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In this thesis, the main objective was to optimize the wastewater treatment process to better 

address the site-specific effluent, which has a high BOD content. The thesis aimed to study 

the behavior of different resin-based binders and determine how effectively they can be 

removed using a DAF system. The aim was to promote flocculation of binder residues in 

order to lower BOD levels through more efficient treatment. Additionally, oxidizing 

chemical was tested on resin-based binders to evaluate its impact on BOD reduction. 

In the literature part, background on glass fiber tissue manufacturing process, resin polymer 

chemistry, and relevant wastewater treatment technologies were introduced. The 

experimental section involved testing three different types of resin binders using a 

coagulation–flocculation approach, with the goal of optimizing treatment conditions for 

each. Parameters were adjusted to simulate the real operational environment of the DAF 

system. Pure resin samples were also treated with an oxidizer, and BOD measurements were 

taken to evaluate the effectiveness of the oxidizer. 

The experimental results indicated that optimal coagulation–flocculation conditions could 

not be achieved under the current setup, and the existing DAF process does not remove resin-

based binders as intended. Although full optimization of the DAF system was not 

accomplished, the findings suggest that alternative treatment strategies, such as modifying 

chemical dosing, exploring different coagulants or changing the amount of the oxidant may 

be necessary to achieve meaningful BOD reduction. These results highlight the need for 

continued testing and process development tailored to the complex chemistry of resin-based 

effluents.  
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Tämän opinnäytetyön päätavoitteena oli optimoida jätevedenpuhdistusprosessia, jotta 

voidaan paremmin käsitellä kohdekohtaista jätevettä, jolla on korkea BOD-pitoisuus. Työn 

tavoitteena oli tutkia erilaisten hartsipohjaisten sideaineiden käyttäytymistä ja määrittää, 

kuinka tehokkaasti DAF-järjestelmä voi erottaa niitä. Tavoitteena oli saada sideainejäämät 

flokkaantumaan, mikä edistäisi BOD-tasojen alentamista. Lisäksi sideaineita testattiin 

hapettavalla kemikaalilla ja sen vaikutusta arvioitiin BOD-pitoisuuden pienentämiseen. 

Kirjallisuusosiossa esiteltiin lasikuituhuovan valmistusprosessi, hartsipolymeerikemiaa ja 

asiaankuuluvia jätevedenpuhdistustekniikoita. Kokeellisessa osiossa testattiin kolmea 

erilaista hartsisideainetyyppiä koagulaatio-flokkausmenetelmällä, jonka tavoitteena oli 

optimoida käsittelyolosuhteet kullekin sideainetyypille. Parametrit säädettiin DAF-

järjestelmän todellisia käyttöolosuhteita vastaavasti. Puhtaita hartsinäytteitä käsiteltiin myös 

hapettimella, ja BOD-mittaukset tehtiin hapettimen tehokkuuden arvioimiseksi. 

Koetulokset osoittivat, että optimaalisia olosuhteita ei voitu saavuttaa nykyisillä 

laitteistoilla, eikä nykyinen DAF-prosessi poista hartsipohjaisia sideaineita kuten sen on 

tarkoitus. Vaikka DAF-järjestelmän täydellistä optimointia ei saavutettu, havainnot 

viittaavat siihen, että vaihtoehtoiset käsittelymenetelmät, kuten annostuksen muuttaminen, 

erilaisten koagulanttien tutkiminen tai hapetuskemikaalin annostuksen muuttaminen, voivat 

olla tarpeen BOD-vähennyksen saavuttamiseksi. Tulokset korostavat tarvetta jatkaa 

testausta ja vedenkäsittelyprosessien räätälöimistä hartsipohjaisia jätevesiä varten.  
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SYMBOLS AND ABBREVIATIONS  

