, however still not better than the 80 series copolymers, since the 

charge density is not high enough. Finally, the higher reductions of turbidity were achieved 

with flocculants 80AC (93% turbidity reduction), 80A1EC (90%), 80A3EC (90%), 80A1SC 

(91%) and 80A3SC (95%), always for pH 5 and dosage of 53 mg/L.   

Observing the zeta potential distribution plot (Figure 5.13) and comparing it with the turbidity 

reduction results, it is possible to see that for the pHs that show zeta potential distribution in 

both negative and positive regions (3 and 5), anionic flocculants promote reasonable or very 

good flocculation. However, at pH 10, which leads to a zeta potential distribution only in the 

negative region, very poor performances were observed. This suggests that anionic flocculants 

are suitable for this specific effluent.   
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Comparing the turbidity reduction results with reported literature reveal that much lower 

polymer concentration is needed, when using the novel developed polyelectrolytes, to achieve 

the same efficiencies174,179. The majority of the literature is based on inorganic coagulants, 

however the use of organic flocculants requires lower amount of treatment agent, which 

generates less volume of sludge and ready for disposal after simple treatment, reducing the 

overall treatment cost. These benefits are even more notorious for the novel polyelectrolytes 

obtained in the present work, as was also noted previously.  

 

 

Figure 5.17 Turbidity removal curves for dairy industry effluent treated by anionic copolymers Poly(AAm-Na-
AMPS): 50AC, 80AC, 50AP and 80AP, at various pH.  
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Figure 5.18 Turbidity removal curves for dairy industry effluent treated by anionic terpolymers Poly(AAm-Na-
AMPS-EA): 50A1EC, 50A3EC, 80A1EC and 80A3EC, at various pH. 

 

 

Figure 5.19 Turbidity removal curves for dairy industry effluent treated by anionic terpolymers Poly(AAm-Na-
AMPS-LMA): 50A1LC, 50A3LC, 80A1LC and 80A3LC, at various pH. 
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Figure 5.20 Turbidity removal curves for dairy industry effluent treated by anionic terpolymers Poly(AAm-Na-
AMPS-SMA): 50A1SC, 50A3SC, 80A1SC and 80A3SC, at various pH. 
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Figure 5.21 Turbidity removal curves for dairy industry effluent treated by anionic reference polymer, AlpineFloc 
Z1, at various pH.  

 

For the terpolymers that presented best performance in turbidity reduction, as well as the 

reference polymer and corresponding copolymer, COD and total solids removals efficiency 

was tested for optimum conditions of pH and dosage (Figure 5.22). The COD removal was 

obtained in the range of 40-45%, considerably close to the values reported in literature for 

similar processes165,175,179,180, while total solids removals was in the range of 55-57% removal. 

Considering overall results, flocculant 80A3SC seems to be the polyelectrolyte that performs 

the best in treatment of dairy industry effluent (higher turbidity reduction with a low dosage, 

and high COD and total solids removals). 

 

 

Figure 5.22 COD and total solids removal for treatment of dairy industry effluent with 50AC, 80AC, 80A1EC, 
80A3EC, 80A1SC, 80A3SC and AlpineFloc Z1, in optimized conditions of pH (pH 5) and concentration (78 
mg/L for 50AC, 53 mg/L for 80AC, 80A1EC, 80A3EC, 80A1SC and 80A3SC, and 27 mg/L for AlpineFloc 
Z1). 
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When the flocculation tests were performed, the first indication of flocculation was the visual 

observations. As soon as the lowest dosage was added, flocs formation was immediately 

observed. Figure 5.23 shows photographs of the dairy effluent before (a) and after the 

treatment with flocculants 80AC (b), 80A3EC (c) and 80A3SC (d) in the optimum conditions. 

It is possible to see a clear reduction of turbidity, as well as strong and compact flocs 

aggregation, which settled quickly when the mixing was stopped.    

 

 

Figure 5.23 Initial dairy effluent (a) and effluent after treatment with flocculants 80AC (b), 80A3EC (c) and 
80A3SC (d), in optimized conditions of pH (pH 5) and concentration (53 mg/L for 80AC, 80A3EC and 
80A3SC). 

 

Therefore, results obtained for cationic and anionic flocculants applied in the flocculation of 

dairy effluent indicate that anionic polyelectrolytes with higher charged fraction (80 series) 

have superior performance in the treatment process, leading to the higher maximum turbidity 

reductions (above 90%), using concentrations of approximately 53 mg/L. Moreover, the 

better conditions of treatment suggest an ideal adjustment of the pH of the effluent to a value 

of 5. The hydrophobic modification improved flocculation performance, especially when 

using the monomer with larger hydrophobic aliphatic chain (SMA), however not that 

significantly, since the corresponding copolymer (80AC) already presented very good turbidity 

reductions. It is worth noting that some anionic flocculants reached turbidity reductions above 

90% with concentrations around 27 mg/L and without addition of any aids. These 

polyelectrolytes revealed as well superior performance than the reference polymer tested. 

  

(a)                           (b)                            (c)                              (d)
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4. POTATO CRISPS MANUFACTURING INDUSTRY EFFLUENT 

4.1. Procedure to evaluate flocculation performance  

For detailed description of flocculation performance procedure, see Section 2.1 of the present 

Chapter.  

 

4.2.    Initial wastewater characterization 

The characteristics of the industrial potato crisps manufacturing effluent sample used in the 

flocculation tests (supplied by Aventech Group, Portugal) are summarized in Table 5.3. The 

effluent presents high turbidity, COD and solids content, what makes it a challenging effluent 

for treatment. All the flocculation tests were performed using this wastewater sample. 

 

Table 5.3 Characteristics of the industrial potato crisps manufacturing effluent tested before any treatment. 

Parameter Values 

pH 12.8 

COD (gO2/L) 21.6 

Total solids (g/L) 9.7 

Turbidity (NTU) 3050 

 

Zeta potential distribution for the initial effluent after adjustment for the three pH values used 

was determined and is presented in Figure 5.24. For all pHs, the effluent always presents 

negatively and positively charged particles, even if for pH 10 the effluent presents a higher 

proportion of particles with negatively charged surfaces, which may justify the stability of the 

initial effluent sample. The median values of zeta potential were 6 mV, -5 mV and -14 mV, for 

pH 3, 6 and 10, respectively. In general, the zeta potential values obtained in different pHs for 

this effluent are lower than the values obtained for the effluents from olive oil mill or dairy 

industries.  
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Figure 5.24 Zeta potential distribution for potato crisps manufacturing effluent at pH 3, 6 and 10. 

 

4.3. Results and discussion 

Industrial potato crisps manufacturing effluent was also used to test the developed cationic 

polyelectrolytes as flocculation agents. Modifying the effluent pH to a value of 6 promoted a 

higher destabilization of the effluent (median zeta potential of -5 mV), which only by itself 

reduced turbidity around 35%. At this pH there is heterogeneity in the surface charge of the 

effluent particles (Figure 5.24), however a large part still possess negatively charge surface, 

suggesting a possible good performance of cationic polyelectrolytes in promoting flocculation. 

Performance tests were conducted for three different pHs (3, 6 and 10), for flocculant dosages 

varying from 0-104 mg/L. Using pHs of 3 and 10, very minimal water clarification was 

observed, even after addition of flocculant dosages above 100 mg/L. Using the optimum pH, 

the highest extent turbidity reduction were achieved using higher cationic fraction polymers 

(60 series). Specifically, the copolymer 60MC conducted to 98% of turbidity reduction at a 

concentration of 27 mg/L. Hydrophobic modification did not show an improvement of 

performance, possibly due to the already very high efficiency of the copolymers (see Figure 

5.26). Moreover, lower and higher hydrophobic content did not present significant differences 

in turbidity reduction.  

Lower cationic fraction polyelectrolytes (25 series) proved not be as efficient as the higher 

cationic fraction ones (60 series), proving that higher amount of positive charges in the 

polymer chain can promote more interaction with the impurity particles of the effluent. Still, it 

was possible to reduce turbidity in 98% with a higher dosage of 78 mg/L using the flocculant 

25MC. Again, adding a hydrophobic monomer did not improve the removal efficiency. 
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Regarding the different formulations used in the polyelectrolytes synthesis (see Figure 5.25), 

polymers developed using Carnation as organic phase (MC series) proved to be more efficient 

than polymers developed using Puresyn4 (MP series), not only in terms of maximum turbidity 

reduction achieved, but also concerning the dosage needed to reach the same efficiency.  

   

 

Figure 5.25 Turbidity reduction curves for the industrial potato crisps manufacturing effluent treated by cationic 
copolymers Poly(AAm-MAPTAC): 25MC, 25MP, 60MC and 60MP, at three different pHs. 
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Figure 5.26 Turbidity reduction curves for the industrial potato crisps manufacturing effluent treated by cationic 
terpolymers Poly(AAm-MAPTAC-SMA): 25M1SC, 25M2SC, 60M1SC and 60M2SC, at three different pHs. 
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Figure 5.27 Turbidity reduction curves for the industrial potato crisps manufacturing effluent treated by reference 
cationic polymer, AplineFloc DHMW, at various pHs. 

 

The evaluation of the polyelectrolytes’ efficiency in wastewater treatment was also accessed for 

other parameters, such as the COD and total solids removals. This was carried for the 

flocculants that showed best performance in turbidity reduction, namely copolymers 60MC 

and 60MP, as well as the commercial reference AlpineFloc BHMW (Figure 5.28). Both 

copolymers 60MC and 60MP performed very well in COD removal, at approximately 90%, 

showing a similar efficiency to the one obtained with the reference AlpineFloc DHMW. 

Regarding total solids, copolymer 60MC performed slightly better, reaching 53% removal.  

 

 

Figure 5.28 COD and total solids removal after the treatment of the industrial potato crisps manufacturing 
effluent with cationic flocculants 60MC, 60MP and AlpineFloc DHMW, in optimized conditions of pH (pH 6) 
and concentration (27 mg/L for 60MC and 53 mg/L for 60MP and AlpineFloc DHMW). 
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turbidity removal is similar and very high (above 97%) in both cases, as previously presented. 

Flocs structure suggests strong and heavy flocs that settle fast (in few seconds).  

 

 

Figure 5.29 Initial potato crisps manufacturing effluent (a) and effluent after treatment with flocculants 60MC (b) 
and 60MP (c), in optimized conditions of pH (pH 6) and concentration (27 mg/L for 60MC and 53 mg/L for 

60MP). 

 

As mentioned in Section 4.2. of the present Chapter, the effluent presents a broad zeta 

potential distribution, in both positive and negative regions, at optimum pH of treatment, 

suggesting the suitability of using also anionic polymers on its treatment. Results for the 

turbidity removal with developed anionic flocculants at pH 3, 6 and 10 are presented in Figure 

5.30 to Figure 5.33. For this effluent, anionic copolymers show already very high turbidity 

reduction, with values above 97% at concentrations below 60 mg/L for the optimum pH (pH 

6) and for both anionic fractions (50 and 80 series). With these results, evaluation of the 

hydrophobic effect of terpolymers may be difficult. However, looking at performances of 

hydrophobically modified terpolymers, there is a reduction of efficacy with the increase of the 

number of methylene groups in the aliphatic chain, more visible in the 50 series. Flocculants 

with presence of the SMA monomer (higher number of methylene groups) results in less 

turbidity reductions, indicating that hydrophobicity is not beneficial for this specific effluent. 

Moreover, this decrease of performance is more notorious when the content of this 

hydrophobic monomer increases.  

Considering that introduction of hydrophobicity was beneficial in the flocculation of the other 

two effluents tested, these observations suggest that the hydrophobicity benefit may be 

dependent on the triglyceride composition in the wastewater. The effluent from potato crisps 

manufacturing industry likely has a much higher content in polyunsaturated fats, resulting 

from the crisps frying process, than olive oil or dairy effluents, indicating that introduction of 

hydrophobicity is more beneficial when there is higher content of monounsaturated or 

saturated fats, triglycerides expected to be present in higher content in olive oil and dairy 

wastewaters. 

(a)                        (b)                        (c) 
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In summary, best performances were achieved with flocculants 50AC (97% turbidity 

reduction at 27mg/L dosage), 50AP (97% at 27 mg/L), 50A1EC (97% at 13 mg/L), 50A3EC 

(97% at 27 mg/L), 50A1LC (98% at 53 mg/L) and 50A3LC (98% at 27 mg/L). In general, 

polymers with a higher molecular weight and medium charge density, which favors the 

bridging mechanism. Flocculation using polyelectrolytes with high molecular weight and 

medium charge density promotes the bridging effect, since the polymer chain adsorbs on the 

effluent particles surface and extends enough to interact with several particles. In addition, it is 

worth to note that the 50 series polyelectrolytes may have lower production costs, when 

compared with the 80 series, since the charged fraction is lower. In the case of this specific 

effluent, there is no previous flocculation results reported in literature for comparison. 

However, the obtained results in this study are quite promising, encouraging the use of this 

treatment process in the referred effluent.   

In general, and looking at the turbidity reduction efficiencies, this effluent does not seem to 

need very sophisticated polymer structures to induce flocculation. This indicates that the 

effluent may not have a very stable composition, and it can be destabilized easily with the 

addition of a charged polyelectrolyte.  

At pH 3 there is also significant turbidity removals for most of the polymers studied, since 

zeta potential distribution indicate a large amount of positively charged particles, however not 

as efficient as at pH 6 due to the initial destabilization of the effluent particles observed at this 

specific pH. On the other hand, at pH 10 substantial reductions are only observed with the 80 

series flocculants. At this pH the range of zeta potential is even larger, -58 to 28 mV, 

suggesting that it is necessary higher charge density to induce flocculation. Furthermore, for 

the copolymers Poly(AAm-Na-AMPS), a similar behavior was observed  for polyelectrolytes 

developed with Carnation (an iso-paraffin) or Puresyn4 (an hydrogenated polydecene), 

suggesting that the oil in the synthesis formulation does not affect the flocculation 

performance, and thus Carnation is a better choice since it is more economic.  
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Figure 5.30 Turbidity removal curves for potato crisps manufacturing industry effluent treated by anionic 
copolymers Poly(AAm-Na-AMPS): 50AC, 80AC, 50AP and 80AP, at various pH. 

 

 

Figure 5.31 Turbidity removal curves for potato crisps manufacturing industry effluent treated by anionic 
terpolymers Poly(AAm-Na-AMPS-EA): 50A1EC, 50A3EC, 80A1EC and 80A3EC, at various pH. 
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Figure 5.32 Turbidity removal curves for potato crisps manufacturing industry effluent treated by anionic 
terpolymers Poly(AAm-Na-AMPS-LMA): 50A1LC, 50A3LC, 80A1LC and 80A3LC, at various pH. 

 

 

Figure 5.33 Turbidity removal curves for potato crisps manufacturing industry effluent treated by anionic 
terpolymers Poly(AAm-Na-AMPS-SMA): 50A1SC, 50A3SC, 80A1SC and 80A3SC, at various pH. 
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 A reference anionic polymer AlpineFloc Z1, which has similar charge density to the 50 series 

of polymers developed, was also tested in this effluent (Figure 5.34). The turbidity reduction 

profile obtained was noticeably different from the profiles for the developed flocculants 

(Figure 5.30 to Figure 5.33). Looking at low dosages of polymer, AlpineFloc Z1 presented 

better results at pH 10 than at pH 5, optimum pH for the novel developed polyelectrolytes. 

Still, the removal was much lower than the maximum removal achieved with the developed 

polyelectrolytes at low dosages, around 80% for 27 mg/L. However, at higher dosages, pH 6 

allows to reach higher turbidity reduction, 97% at 104 mg/L concentration. Nevertheless, the 

performance was inferior to the one of the developed polyelectrolytes, where it was possible 

to reach 98% turbidity reduction with 27 mg/L of 50A3LC.  

 

 

Figure 5.34 Turbidity removal curves of potato crisps manufacturing industry effluent treated by reference 
anionic polymer, AlpineFloc Z1, at various pH.  

 

For terpolymers that presented best performance in turbidity reduction, and corresponding 

copolymers, COD and total solids removals efficiency were tested (Figure 5.35). COD was 

initially considerably high in this effluent, and the removal efficiency was always above 90%, 

for all the conditions shown in Figure 5.35. Total solids removal was around 50-55%. Both 

COD and total solids removals, using the developed polyelectrolytes, was similar to the values 

obtained with the reference polymers, even if the last one required a higher dosage.  

In general, for this specific effluent it was possible to reduce the COD value in much higher 

extent than for the other two effluents tested, however this effluent also presented an initial 

value of COD much higher than the other ones.  
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Figure 5.35 COD and total solids removal for the treatment of potato crisps manufacturing industry effluent with 
anionic flocculants 50AC, 50AP, 50A1EC, 50A3EC, 50A1LC, 50A3LC and AlpineFloc Z1, in optimized 
conditions of pH (pH 6) and concentration (13 mg/L for 50A1EC, 27 mg/L for 50AC, 50AP, 50A3EC and 
50A3LC, 53 mg/L for 50A1LC and 104 mg/L for AlpineFloc Z1). 

. 

Analysing Figure 5.36, it is possible to visualize the flocs appearance after the treatment of the 

potato crisps manufacturing effluent (a) with the flocculants 50AC (b), 50AP (c), 50A3EC (d) 

and 50A3LC (e).  A clear separation of the solid and liquid phases is noticeable, along with 

strong and large flocs.    

 

 

Figure 5.36 Initial potato crisps manufacturing effluent (a) and effluent after treatment with anionic flocculants 
50AC (b), 50AP (c) 50A3EC (d) and 50A3LC (e), in optimized conditions of pH (pH 6) and concentration (27 
mg/L for 50AC, 50AP, 50A3EC and 50A3LC). 