Abbreviations  

AAS Flame Atomic Absorption Spectrometry  

ACH Aluminum chlorohydrate  

Al2O3 Aluminum oxide 

AOP Advanced oxidation process 

BOD Biological oxygen demand 

BOD5 Five-day biological oxygen demand 

COD Chemical oxygen demand 

CO₂ Carbon dioxide 

CWA Clean Water Act  

DAF Dissolved air flotation 

B2O2 Diboron dioxide 

EPA Environmental Protection Agency 

FDS Fixed Dissolved Solids 

FSS Fixed Suspended Solids  

GFT Glass fiber tissue 

H₂SO₄ Sulfuric acid 

ICP Inductively Coupled Plasma 

K₂Cr₂O₇ Potassium dichromate 

MFFT Minimum film forming temperature 

NaOH Sodium hydroxide 

NO₃⁻ Nitrate 

NO₂⁻ Nitrite 

NPDES National Pollutant Discharge Elimination System 



NPOC Non-purgeable organic carbon 

NTU Nephelometric turbidity units 

SiO2 Silicon dioxide  

TDS Total dissolved solids 

Tg Glass transition temperature 

TIC Total inorganic carbon 

TKN Total Kjeldahl Nitrogen  

TOC Total organic carbon 

TP Total Phosphorus  

TS Total solids 

TSS Total suspended solids 

PO₄³⁻ Phosphate  

POC Purgeable organic carbon 

ppm parts per million 

UF Urea-formaldehyde 

VDS Volatile Dissolved Solids 

VOC Volatile organic compounds 

VSS Volatile Suspended Solids
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1  Introduction 

Wastewater treatment is an important part of Ahlstrom’s process development in Madisonville GFT 

site. Industries are remarkable users of global water resources contributing usages such as production, 

cooling, and in-product use (EPA, 2025a). Wastewater is one of the major environmental stressors 

that can lead to significant ecological and operational challenges. When wastewater contains 

excessive nutrients such as nitrogen and phosphorus, it can interfere with the functioning of 

municipal wastewater treatment systems by overwhelming biological processes and contributing to 

issues like eutrophication in receiving water bodies (EPA, 2025c). This can increase the costs of 

wastewater treatment, as industrial wastewater often differs significantly in composition and strength 

compared to municipal effluent. Its higher concentrations of chemicals, nutrients, and suspended 

solids can place additional burden on local treatment plants, requiring pre-treatment, advanced 

processes, or capacity upgrades (Tchobanoglous et al., 2003; EPA, 2024c).  

Dissolved Air Flotation (DAF) is a wastewater clarification process designed to remove suspended 

solids, oils, greases, and other particulate matter from the effluent by using air microbubbles to float 

contaminants to the surface (Kaltchev, 2024; Tchobanoglous et al., 2003). In this work the DAF unit 

is part of a series of experiments that are done to study and optimize the wastewater purification 

process in Ahlstrom’s Madisonville GFT site. The main aim of the experiments is to find how 

biological oxygen demand (BOD) amount of wastewater can be lowered in the DAF unit. Laboratory 

work is done to optimize the dose of coagulant, adjust the pH and dose of oxidizer to be used in prior 

entering the flotation unit. In Experimental part, jar tests, settling tests and 5-day BOD test are used 

to gather and examine the results of turbidity and BOD reduction. 

The aim is to remove high amounts of suspended solids and oxygen demanding material of the 

effluent water before the water stream is continued to the wastewater treatment plant. Other 

wastewater parameters are described to support the examination of the quality of the wastewater. In 

this work it is described how to aim to efficient BOD removal by experimental work in the industrial 

site of the study. The binder wastewater treatment in the glass fiber tissue process is explained and 

possible risks and solutions for more efficient treatment of the wastewater in this specific process 

site are listed.  
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1.1  Introduction to the company 

This thesis is made with Ahlstrom in their Madisonville GFT site in the state of Kentucky in the 

United States of America. Ahlstrom is a leading manufacturer of fiber-based products that include 

applications in construction materials, filters, and label papers (Ahlstrom, n.d.). The revenue of the 

company was 3.0 billion euros in 2023 (Ahlstrom, 2023). The company is divided into three divisions 

including Filtration & Life Sciences, Food & Consumer Packaging and Protective Materials. The 

site is part of protective materials and manufactures glass fiber tissue. Glass fiber tissue is only 

manufactured in three of the company's sites from all 37 of the production sites. The Madisonville 

GFT site was taken into use in the fall of 2023 (Ahlstrom, 2023). Glass fiber tissue serves functions 

in different applications including flooring, ceiling, medical applications, and plasterboard, for 

example (Ahlstrom, n.d.). In this thesis the focus is on the wastewater mainly formed from the binder 

that is used for binding the glass fibers together. This work introduces three types of resin-based 

binders. Before the wastewater effluent is sent for the wastewater treatment plant, it is treated by 

dissolved air flotation on-site.  

The idea of this study was first introduced when the wastewater effluent was measured high in 

biological oxygen demand, BOD, content. The high content won’t only cause issues within the 

wastewater treatment site but will cost extra to treat in the local wastewater treatment plant. The aim 

of the study is to optimize the coagulant and aid chemical dosing into the flotator in a way that the 

BOD content can be lowered. The aim is to improve the coagulation of solids in the effluent and 

separate as much solid as possible from the effluent before the stream continues to the wastewater 

treatment plant. To clarify the effluent on-site, it is important to understand the effect of different 

characteristics of wastewater. The root source of the high BOD content is supported by Literature 

part where the raw materials of glass fiber tissue are introduced, and the focus is on resins formed 

from organic compounds. Laboratory work is implemented on-site and off-site with a partner 

laboratory. These findings are then used for the dissolved air flotation settings to flocculate as much 

of the effluent into solids by clearing the effluent water. In the end of the thesis, it’s discussed how 

the wastewater treatment on-site can be optimized. There are several binders that can be used 

depending on the product’s final application. This work will introduce three types of them that are 

presented in the literature part.  

Wastewater treatment is an essential part of the manufacturing sites process since without proper 

treatment the wastewater can cause several issues when released back to the circulation. The 

wastewater can be treated in the facility or outsourced by wastewater treatment plant. The city has 

limits for the effluent they treat from industries, and this puts challenges on the factories to make 

sure the quality of the effluent stays within these limits. There are two main ways to affect these 
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limits within the glass fiber tissue process: by designing the source of the wastewater, in this case the 

binder, or by designing the process in a way that it decreases the pollution. Since binder chemistry is 

the result of years of work of developing the right kind of chemistry for the end application, the focus 

is on the process itself in this thesis. Not to diminish the importance of continuous improvement of 

the binder chemistry itself.  

By optimizing the use of the DAF unit, it will be easier to send the effluent to further wastewater 

treatment and by understanding the composition of the effluent it’s easier to monitor the limit values 

set to the effluent. This thesis will gather the important parts of these points and aim for suggestions 

of solutions for the effluent treatment. In practice this means doing the needed measurements to 

different sets of samples and comparing the performance the coagulant and oxidizer, then choosing 

the best results and applying this to production scale.  

Although there are globally recognizable parameters for defining water quality and wastewater 

treatment efficiency, the limits for acceptable amounts may vary across the world. Since this work is 

done in a factory site in United Sates of America, the mentioned laws, regulations, and local limit 

values are applied according to the geographical location. The regulations are set by the 

Environmental Protection Agency (EPA), and the local department of water follows these regulations 

and sets precise limits for industries within their area (Madisonville living, 2024). In comparison, in 

the European union, the directives define the values and limits for wastewater (WWF, 2024).  

 

1.2  Objective and research questions 

Since glass fiber tissue is used in many applications, different kinds of fibers, binders, and sizing 

treatment, are used to give the tissue qualities to suit its purpose in the final application. Binder 

chemistry is an important part of modifying the qualities of the final product and thus there are several 

binders by different characteristics and chemistry. In this thesis the binder refers to formulation that 

is needed for film forming. The main objective of this thesis is to optimize the wastewater treatment 

for the presented binder by utilizing the dissolved air flotation on-site.  