 

The results achieved for cationic and anionic polyelectrolytes, applied in the treatment of 

potato crisps manufacturing effluent by flocculation, show turbidity reduction, reaching 98% 

reduction with dosages as low as 27 mg/L. In fact, anionic copolymers with lower charged 

fraction (50 series) have shown even superior performance in the treatment process, leading to 

turbidity reductions above 95% using concentrations of 13 mg/L. Considering these data, 

higher charged fraction would not be necessary, nor would the addition of coagulants. The 

hydrophobically modified polyelectrolytes using the monomer with shorter hydrophobic 

aliphatic chain (EA) also presented very promising results, however considering the success of 
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the copolymers (50AC and 80AC), this modification may not be necessary, since it would 

correspond to an increase of cost. These polyelectrolytes also revealed considerably higher 

performance than the reference polymer presented. Lastly, the suitable conditions of 

treatment suggest an ideal pH of 6 for both cationic and anionic flocculants.  

 

 

  



5. Conclusions 

139 

5. CONCLUSIONS 

Flocculation is one of the most widely used solid-liquid separation method for removal of 

suspended and dissolved particles, colloids and organic matter from industrial effluents, due to 

its high efficiency with low dosage and easy handling.  

The polymers developed shown to be suitable for the flocculation of olive oil mill, dairy and 

potato chips manufacturing effluents. For all cases it was possible to achieve turbidity 

reductions above 90% with polymer dosages below 60 mg/L. Moreover, COD and total 

solids removals also showed good results, between 45-92% and 37-56%, respectively, for the 

best conditions. Hydrophobic-modification presented benefits in the treatment efficacy, 

although using lower hydrophobic content (1 mol%) proved to be more favourable. 

Specifically, cationic flocculants with higher cationic fraction (60 series with around 41-47 

wt% charged fraction) demonstrated higher suitability for olive oil mill effluent, while anionic 

flocculants, with higher anionic fraction (80 series with around 57-68 wt% charged fraction) 

and lower anionic fraction (50 series with around 39-42 wt% charged fraction), performed 

better for dairy and potato crisps manufacturing effluent, respectively.  

In general, polyelectrolytes produced using the oil Carnation as organic phase led to superior 

performances in the turbidity reduction. Although the molecular weight and zeta potential of 

the polyelectrolytes developed using Puresyn4 are higher, their performance is slightly inferior 

in most of the cases. There are few possible explanations for this evidence, including the 

inverting surfactant used that may be slightly less efficient in the inverse-emulsions containing 

Puresyn4, or the lower density and larger hydrocarbon chains of the oil Puresyn4, when 

compared with Carnation oil, that affect its solubility, though it was not yet possible to prove 

any of these hypothesis, which will require additional studies in the future. 

A bridging mechanism was the predominant effect in the flocculation process, mainly due to 

the high molecular weight of the flocculants. However, in some cases where the effluent is 

mainly positive or negatively charged, a combination of the mechanisms of charge 

neutralization and bridging can occur. In general, it could be qualitatively seen that the flocs 

obtained were large and compact, enabling fast settling (within seconds). This must lead to 

compact sludge easier to handle in further processing. 

It is possible to conclude that the polyelectrolytes developed for direct flocculation of oily 

wastewaters proved to be a highly effective treatment solution for the harsh effluents targeted, 

and also a possible more economical solution, when compared with alternative/standard 
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coagulation-flocculation procedures which use larger amounts of flocculant and thus generate 

high volumes of sludge, expensive to treat. Moreover, in relation with the performances of 

coagulation/flocculation processes presented in literature, considerably lower dosages have to 

be applied using the presented flocculants.  

In the next chapter the flocculation process, including flocculation kinetics, for the potato 

crisps manufacturing effluent, will be analysed in detail to better understand the mechanisms 

involved.  
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1. INTRODUCTION 

In order to investigate how flocs characteristics evolve during the formation process, as well 

as the flocculation kinetics, the floc characteristics can be monitored in-situ using a laser 

diffraction particle size analyser system (LDS). Normally, when there are no particles in 

solution, the light beam moves through the sample without changing its direction, however, 

when there is a particle in the way, the light beam is reflected and/or scattered in general. The 

scattering angle, the angle between the incident and scattered lights, is inversely correlated 

with the particles size, while the number of particles in each size class determines the intensity 

of the scattered light. The information collected regarding the different scattering angles and 

the intensity, results in the scattering matrix, from which the particle size and size distribution 

can be collected using the adequate model231. Light scattering analysis can be static or dynamic, 

though static light scattering is more suitable for the analysis of large particles. Breakage of 

flocs must be taken in consideration when studying flocculation kinetics, as well as the fact 

that the size distribution is often broader than detected by other techniques232.  

It is well reported in the literature that LDS is useful to follow flocculation processes, even if 

most studies refer to model systems233. Rasteiro et al.232,233 presented the application of LDS to 

monitor flocculation in papermaking and to evaluate the flocculation mechanisms in 

flocculation studies of precipitated calcium carbonate. Using LDS it is possible to perform an 

evaluation of the flocculants performance, providing information on floc size distribution, 

average size and aggregate structure described by the fractal dimension (dF) and scattering 

exponent (SE), in a continuous approach234. The fractal dimension provides information 

regarding the primary particles that fill the space in the nominal volume of an aggregate, being 

a useful parameter to characterize the density of the flocs235. However, for secondary 

aggregates, the fractal theory cannot be applied and the scattering exponent is used to obtain 

information regarding the flocs structure, providing information for the larger length scales of 

the large flocs234. Moreover, flocculation can be conducted in controlled hydrodynamic 

conditions that can easily be reproduced in industrial flocculation processes236. 

Besides LDS, other techniques can be used to give information about aggregates size and 

structure, and their evolution with time. Alternative techniques include image analysis and 

focused beam reflectance microscopy (FBRM)231.  

Chakraborti et al.237 described a nonintrusive photographic system coupled with digital image 

processing for in-situ monitoring of aggregates formed by the addition of aluminum sulphate 

to lake water and to a montmorillonite clay suspension. Wågberg et al.238 investigated the use 



Chapter 6 | Flocculation process analysis 

144 

of image analysis as a very efficient technique to study the flocculation of cellulosic fibres. 

Image analysis is probably the most direct measuring technique used, and refers to a process 

which includes image capture and processing in three main steps. Sample preparation and 

image acquisition is the first stage, including a carefully sample preparation and the capture of 

images using a digital camera coupled to a microscope. The image acquisition system can be 

optical, fluorescence, confocal laser scanning or electron microscopy239–241. The second step 

includes the image processing, which includes a set of operations to improve the quality of the 

images, remove the background light differences and reduce the noise. Then, a labelled or 

binary image is obtained, through a segmentation process of the image. The further processing 

includes shape and size operations242. Finally, the last step is where the morphological 

parameters are analysed. Determination of size, shape, composition and structure is then 

accessed. Size and structure parameters are obtained by automatically counting of pixels 

belonging to each object, while the shape is referred to morphological parameters that 

describe the object including its circularity, elongation, roundness, compactness or 

eccentricity242. This technique allows to exclude impurities from the analysis in a high level, 

since the examination is performed for each particle, giving also information about the 

variability in the structure. However, this methodology works better in large and high contrast 

particles243. Also, the statistical representativeness must always be considered, and, to 

guarantee this, the technique is usually very time consuming.  

FBRM was developed in the early 1990s and is a promising technique for real-time monitoring 

of critical performance features in large scale processes, and has been widely used in 

flocculation research. De Clercq et al.244 introduced the FBRM technique for monitoring 

wastewater treatment systems and compared the performance with other techniques. This 

work also proved the capability to evaluate the performance of settling tanks. Blanco et al.24 

presented a study on monitoring flocculation processes in papermaking and floc properties 

analysis using FBRM. Thapa et al.245 demonstrated that FBRM could be used to screen the 

changes in particle population during flocculation of anaerobic digestion with cationic 

polyelectrolytes. FBRM is a technique based on light scattering and no sampling procedure in 

needed. The highly focused beam laser is projected into the suspension and moves around at a 

high speed. When the beam crosses a particles or aggregate, the backward scattering light will 

be collected by an optical photodiode detector246. The particle reflection has a time duration, 

which is multiplied by the scan speed of the beam, calculating a distance known as the chord 

length of a particle. In the case of flocculation studies, the large particles are the ones of 

interest and the mean square weighted chord length distribution must be used24. The key 
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advantages of FBRM over the other techniques are the ability to handle concentrated 

suspensions and its in-situ detection of particle size. However, FBRM is also affected by 

several factors, including the shape of the particles and the solids concentrations, while the 

presence of the probe can affect as well the flow conditions247. Moreover, FBRM fails to 

detect the small particles in the system, having difficulty in following the initial flocculation 

stages236.  

In this chapter, the flocculation process followed continuously by LDS is described for the 

first time for a real industrial effluent. Potato crisps manufacturing industry effluent was 

treated with two cationic polyelectrolytes and twelve anionic polyelectrolytes, being four 

copolymers and eight hydrophobically modified terpolymers, already presented and 

characterized in previous chapters. Results regarding size, structure and strength of the flocs 

were obtained and analysed, and the prevailing flocculation mechanisms are discussed in the 

light of these results. The effect of the incorporation of hydrophobicity at different contents 

onto the efficiency of the flocculation process was also studied. Statistical models that allow to 

correlate flocs size and structure, described by the scattering exponent, with the flocculants 

characteristics and concentration are also presented. The main objective of this chapter is to 

identify the most important characteristics of flocculants and find the combination of factors 

that may be used to better predict the properties of the flocs obtained.  
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2. FLOCCULATION PROCESS MONITORED BY LDS  

2.1. Experimental 

   Materials 2.1.1.

The flocculation tests were carried out on real oily effluent from potato crisps manufacturing 

industry, supplied by Adventech Group (Portugal). Health-friendly synthesized cationic and 

anionic polyelectrolytes, the co- and terpolymers Poly(AAm-MAPTAC), Poly(AAm-Na-

AMPS), Poly(AAm-Na-AMPS-EA) and Poly(AAm-Na-AMPS-LMA), fully described, 

characterized and tested as flocculants in previous chapters, were used for the flocculation 

experiments. Flocculant solutions were prepared with distilled water at 0.4 wt%. In order to 

guarantee the effectiveness of the flocculants, the diluted solutions must be prepared every 

day. 

 

 Flocculation tests 2.1.2.

LDS was used to monitor the flocculation process in slight turbulent conditions and supplies 

information about the flocculation kinetics and, simultaneously, on the evolution with time of 

the floc structure according to previous studies233,236. The tests were conducted in a Malvern 

Masterziser 2000 (Malvern Instruments). Effluent sample of 200-mL was added to 600 mL of 

distilled water in the equipment beaker, and the pH was maintained at a value of 6 using 

hydrochloric acid. Dilution was required to ensure an acceptable level of obscuration, which 

was initially below 80%, to guarantee that during the flocculation process obscuration value 

was always above 5%, as suggested by Rasteiro et al.233. The measurements of the initial 

effluent were carried out at a stirring speed of 2000 rpm. The flocculant was added after the 

first particle size acquisition of initial effluent at pH 6, as to obtain overall concentrations of 

the flocculant in the system of 3.3, 6.5 and 13 mg/L, according with the turbidity tests 

presented previously. Considering that, in most of the turbidity tests performed, the lowest 

concentration used (13 mg/L) conducted to very high turbidity reductions, thus only this 

concentration and lower concentrations than this one were selected for these experiments, in 

order to see considerable differences in floc sizes, and try to understand the presence of 

different and eventually complementary flocculation mechanisms. Moreover, economic 

consideration led also to the selection of concentration of 13 mg/L as the basis concentration 

for the LDS tests. The predetermined amount of flocculant solution was added at once to the 

effluent. After that, during the entire flocculation process, the flocculation vessel was stirred 
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mechanically using the sample unit of the Malvern Mastersizer 2000 at a stirring speed of 300 

rpm to avoid floc breakage but still guaranteeing that floc sedimentation was not occurring. 

Different stirring speeds were tested for this step, from 200 to 900 rpm, however 300 rpm was 

found to be the optimized speed allowing the largest floc size, while ensuring that flocs were 

successfully circulating in the system (see Figure 6.1). For 200 rpm the flocs were settling in 

the vessel and could not be pumped homogenously to the measuring cell. The size of the flocs 

was measured every 36 sec for a period of 6.6 min. The reported values of the median particle 

size (d(0.5)) represent an average of at least three measurements, provided by the equipment. 

Error bars are not shown to avoid confused graphs.  

 

 

Figure 6.1 Representation of the flocs size distribution for the stirring speed test, using 13 mg/L of the 
polyelectrolyte 60MC.   

 

Moreover, the scattering exponent of the flocs was calculated at the end of the flocculation 

process, from the scattering matrix obtained by LDS. This scattering exponent provides 

information about floc structure and is determined from the scattering pattern, corresponding 

to scattering at large length scales, considering that we are dealing with large and quite open 

aggregates94. From the scattering matrix obtained by LDS, it is possible to plot, in logarithmic 

scale, the scattering intensity versus q, and the slope of the first region of the plot is related to 

the SE (see Figure 6.2). The complete data is available in Appendix C, Figure C.1 to C.14. The 

q value is defined by the following equation (6-1):    
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𝑞 =
4𝜋𝑛0

𝜆0
sin(𝜃/2)                                                (6-1) 

 

where n0 is the refractive index of the dispersion medium, θ is the scattering angle and λ0 is the 

incident light wavelength. The scattering matrix is exported through the Malvern software to 

an excel spreadsheet and the data is then processed, offline, for each acquisition, in order to 

obtain the scattering exponents.  

 

 

Figure 6.2 Example of the plot of scattering intensity versus q, with identification of the first and second regions. 

 

2.2. Results and discussion  

The chosen polyelectrolytes have different characteristics, as proved in previous chapters, 

which will allow to observe differences in the flocculation process.  

An example of the particle size distribution of the initial effluent, the effluent with pH 6 

adjusted and the effluent at the end of the flocculation process are shown in Figure 6.3, for 

treatment with the terpolymer 80A3EC. The particle size distribution evolves from a bimodal 

to monomodal distribution, being displaced, with time, towards higher particle sizes, as 

expected. The median size of the particles in the initial effluent, measured by laser diffraction 

spectroscopy, was 39 µm, while after the pH adjustment it was 22 µm due to the effluent 

destabilization. Addition of flocculant increased drastically the median size of the particles. 

Specifically, adding a dosage of 80A3EC around 13 mg/L, increased the median particle size 

to a value of 514 µm.  
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Figure 6.3 Particle size distribution of the initial effluent, pH 6 adjusted effluent and floc size distribution at the 
end of the flocculation with terpolymer 80A3EC, for the optimum dosage concentration (13 mg/L). 

 

As referred, industrial effluent flocculation was monitored by measuring the aggregate size 

over time using the LDS technique. Figure 6.4 to Figure 6.7 provide representation of the 

evolution of average particle size over time, obtained by laser diffraction spectroscopy for the 

cationic (60MC and 60MP) and anionic (50AC, 80AC, 50AP, 80AP, 50A1EC, 50A3EC, 

80A1EC, 80A3EC, 50A1LC, 50A3LC, 80A1LC and 80A3LC) polyelectrolytes tested, for 

three different polymer concentrations (3.3, 6.5 and 13 mg/L). The trend in these curves is, in 

general, similar for all the cases tested. The average floc sizes reach their maximum within 2 

min after flocculant addition and then stabilize, without any apparent aggregate 

reconformation234. Considering the instability of the flocs size over the time of flocculation, 

for some of the systems tested it is possible to conclude that flocs are considerably large and 

sensitive to the turbulent environment. Flocs break due to some turbulence but re-aggregate 

easily, without apparent re-conformation. When equilibrium between breakage and re-

aggregation is reached, the floc size stabilizes. The dosage of the polymers tested the let to 

higher flocs size was always 13 mg/L, the highest concentration used in this study. Using 

lower concentration always resulted in smaller floc sizes. Additionally, the health-friendly 

formulation used to synthesize the polyelectrolytes seems not to have influence in the flocs 

produced (compare 60MC and 60MP, 50AC and 50AP, and 80AC and 80AP). 

Use of cationic flocculants lead to significantly larger flocs, likely due to the higher amount of 

negatively charged effluent particles present at pH 6 (see Figure 5.24 in Section 4.2. of Chapter 

5). Moreover, for these cationic flocculants the influence of concentration is more 
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pronounced, since low dosages will only be able to bridge few particles as the polymers 

charges are easily used up, bridging must be the main flocculation mechanism for these 

polymers. Apparently, from Figure 6.4, it is obvious that the synthesis medium (Carnation or 

Puresyn4), has no influence on the kinetic curves and flocs size obtained, in the case of the 

cationic polymers, as was expected also due to the similar molecular weight and zeta potential 

of these polyelectrolytes (see Table 4.3 in Section 2.2. of Chapter 4).  

 

 

Figure 6.4 Evolution of average particle size (d50) over time obtained via LDS for three different flocculant 
dosages for copolymers 60MC and 60MP. 

 

Regarding the kinetics of the flocculation process induced by the anionic polyelectrolytes 

(Figure 6.5 to Figure 6.7), lower median flocs size range was obtained, when compared with 

the flocs obtained using the cationic polyelectrolytes (Figure 6.4). Looking closer into the 

kinetic plots for the 13 mg/L concentration, it can, in general, be observed a floc size decrease 

after reaching a maximum size. This can be a consequence of the breakage of flocs by the 

hydrodynamic forces resulting from mixing, since the particles do appear to re-flocculate 

following breakage without significant restructuring, which would lead to a much more 

accentuated decrease of size236. However, for lower concentrations of polymer, this behavior is 

less pronounced and the floc sizes are smaller and more stable over time, confirming, as 

expected, that larger flocs are more sensitive to hydrodynamic forces.  

In most of the cases, the floc size obtained using 3.3 and 6.5 mg/L of flocculant are similar, 

although always smaller than with 13 mg/L, as mentioned previously. Comparing co- and 

terpolymers tested, it can be stated that terpolymers seem to form more sensitive flocs, due to 

the higher instability of the flocs size over time curves (see Figure 6.6 and Figure 6.7), when 

compared with the corresponding copolymers 50Ac and 80AC (see Figure 6.5). 
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Figure 6.5 Evolution of average particle size (d50) over time obtained via LDS for three different flocculant 
dosages for copolymers 50AC, 80AC, 50AP and 80AP. 