This thesis will aim to answer the following questions: 

1. How is the company’s binder process water treated and what are the most important parts of 

the treatment on-site? 

2. What is causing the wastewater to be high on BOD content? 

• What is the source for organic material? 
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•  Can the amount be decreased by current methods? 

3. How can the dissolved air flotation be adjusted to treat high BOD content material? 

• Do different doses of coagulants or aids help with the performance of the DAF? 

• Do different doses of oxidizer help with the performance of the DAF? 

• Are there other parameters that should be taken into consideration? 

• What are the optimal settings for guaranteeing the best performance of DAF?  

 

This master’s thesis aims to find concrete solutions to these questions and heighten the design of 

process of wastewater treatment within the site. In the final part of this work, Conclusions, the 

recommendation and suggestions are introduced.  

 

1.3  Structure of the thesis 

This work consists of Literature and Experimental parts. In the Literature part of this work the basics 

of industrial wastewater treatment are explained and characteristics for examining wastewater 

effluent are given in detail. The regulations and limits are given to support the study.  Background 

of glass fiber tissue industry and the role of binders are explained. Binder chemistry is important to 

help understand the composition of the wastewater. The principle of cross-linking binders is given, 

and three types of binders are described and later tested in the Experimental part.  It is described how 

the current wastewater treatment process works on the site along with a wastewater balance chart. 

The purpose, function, and structure of the DAF unit are explained. In the experimental part the most 

crucial effluent characteristics are measured and the results are compared with the limit values. The 

experimental part covers the testing methods and binds together the knowledge of current wastewater 

treatment and the results of the inspected binder’s relation to the results. The experimental part was 

implemented in two parts, on and off-site. The off-site measurements were carried out by a partner 

company. 

In the final part of the thesis the results are presented.  It is discussed how to utilize these results to 

improve the performance of the DAF unit. In addition, a list of proposed future actions for supporting 

the performance are presented. Figure 1 summarizes the structure of this work.   
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Figure 1. The Structure of the thesis. 
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LITERATURE PART 

2  Glass fiber tissue manufacturing process 

This section introduces the manufacturing process of glass fiber tissue. The chapter describes the 

most important raw materials of the tissue, fibers and binders, and illustrates the process of putting 

these materials together to form the final product. The aim of this chapter is to give an understanding 

of the background of the process and the raw materials. The focus is on the binders, their structure 

and properties that will be an essential part of the experimental part. Basics of polymer chemistry 

within the binders, resins, are described as the polymer chemistry is the foundation of how the resins 

behave and perform. It also affects the processing of these resins. Three different types of polymeric 

resins are introduced including urea-formaldehyde, acrylic, and latex resin.  

 

2.1  Process description 

Glass fiber tissue (GFT), often referred to as glass fiber mat, consists of two main components: fine 

fibers of glass and the binder or resin that binds the fibers together. It is typically a lightweight 

product used as a reinforcement, not as the final product (Strong, 2008). In literature fiberglass term 

can be often used as referring to the glass fiber polymer matrix structure (Gardiner, 2020). The 

fiberglass composite consists of a reinforcement phase, glass fiber matting, and a matrix phase, of 

which the most known is polyester resin (Resin library, 2020). The composite differs from the glass 

fiber tissue or mat from its structural and mechanical performance. It is typically the final product 

and whereas glass fiber tissue or mat is not. Fiberglass composites are typically used in boats, car 

parts or pipes while glass fiber tissue is typically a component for roofing materials and wall 

coverings for example. (Strong, 2008).  However, glass fibers are raw materials of both these types 

of products.  

Glass fibers are very fine fibers that usually come in wet-chopped bundles. The mechanical properties 

define the type and name of the fibers. Types of glass include E-, A-, C-, and AR-glass for example 

(Sathishkumar et al., 2014). Glass fibers typically provide stiffness and high strength, but for example 

E-glass also offers low values for dielectric constant and dielectric loss (Jacoby, 2018). Classification 

by physical properties of glass is pictured in Figure 2.  Factors like fiber length, fiber weight, fiber 
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ratio relative to the matrix, fiber orientation, manufacturing processes, and preparation all affect the 

behavior of the fiber composites. Glass fiber itself has excellent mechanical qualities. However, the 

inorganic fibers are not biodegradable. (Samuel, et al. 2021). 