 

 

Figure 6.6 Evolution of average particle size (d50) over time obtained via LDS for three different flocculant 
dosages for terpolymers 50A1EC, 50A3EC, 80A1EC and 80A3EC.  
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Figure 6.7 Evolution of average particle size (d50) over time obtained via LDS for three different flocculant 
dosages for terpolymers 50A1LC, 50A3LC, 80A1LC and 80A3LC. 

 

The SE profiles, calculated from the scattering matrix obtained by LDS, were plotted (Figure 

6.8 to Figure 6.11). For all the cases, the scattering exponent increases rapidly at the beginning 

of the flocculation process, when a rapid growth of the floc size occurs. Higher SE values 

mean more compact flocs. As the flocs grow, more particles are integrated within the flocs 

and the SE value increases correspondingly, until it eventually stabilizes within a few minutes. 

Although it was not possible to obtain a value of SE for the initial effluent due to the very 

small size of the particles, a continuous increase of SE is still verified, revealing an increase of 

flocs compactness during flocculation. In general, and comparing with literature201,236, where 

systems of calcium carbonate were used, values of SE for this specific effluent flocculation are 

lower, as a consequence of more porous flocs obtained. These results regarding floc structure 

suggest that the aggregation process takes place mainly by the bridging mechanism, supported 

by the fast flocculation rate, large flocs obtained and by the open floc structure. For both 

anionic and cationic flocculants, a higher polymer concentration leads to more porous flocs. 

Comparing all the polymers, the more porous flocs achieved are the ones obtained with the 

cationic flocculants 60MC and 60MP, which agrees with the much large size of these flocs (see 

Figure 6.4), specially for the highest concentration, as already referred previously. This agrees 

with what has already been referred in literature, larger stabilized flocs, for the same particles, 

being more porous234. It is also obvious that higher charge densities leads to more compact 
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flocs, with higher SE (compare the 60 series with the 80 series in Figure 6.9 to Figure 6.11). 

This is the result of a less extended conformation of the polymer chain on the particles 

surface, when charge density increases87. Additionally, the presence of the hydrophobic 

monomer within the polymer flocculant results in slightly more compact flocs, when 

compared with the relative copolymers, for the same concentration, more notorious in the 

case of the terpolymer 80A3EC, even if these flocs are larger than with the corresponding 

copolymer 80AC (Figure 6.5). This must be a result of a higher affinity of the hydrophobic 

modified polymer to the effluent particles, especially when the EA monomer is used, as 

already referred in Chapter 5. It is also interesting that for the hydrophobically modified 

polymers of the 50 series, polymer concentration seems to have little influence on the flocs 

structure. Apparently, the influence of the presence of hydrophobicity surpasses all the other 

influences (charge density and polymer concentration) becoming the main factor conditioning 

the flocs structure. When charged fraction is higher (80 series), this is no longer true, and there 

is a cumulative influence of charge density and hydrophobicity, and thus concentration plays 

again a stronger role in the flocs structure.  

 

 

Figure 6.8 Evolution of floc structure (SE) for the cationic copolymers 60MC and 60MP, at different 
concentrations. 
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Figure 6.9 Evolution of floc structure (SE) for the anionic copolymers 50AC, 80AC, 50AP and 80AP, at different 
concentrations. 

 

 

Figure 6.10 Evolution of floc structure (SE) for the anionic terpolymers 50A1EC, 50A3EC, 80A1EC and 
80A3EC, at different concentrations. 
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Figure 6.11 Evolution of floc structure (SE) for the anionic terpolymers 50A1LC, 50A3LC, 80A1LC and 
80A3LC, at different concentrations. 
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comparing polyelectrolytes with the same characteristics of hydrophobicity, it is visible a 

tendency where larger flocs are obtained using flocculants with higher charge density for the 

lower concentrations (e.g. compare 50AC with 80AC or 50A1EC and 80A1EC). The 

exception is when comparing 50AP and 80AP, possible due to the much higher molecular 

weight of 50AP. In fact, even if higher charge density usually leads to less extended 

conformation of the polymer chain on the particle surface, which could result in smaller flocs, 

higher charge density polymers also have the ability to aggregate more particles, which can 

result in larger aggregates, unless the polymer concentration approaches the optimum 

concentration. Moreover, higher charge density leads, in general, to more compact flocs, for 

similar polymers, in spite of the larger flocs obtained in this case, confirming the less extended 

conformation of the higher charged polymers (compare, for instance, 50AC with 80AC or 

50A3EC with 80A3EC).   

The flocculation kinetics are largely dependent on the flocculant characteristics and on the 

flocculation mechanism involved233. Bridging is likely the main flocculation mechanism, since 

the polymers charge density varies between 25 and 58 mol% and, for lower charges, more 

extended conformation of the polymer chain is obtained on the effluent particle surface, due 

to the lower number of sites available in the polymer for adsorption, leading to large and more 

open flocs. This is more evident by the analysis of the 50 series of anionic polyelectrolytes. 

The lowest values of SE (very open flocs), correspond to the larger flocs (see Table 6.2). 

 

Table 6.1 Summary of the experimental value of SE after 6 minutes of flocculation for each cationic 
polyelectrolyte applied and maximum floc size for each concentration tested.  

Polymer 

designation  Concentration (mg/L) SE after 6 min Floc size after 6min (µm) 

60MC 3.3 1.17 329 

 6.5 1.05 731 

 13 0.94 1037 

60MP 3.3 1.12 198 

 6.5 1.09 623 

 13 0.96 969 
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Table 6.2 Summary of the experimental value of SE after 6 minutes of flocculation for each anionic 

polyelectrolyte and maximum floc size for each concentration tested.  

Polymer 

designation Concentration (mg/L) SE after 6 min Floc size after 6min (µm) 

50AC 3.3 1.81 95 

 6.5 1.84 177 

 13 1.69 340 

80AC 3.3 1.68 254 

 6.5 1.62 294 

 13 1.58 352 

50AP 3.3 1.53 330 

 6.5 1.52 359 

 13 1.39 497 

80AP 3.3 1.52 283 

 6.5 1.50 302 

 13 1.44 428 

50A1EC 3.3 1.37 328 

 6.5 1.37 335 

 13 1.35 423 

50A3EC 3.3 1.46 290 

 6.5 1.45 273 

 13 1.43 322 

80A1EC 3.3 1.60 317 

 6.5 1.64 374 

 13 1.46 471 

80A3EC 3.3 1.73 284 

 6.5 1.74 337 

 13 1.65 474 

50A1LC 3.3 1.51 227 

 6.5 1.47 345 

 13 1.5 422 

50A3LC 3.3 1.5 338 

 6.5 1.54 309 

 13 1.53 367 

80A1LC 3.3 1.61 238 

 6.5 1.48 316 

 13 1.64 390 

80A3LC 3.3 1.59 323 

 6.5 1.53 324 

 13 1.61 440 
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In Figure 6.12, median floc size is plotted as a function of hydrophobic content of the 

polymer flocculant (for polyelectrolytes synthesized using the same organic phase 

(Carnation)), which is indicated by the molar ratio of hydrophobic monomer in the 

polyelectrolyte composition. Each polymer series contains a different ratio of hydrophobic 

monomer within the polymer composition (0%, 1% and 3% as indicated previously in Table 

4.4 in Section 3.1.2 of Chapter 4). The hydrophobic content considered is related with the 

amount of hydrophobic monomer introduced in the feed mixture for polymerization, since 

the final amount was only qualitatively and not quantitatively assessed. For each polymer 

series, there is an increase of the maximum floc size with the addition of the lower amount of 

hydrophobic content (1 mol%) to the initially fully hydrophilic composition, which then 

stabilizes or decreases when the hydrophobic content is increased to higher concentrations (3 

mol%). This suggests that the presence of hydrophobicity is favourable for the flocculation 

process, though there is an optimum content that improves the floc size and, above that value, 

the presence of a higher degree of hydrophobicity can be detrimental, in spite of the higher 

molecular weights obtained. This behaviour was also verified by Lee et al.120, and can be 

attributed, for instance, to a more difficult dissolution of the polymer. The improvement of 

flocculation performance in the presence of hydrophobically modified polyelectrolytes was 

already discussed in the literature115,126. The affinity between the hydrophobic part of the 

polymer and the oil droplets in the effluent appears to significantly enhance the treatment 

efficiency, as observed in the present study.  

 

 

Figure 6.12 Floc size after 6 min, for the higher concentration tested (13 mg/L), as function of hydrophobic 
content quantified by the ratio (mol%) of monomer 3 in the polyelectrolyte composition. 
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compact flocs, presenting higher SE values. This can be explained by the higher number of 

charges available to interact with the impurity particles in the oily effluent, as well as by the 

presence of hydrophobicity, which also increases that interaction. Moreover, comparing this 

plot with the plot in Figure 6.12, a clear decrease in SE values with the increase of median floc 

can be observed. This tendency indicates that larger flocs are more open, while smaller flocs 

are more compact, as previously mentioned. 

 

 

Figure 6.13 SE after 6 min, for the higher concentration tested (13 mg/L), as function of hydrophobic content 
quantified by the ratio (mol%) of monomer 3 in the polyelectrolyte composition. 

 

In summary, it is possible to state that the LDS technique allows to differentiate the 

performance of the different polyelectrolytes in the flocculation of the selected effluent, be it 

at the level of the flocs size, flocs structure or flocculation kinetics. Therefore, this make LDS 

a very useful tool to pre-screen polymers for a specific application, in relation with effluents 

treatment processes, taking in to consideration the final target: to obtain large flocs or rather 

to obtain more compact flocs, or still to reach very fast flocculation kinetics, as a function of 

the final process envisaged (filtration, sedimentation, etc.). 
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3. EXPERIMENTAL DESIGN METHODOLOGY  

3.1. Methods 

Ordinary least squares (OLS) regression is a method used in the analysis of linear and non-

linear relations between a response variable and one or more predictor variables. OLS 

regression will compute the values of the model parameters that provide the best fit of the 

observations, in the least squares sense248. Partial least squares (PLS) regression is a statistical 

technique that correlates response and predictor variables through a linear multivariate model. 

PLS is able to deal with highly collinear predictor variables, as well as with noisy or incomplete 

data from both variables. PLS finds the combination of predictors, latent variables, which 

present maximum covariance with the response249. JMP was the program used for both 

regressions250.  

 

3.2. Results and discussion 

In the present study, five predictor variables were considered: charged fraction, hydrophobic 

content, number of methylene groups in the hydrophobic aliphatic chain (Nr of carbons in 

hydrophobic chain), hydrodynamic diameter (Rh) and concentration. Molecular weight was 

not considered, since there is a linear correlation between the molecular weight values and the 

hydrodynamic diameter values (see Appendix C, Figure C.15), thus there is no need to 

overload the model input, as suggested by good practices. The response variables are the 

scattering exponent (SE) and median floc size after 6 min of flocculation (d0.5). A 

combination of variables was applied in each case studied. OLS methodology was the first 

approach used for all the models. However in cases where the OLS estimation face collinearity 

problems, PLS regression was used to stabilise the estimates.  

Table 6.3 summarizes the experimental values used. The main goal of this study is to identify 

the most important variables and evaluate how they influence the final characteristics of the 

produced flocs. Only anionic flocculants were considered, since a little number of data was 

obtained for cationic flocculants in the flocculation process monitoring (see Section 2.2. of the 

present Chapter). The hydrophobic content considered (1 or 3 mol%) was related with the 

amount of hydrophobic monomer introduced in the feed mixture for polymerization, as 

referred previously. Different cases studies were analysed considering different sets of 

polymers, to better evaluate the effect of different parameters such as charge density, 
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hydrophobicity, among others. In the last case studies (cases 5-8) all polymers considered were 

applied to the model simultaneously.  

 

Table 6.3 Summary of the experimental values used for the experimental design methodology.  

Polymer 

designa

-tion  

Hydrophobic 

content 

(%mol) 

Nr of 

carbons in 

hydrophobic 

chain 

Charged 

fraction 

(%wt) 

Rh 

(nm) 

Concentration 

(mg/L) SE  d0.5 

50AC 0 
 

41.5 67 3.3 1.81 95 

50AC 0 
 

41.5 67 6.5 1.84 177 

50AC 0 
 

41.5 67 13 1.69 340 

80AC 0 
 

62.9 72 3.3 1.68 254 

80AC 0 
 

62.9 72 6.5 1.62 294 

80AC 0 
 

62.9 72 13 1.58 352 

50AP 0 
 

41.9 265 3.3 1.53 330 

50AP 0 
 

41.9 265 6.5 1.52 359 

50AP 0 
 

41.9 265 13 1.39 497 

80AP 0 
 

68.1 147 3.3 1.52 283 

80AP 0 
 

68.1 147 6.5 1.5 302 

80AP 0 
 

68.1 147 13 1.44 428 

50A1EC 1 2 39.5 70 3.3 1.37 328 

50A1EC 1 2 39.5 70 6.5 1.37 335 

50A1EC 1 2 39.5 70 13 1.35 423 

50A3EC 3 2 39.7 282 3.3 1.46 290 

50A3EC 3 2 39.7 282 6.5 1.45 273 

50A3EC 3 2 39.7 282 13 1.43 322 

80A1EC 1 2 62.2 143 3.3 1.6 317 

80A1EC 1 2 62.2 143 6.5 1.64 374 

80A1EC 1 2 62.2 143 13 1.46 471 

80A3EC 3 2 61.6 206 3.3 1.73 284 

80A3EC 3 2 61.6 206 6.5 1.74 337 

80A3EC 3 2 61.6 206 13 1.65 474 

50A1LC 1 12 41 129 3.3 1.51 227 

50A1LC 1 12 41 129 6.5 1.47 345 

50A1LC 1 12 41 129 13 1.5 422 
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Table 6.3 (Contd.) 

Polymer 

designa

-tion 

Hydrophobic 

content 

(%mol) 

Nr of 

carbons in 

hydrophobic 

chain 

Charged 

fraction 

(%wt) 

Rh 

(nm) 

Concentration 

(mg/L) SE  d0.5 

50A3LC 3 12 39 209 3.3 1.5 338 

50A3LC 3 12 39 209 6.5 1.54 309 

50A3LC 3 12 39 209 13 1.53 367 

80A1LC 1 12 57 174 3.3 1.61 238 

80A1LC 1 12 57 174 6.5 1.48 316 

80A1LC 1 12 57 174 13 1.64 390 

80A3LC 3 12 63 124 3.3 1.59 323 

80A3LC 3 12 63 124 6.5 1.53 324 

80A3LC 3 12 63 124 13 1.61 440 

 

 Case 1: charged fraction, hydrodynamic diameter and concentration as 3.2.1.

predictor variables and SE as response variable, using OLS regression for 

copolymers 

Table 6.4 presents the summary of the effects. The p-value reflects the significance of the 

effect. The lower the p-value, the more significant the effect is. A p-value below 0.01 (the 

significant level) is considered to be significant.  LogWorth is defined as -log10(p-value). This 

transformation adjusts p-values to provide an appropriate scale. A value that exceeds 2 is 

considered to be highly significant (it corresponds to a p-value<0.01). The bar graph shows the 

LogWorth values and has a blue reference line at 2. Hydrodynamic diameter is the most 

important factor in this case, followed by charged fraction and concentration.  

 

Table 6.4 Effect summary table for case 1. 

 

 

Table 6.5 shows the summary of fit report. RSquare estimates the proportion of variation in 

the dependent variable that is explained by the estimated regression model. An RSquare closer 

to 1 indicates a better fit to the data. An RSquare near 0 indicates that the model is not capable 
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to explain the variation of the response. For this specific case, RSquare is about 0.97, 

suggesting a good fitting ability. Rsquare Adj is the RSquare adjusted for the number of 

parameters in the model. Root Mean Square Error estimates the standard deviation of the 

random error. This quantity is the square root of the Mean Square for Error, available in the 

analysis of variance report (Table 6.6). Mean of response shows the overall mean of the response 

values and Observations gives the number of observations used in the model.  

 

Table 6.5 Summary of fit report for case 1.  

 

 

Table 6.6 is the analysis of variance report. Source lists the three sources of variation: Model, 

Error, and C. Total (corrected total). DF gives the associated degrees of freedom for each 

source of variation. In C. Total, DF is always the number of observations less one. Then, the 

DF value in C. Total is partitioned into degrees of freedom for the Model and Error. The Model 

degrees of freedom is the number of parameters (other than the intercept) used to fit the 

model, and The Error degrees is the difference between the DF in C. Total and the DF in Model. 

Sum of Squares gives the associated sum of squares for each source of variation. The Sum of 

Squares in C. Total is the sum of the squared differences between the response values and the 

sample mean. It represents the total variation in the response values that are expected to be 

explained. The Sum of Squares in Error is the sum of the squared differences between the fitted 

values and the actual values. It represents the variability that remains unexplained by the fitted 

model. The Sum of Squares in Model is the difference between Sum of Squares in C. Total and Sum 

of Squares in Error. It represents the variability explained by the model. Mean Square is the sum 

of squares divided by its corresponding DF. F Ratio shows the model mean square divided by 

the error mean square. The F Ratio is the model mean square divided by the error mean 

square, and represents the test statistic used to decide whether the model as a whole has 

statistically significant predictive capability. Prob>F gives the p-value for the test, which 

indicates a statistically significate model, since the value is below 0.01.  
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Table 6.6 Analysis of variance report for case 1.  

 

 

The parameter estimates report shows the estimates of the model parameters (Table 6.7). 

Estimate gives the parameter estimates for each term. These are the estimates of the model 

coefficients. Std Error represents the standard deviation of the estimated coefficients. t Ratio 

tests whether the true value of the parameter is zero. It corresponds to the Estimate value 

divided by the Std Error, which tells us how large the coefficient is relative to its estimation 

uncertainty. If the uncertainty is large, then its t Ratio will be smaller. Prob>|t| lists the p-value 

for the test where the true parameter value is zero, against the two-sided alternative that it is 

not. VIF presents the variance inflation factor for each term in the model. High VIFs indicate 

a collinearity issue among the terms in the model. This value should be inferior to 5. The VIFs 

values obtained in this case indicate no collinearity issues, suggesting that the regression 

method used is suitable for describing the experimental data. 

 

Table 6.7 Parameter estimates report for case 1. 

 

 

The prediction profiler plots give information about the model tendency (Figure 6.14). It is 

possible to see how the response varies when changing settings of individual factors, set 

desirability goals for the responses, find optimal settings for factors assess the importance of 

factors relative to model predictions in a way that is independent of the model and simulate 

response distribution based on specified distributions for both predictors and responses. The 

purpose of the desirability function methodology is to find operating conditions that ensure 

compliance with the criteria of all the involved responses and, at the same time, to provide the 

best value of compromise in the desirable joint response. 
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Considering the influence of each parameter in the structure of the flocs, SE values decrease 

with the increase of the hydrodynamic diameter and concentration. This result can be 

explained since when there is higher amount of polymer and the polymer chains are longer, 

there is more space between bridged particles, conducting to more open flocs (lower SE). On 

the other hand, the influence of charged fraction on SE values is opposite of what was to be 

expected. It was expected that higher charge density conducted to more compact flocs (higher 

SE), due to the higher number of regions able to adsorb the effluent particles. However, since 

hydrodynamic diameter increases with charge density, this can contradict the expected effect 

of charge density on flocs compactness. 

 

 

Figure 6.14 Prediction profiler plots for case 1. 

 

Figure 6.15 shows an actual by predicted plot, which plots the observed values of response 

against the predicted values of response. This plot is the leverage plot for the whole model. It 

is possible to infer if the model is significant, if the confidence curves cross the horizontal line 

at the mean of the response. The line solid red is the fit and the confidence bands are shown 

as dashed red curves. It is possible to verify that all the observations lay within the prediction 

intervals, confirming the stability and accuracy of the model developed for SE for the 

copolymers.  
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Figure 6.15 Actual versus predicted plot for case 1. 

 

 Case 2: charged fraction, hydrodynamic diameter and concentration as 3.2.2.

predictor variables and d0.5 as response variable, using OLS regression for 

copolymers 

For this case, considering the effect summary table (Table 6.8), the variables with the highest 

positive contribution to flocs size are concentration and hydrodynamic diameter but the 

influence of charged fraction must not be neglected. 

 

Table 6.8 Effect summary table for case 2. 

 

 

Table 6.9 shows the summary of the fit report for this case. RSquare is about 0.92, indicating 

also a good fitting ability. 

 

Table 6.9 Summary of fit report for case 2. 
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Table 6.10 is the analysis of variance report and the Prob>F value is below 0.01, which 

suggests a statistically significant model. 

 

Table 6.10 Analysis of variance for case 2.  

 

 

The parameter estimates report (Table 6.11) shows the VIFs values obtained for this case, 

which are always below 5, indicating no collinearity issues and suggesting that the regression 

method used is suitable for this model. 

 

Table 6.11 Parameter estimates for case 2. 

 

 

Figure 6.16 shows the prediction profiler for the present case, comprising the influence of 

each parameter in the size of the flocs. Specifically, the median floc size increase with the 

increase of the charged fraction, hydrodynamic diameter and concentration, resulting from the 

superior number of attachment regions in the polymer chain to adsorb particles, leading to 

larger flocs. This agrees with the increase of SE with charged fraction, discussed in the 

previous case, since larger flocs usually correspond to more porous flocs234. 
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Figure 6.16 Prediction profiler for case 2. 

 

Figure 6.17 plots the actual response against the predicted response for this case. The plot 

indicates that the model describes the observations quite well. Furthermore, most of the 

observations are inside or very close to the confidence levels.  

 

 

Figure 6.17 Actual versus predicted plot for case 2.  

 

 Case 3: hydrophobic content, number of carbons in hydrophobic chain, 3.2.3.

charged fraction, hydrodynamic diameter and concentration as predictor 

variables and SE as response variable, using OLS regression for 

terpolymers 

For this case, according with the effect summary table (Table 6.12), obviously charged fraction 

is the factor having higher contribution to the response, followed by hydrodynamic diameter, 

number of methylene groups in the hydrophobic chain, and the interaction between charged 

fraction and hydrodynamic diameter, and between number of methylene groups in the 

hydrophobic aliphatic chain and charged fraction. Still, as in the previous cases, the two main 
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parameters influencing the response are charge fraction and hydrodynamic diameter. For this 

specific case, charged fraction seems to have more influence than hydrodynamic diameter, in 

contrast with the last two cases (for copolymers), perhaps due to the more evident superior 

performance of the 50 series, when compared with the 80 series, for the terpolymers tested 

for this effluent (see Figure 5.31 and Figure 5.32 in Section 4.3. of Chapter 5). 

 

Table 6.12 Effect summary for case 3. 

 

 

For this specific case, the summary of fit report (Table 6.13) presents a RSquare of about 0.81, 

indicating also good fitting ability. 

 

Table 6.13 Summary of fit for case 3.  

 

 

Table 6.14 is the analysis of variance report and the Prob>F value is below 0.01, which 

confirms a statistically significant model. 

 

Table 6.14 Analysis of variance for case 3.  
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The parameter estimates report is present in Table 6.15. VIFs values obtained in this case are 

also below 5, indicating no collinearity issues and leading to the conclusion that the model is 

suitable for this case. 

 

Table 6.15 Parameter estimates for case 3. 

 

 

Figure 6.18 displays the prediction profiler for the current case, showing an increase in SE 

values with the increase of the charged fraction, hydrodynamic diameter and number of 

methylene groups in hydrophobic chain. Considering the influence of hydrophobic chain and 

charged fraction, this indicates that more regions in the polymer chain are able to interact with 

the effluent particles increasing the compactness of the flocs (higher SE values). On the other 

hand, and as mentioned in a previous case, the SE values were expected to decrease for higher 

hydrodynamic diameters, due to the larger space between particles, which should lead to more 

open flocs. This was not verified in this case, suggesting that the influence of hydrophobic 

content overlays the influence of hydrodynamic diameter, since the present case just considers 

terpolymers. In fact, higher hydrodynamic content can lead to higher hydrodynamic diameters 

(for similar molecular weights) but, on the other hand increases as well the interaction with the 

oily effluent particles, which may justify the tendencies detected for the SE parameter.  
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Figure 6.18 Prediction profiler for case 3.  

 

Figure 6.19 plots the actual response against the predicted response for this case. The plot 

indicates that the model describes quite well for most of the observations. However, a few 

observations have a larger distance to the fitting, find some of them lay out of the confidence 

levels. 

 

 

Figure 6.19 Actual versus predicted plot for case 3.  
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 Case 4: hydrophobic content, number of carbons in hydrophobic chain, 3.2.4.

charged fraction, hydrodynamic diameter and concentration as predictor 

variables and d0.5 as response variable, using OLS regression for 

terpolymers 

For this case, according with the effect summary table (Table 6.16), obviously concentration is 

the most important factor, however the parameters hydrodynamic diameter, charged fraction 

and interaction between charged fraction and concentration cannot be neglected. 

 

Table 6.16 Effect summary for case 4. 

 

 

For this case, in the summary of fit report (Table 6.17), RSquare is about 0.78, indicating a 

significant fitting capability. 

 

Table 6.17 Summary of fit for case 4.  

 

 

Table 6.18 is the analysis of variance report and the Prob>F value is below 0.01, which 

indicates a statistically significate model. 

 

Table 6.18 Analysis of variance for case 4.  
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The parameter estimates report (Table 6.19) shows VIFs values obtained in this case, which 

are below 5 indicating no collinearity issues and suggesting that the regression method used is 

suitable for this model. 

 

Table 6.19 Parameter estimates for case 4. 

 

 

Prediction profiler for the current case is shown in Figure 6.20. An increase in median flocs 

size is verified with the increase of charged fraction and concentration, which agrees with the 

larger number of attachment regions in the polymer chain to adsorb particles when the both 

parameters increase, and thus larger flocs were expected. In contrast, the influence of 

hydrodynamic diameter is the opposite of what was foreseen, since larger flocs were expected 

when the hydrodynamic diameter is also higher. Once again, this suggests an influence of the 

hydrophobic content. First, the previous cases showed that SE increased with the increase of 

the hydrodynamic diameter of the polymer, most probably due to the effect of 

hydrophobicity, as explained, thus, more compact flocs should correspond to smaller flocs if 

the other conditions are kept constant, and therefore the tendency detected in Figure 6.20. 

Additionally, it was shown in Section 2.2. of the present Chapter that there may be an 

optimum content of hydrophobic monomer that maximize flocculation efficiency, thus larger 

hydrophobic diameter coming from a higher hydrophobic content may not always lead to 

larger flocs. As verified in Table 6.16, concentration is the variable with highest contribution 

to the flocs size, and in the prediction profiler plot, concentration is also the variable that 

induces stronger variances in the floc size, compared with charged fraction and hydrodynamic 

diameter, which induce much smaller variations. 

 



3. Experimental design methodology 

175 

 

Figure 6.20 Prediction profiler for case 4.  

 

Figure 6.21 shows the actual response against the predicted response for this case. The model 

describes the observations quite well for most of the observations. However, a higher number 

of points lay out of confidence levels. It must be stressed that the models considering 

terpolymers have higher number of observations, making more difficult to have a single 

model fitting all the points.  

 

 

Figure 6.21 Actual versus predicted plot for case 4.  

 

 Case 5: hydrophobic content, number of carbons in hydrophobic chain, 3.2.5.

charged fraction, hydrodynamic diameter and concentration as predictor 

variables and SE as response variable, using OLS regression for co- and 

terpolymers 

It was also decided to investigate the possibility of producing a common model to fit 

simultaneously all the polymers considered. The cases reported next (case 5 to case 8) 

correspond to that study. The parameter estimates report (Table 6.20) shows VIFs values 
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obtained in this case, which are above 5, indicating collinearity issues. This model has in 

consideration a higher number of observations (36) than the previous ones (12 and 24) with 

more diverse characteristics, thus a more robust methodology must be used to stabilize de 

estimation. 

 

Table 6.20 Parameter estimates for case 5.  

 

 

Still, the influence of polymer characteristics in the SE values was evaluated using the current 

regression method (Figure 6.22), in order to be compared with the alternative one. Thus, it 

was observed that when there is no hydrophobic content, that is regarding copolymers only, 

the same behaviour of Case 1 was observed (Figure 6.14). SE values decrease with the increase 

of the hydrodynamic diameter and concentration, since high amount of polymer and longer 

polymer chains lead to more space between bridged particles, conducting to more open flocs 

(lower SE). Also, the influence of charged fraction is the same as detected in case 1. 

  

 

Figure 6.22 Prediction profiler for no hydrophobic content for case 5. 
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When the hydrophobic content is maximum (Figure 6.23), which is terpolymers with 3 mol% 

of hydrophobic content, the same behaviour of Case 3 was observed (Figure 6.18). SE values 

increase with the increase of the charged fraction, hydrodynamic diameter and number of 

methylene groups in hydrophobic chain. Considering the influence of hydrophobic chain and 

charged fraction, this is due to the increased regions in the polymer chain able to interact with 

effluent particles, that also increase the compactness of the flocs (higher SE values). The 

tendency for SE to decrease with higher hydrodynamic diameters was already discussed in 

case 3, suggesting a strong influence of the hydrophobic content. Concentration demonstrates 

to have very little influence on the response, which is in accordance with the Case 3, where the 

regression method excluded this parameter. Also, all the other factors seem to have a stronger 

influence than presented in Case 3, for these specific terpolymers.  

 

 

Figure 6.23 Prediction profiler for maximum hydrophobic content (3 mol%) for case 5. 

 

 Case 6: hydrophobic content, number of carbons in hydrophobic chain, 3.2.6.

charged fraction, hydrodynamic diameter and concentration as predictor 

variables and SE as response variable, using PLS regression for co- and 

terpolymers 

The model comparison summary shows a summary of the results obtained for the fitted 

model (Table 6.21). Method shows the type of model fitting algorithm specified in the model 

launch control panel. In this case the method selected was NIPALS, nonlinear iterative partial 

least squares. Method shows the analysis method specified in the model launch control panel. 

Number of rows shows the number of observations used in the training set. Number of factors 

shows the number of extracted factors or latent variables. In this case the optimal model has 

eight factors. If the method selected eight factors, it means that improvement was not 
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achieved with a higher number of factors. This value is related with the minimum Root Mean 

PRESS statistic, obtained with different numbers of factors. Root Mean PRESS for a specific 

number of factors is the square root of the average of the PRESS values (prediction sum 

squares) across all responses. Percent Variation Explained for Cumulative X shows the percent of 

variation in predictor variables that is explained by the model. Percent Variation Explained for 

Cumulative Y shows the percent of variation in response variables that is explained by the 

model. With the selected factors, the model explains 90% of the response. Number of VIP>0.8 

shows the number of model effects with VIP (variable importance in projection) values 

greater than 0.8. The VIP score is a measure of a variable’s importance relative to modelling 

response variables. In this case, seven variables have VIP value above 0.8.  

 

Table 6.21 Model comparison summary for case 6.  

 

 

The variable importance plot represents the VIP values for each predictor variable (Figure 

6.24). If a variable has a small coefficient and a small VIP, then it is a candidate for deletion 

from the model. A value of 0.8 is generally considered to be a significant VIP and a blue line 

is drawn on the plot at 0.8. As mentioned before, seven variables have VIP values above 0.8. 

In this case, hydrodynamic diameter, hydrophobic content interacted with charged fraction 

and number of methylene groups in aliphatic chain interacted with hydrodynamic diameter, 

seems to be the variables that have greater influence in the response, even if hydrophobic 

content and charged fraction also have a quite high influence in the model. 
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Figure 6.24 Variable importance plot for case 6.  

 

Again, the influence of polymer characteristics in the SE values was evaluated using the 

current regression method (Figure 6.25). It was observed that when there is no hydrophobic 

content (copolymers only), the same behaviour of Cases 1 (Figure 6.14) and 5 (Figure 6.22) 

was observed. SE values decrease with the increase of the hydrodynamic diameter and 

concentration, since when there is high amount of polymer and the polymer chains are longer, 

there is more space between bridged particles, conducting to more open flocs (lower SE). 

Understandably, there is no influence of the number of methylene groups on the response SE.  
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Figure 6.25 Prediction profiler for no hydrophobic content for case 6. 

 

When the hydrophobic content is at a maximum (terpolymers with 3 mol% of hydrophobic 

content) (Figure 6.26) the same behaviour of Case 3 (Figure 6.18) and 5 (Figure 6.23) was 

observed. SE values increase with the increase of the charged fraction, hydrodynamic diameter 

and number of methylene groups in hydrophobic chain. The influence of hydrophobic chain 

and charged fraction it is due to the increased regions in the polymer chain able to interact 

with the oily effluent particles, which increase the compactness of the flocs (higher SE values).  

 

 

Figure 6.26 Prediction profiler for maximum hydrophobic content (3 mol%), for case 6. 
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 Case 7: hydrophobic content, number of carbons in hydrophobic chain, 3.2.7.

charged fraction, hydrodynamic diameter and concentration as predictor 

variables and d0.5 as response variable, using OLS regression for co- and 

terpolymers 

The parameter estimates report (Table 6.22) shows VIFs values obtained in this case, which 

are also above 5, indicating collinearity issues and suggesting that a more robust regression 

method should be used to stabilize de estimation. 

 

Table 6.22 Parameter estimates for case 7. 

 

 

Still, the influence of polymer characteristics in the median flocs size was evaluated using the 

current regression method (Figure 6.27), in order to compare the results with the alternative 

one. Thus, it was observed that when there is no hydrophobic content, that is regarding 

copolymers only, the same behaviour of Case 2 was observed (Figure 6.16). The median flocs 

size increase with the increase of the charged fraction, hydrodynamic diameter and 

concentration, due to a superior number of attachment regions in the polymer chain to adsorb 

particles, that leads to larger flocs. Obviously, there is no influence of the number of 

methylene groups.   

 

 

Figure 6.27 Prediction profiler for no hydrophobic content for case 7. 
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When the hydrophobic content is maximum, meaning terpolymers with 3 mol% of 

hydrophobic content (Figure 6.28), similar behaviours to Case 4 (Figure 6.20) were observed. 

An increase in median flocs size is verified with the increase of concentration, due to the 

superior number of attachment regions in polymer chain to adsorb particles, as concentration 

increases. The influence of hydrodynamic diameter is the same as obtained in case 4, and was 

already discussed there. Regarding the charged fraction, the influence is the opposite of was 

obtained in case 4, the same happening for the case of the hydrophobic content (Figure 6.27). 

Once more, this suggests an influence of the hydrophobic content on the flocs morphology. 

The influence of the number of methylene groups was not considered having large influence 

in Case 4, however it seems to be significant when polymers with higher hydrophobic content 

(3 mol%) are considered. Thus, larger number of methylene groups led to smaller flocs, 

suggesting that there is an ideal length of hydrophobic chain that is beneficial to obtain large 

flocs and high flocculation efficiency. 

 

 

Figure 6.28 Prediction profiler for maximum hydrophobic content (3 mol%), for case 7. 

 

 Case 8: hydrophobic content, number of carbons in hydrophobic chain, 3.2.8.

charged fraction, hydrodynamic diameter and concentration as predictor 

variables and d0.5 as response variable, using PLS regression for co- and 

terpolymers 

The model comparison summary is shown in Table 6.23. Number of factors in the present case is 

7, however the Number of VIP>0.8 is only 2, representing the number of parameters that show 

a VIP value higher than 0.8. 
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Table 6.23 Model comparison summary for case 8.  

 

 

Variable importance plot for case 8 is present in Figure 6.29. Concentration and hydrophobic 

content interacted with hydrodynamic diameter appear to be the variables that have larger 

influence in the flocs size, even if the hydrodynamic diameter also has a significant influence 

in the response. Hydrophobic content interacted with the number of carbons, hydrophobic 

content interacted with concentration and number of carbons interacted with charged fraction 

have the shortest bars, indicating that they are not much correlated to flocs size.  

 

 

 

Figure 6.29 Variable importance plot for case 8. 

 

The influence of polymer characteristics in the median flocs size was evaluated using the PLS 

regression method (Figure 6.30). It was detected that when there is no hydrophobic content 
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(copolymers only), the same behaviour of Cases 2 (Figure 6.16) and 7 (Figure 6.27) was 

observed. The median flocs size increase with the increase of the charged fraction, 

hydrodynamic diameter and concentration, due to a superior number of attachment regions in 

polymer chain to adsorb particles, that leads to larger flocs. Obviously, there is no influence of 

the number of methylene groups.   