 

 

Figure 2. Classification of physical properties of glass types (Sathishkumar et al., 2014). 

 

Fine fibers of glass are made step by step by batching, melting, fiberization, coating and packaging. 

Batching combines the right ratio of raw materials for the glass such as silicon dioxide (SiO2), 

aluminum oxide (Al2O3), and diboron dioxide (B2O2). Melting happens at a high temperature of 1500 

to 1700°C in a three-stage furnace. The molten glass flows to the refiner, where the mixture is cooled 

down that molded into fibers. The molding process is called fiberization where the melted material 

goes through tiny brushes and turns into tiny filaments. The fibers are winded to small size, usually 

4 – 34 micrometers long. In the coating phase, sizing is applied to the fibers. Sizing compounds can 

be lubricants, binders and coupling agents. The purpose of sizing is to give protection, eliminate 

static electricity, and control the hydrophilicity of the fibers. Sizing takes up around 0.5 – 2 % of the 

dry weight of the fibers. Final steps are cooling and packaging. (Gardiner, 2020). 

The binder plays an important role in the properties of the sheet as it is the component that binds the 

raw materials together. Application happens in the binder wire where the binder is applied as a liquid 

on top of the dispersed fibers. The binder is a polymer coating. Application in a liquid state enables 

a fiberglass laminate to be shaped and molded into a structure before hardening. The advance of 
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polymer coatings is that they can be applied on almost any substrate. The main purpose of the binder 

is to form a robust film and provide adhesion and provide required mechanical properties of the 

coating. (de With, 2018). The binder also makes the glass fiber tissue smoother which is one of the 

differences the tissue has with traditional rougher glass fiber mats. After the binder application, the 

laminate undergoes a process called curing. Curing happens in the cure ovens, where heat is applied 

to the glass fiber sheet. During the curing process, the binder forms a cohesive and uniform layer or 

film.  

The choice of binder depends on the final application. There are a variety of properties that are needed 

from the sheet. These can be hydrophobicity, hydrophilicity, high tensile or alkali strength, flame or 

oil repellency for example. Additives are added to modify the properties or to help handling the 

binder. The main component of the binders are resins (de With, 2018). Resin is a substance that 

possesses high viscosity and can typically be converted into polymers. Resins can be natural or 

synthetic origin. (Resin library, 2020).  Another important component of the binder is a latex. Latex 

is a general name for a chemical component that is a synthetic material consisting of dispersion in 

water of polymer particles, used to make paints, coatings, and other products. Latex can be an 

emulsion polymer, polymer dispersion, or polymer colloid. The function of latex is to enhance the 

physical and mechanical properties of products by adding flexibility to the product for example. 

(Anderson & Daniels, 2003). 

Table 1. Binder composition for manufacturing glass fiber tissue. 

Component Function 

Resin Molding the binder, crosslinker, strength 

Latex Emulsifier, flexibility, whiteness, etc.  

Additives Rheology modification, defoaming, wetting, pH 

adjustment etc.  
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Figure 3. Latex-based binder and glass fibers. 

The fiber glass tissue or mat process can be divided into three main processes: forming, resin 

application and curing. In the forming phase the glass fiber bundles are dispersed and then distributed 

on to the forming wire. In the next phase, resin application, the binder is applied on top the distributed 

fibers on the binder wire. In the curing phase the binder forms a film activated by temperature thought 

the on top of the fibers or through the fibers. Curing happens in the cure ovens where the water is 

first evaporated from the sheet and then the resin is cured. The final step is rolling and packaging the 

sheet to be sent to the customer.  Figure 4 below show final products of a glass fiber tissue rolls.  