 

 

Figure 6.30 Prediction profiler for no hydrophobic content for case 8. 

 

When the hydrophobic content is maximum (terpolymers with 3 mol% of hydrophobic 

content) (Figure 6.31), similar tendencies to Case 7 were observed (Figure 6.28). An increase 

in median flocs size is verified with the increase of concentration. Oppositely, the influence of 

charged fraction and hydrodynamic diameter is the opposite of what was to be expected, since 

larger flocs were expected when the hydrodynamic diameter and charged fraction are also 

higher. Once again, this suggests an influence of the hydrophobic content, as was already 

discussed previously. The influence of the number of methylene groups seems to be stronger 

when polymer comprises higher hydrophobic content. Thus, larger number of methylene 

groups led to smaller flocs, suggesting that there is an ideal length of hydrophobic chain that is 

beneficial to obtain large flocs and high flocculation efficiency. 
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Figure 6.31 Prediction profiler for maximum hydrophobic content (3 mol%), for case 8. 

 

The two methodologies developed (OLS and PLS) led to similar conclusions, however it is 

not possible to have one single model describing all the co- and terpolymers considered in this 

study. Separate models including, independently, polyelectrolytes with and without 

hydrophobicity must be used to have a consistent model describing the different parameters 

influence on the flocs size and structure. This is predominantly due to the interactions 

stablished between oily particles in the effluent and hydrophobic flocculants, which affect the 

polyelectrolytes performance.  

Comparing the influence of the several flocculant parameters on the flocs size and structure, 

the influence of some variables in the responses, namely charged fraction and hydrodynamic 

diameter, are different for both sets of polymers, due to the influence of the hydrophobicity, 

as referred previously, which justifies the fact that it is not possible to have one single 

predictive model for both co- and terpolymers.   
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4. CONCLUSIONS 

The results obtained in this study confirm the feasibility of using the LDS technique to access 

and understand the flocculation progression in a real industrial oily effluent, and to determine 

some important floc characteristics in a mild turbulent environment.  

Cationic and anionic polyelectrolytes, varying in charge density, molar mass and 

hydrophobicity were tested in terms of performance in flocculation, revealing to be very 

promising for the application. The experimental technique used, which was tested for the first 

time in a real industrial effluent, allowed extracting information on the influence of the 

polyelectrolytes characteristics on the flocculation process. This can be extremely important in 

the future, when dealing with the selection/optimization of the right flocculant to treat a 

specific effluent, as well as the tuning of the operational conditions, minimizing expensive 

pilot trials. As expected, results show that high molecular weight polyelectrolytes with medium 

to high charge density induce flocculation by bridging mechanism. Results also demonstrate 

the influence of increasing flocculant concentration: floc size increases and more porous 

aggregates are obtained. The experimental design allowed to conclude that polyelectrolytes 

characteristics proved to be critical for the floc size and structure obtained. Hydrodynamic 

diameter, charged fraction and concentration are the parameters with greatest influence in the 

size and structure of flocs obtained with the copolymers, while charged fraction, 

concentration and hydrophobic content proved to have more effect in the characteristics of 

the flocs produced using ter-polymers. The effect of the hydrophobic content suggests that 

the presence of hydrophobicity is favourable for the flocculation process, however there is an 

optimum hydrophobic content that improves the floc size and above that value the effect is 

no longer beneficial.  

Finally, the analysis conducted showed that it is not possible to have a single model describing 

all the polyelectrolytes considered in this study. Distinct models comprising independently co- 

and terpolymers must be employed, in order to have consistent models analysing the 

polymers’ parameters impact on the flocs size and structure. This result is mostly due to the 

distinct interaction between the effluent oily particles and the hydrophobic flocculants, which 

affects the polyelectrolytes performance. 
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1. FINAL CONCLUSIONS 

The present work demonstrated the possibility to develop novel flocculants to treat oily 

wastewaters from food industries, using health-friendly formulations in their synthesis. It was 

possible to produce specific products to treat defined wastewaters, through direct flocculation, 

and using low dosages of flocculant. Besides this, it was also possible to apply in the 

polymerization process formulations, specifically synthesis media, which are safer for health, 

replacing the oils traditionally employed in their synthesis.  

The development of the health-friendly formulations for the production of well-known 

polyelectrolytes through inverse-emulsion polymerization was performed using three different 

health-friendly oils as organic phase. These organic phases proved to be able to polymerize 

established monomers used in water treatment. The characterization showed that the 

polymers obtained possessed the suitable characteristics for the final application. High 

molecular weight was obtained. Preliminary evaluation of performance showed potential 

application as flocculants in wastewater treatment.   

Two health-friendly formulations selected based on this preliminary study were adopted for 

the manufacturing of cationic and anionic polyelectrolytes, by inverse-emulsion 

polymerization, based on acrylamide monomer and anionic, cationic and hydrophobic 

monomers. The flocculants produced and studied can be divided in two categories: 

copolymers, comprising acrylamide and a cationic or anionic monomer, and terpolymers, 

including, in addition to acrylamide and the charged monomer, a hydrophobic monomer. 

Three different hydrophobic monomers were tested, with different hydrophobic chain 

lengths. The obtained polymers were fully characterized, in terms composition, zeta potential, 

hydrodynamic diameter and molecular weight. It was proved that the monomers 

combinations were able to be produce stable polymers by inverse-emulsion polymerization, 

with different charge densities, as desired. The composition of the polyelectrolytes also 

demonstrated that the hydrophobic modification was successfully performed, not affecting to 

a great extent the final characteristics of the polymer regarding molecular weight and charge 

density. High molecular weight was obtained for all the polyelectrolytes, showing good 

correlation with the hydrodynamic diameter.   

Industrial effluents from olive oil mill, dairy and potato crisps manufacturing industries were 

used to carry out the performance evaluation of the developed polyelectrolytes as flocculants. 

In most cases a good flocculation could be observed at dosages below 20 mg/L. The main 

performance indicator tested was reduction of turbidity, although COD and total solids 
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reduction have also been assessed. It was demonstrated that the polymers synthesized herein 

performed very well in the reduction of the turbidity in low dosages and with no addition of 

other additives. Cationic polyelectrolytes with the higher charged fraction tested, higher 

molecular weight and presence of hydrophobicity showed the best results in the flocculation 

of olive oil mill effluent, presenting superior reductions of turbidity. In the optimal case it was 

possible to achieve reductions of 89% in turbidity, 47% in COD and 34% in total solids, using 

a concentration of 78 mg/L of the polyelectrolyte 60M1SC, at pH 3. On the other hand, 

anionic polyelectrolytes showed better results in the treatment of dairy and potato crisps 

manufacturing effluents. For the dairy industry effluent, specifically anionic polyelectrolytes 

with higher charged fraction, medium molecular weight and highest hydrophobic content of 

the monomer SMA performed better, and the best result was obtained using the 

polyelectrolyte 80A3SC, conducting to reductions of 95% in turbidity, 44% in COD and 57% 

in total solids, at a concentration of 53 mg/L and pH 5. In the potato crisps manufacturing 

effluent, the application of the polyelectrolyte 50AC, with the lower charged fraction tested, 

high molecular weight and no hydrophobicity, presented a reduction of 97% in turbidity, 90% 

in COD and 55% in total solids, using a pH of 6 and a concentration of 27 mg/L, even if this 

polyelectrolyte must have a higher cost, due to the incorporation of the larger content of 

hydrophobic monomer. The choice of the best polyelectrolyte is based on a compromise 

between results achieved (turbidity, COD and total solids reductions), concentration needed 

and the possible cost associated (dependent on the monomers’ price). 

Additionally, must be also mentioned that for many cases, using concentrations below 20 

mg/L lead also to very good performances, for instance in case of the application of anionic 

flocculants in the potato crisps manufacturing effluent. Moreover, worth also noting that 

hydrophobic modification proved to have significant potential in the improvement of the 

treatment efficiency of oily wastewaters at low dosages, since the addition of hydrophobic 

monomer considerably improved the turbidity reduction in several polyelectrolytes, even if the 

results obtained showed that in most cases an optimum amount of the hydrophobic monomer 

incorporated in the polymer chain can be defined. 

Laser diffraction spectroscopy was successfully applied in the study of the flocculation 

process, using the effluent from potato crisps manufacturing industry, proving the possibility 

of applying this methodology to the monitoring of the flocculation kinetics of real industrial 

effluents. With this methodology for continuous monitoring of the flocculation process in real 

effluent, it is possible to obtain simultaneously information about the kinetics in floc size 

evolution, and also about the evolution of floc structure with time, based on the calculation of 
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the scattering exponent for each time, through the adequate treatment of the scattering matrix 

supplied by LDS. This is an important output, since by using the developed methodology it 

will be possible to perform a pre-screening of polymers to be used in the flocculation 

treatment of a specific effluent, minimizing, in this way, pilot trials. Moreover, LDS allows to 

understand the underlying flocculation mechanisms behind the action of each polymer, and 

the influence that they have on the morphology of the flocs obtained. The overall study of the 

flocculation process revealed that flocculant characteristics are important parameters to 

consider when a specific size and structure of flocs are required in the further treatment 

process.  

The statistical model developed to correlate flocculant parameters with the produced flocs size 

and structure, revealed to explain quite well the experimental observations. The results 

presented propose that hydrodynamic diameter, charged fraction and concentration are the 

parameters having stronger influence on the characteristics of flocs obtained using 

copolymers, while charged fraction, concentration and hydrophobic content show more effect 

on the characteristics of the flocs produced using terpolymers. Furthermore, it was possible to 

conclude that is not possible to have a single model describing all the polyelectrolytes tested in 

this study, models comprising separately co- and terpolymers must be applied in order to 

accurately evaluate the influence of each parameter on the characteristics of the flocs obtained. 

This fact is mainly justified by the influence of the hydrophobicity of the polyelectrolytes on 

the flocculation process, due to the interaction between the oily particles of the effluent and 

the hydrophobic part of the flocculants. Nevertheless, these models allow to better select in 

the future, the ideal flocculants that must be used to obtain targeted floc characteristics and 

flocculation efficiencies.  

From the above results, it can be concluded that the procedures established for the 

development and application of flocculants for oily wastewaters treatment show great 

potential to be applied at the industrial scale. Additionally, the use of lower dosages of 

flocculant and without needing the addition of further additives can reduce substantially the 

overall cost of the treatment process.  

Finally, the studies presented in this dissertation can be a good incentive to the use of direct 

flocculation processes induced by the present polyelectrolytes as pre-treatment method, in the 

considered oily effluents management. This pre-treatment can be applied prior to the use of a 

more advanced and expensive technology, in order to perform a reduction in the main 
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effluent control parameters (turbidity, COD, among other), enabling a higher efficacy of the 

subsequent methods, and, perhaps, a reduction in the total operation costs. 
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2. RECOMMENDATIONS FOR FUTURE WORK 

The work developed during these three years and the results obtained suggest that some 

further studies are still required in order to complete the information achieved so far, and 

allow the production at industrial scale of some of the studied products. Therefore, the 

recommendations for future work are: 

- Study the possibility of the introduction of branching to the already developed 

polyelectrolytes, with the objective of increasing their molecular weight and, 

consequently, their efficiency in flocculation. 

- Perform toxicity tests on the used health-friendly oils, as well as on the final 

polyelectrolyte in the usual commercial form of inverse-emulsion.  

- Explore the possible development and application of different co-polymers based on 

the following cationic, anionic or amphoteric monomers: (vinylbenzyl) 

trimethylammonium chloride (cationic), sodium 4-vinylbenzenesulfonate (anionic) and 

[3-(methacryloylamino)propyl] dimethyl (3-sulfopropyl) ammonium hydroxide 

(amphoteric), which were also in the preliminary list of possible monomers to 

polymerize with acrylamide.  

- Test different effluents such as: restaurant wastewaters, fish processing cheese 

manufacturing or oil industry effluents.   

- Evaluate the flocculation performance of the developed flocculants that did not 

present good results in dual systems, for instance combined with natural-based 

coagulants or flocculants. 

- Monitor the settling performance of the flocculation process using suitable equipment 

(e.g. Turbiscan), acquiring information that could be useful to complete the map of 

flocs. 

- Define the target market and perform studies on economic viability for the developed 

products in large-scale production, including raw materials, equipment and production 

costs, with the goal of choosing which ones are worth to follow to the upscaling 

process.   

- Perform scaling-up studies, in order to evaluate the viability to produce the developed 

products in pilot-scale, as well as defining the optimum conditions of production.  

- Use the LDS monitoring technique with other effluents, to establish the possibility of 

using this methodology, at the industrial level, for the pre-screening of flocculants to 

treat in industrial wastewaters.  
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- Consider the possibility of using hybrid processes, combining flocculation using the 

developed polyelectrolytes tuned to treat oily effluents, with advanced treatment 

processes (filtration, biological treatment or sedimentation), that allow higher COD 

reduction and meeting the regulations.   
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A. Appendix A 

 

Supporting information for Chapter 3: Health-friendly synthesis formulations  

 

13C NMR SPECTRA 

 

 

Figure A.1 13C NMR spectra for the Poly(AAm-AETAC) copolymer 40_Carnation.  
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Figure A.2 13C NMR spectra for the Poly(AAm-AETAC) copolymer 60_Carnation. 

 

 

Figure A.3 13C NMR spectra for the Poly(AAm-AETAC) copolymer 80_Puresyn4. 
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Figure A.4 13C NMR spectra for the Poly(AAm-AETAC) copolymer 80_Carnation. 
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ZETA POTENTIAL DISTRIBUTIONS  

 

 

(a) 

 

 

(b) 

 

 

(c) 

Figure A.5 Zeta potential distributions for 40 series polymers: (a) 40_Puresyn4; (b) 40_Carnation; (c) 
40_Marcol82. 
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(a) 

 

 

(b) 

 

 

(c) 

Figure A.6 Zeta potential distributions for 60 series polymers: (a) 60_Puresyn4; (b) 60_Carnation; (c) 
60_Marcol82. 
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(a) 

 

 

(b) 

 

 

(c) 

Figure A.7 Zeta potential distributions for 80 series polymers: (a) 80_Puresyn4; (b) 80_Carnation; (c) 
80_Marcol82. 

  



Appendix A 

231 

HYDRODYNAMIC DIAMETER DISTRIBUTIONS  

 

 

(a) 

 

 

(b) 

 

 

(c) 

Figure A.8 Hydrodynamic diameter distributions for 40 series polymers: (a) 40_Puresyn4; (b) 40_Carnation; (c) 
40_Marcol82. 
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(a) 

 

 

(b) 

 

 

(c) 

Figure A.9 Hydrodynamic diameter distributions for 60 series polymers: (a) 60_Puresyn4; (b) 60_Carnation; (c) 
60_Marcol82. 
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(a) 

 

 

(b) 

 

 

(c) 

Figure A.10 Hydrodynamic diameter distributions for 80 series polymers: (a) 80_Puresyn4; (b) 80_Carnation; (c) 
80_Marcol82. 
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MOLECULAR WEIGHT DETERMINATION BY SLS 

- Determination of dn/dc  

 

 

(a) 

 

(b) 

 

(c) 

Figure A.11 Determination of the dn/dc value for 40 series polymers: (a) 40_Puresyn4; (b) 40_Carnation; (c) 
40_Marcol82. 

y = 0.204x + 1.333
R² = 0.985

1.33304

1.33306

1.33308

1.3331

1.33312

1.33314

0 0.0001 0.0002 0.0003 0.0004 0.0005 0.0006

R
I

Concentration (g/mL)

y = 0.211x + 1.333
R² = 0.996

1.33304

1.33306

1.33308

1.3331

1.33312

0 0.0001 0.0002 0.0003 0.0004 0.0005 0.0006

R
I

Concentration (g/mL)

y = 0.207x + 1.333
R² = 0.969

1.333

1.33302

1.33304

1.33306

1.33308

0 0.0001 0.0002 0.0003 0.0004 0.0005

R
I

Concentration (g/mL)



Appendix A 

235 

 

(a) 

 

(b) 

 

(c) 

Figure A.12 Determination of the dn/dc value for 60 series polymers: (a) 60_Puresyn4; (b) 60_Carnation; (c) 
60_Marcol82. 
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(a) 

 

(b) 

 

(c) 

Figure A.13 Determination of the dn/dc value for 80 series polymers: (a) 80_Puresyn4; (b) 80_Carnation; (c) 
80_Marcol82. 
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- Determination of molecular weight 

 

(a) 

 

(b) 

 

(c) 

Figure A.14 Debye plot for weight-average molecular weight determination of 40 series polymers: (a) 
40_Puresyn4; (b) 40_Carnation; (c) 40_Marcol82. 
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(a) 

 

(b) 

 

(c) 

Figure A.15 Debye plot for weight-average molecular weight determination of 60 series polymers: (a) 
60_Puresyn4; (b) 60_Carnation; (c) 60_Marcol82. 
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(a) 

 

(b) 

 

(c) 

Figure A.16 Debye plot for weight-average molecular weight determination of 80 series polymers: (a) 
80_Puresyn4; (b) 80_Carnation; (c) 80_Marcol82. 
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INTRINSIC VISCOSITY DETERMINATION  

 

(a) 

 

(b) 

 

(c) 

Figure A.17 Intrinsic viscosity extrapolation for 40 series polymers: (a) 40_Puresyn4; (b) 40_Carnation; (c) 
40_Marcol82. 
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(a) 

 

(b) 

 

(c) 

Figure A.18 Intrinsic viscosity extrapolation for 60 series polymers: (a) 60_Puresyn4; (b) 60_Carnation; (c) 
60_Marcol82. 
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(a) 

 

(b) 

 

Figure A.19 Intrinsic viscosity extrapolation for 80 series polymers: (a) 80_Puresyn4; (b) 80_Carnation; (c) 
80_Marcol82. 
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B. Appendix B 

 

Supporting information for Chapter 4: Synthesis of new polyelectrolytes  

 

ZETA POTENTIAL DISTRIBUTIONS FOR CATIONIC POLYELECTROLYTES 

 

 

(a) 

 

(b) 

Figure B.1 Zeta potential distributions for cationic copolymers of 25 series: (a) 25MC; (b) 25MP. 
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(a) 

 

(b) 

Figure B.2 Zeta potential distributions for cationic copolymers of 60 series: (a) 60MC; (b) 60MP. 

 

(a) 

 

(b) 

Figure B.3 Zeta potential distributions for cationic terpolymers of 25 series: (a) 25M1SC; (b) 25M2SC. 
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(a) 

 

(b) 

Figure B.4 Zeta potential distributions for cationic terpolymers of 60 series: (a) 60M1SC; (b) 60M2SC. 
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HYDRODYNAMIC DIAMETER DISTRIBUTIONS FOR CATIONIC POLYELECTROLYTES 

 

(a) 

 

(b) 

Figure B.5 Hydrodynamic diameter distributions for cationic copolymers of 25 series: (a) 25MC; (b) 25MP. 

 

(a) 

 

(b) 

Figure B.6 Hydrodynamic diameter distributions for cationic copolymers of 60 series: (a) 60MC; (b) 60MP. 
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(a) 

 

(b) 

Figure B.7 Hydrodynamic diameter distributions for cationic terpolymers of 25 series: (a) 25M1SC; (b) 25M2SC. 

 

 

(a) 

 

(b) 

Figure B.8 Hydrodynamic diameter distributions for cationic terpolymers of 60 series: (a) 60M1SC; (b) 60M2SC. 
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MOLECULAR WEIGHT DETERMINATION FOR CATIONIC POLYELECTROLYTES BY 

SLS 

- Determination of dn/dc  

 

 

(a) 

 

(b) 

Figure B.9 Determination of the dn/dc value for cationic copolymers of 25 series: (a) 25MC; (b) 25MP. 
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(a) 

 

(b) 

Figure B.10 Determination of the dn/dc value for cationic copolymers of 60 series: (a) 60MC; (b) 60MP. 

 

(a) 

 

(b) 

Figure B.11 Determination of the dn/dc value for cationic terpolymers of 25 series: (a) 25M1SC; (b) 25M2SC. 
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(a) 

 

(b) 

Figure B.12 Determination of the dn/dc value for cationic terpolymers of 60 series: (a) 60M1SC; (b) 60M2SC. 
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- Determination of molecular weight 

 

 

(a) 

 

 

(b) 

Figure B.13 Debye plot for weight-average molecular weight determination of cationic copolymer 25MC: (a) first 

measurement; (b) second measurement. 
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(a) 

 

 

(b) 

Figure B.14 Debye plot for weight-average molecular weight determination of cationic copolymer 25MP: (a) first 
measurement; (b) second measurement. 
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(a) 

 

 

(b) 

Figure B.15 Debye plot for weight-average molecular weight determination of cationic copolymer 60MC: (a) first 
measurement; (b) second measurement. 
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(a) 

 

 

(b) 

Figure B.16 Debye plot for weight-average molecular weight determination of cationic copolymer 60MP: (a) first 
measurement; (b) second measurement. 
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(a) 

 

 

(b) 

Figure B.17 Debye plot for weight-average molecular weight determination of cationic copolymer 25M1SC: (a) 
first measurement; (b) second measurement. 
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(a) 

 

 

(b) 

Figure B.18 Debye plot for weight-average molecular weight determination of cationic copolymer 25M2SC: (a) 
first measurement; (b) second measurement. 
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(a) 

 

 

(b) 

Figure B.19 Debye plot for weight-average molecular weight determination of cationic copolymer 60M1SC: (a) 
first measurement; (b) second measurement. 
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(a) 

 

 

(b) 

Figure B.20 Debye plot for weight-average molecular weight determination of cationic copolymer 60M2SC: (a) 
first measurement; (b) second measurement. 
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ZETA POTENTIAL DISTRIBUTIONS FOR ANIONIC POLYELECTROLYTES 

 
(a) 

 

(b) 

Figure B.21 Zeta potential distributions for anionic copolymers of 50 series: (a) 50AC; (b) 50AP. 

 

 

 

(a) 

 

(b) 

Figure B.22 Zeta potential distributions for anionic copolymers of 80 series: (a) 80AC; (b) 80AP. 
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(a) 

 

(b) 

Figure B.23 Zeta potential distributions for anionic terpolymers of 50 series: (a) 50A1EC; (b) 50A3EC. 

 

 

 

(a) 

 

(b) 

Figure B.24 Zeta potential distributions for anionic terpolymers of 80 series: (a) 80A1EC; (b) 80A3EC. 
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(a) 

 

(b) 

Figure B.25 Zeta potential distributions for anionic terpolymers of 50 series: (a) 50A1LC; (b) 50A3LC. 

 

 

 

(a) 

 

(b) 

Figure B.26 Zeta potential distributions for anionic terpolymers of 80 series: (a) 80A1LC; (b) 80A3LC. 
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(a) 

 

(b) 

Figure B.27 Zeta potential distributions for anionic terpolymers of 50 series: (a) 50A1SC; (b) 50A3SC. 

 

 

 

(a) 

 

(b) 

Figure B.28 Zeta potential distributions for anionic terpolymers of 80 series: (a) 80A1SC; (b) 80A3SC. 
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HYDRODYNAMIC DIAMETER DISTRIBUTIONS FOR ANIONIC POLYELECTROLYTES 

 

(a) 

 

(b) 
Figure B.29 Hydrodynamic diameter distributions for anionic copolymers of 50 series: (a) 50AC; (b) 50AP. 

 

 

(a) 

 

(b) 

Figure B.30 Hydrodynamic diameter distributions for anionic copolymers of 80 series: (a) 80AC; (b) 80AP. 
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(a) 

 

(b) 

Figure B.31 Hydrodynamic diameter distributions for anionic terpolymers of 50 series: (a) 50A1EC; (b) 50A3EC. 

 

 

 

(a) 

 

(b) 

Figure B.32 Hydrodynamic diameter distributions for anionic terpolymers of 80 series: (a) 80A1EC; (b) 80A3EC. 
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(a) 

 

(b) 

Figure B.33 Hydrodynamic diameter distributions for anionic terpolymers of 50 series: (a) 50A1LC; (b) 50A3LC. 

 

 

 

(a) 

 

(b) 

Figure B.34 Hydrodynamic diameter distributions for anionic terpolymers of 80 series: (a) 80A1LC; (b) 80A3LC. 
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(a) 

 

(b) 

Figure B.35 Hydrodynamic diameter distributions for anionic terpolymers of 50 series: (a) 50A1SC; (b) 50A3SC. 

 

 

 

(a) 

 

(b) 

Figure B.36 Hydrodynamic diameter distributions for anionic terpolymers of 80 series: (a) 80A1SC; (b) 80A3SC. 
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MOLECULAR WEIGHT DETERMINATION FOR ANIONIC POLYELECTROLYTES BY 

SLS 

- Determination of dn/dc  

 

 

(a) 

 

(b) 

Figure B.37 Determination of the dn/dc value for anionic copolymers of 50 series: (a) 50AC; (b) 50AP. 
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(a) 

 

(b) 

Figure B.38 Determination of the dn/dc value for anionic copolymers of 80 series: (a) 80AC; (b) 80AP. 

 

(a) 

 

(b) 

Figure B.39 Determination of the dn/dc value for anionic terpolymers of 50 series: (a) 50A1EC; (b) 50A3EC. 
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(a) 

 

(b) 

Figure B.40 Determination of the dn/dc value for anionic terpolymers of 80 series: (a) 80A1EC; (b) 80A3EC. 

 

(a) 

 

(b) 

Figure B.41 Determination of the dn/dc value for anionic terpolymers of 50 series: (a) 50A1LC; (b) 50A3LC. 
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(a) 

 

(b) 

Figure B.42 Determination of the dn/dc value for anionic terpolymers of 80 series: (a) 80A1LC; (b) 80A3LC. 

 

(a) 

 

(b) 

Figure B.43 Determination of the dn/dc value for anionic terpolymers of 50 series: (a) 50A1SC; (b) 50A3SC. 
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(a) 

 

(b) 

Figure B.44 Determination of the dn/dc value for anionic terpolymers of 80 series: (a) 80A1SC; (b) 80A3SC. 
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- Determination of molecular weight 

 

 

(a) 

 

 

(b) 

Figure B.45 Debye plot for weight-average molecular weight determination of cationic copolymer 50AC: (a) first 
measurement; (b) second measurement. 
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(a) 

 

 

(b) 

Figure B.46 Debye plot for weight-average molecular weight determination of cationic copolymer 50AP: (a) first 
measurement; (b) second measurement. 
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(a) 

 

 

(b) 

Figure B.47 Debye plot for weight-average molecular weight determination of cationic copolymer 80AC: (a) first 
measurement; (b) second measurement. 
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(a) 

 

 

(b) 

Figure B.48 Debye plot for weight-average molecular weight determination of cationic copolymer 80AP: (a) first 
measurement; (b) second measurement. 
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(a) 

 

 

(b) 

Figure B.49 Debye plot for weight-average molecular weight determination of cationic copolymer 50A1EC: (a) 
first measurement; (b) second measurement. 
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(a) 

 

 

(b) 

Figure B.50 Debye plot for weight-average molecular weight determination of cationic copolymer 50A3EC: (a) 
first measurement; (b) second measurement. 
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(a) 

 

 

(b) 

Figure B.51 Debye plot for weight-average molecular weight determination of cationic copolymer 80A1EC: (a) 
first measurement; (b) second measurement. 
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(a) 

 

 

(b) 

Figure B.52 Debye plot for weight-average molecular weight determination of cationic copolymer 80A3EC: (a) 
first measurement; (b) second measurement. 
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(a) 

 

 

(b) 

Figure B.53 Debye plot for weight-average molecular weight determination of cationic copolymer 50A1LC: (a) 
first measurement; (b) second measurement. 
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(a) 

 

 

(b) 

Figure B.54 Debye plot for weight-average molecular weight determination of cationic copolymer 50A3LC: (a) 
first measurement; (b) second measurement. 
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(a) 

 

 

(b) 

Figure B.55 Debye plot for weight-average molecular weight determination of cationic copolymer 80A1LC: (a) 
first measurement; (b) second measurement. 
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(a) 

 

 

(b) 

Figure B.56 Debye plot for weight-average molecular weight determination of cationic copolymer 80A3LC: (a) 
first measurement; (b) second measurement. 
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(a) 

 

 

(b) 

Figure B.57 Debye plot for weight-average molecular weight determination of cationic copolymer 50A1SC: (a) 
first measurement; (b) second measurement. 
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(a) 

 

 

(b) 

Figure B.58 Debye plot for weight-average molecular weight determination of cationic copolymer 50A3SC: (a) 
first measurement; (b) second measurement. 
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(a) 

 

 

(b) 

Figure B.59 Debye plot for weight-average molecular weight determination of cationic copolymer 80A1SC: (a) 
first measurement; (b) second measurement. 
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(a) 

 

 

(b) 

Figure B.60 Debye plot for weight-average molecular weight determination of cationic copolymer 80A3SC: (a) 
first measurement; (b) second measurement. 
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MOLECULAR WEIGHT DETERMINATION BY SEC 

 

Figure B.61 Molecular weight distributions obtained by size exclusion chromatography for cationic copolymer 
50AC, for five replicates. 

 

Figure B.62 Molecular weight distributions obtained by size exclusion chromatography for cationic copolymer 
80AC, for four replicates. 

 

Figure B.63 Molecular weight distributions obtained by size exclusion chromatography for cationic copolymer 
80AP, for three replicates. 
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C. Appendix C 

 

Supporting information for Chapter 6: Flocculation process analysis   

 

SCATTERING EXPONENT DETERMINATION 

 

(a) 

 

(b) 

 

(c) 

Figure C.1 Determination of SE (plot of scattering intensity versus q) for cationic copolymer 60MC at 6 min: (a) 
3.3 mg/L; (b) 6.5 mg/L; (c) 13 mg/L. 
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(a) 

 

(b) 

 

(c) 

Figure C.2 Determination of SE (plot of scattering intensity versus q) for cationic copolymer 60MP at 6 min: (a) 
3.3 mg/L; (b) 6.5 mg/L; (c) 13 mg/L. 
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(a) 

 

(b) 

 

(c) 

Figure C.3 Determination of SE (plot of scattering intensity versus q) for cationic copolymer 50AC at 6 min: (a) 
3.3 mg/L; (b) 6.5 mg/L; (c) 13 mg/L. 

 

y = -1.81x + 2.20
R² = 0.99

-2

-1

0

1

2

3

4

5

-2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2

lo
g

 i
n

s
e

n
s

it
y

log q

y = -1.84x + 2.26
R² = 1.00

-2

-1

0

1

2

3

4

5

6

-2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2

lo
g

 i
n

s
e

n
s

it
y

log q

y = -1.69x + 2.18
R² = 1.00

-2

-1

0

1

2

3

4

5

6

-2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2

lo
g

 i
n

s
e

n
s

it
y

log q



Appendix 

292 

 

(a) 

 

(b) 

 

(c) 

Figure C.4 Determination of SE (plot of scattering intensity versus q) for cationic copolymer 80AC at 6 min: (a) 
3.3 mg/L; (b) 6.5 mg/L; (c) 13 mg/L. 
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(a) 

 

(b) 

 

(c) 

Figure C.5 Determination of SE (plot of scattering intensity versus q) for cationic copolymer 50AP at 6 min: (a) 
3.3 mg/L; (b) 6.5 mg/L; (c) 13 mg/L. 
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(a) 

 

(b) 

 

(c) 

Figure C.6 Determination of SE (plot of scattering intensity versus q) for cationic copolymer 80AP at 6 min: (a) 
3.3 mg/L; (b) 6.5 mg/L; (c) 13 mg/L. 
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(a) 

 

(b) 

 

(c) 

Figure C.7 Determination of SE (plot of scattering intensity versus q) for cationic copolymer 50A1EC at 6 min: 
(a) 3.3 mg/L; (b) 6.5 mg/L; (c) 13 mg/L. 
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(a) 

 

(b) 

 

(c) 

Figure C.8 Determination of SE (plot of scattering intensity versus q) for cationic copolymer 50A3EC at 6 min: 
(a) 3.3 mg/L; (b) 6.5 mg/L; (c) 13 mg/L. 
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(a) 

 

(b) 

 

(c) 

Figure C.9 Determination of SE (plot of scattering intensity versus q) for cationic copolymer 80A1EC at 6 min: 
(a) 3.3 mg/L; (b) 6.5 mg/L; (c) 13 mg/L. 
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(a) 

 

(b) 

 

(c) 

Figure C.10 Determination of SE (plot of scattering intensity versus q) for cationic copolymer 80A3EC at 6 min: 
(a) 3.3 mg/L; (b) 6.5 mg/L; (c) 13 mg/L. 
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(a) 

 

(b) 

 

(c) 

Figure C.11 Determination of SE (plot of scattering intensity versus q) for cationic copolymer 50A1LC at 6 min: 
(a) 3.3 mg/L; (b) 6.5 mg/L; (c) 13 mg/L. 
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(a) 

 

(b) 

 

(c) 

Figure C.12 Determination of SE (plot of scattering intensity versus q) for cationic copolymer 50A3LC at 6 min: 
(a) 3.3 mg/L; (b) 6.5 mg/L; (c) 13 mg/L. 
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(a) 

 

(b) 

 

(c) 

Figure C.13 Determination of SE (plot of scattering intensity versus q) for cationic copolymer 80A1LC at 6 min: 
(a) 3.3 mg/L; (b) 6.5 mg/L; (c) 13 mg/L. 
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(a) 

 

(b) 

 

(c) 

Figure C.14 Determination of SE (plot of scattering intensity versus q) for cationic copolymer 80A3LC at 6 min: 
(a) 3.3 mg/L; (b) 6.5 mg/L; (c) 13 mg/L. 

  

y = -1.59x + 1.98
R² = 0.97

-2

-1

0

1

2

3

4

5

6

-2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2

lo
g

 i
n

s
e

n
s

it
y

log q

y = -1.53x + 2.02
R² = 0.99

-2

-1

0

1

2

3

4

5

6

-2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2

lo
g

 i
n

s
e

n
s

it
y

log q

y = -1.61x + 1.95
R² = 0.97

-2

-1

0

1

2

3

4

5

6

-2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2

lo
g

 i
n

s
e

n
s

it
y

log q



Appendix C 

303 

CORRELATION BETWEEN POLYELECTROLYTES PROPERTIES   

 

 

Figure C.15 Correlation between weight-average molecular weight and hydrodynamic diameter for the 
polyelectrolytes used in the statistical analysis. 
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PAPER 2 
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ABSTRACT 

Flocculation processes are extensively used as separation method to remove suspended and 

dissolved solids, colloids and organic substances in effluents. As flocculation performance affects 

the economy of many industrial processes, it is important to understand the underlying 

mechanisms, as well as the predominant flocculant properties influencing the final results. In the 

present study, a strategy based on the use of laser diffraction spectroscopy (LDS) was developed to 

screen different flocculants performance in an industrial potato crips manufacturing effluent, using 

anionic polyelectrolytes as flocculants. The flocculation process was monitored over time and 

information on floc average size and structure was obtained. The effect of flocculants properties, 

including their hydrophobic content, and concentration on the flocculation process and on flocs 

density was investigated. With this methodology for continuous monitoring of the flocculation 

process in real effluents, it is possible to obtain simultaneously information about the kinetics of 

floc size evolution, and also about the evolution of floc structure with time. This is an important 

proof of concept, since it will allow, in the future, to perform pre-screening of polymers to be used 

in the flocculation treatment of a specific effluent, minimizing, in this way, pilot trials 

The highest polyelectrolyte concentration studied leads to the largest flocs obtained, which were, 

however, very sensitive to the turbulent environment. This agrees with the low scattering exponent 
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values obtained for all the flocs, which indicate an open and porous floc structure. Characteristics 

of the polymers used proved to have an important role in the floc size. Higher zeta potential, 

hydrodynamic diameter and molecular weight of the flocculant resulted in larger flocs. The 

presence of hydrophobicity in the polyelectrolyte also showed to influence the floc properties, 

although an optimum content could be identified, above which flocculation was hindered. 