 

 

Figure 4. Glass fiber tissue rolls. 

 

The properties of glass fiber tissue are derived from the type of glass and binder and their formation 

on the sheet. ISO -standards for paper and board are used for monitoring the quality of the glass fiber 

sheets along with additional testing methods. These methods test properties like thickness, strength, 

wettability, and permeability. The development of the binders, their compositions and materials are 

important when designing the products. Not to ignore the importance of the process itself. Certain 

pollutants and emissions can be limited or monitored as there can be health requirements for the raw 

material. Also, sustainability requirements are becoming more prevalent and bring new aspects when 

looking at the composition the binder. All these factors are something that need to be considered in 
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the development phase of the binder. The composition of the binder is something that directly affects 

the composition of the wastewater since the excess binder is collected and treated as a wastewater.    

 

2.2  Resins as coatings 

The main component of the coating binder is resin or polymer emulsion (de With, 2018). In coating 

technology resins are a broad definition of materials convertible to polymers that are a highly viscous 

substance of synthetic origin. The term resin applies to a liquid that dries to a hard film or finish. 

Examples of resins in coatings include epoxy, polyurethane, and polyvinyl chloride. (Forrest, 2003). 

Resins can be divided into thermosets and thermoplastics. Most polymer coatings are applied as 

liquids, such as paint, for ease of handling and spreading.  After spreading they are transformed into 

the final thermoset state immediately after being applied on a substrate in a crosslinking process 

typically called curing. (de With, 2018).  

Thermosetting resin is a polymer in a soft solid or viscous state that changes irreversibly into an 

infusible and insoluble polymer network by activation process, curing. In a thermoset resin, the raw 

uncured resin molecules are crosslinked through a catalytic chemical reaction. The reaction is usually 

exothermic, and the resin creates extremely strong bonds with one another as it changes form from a 

liquid to a solid. Once a thermosetting resin is catalyzed, it cannot be reversed or reformed. Meaning, 

once a thermoset composite is formed, it cannot be remolded or reshaped. The polymer molecules in 

a thermosetting polymer create a three-dimensional network structure with strong covalent 

connections between them. Most coatings are thermosets because the network architecture offers the 

highest resistance of these thin polymer layers to solvents, chemicals, and mechanical stresses. The 

crosslinking of thermosets can be random or controlled implying the formation of bonds at random 

points or at well-controlled points along the chain. It is extremely difficult to twist the material after 

this sort of network structure has been developed. (de With, 2018).  Thermoset polymers have several 

benefits over thermoplastics in the context of composites including effective wetting with the 

reinforcements, high thermal stability, good creep resistance, and good chemical resistance. 

Disadvantages of thermosetting composites are brittleness and limited storage life. (Vasudeo & 

Thomas, 2023).  

Thermoplastic resins are non-reactive solids, so no chemical reaction occurs during processing. The 

polymer molecules in a thermoplastic substance are kept together by weak van der Waals forces 

(Vasudeo & Thomas, 2023). Unlike thermosets, thermoplastics require heat and pressure to create a 

finished material. Reheating and reforming are also possible. This makes them remoldable and thus 
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recyclable. Thermoplastic resins can soften and form viscous liquids when heat is exposed to them. 

They can then be transitioned back to a solid by cooling. Thermoplastic resins offer benefits like 

their capacity for fast molding cycles since the curing process is independent of a chemical reaction. 

Some examples of thermoplastic resins include melamine and polyurethane. (Forrest, 2003).  

 

Figure 5. Molecular mobility of thermoset and thermoplastic resins as function of temperature (de With, 

2018). 

 

Both thermosets and thermoplastics have reactive functional groups, such hydroxyl, epoxy, or amine 

groups, that can react with others so that a network is formed. The network restricts mobility, but a 

glass transition temperature, Tg, may still exist. (de With, 2018). In Table 2 some of the main 

differences between thermoset and thermoplastic resins are described. 

 

Table 2. Differences between Thermoset and thermoplastic resins. 