KEYWORDS 

Polyelectrolytes, wastewater treatment, flocculation, laser diffraction spectroscopy, scattering 

exponent. 

 

INTRODUCTION 

Wastewater from industrial processes usually contains dissolved solids, very fine suspended 

solids, organic and inorganic particles, metals and other insoluble impurities with very small size 

and some surface charge. Due to this, self-aggregation of these particles in a way that it is possible 

to have a reasonable separation and obtain dense flocs for settling and filtration is a challenge 
1,2

.  

Flocculation is the most extensively used separation process to remove suspended and dissolved 

solids, colloids and organic substances in industrial wastewater 
3
. Generally, floc formation 

involves several steps occurring sequentially including dispersion of the flocculant in the solution, 

diffusion near and to the solid-liquid interface, adsorption of the flocculant onto the surface of the 

particles, collision of particles containing adsorbed polymer with other particles and adsorption of 

the flocculant on the free surface of those particles. These standard steps typically lead to the 

formation of aggregates and enable growth of initial microflocs to larger and stronger flocs by 

consecutive polymer adsorption and particle collisions and aggregation or, alternatively, 

establishment of bonds between flocculant chains absorbed onto different particles 
4–6

.  

Destabilization of particle suspensions by polymers can be associated to different flocculation 

mechanisms such as charge neutralization 
6,7

, polymer bridging 
8,9

 and electrostatic patches 

interactions 
9,10

. These mechanisms are strongly related with the way adsorption of flocculants on 

particle surfaces occurs, which depends on the chemical affinity between the polymer and the 

particle surface 
3
. 

To optimize the flocculation performance there are several parameters that need to be controlled 

during the process. The optimised flocculant concentration depends on the content of suspended 

solids and colloids in the wastewater, including dissolved organic content, and the treatment 

success usually increases with the increase of flocculant input, until a certain optimum level from 

which there is no further improvement of performance. The treatment efficiency often achieves a 

maximum and decreases if the polymer dosage is too high 
11

. An important mechanical factor in the 

flocculation process is the mixing, which enhances contact between the flocculant and the 
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suspended solids in the system, thus accelerating the formation of flocs. There are two stages in the 

mixing process in a typical flocculation process and they are associated with rapid and slow 

stirring. The rapid stirring is used to achieve a good dispersion of the flocculant after addition, 

while slow stirring is used to promote the flocs growth and limit the breakup of aggregates 
12

.  

Synthetic polyelectrolytes have been commonly used as flocculants to enhance the flocculation 

process efficiency, with promising results 
13

. Polymer characteristics such as molecular weight, 

structure (linear or branched), charge density, charge type and composition have a strong influence 

on the flocculation process 
14

.  

In order to investigate the floc behavior during the formation process, as well as the flocculation 

kinetics, the floc characteristics can be monitored in-situ using a laser diffraction particle size 

analyzer system (LDS) 
15

. It is well reported in the literature that LDS is useful to follow 

flocculation processes, even if most studies refer to model systems 
15

. Rasteiro et al. 
15,16

 presented 

the application of LDS to monitor flocculation in papermaking and to evaluate the flocculation 

mechanisms in flocculation studies of precipitated calcium carbonate. Using LDS it is possible to 

perform an evaluation of the flocculants performance, providing information on floc size 

distribution, average size and aggregate structure described by the fractal dimension (dF) and 

scattering exponent (SE), in a continuous approach 
17

. The fractal dimension provides information 

about the primary particles that fill the space in the nominal volume of an aggregate, being a useful 

parameter to characterize the density of the flocs 
18

. However, for secondary aggregates resulting 

from the aggregation of primary aggregates, the fractal theory can no longer be applied and the 

scattering exponent is used to obtain information regarding the flocs structure, providing 

information for the larger length scales of larger flocs 
17,19

. Moreover, flocculation can be 

conducted in controlled hydrodynamic conditions that can easily be reproduced in industrial 

flocculation processes 
20

. 

In LDS measuremnt, the scattering angle, the angle between the incident and scattered lights, is 

inversely correlated with the particles size. Thus, by collecting the intensity of the scattered light 

for different angles it is possible to extract information about the number of particles in each size 

class. The information collected regarding the different scattering angles, results in the scattering 

matrix, from which the particle size distribution can be obtained using the adequate model 
21

. 

In this study, flocculation was followed continuously, using LDS, for a real industrial effluent 

from potato crisps manufacturing industry, treated with high molecular weight anionic 

polyelectrolytes with two different polymer compositions (co-polymers). The effect of the 

incorporation of a hydrophobic monomer at different ratios (ter-polymers) within the polymer 

flocculant structure, onto the efficiency of the flocculation process was also studied. Recently, 

hydrophobic modification of polymers has been extensively investigated for application in solid-

liquid separation, due to their capacity of enhancing polymer performance 
22

. Hydrophobically-

modified polymers can be obtained by chemical grafting or copolymerization procedures, through 
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the introduction of a relatively low amount of hydrophobic monomer into the polymer structure 
23

. 

The synergetic effects between the charge functionality and the hydrophobic group have shown a 

remarkable improve of performance in wastewater treatment 
22,24

. 

In this study the applied polymers were synthesized by inverse-emulsion polymerization using 

three different health-friendly formulations, which have replaced the organic phase and surfactants 

of traditional formulations 
25

. Two health-friendly oils, according to the international nomenclature 

of cosmetic ingredients INCI, were used as organic phase in the synthesis process: an iso-paraffin 

(Carnation) and a hydrogenated polydecene (Puresyn4). These health-friendly formulations, which 

have been explained in a previous reference from the authors 
26

, have already proved to be suitable 

to synthesize standard commercial polymers for application as flocculants in water treatment. 

Results regarding size, structure and strength of the flocs, as well as flocculation kinetics were 

obtained and analyzed. Correlation between polyelectrolyte characteristics and flocs size and 

structure is presented here and the prevailing flocculation mechanisms discussed. The main 

objective of this work is the development of a new screening methodology, based on LDS, to pre-

select the best flocculant for a specific application. This will allow the detailed analysis of the 

obtained aggregates, depending on the flocculation products used and operating conditions, and 

allow correlating polyelectrolyte characteristics with specific floc properties, thus facilitating the 

choice of the best polyelectrolyte for a certain application, minimizing the need for pilot trials. 

 

EXPERIMENTAL SECTION 

Materials 

Acrylamide (AAm) solution, at 50 wt %, was purchased from Kemira (Botlek, Netherlands). The 

monomer Acrylamido-2-methyl-1-propanesulfonic acid sodium salt solution (Na-AMPS), at 50 

wt%, was purchased from Lubrizol (Bradford, UK) and used as received. Ethyl acrylate (EA) was 

purchased from Evonik (Darmstadt, Germany). Tert-butyl hydroperoxide (TBHP) was purchased 

from Acros Organics (Geel, Belgium). Sodium metabisulfite (MBS) was purchased from Brenntag 

(Esseco, Italy). Adipic acid was purchased from Merck (Hohenbrunn, Germany). The surfactants 

Sorbitan isostearate (Crill 6) and Synperonic LF/30 were purchased from Croda (Goole, England). 

PEG-7 hydrogenated castor oil (Cremophor WO7) was purchased from BASF (Ludwigshafen, 

Germany).  The oil Puresyn4, a hydrogenated polydecene, was purchased from ExxonMobil 

(Switzerland). Carnation, an iso-paraffin, was purchased from Sonneborn (Amsterdam, 

Netherlands). PPVS and methylene blue were supplied by Sigma-Aldrich (St. Louis, USA). 

Sodium Chloride (NaCl) was purchased from VWR (Leuven, Belgium). 

The flocculation tests were carried out on an industrial oily effluent from potato crisps 

manufacturing industry, which was supplied by Adventech Group (Portugal). The initial effluent 

sample presented a pH of 12.8, COD of 21.6 gO2/L, total solids of 9.7 g/L and a turbidity of 3050 
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NTU. The zeta potential of the effluent was measured in a Zetasizer Nano-ZS (Malvern 

Instruments) and the average value obtained was −17 mV at the initial pH (12.8) and -5 mV at pH 

6, even if a wide distribution of zeta potential was obtained, indicative of particles with different 

charges. Considering that a few particles in the effluent were over 100 µm (being the maximum 

particle size recommended for this equipment 100 µm) and also the low zeta potential of the 

effluent particles, the number of runs for each measurement was increased, as well as the 

acquisition time, according to recommendations in the equipment manual. The software quality 

report did always confirm good quality of the measurements.  

 

Polyelectrolytes synthesis 

Anionic polyelectrolytes, co- and ter-polymers of acrylamide, Na-AMPS and ethyl acrylate, were 

synthesized by inverse-emulsion polymerization using health-friendly formulations. The 

polymerization was carried out in a 500 mL glass reactor. Prior to reaction, the aqueous phase was 

prepared with deionized water, acrylamide, Na-AMPS and with 0.625 wt % of adipic acid. Sorbitan 

isostearate and PEG-7 hydrogenated castor oil were, as well, the surfactants blend to obtain a 

hydrophilic–lipophilic balance (HLB) between 4.75 and 5.75, adapted to the monomers 

composition and organic phase used. Carnation and Puresyn4 were used as organic phases. The 

aqueous phase was added to the organic phase under mechanical stirring and in the case of the 

combination with the hydrophobic monomer, the desired amount of EA was added at this point to 

the emulsion. TBHP and sodium MBS were used as the initiator redox couple. After the batch had 

cooled down to 32 ºC, 2.20 wt% of a wetting agent (Synperonic LF/30) was added. 

Table 1 presents a summary of the flocculants produced. Lower anionic fraction is represented as 

the 50 series, while higher anionic fraction is represented as the 80 series. MC and MP series in the 

list correspond to the use of Carnation and Puresyn4, respectively, as the health-friendly synthesis 

organic phase. For the ter-polymers, only Carnation was used as organic phase. A, refers to the use 

of Na-AMPS monomer, while E refers to the introduction in the polymer of the hydrophobic 

monomer EA.  

Polyelectrolytes solutions were prepared with distilled water at 0.4% (w/w). In order to guarantee 

the effectiveness of the flocculants, the diluted solutions must be prepared every day. 

 

Table 1 Summary of the polyelectrolytes composition. Co-polymers: 50AC, 80AC, 50AP and 80AP. Ter-polymers: 

50A1EC, 50A3EC, 80A1EC, 80A3EC.  

Polymer 

designation 

AAm ratio  

(wt%)          (mol%) 

Na-AMPS ratio 

(wt%)          (mol%) 

EA ratio 

(wt%)       (mol%) 

Synthesis 

organic 

phase 

50AC 50.0 74.0 50.0 26.0 - - Carnation 
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80AC 20.0 42.0 80.0 58.0 - - Carnation 

50AP 50.0 74.0 50.0 26.0 - - Puresyn4 

80AP 20.0 42.0 80.0 58.0 - - Puresyn4 

50A1EC 49.4 74.0 49.4 25.0 1.2 1.0 Carnation 

50A3EC 48.5 72.0 48.5 25.0 3.0 3.0 Carnation 

80A1EC 19.7 42.0 79.7 57.0 0.6 1.0 Carnation 

80A3EC 19.0 40.0 79.0 57.0 2.0 3.0 Carnation 

 

Polyelectrolytes characterization 

All polymers were isolated using hexane, acetone and isopropanol, and the characterization 

experiments performed in samples in the dry powder state.  

Charge density was determined by elemental analysis using an element analyser EA 1108 

CHNS-O (Fisons) and 2,5-Bis(5-tert-butyl-benzoxazol-2-yl) thiophene as standard. C, H and N 

elemental analyses were performed and the N element was used in the calculation of the charged 

fraction. At least three measurements for each sample were performed.  

Hydrodynamic diameter, molecular weight and zeta potential of isolated and redissolved 

polymers were determined by dynamic light scattering (DLS), static light scattering (SLS) and 

electrophoretic light scattering (ELS), respectively, in a Malvern Zetasizer Nano ZS, model 

ZEN3600 (Malvern Instruments Ltd, UK).  

For the hydrodynamic diameter, stock solutions of 0.05 g/L for copolymers and 0.03 g/L for 

terpolymers were prepared in Milli-Q water and stirred overnight. All samples were sonicated 

during 2 min and passed through 0.45 µm syringe filters prior to analysis. The measurement 

temperature was set to 25 ºC, backscatter detection (173º angle) was used and the CONTIN model 

was used to treat the signal, with at least three measurements for each sample performed.  

Weight-average molecular weight measurements of polymers were performed using stock 

solutions (0.5 g/L) of each polymer prepared in NaCl 0.5 M and stirred overnight. The samples for 

analysis were then obtained by diluting the stock solutions at several concentrations from 0.5-

0.02g/L. All samples were sonicated during 2 min and passed through 0.45 µm syringe filters prior 

to analysis. Toluene was used as standard. Previously, the refractive index of each solution was 

determined, in the refractometer Atago RX-5000D. By plotting refractive index versus 

concentration we could obtain dn/dc (variation of refractive index with concentration) which was 

supplied to the SLS software. The molecular weight value was extracted from the interception 

point on the X axis of the Debye plot, which represents the intensity of the scattered light versus 

the concentration of the sample used 
27

.  

For zeta potential measurements, 1 mL of each stock solution (0.1 g/L) in Milli-Q water was 

carefully injected with a syringe into a folded capillary cell (ref. DTS1070), closed by cell stoppers. 
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At least three measurements were conducted for each sample. Table 2 summarizes the flocculants 

characteristics.  

 

Table 2 Summary of flocculants characteristics. Co-polymers: 50AC, 80AC, 50AP and 80AP. Ter-polymers: 50A1EC, 

50A3EC, 80A1EC, 80A3EC. 

Polymer 

designation 

Charged fraction 

estimated from elemental 

analysis (wt%) 

Zeta Potential 

(mV) 

Hydrodynamic 

diameter (nm) 

Weight-

average 

molecular 

weight  

(10
6
 Da) 

50AC 41.5 ± 0.2 -71 ± 2 67 ± 2 0.9 ± 0.07 

80AC 62.9 ± 0.5 -80 ± 1 72 ± 1 1.0 ± 0.08 

50AP 41.9 ± 2.3 -72 ± 1 265 ± 37 2.5 ± 0.09 

80AP 68.1 ± 2.1 -85 ± 1 147 ± 4 1.3 ± 0.2 

50A1EC 39.5 ± 0.4 -65 ± 2 70 ± 1 0.6 ± 0.02 

50A3EC  39.7 ± 1.2 -58 ± 1 282 ± 32 3.5 ± 0.07 

80A1EC 62.2 ± 1.7 -79 ± 1 143 ±10 1.5 ± 0.2 

80A3EC 61.6 ± 1.5 -79 ± 2 206 ± 22 2.4 ± 0.08 

 

Flocculation jar tests 

For each polymer developed, a 200-mL stock solution at a 0.4 wt% concentration was prepared 

with distilled water using magnetic stirring for sixty minutes. 75-mL samples of pre-agitated 

wastewater (industrial effluent) were adjusted to three different pHs using hydrochloric acid or 

sodium hydroxide aqueous solutions, using a pH meter SCAN3BW (Scansci). The pH values were 

chosen after a first pre-screening over all pH range. Polymer solution samples with different 

volumes were added to the wastewater sample, increasing successively the flocculant concentration 

from 13 mg/L until a maximum of 180 mg/L. In each addition, the suspension-polymer mixture 

was manually agitated for 10 seconds, allowed to settle for 2 min and the turbidity of the 

supernatant assessed, with at least three repetitions, using a Photometer MD600 (Lovibond, UK). 

The variance in the measurements of turbidity was always below 1.0 %. 

 

Flocculation process monitoring  

A 200-mL polymer stock solution at 0.4 wt% concentration was prepared with distilled water 

using magnetic stirring for sixty minutes. 

LDS was used to monitor the flocculation process in slight turbulent conditions and supplies 

information about the flocculation kinetics and, simultaneously, on the alteration with time of the 
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floc structure according to previous studies 
15,20

. The tests were conducted in a Malvern Masterziser 

2000 (Malvern Instruments). 200 mL of effluent sample were added to 600 mL of distilled water in 

the equipment beaker, and the pH was maintained at a value of 6 using hydrochloric acid, 

according to the turbidity reduction tests. Dilution was required to ensure an acceptable level of 

obscuration, which was initially below 80%, to guarantee that during the flocculation process, the 

end obscuration value was always above 5%, as suggested by Rasteiro et al. 
15

. The measurements 

of the initial effluent, before any treatment, were carried out at a stirring speed of 2000 rpm. The 

flocculant was added after the first particle size acquisition of initial effluent at pH 6, as to obtain 

overall concentrations of the flocculant in the system of 3.3, 6.5 and 13 mg/L, according with the 

turbidity tests presented previously. Considering that, in the turbidity tests performed, the lowest 

concentration used (13 mg/L) conducted to very high turbidity reductions, sometimes to maximum 

reduction, thus, only this concentration and concentrations lower than this one were selected for the 

LDS monitoring experiments, in order to be able to observe considerable differences in floc sizes, 

and try to understand the presence of different and eventually complementary flocculation 

mechanisms. Moreover, economic considerations led also to the selection of a concentration of 13 

mg/L as the basis concentration for the LDS tests. The predetermined amount of flocculant solution 

was added at once to the effluent. During the entire process, the flocculation vessel was stirred 

mechanically using the sample unit of the Malvern Mastersizer 2000 at a stirring speed of 300 rpm 

to avoid floc breakage but still ensuring that floc sedimentation was not occurring. Different 

stirring speeds were tested, from 200 to 900 rpm, however 300 rpm was found to be the optimized 

speed allowing the largest floc size while ensuring that flocs were successfully circulating in the 

system. The size of the flocs was measured every 36 sec for a period of 6.6 min. The reported 

values of the median particle size (d(0.5)) represent an average of at least three measurements. 

Moreover, the scattering exponent of the flocs was calculated at the end of the flocculation 

process, from the scattering matrix obtained by LDS. This scattering exponent provides 

information about floc structure and is determined from the scattering pattern, corresponding to 

scattering at large length scales, considering that we are dealing with large and quite open 

aggregates 
14

. From the scattering matrix obtained by the LDS, it is possible to plot, in logarithmic 

scale, the scattering intensity versus q, and the slope of the first region of the plot is related to the 

SE 
17,19

. The q value is defined by the following equation (1):    

 

𝑞 =
4𝜋𝑛0

𝜆0
sin(𝜃/2)                                                   (Eq. 1) 

 

where n0 is the refractive index of the dispersion medium, θ is the scattering angle and λ0 is the 

incident light wavelength. The scattering matrix is exported through the Malvern software to an 
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excel spreadsheet and the data is then processed, offline, for each acquisition, in order to obtain the 

scattering exponents.  

 

 

RESULTS AND DISCUSSION 

Flocculation jar tests 

Results for turbidity removal with developed anionic flocculants at pH 3, 6 and 10 are presented 

in Figures 1 and 2. For this effluent, anionic co- and ter-polymers show very high turbidity 

reductions, with values above 97% at concentrations below 60 mg/L for the optimum pH (pH 6) 

and for polymers with lower anionic fraction (50 series). Since the removal results obtained for the 

co-polymers are already very high, the hydrophobically-modified terpolymers did not lead to 

further improvements. In the case of the 50 series polyelectrolytes, the presence of the hydrophobic 

monomer seems not to affect much their performance, suggesting that this modification is not 

required for the achievement of good turbidity reductions, even if the kinetics of turbidity removal 

seems to be slightly faster in the case of the hydrophobically modified polymers (compare Figure 1 

(a) with Figures 2 (a) and (c)). Looking at performances with the 80 series, there is a reduction of 

efficacy for the flocculant with a higher amount of the hydrophobic monomer, which leads to less 

turbidity reduction, indicating that a high amount of hydrophobicity is not beneficial for this 

specific case. This has already been observed by other authors previously 
28

.  

The best performances were achieved with flocculants 50AC (97% turbidity reduction), 50AP 

(97% reduction), 50A1EC (97% reduction) and 50A3EC (97% reduction), in general, polymers 

with a higher molecular weight and medium charge density, which favors the bridging mechanism. 

Flocculation using polyelectrolytes with high molecular weight and medium charge density 

promotes the bridging effect, since the polymer chain adsorbs on the effluent particles surface and 

extends enough to interact with several particles. At pH 3 there is also significant turbidity 

removals for most of the polymers studied, however not as efficient as at pH 6 due to the initial 

destabilization of the particles observed at this specific pH, which leads to a very low absolute 

value of zeta potential. On the other hand, at pH 10 substantial reductions are only observed with 

the 80 series flocculants. Furthermore, for the co-polymers, a similar behavior was observed for 

polyelectrolytes developed with Carnation or Puresyn4 as organic phases, suggesting that the oil 

used in the synthesis formulation does not affect the flocculation performance. 
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Figure 1 Turbidity removal curves for potato crisps manufacturing industry effluent treated by the anionic copolymers 

50AC (a), 80AC (b), 50AP (c) and 80AP (d), at various pH. 

 

Figure 2 Turbidity removal curves for potato crisps manufacturing industry effluent treated by the anionic terpolymers 

50A1EC (a), 50A3EC (b), 80A1EC (c) and 80A3EC (d), at various pH. 
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Flocculation process monitoring 

Tables 1 and 2 present the composition and the results of the polyelectrolyte characterization. 

The composition measurements confirmed the targeted differences between polymers. This initial 

characterization subsequently allowed the separate study of each parameter influence (charge 

density and presence/absence of hydrophobic content) for polyelectrolytes with similar 

composition and architecture.  

Zeta potential for initial effluent as collected (pH 12.8) and for effluent after adjustment to pH 6 

(optimum pH for treatment, according with previous results) were measured and a decrease of the 

absolute value was observed (to -5mV) with the decrease of pH. Considering that this is an average 

value and the distribution curve goes between -20 mV and 15 mV, typical of a heterogeneous 

system as is the case of this real effluent, this means a large number of particles in the effluent have 

a positively charged surface, which justifies the success of anionic polyelectrolytes application. 

Anionic polyelectrolytes will attach to the positively charged particles of the effluent and the 

flocculation process must start from there, in a first stage, extending to the other particles through 

bridging and sweeping flocculation. 

An example of the particle size distribution of the initial effluent, the pH 6 adjusted effluent and 

the effluent at the end of the flocculation process are shown in Figure 3, for treatment with ter-

polymer 80A3EC. The particle size distribution evolves from a bimodal to monomodal distribution, 

being displaced towards higher particle sizes at the end of flocculation, as expected. The median 

size of the particles in the initial effluent, measured by LDS, was 39 µm, while after the pH 

adjustment it was 22 µm. This decrease of particle size is mainly due to the constant strong stirring 

speed applied during the measurement, until the polymer addition, which may cause breakage of 

existent small aggregates.  Addition of flocculant increased drastically the median size of the 

particles. Specifically, adding the optimal dosage of 80A3EC (13mg/L) increased the median 

particle size to a value of 514 µm.  
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Figure 3 Particle size distribution of the initial effluent, pH 6 adjusted effluent and floc size distribution at the end of the 

flocculation with ter-polymer 80A3EC, for a polymer concentration of 13 mg/L.  

 

Industrial effluent flocculation was monitored by measuring the aggregate size over time using 

the LDS technique. Figures 4 and 5 provide representation of flocculation kinetic curves obtained 

by LDS for the polymers tested (50AC, 80AC, 50AP, 80AP, 50A1EC, 50A3EC, 80A1EC and 

80A3EC), for three different polymer concentrations (3.3, 6.5 and 13 mg/L). The trend in the 

kinetic curves is, in general, similar for all the cases tested. The average floc sizes reach their 

maximum within 2 min after polymer addition and then stabilize, without any apparent aggregate 

reconformation 
17

. Analyzing the kinetic curves, and considering the instability of the flocs size 

over the time of flocculation, it is possible to conclude that flocs are considerably large and 

sensitive to the turbulent environment. The flocculant dosage for the polymers tested that led to 

larger flocs was always 13 mg/L, the highest concentration used in this study. Using lower 

concentration leads to a faster reach of the equilibrium point in some cases, but always resulting in 

smaller floc sizes.   

Looking closer into the kinetic plots for the 13 mg/L concentration for the different polymers 

(Figure 4 and 5), it can be observed a floc size decrease after reaching a maximum size. This can be 

a result of the breakage of flocs by the hydrodynamic forces resulting from stirring, since the 

particles do appear to re-flocculate following breakage without visible restructuring, which, if 

present, would be noticeable through a steep decrease of flocs size, after reaching a maximum, in 

the median diameter curve versus time
20

. However, for lower concentrations of polymer, this 

behavior is less pronounced and the floc sizes are much more stable over time, confirming, as 

expected, that larger flocs are more sensitive to hydrodynamic forces resulting from mixing.  
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Figure 4 Evolution of average particle size over time obtained via LDS for three different flocculant dosages for co-

polymers 50AC, 80AC, 50AP and 80AP. 

 

Figure 5 Evolution of average particle size over time obtained via LDS for three different flocculant dosages for ter-

polymers 50A1EC, 50A3EC, 80A1EC and 80A3EC.  

 

The SE profiles, calculated from the scattering matrix obtained by LDS, were plotted and the SE 

value after 6 min of flocculation, for each concentration and polymer, was extracted. These values 

are summarized in Table 3, alongside with particle sizes recorded 6 min after addition of the 
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corresponding flocculant. Since the SE profiles for the different polymers follow all the same 

pattern, Figure 6 gives two examples of how SE evolves with time during the flocculation process, 

for two of the polyelectrolytes studied (80AC and 80A3EC), both with similar structure and charge, 

but differing by the ratio of hydrophobic monomer EA, used in the polymer synthesis. For all the 

cases, the scattering exponent increases rapidly at the beginning of the flocculation process, when a 

rapid growth of the floc size occurs. As the flocs grow, more particles are integrated within the 

flocs and the SE value increases correspondingly, until it eventually stabilizes within a few 

minutes. Higher SE values mean more compact flocs.  Although it was not possible to obtain a 

value of SE for the initial effluent, due to the heterogeneity of the small size particles, a continuous 

increase of SE is still verified, revealing an increase of flocs compactness during flocculation, also 

due to the hydrodynamic forces. In general, and comparing with literature 
20,29

, where systems of 

calcium carbonate were used, values of SE for this specific effluent are lower, corresponding to 

more porous flocs. These results regarding floc structure suggest that the aggregation process takes 

place mainly by the bridging mechanism, supported by the fast flocculation rate and by the open 

floc structure. For these two polymers, a higher polymer concentration leads to more porous flocs. 

Additionally, the presence of the hydrophobic monomer within the polymer flocculant results in 

slightly more compact flocs. 

The flocculation kinetics are largely dependent on the flocculant characteristics and on the 

flocculation mechanism involved 
15

. Bridging is likely the main flocculation mechanism, since the 

polymers charge density varies between 25 and 58 mol% and, for lower charges, more extended 

conformation of the polymer chain is obtained on the effluent particles surface, due to the lower 

number of sites available for adsorption, leading to large and more open flocs. This is more evident 

by the analysis of the 50 series polyelectrolytes . The lowest values of SE (very open flocs), 

correspond to the larger flocs, and the opposite is also verified (Table 3). In general, introducing 

hydrophobic content in the polymer lead to larger and more porous flocs, suggesting an additional 

interaction promoted by the affinity between the oily effluent and the hydrophobic part of the 

polyelectrolytes. Comparing specifically 50A3EC and 80A3EC, which have similar hydrophobic 

content and different anionic fraction, it is possible to see higher SE values for 80A3EC, which 

means more compact flocs, compatible with the higher number of negative charges in the polymer 

chain. Additionally, flocs obtained with P series polymers (50AP and 80AP) are larger and more 

porous, in agreement with the higher molecular weight of these polymers.  

Concerning the median floc size values (after 6 min) in Table 3, it is possible to see, for each 

polymer tested, an increase with the increase of the flocculant concentration, which was expected 

since more polymer in solution allows to create larger flocs by aggregating more particles. Also, 

comparing polyelectrolytes with the same characteristics of hydrophobicity, it is visible a tendency 

where larger flocs are obtained using flocculants with higher charge density (e.g. compare 50AC 



Appendix 

336 

with 80AC or 50A1EC and 80A1EC). The exception is when comparing 50AP and 80AP, possible 

due to the much higher molecular weight of 50AP.  
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Table 3 Summary of the experimental value of SE after 6 minutes of flocculation for each polyelectrolyte and maximum 

floc size for each concentration tested.  

Polymer Concentration  

(mg/L) 

SE after 6 min Floc size after 6 min 

(µm) 

50AC 3.3 1.81 95 

 6.5 1.84 177 

 13 1.69 340 

80AC 3.3 1.68 254 

 6.5 1.62 294 

 13 1.58 352 

50AP 3.3 1.53 330 

 6.5 1.52 359 

 13 1.39 497 

80AP 3.3 1.52 283 

 6.5 1.50 302 

 13 1.44 428 

50A1EC 3.3 1.37 328 

 6.5 1.37 335 

 13 1.35 423 

50A3EC 3.3 1.46 290 

 6.5 1.45 273 

 13 1.43 322 

80A1EC 3.3 1.60 317 

 6.5 1.64 374 

 13 1.46 471 

80A3EC 3.3 1.73 284 

 6.5 1.74 337 

 13 1.65 474 
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Figure 6 Evolution of floc structure (SE) for 80AC and 80A3EC, at different concentrations. 

 

Correlating polymer characteristics with performance in flocculation 

Figure 7 shows the influence on the floc size (Table 3) of charged fraction (a), zeta potential (b), 

hydrodynamic diameter (c) and molecular weight (d) of the polyelectrolytes, for the higher 

polyelectrolyte concentration used (13 mg/L). The results plotted refer to the flocs average size, in 

the average size over time curves, after 6 min of flocculation. In general, higher charged fraction 

and zeta potential, in absolute value, lead to larger flocs, since there is more charged moieties on 

the polymer, resulting in increased number of attachment events to particle surface per polymer 

chain, thus increasing the statistical possibility of one chain adsorbing to two or more particles, 

conducting to aggregates with a larger number of particles. This tendency is not completely linear, 

but for both co- and ter-polymers it can be verified in most of the cases, with only the exception of 

co-polymer 50AP (identified in the graph), which presents a molecular weight value much higher 

than the other co-polymers, introducing, thus, another parameter that can mask the trend. When 

considering the polymer hydrodynamic diameter, it is evident that the floc size increases when the 

hydrodynamic diameter increases, with the exception for the ter-polymer 50A3EC (identified in the 

graph), which appears as an outlier, for which a molecular weight value higher than for the other 

ter-polymers was also measured. However, the size distribution of this ter-polymer indicates the 

existence of some aggregation which may be masking the molecular weight measurement and even 

the hydrodynamic diameter measurement. Moreover, previous studies in the literature 
28

, have 

already referred to the possibility of an optimum amount of hydrophobic monomer incorporation in 

the polymer chain, above which flocculation is no longer improved, as will also be discussed here 

later. Since hydrodynamic diameter is very well correlated with molecular weight values, the 

tendency observed regarding the influence of hydrodynamic diameter is similar to the one observed 

in Figure 5 (d) for the influence of molecular weight. Longer polymer chains result in larger flocs, 

as one polymer chain can adsorb to the surface of a larger number of particles in the same floc, 

which, consequently, are usually also more porous. Moreover, the inclusion of the hydrophobic 

monomer usually leads to larger flocs as the result of two phenomena: higher affinity to the 

particles and higher molecular weight and hydrodynamic diameter (see Table 2).  
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Figure 7 Floc size after 6 min as function of charged fraction (a), zeta potential (b), hydrodynamic diameter (c) and 

molecular weight (d) for the highest polyelectrolyte concentration tested (13 mg/L).  

 

The influence of zeta potential (a) and hydrodynamic diameter (b) of the polyelectrolytes on 

scattering exponent (Table 3), for the higher polyelectrolyte concentration used (13 mg/L), is 

presented in Figure 8.  

Polyelectrolytes with higher absolute values of zeta potential, corresponding to a higher charge 

density in the chain, are expected to form more compact flocs (higher SE values), since there are 

more regions in the polymer chain able to adsorb to the effluent particles. However, this is only 

observed in the case of the ter-polymers with a strong effect of charge density on the flocs 

structure. Co-polymers show almost no influence of charge density on the floc structure, perhaps 

due to the overall lower molecular weight of these polymers.  

Regarding influence of hydrodynamic diameter, it is expected that higher hydrodynamic 

diameter will lead to more open flocs (lower SE values), since the polymer chains are longer, 

allowing more free space between bridged particles. This hypothesis appears to only hold surely in 

the case of co-polymers. For ter-polymers no general trend can be observed. This suggests that 

hydrophobic interactions between the oil in the effluent and the polymer chain affect the flocs 

structure, and the shorter the flocculant molecule the more evident is this effect.  

Similar trend of zeta potential and hydrodynamic diameter effects on SE (Figure 8) was verified 

when looking at charge density and molecular weight effects, respectively, as was previously 
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shown for the influences on floc size (Figure 7). Thus, only plots for the influence of zeta potential 

and hydrodynamic diameter on SE are presented here. 

 

 

Figure 8 SE after 6 min as function of zeta potential (a) and hydrodynamic diameter (b) for the highest polyelectrolyte 

concentration tested (13 mg/L).  

 

In Figure 9, floc size is plotted as a function of hydrophobic content of the polymer flocculant 

(for polyelectrolytes synthesized using the same organic phase (Carnation)), which is indicated by 

the molar ratio of monomer 3 in the polyelectrolyte composition. Each polymer series contains a 

different ratio of charged monomer within the polymer composition (0%, 1% and 3% as indicated 

in Table 1). For each polymer series, there is an increase of the maximum floc size with the 

addition of a small amount of hydrophobic content (1 mol%) to the initially fully hydrophilic 

composition, which then stabilizes or decreases when the hydrophobic content is increased to 

higher concentrations (3 mol%). This suggests that the presence of hydrophobicity is favorable for 

the flocculation process, though there is an optimum content that improves the floc size and above 

that value the presence of higher degree of hydrophobicity can be detrimental, in spite of the higher 

molecular weights obtained. This can be attributed, for instance, to a more difficult dissolution of 

the polymer. The improvement of flocculation performance in the presence of hydrophobically-

modified polyelectrolytes was already discussed in the literature for other formulations 
22,30

. The 

affinity between the hydrophobic part of the polymer and the oil droplets in the effluent appears to 

significantly enhance the treatment efficiency, as observed in the present study.  
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Figure 9 Floc size after 6 min, for the higher concentration tested (13 mg/L), as function of hydrophobic content 

quantified by the ratio (mol%) of monomer 3 in the polyelectrolyte composition. 

 

 

CONCLUSIONS 

The results obtained in this study suggest the viability of using the LDS technique to access and 

understand the flocculation progression in a real industrial oily effluent, and to determine some 

important floc characteristics under mild turbulent environment.  

Anionic polyelectrolytes, varying in charge density, molar mass and hydrophobicity were tested 

in terms of performance in flocculation, encouraging the execution of further pilot scale testing 

under industrial conditions in order to confirm the suitability for the final application. The 

experimental technique used, which was tested for the first time in a real industrial effluent, 

allowed extracting information on the influence of the polyelectrolytes characteristics on the 

flocculation process. This can be extremely important in the future, when dealing with the 

selection/optimization of the right flocculant to treat a specific effluent, as well as the tuning of the 

operational conditions. As expected, results show that high molecular weight polyelectrolytes with 

medium to high charge density induce flocculation by bridging mechanism. Results also 

demonstrate the influence of increasing flocculant concentration: floc size increases and more 

porous aggregates are obtained. Polyelectrolytes characteristics proved to be critical in the floc size 

obtained. Higher zeta potential, hydrodynamic diameter and molecular weight lead to larger flocs. 

The effect of the hydrophobic content suggests that the presence of hydrophobicity is favorable for 

the flocculation process, however there is an optimum hydrophobic content that improves the floc 

size and above that value the effect is no longer beneficial.  
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