 Thermoset Thermoplastic 

Synthesis Addition polymerization Condensation polymerization 

Reaction Irreversible Reversible 

Curing temperature High Lower 

Storing Curing can occur at room 

temperature 

Can be stored at room temperature 

Handling Easy for large parts dues ease of 

processing large molds 

Difficulty to impregnate 

Materials Nylon, acrylic, polyvinyl 

chloride, etc. 

Epoxy, melamine, polyurethane, 

etc. 

 

Both thermosets and thermoplastic resins are polymers. Polymers are chemical compounds that 

consist of smaller particles, monomers, that are linked together into macromolecules. The monomers 

define the type of resin that will be formed. They also define what kind of crosslinking reaction goes 

between the monomers or curing agents and what kind of structure and molecular weight does the 
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resin have. Polymers can be organic or inorganic. The existence of carbon chains makes the 

difference between these two species since that is the so-called building block of organic polymers. 

Organic polymers can be natural or synthetic. Natural polymers are present in the nature and synthetic 

are man-made. When referring to resins in coating applications, the polymers are of synthetic origin. 

Polymeric materials are important in coatings since they offer a wide range of mechanical properties. 

The most important mechanical properties of polymers include tensile strength, tear strength, impact 

strength, and bursting strength. (Umoren et al., 2022).  

These synthetic polymers go through a process called crosslinking when they form a film to be used 

as a coating. Cross-linking is a covalent bond formation between two polymer chains. When the 

polymer is cured, the mechanical properties change by increasing the molecular weight of the 

polymer by linking it to another component. These components can be polymers, oligomers, 

monomers, or prepolymers. When it’s referring to polymers, crosslinking and curing terms are used 

interchangeably. (Wypych, 2024). Crosslinking reactions can happen through elevated temperatures, 

free radical, oxidizing reaction or UV-radiation (Ebnesajjad & Morgan, 2012).  

 

 

Figure 6. Crosslinking of polymers (Weerasinghe et al., 2023). 

 

Resin curing is a process that transforms the properties of resins through crosslinking of polymer 

chains. The transformation involves converting the resin from a liquid state to a solid which is 

essential to thermoset polymer production. The driving forces behind the curing process are diverse 

and often crosslinking and curing are referred to interchangeably. Typically, individual monomers 

and oligomers are combined, sometimes with the help of a curing agent, e.g. catalyst, to initiate a 

reaction which leads to the production of a three-dimensional polymeric network. At first, the 

reaction generates molecules with varying structures. The molecular weight of the structure increases 

in proportion to the reaction rate once the reaction proceeds. Physical modifications also occur such 

as reduced solubility, increased viscosity and density. Progress continues until the reaction is at 
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completion which results in a uniform and homogenous network. Curing can be triggered by several 

factors including heat, radiation, moisture, or catalyst. (Resin library, 2020). 

Typically, film formation can be based on curing and crosslinking or on evaporation and coalescence. 

When the formation is based on curing and crosslinking, the triggers are same as mentioned above. 

In water based aqueous systems, solutions or dispersion, the film formation occurs when the solvent, 

water, evaporates and the polymer particles are packed close together. The type of the system is 

dependent on the water solubility of the polymers. The evaporation happens because of drying which 

causes the particles to coalesce. Sometimes the help of film formers or film-forming aids is needed. 

Uniform film is created. Minimum film forming temperature, MFFT, is needed for continuous film 

to occur. The aqueous film formation can be divided into the following steps: 

• Polymer solution is applied to the surface. The formation of bonds happens due to the 

cohesion forces between the coating polymer molecules. 

• Coalescence of adjacent polymer molecular layers or surfaces through diffusion. 

• Viscosity increases due to the water evaporation, and the particles are packed closer to each 

other. 

• Coalescence into a continuous film. (Meier et al., 2022). 

 

Figure 7. Evaporation and coalescence-based film formation (Meier et al., 2022). 

 

Film formation is dependent on both glass transition temperature, Tg, and minimum film formation 

temperature, MFFT. Tg is defined as a temperature at which the polymeric emulsion changes from a 
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rigid glassy material to a soft material. It is not the same as melting point but describes the 

temperature where the material becomes softer. It depends on the chemical structure of the emulsion 

and can therefore be used to select the right resin depending upon the end-use of coatings. Free 

volume refers to the volume of the total mass of the polymer which is not occupied by the molecules 

themselves. It is the room where the parts of the chains can move around. The free volume increases 

by thermal expansion and once it reaches the critical temperature, the polymer transforms from rigid 

to rubber. Complete film formation can only happen temperatures above the MFFT. Tg and MFFT 

differ from each other but correspond usually by a few degrees in Celsius.  They both determine the 

hardness of the film. (Minimum Film Forming Temperature (MFFT): A Characteristic Property of 

Coatings, 2025). 

 

Figure 8. Glass transition temperature (Advanced EMC Technologies, 2017).  

 

Table 3. The effect of polymer chemistry on resins. 

Polymer chemistry principle Impact on resins 

Monomer type Base material properties 

Molecular structure Affects the processability, strength, flexibility 

Polymerization method Affects how resins are made and cured 

Crosslinking Determines the thermoset behavior 

Thermal transitions (Tg, MFFT) Determines the application limits 

 

2.2.1  Urea formaldehyde resin 

Urea formaldehyde-resin is one of the oldest petro-based resins (de With, 2018). It is manufactured 

from urea and formaldehyde compounds by a two-step process, usually an alkaline methylolation 

and an acidic condensation reaction. The conditions and preparation of the reaction define the 

https://coatings.specialchem.com/selectors/c-resins?src=prop-cnx
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formaldehyde to urea (F: U) ratio which will affect the proportions of linear or branched oligomers 

and polymers and monomers like free formaldehyde in the final resin. 

The methylolation step is typically performed in high formaldehyde to urea ratio where up to three 

molecules of formaldehyde are added to one molecule of urea. Methylation reactions forms mono-, 

di-, or tri-methylol ureas. Their type and proportions are dependent on the F:U ratio. The 

condensation reaction occurs in acidic conditions, when the pH is under 7.0 and the condensation 

gives off formaldehyde and water. The reaction increases the molecular weight of the resin and thus 

increases the viscosity of the resin. The condensation reactions are what turns the reactions into a 

resin. Two different types of bridges exist within the resin between urea molecules, ether and 

methylene linkages. The ratio is dependent on the conditions present. (Dunky & Pizzi, 2002).  In 

glass fiber tissue process, the condensation reaction happens in the cure ovens when the water 

molecules are removed. Figure 9 below shows the reactions of urea and formaldehyde first by 

methylolation and then by polycondensation.  

 

Figure 9. Formation of methylene and ether linkages by methylation and polycondensation (Arab & 

Shokuhfar, 2013).  

 

The ether bridge is not as stable as the methylene bridge since it needs two formaldehyde molecules 

to form. The methylene bridges are resistant to hydrolysis and make the resin thermoset. After the 

UF resin is cured, it consists of three-dimensional networks that cannot be shaped again. (Dunky & 

Pizzi, 2002). The crosslinking reaction can be triggered by heat or low pH, acidic condensation. The 

rate of reaction is controlled by these two factors.  Depending on the resin manufacturer, the UF resin 

can contain catalysts or buffer to adjust the pH to control the cure speed these conditions. The resin 

contains a lot of reactive amine, amide, hydroxyl, and carbonyl groups. (Umoren et al., 2022). 
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Figure 10. UF resin addition and condensation reaction’s rate constant (k) as a function of pH (Connor, 

1996). 

 

UF resin is typically a cloudy water-soluble liquid that is cured into colorless glossy polymer film 

(Umoren et al., 2022). The solubility to water decreases viscosity and can make the handling and 

spreading easier. Disadvantages of UF resin include the lack of resistance to water and release of 

carcinogenic formaldehyde (Connor, 1996). The buffer and catalyst systems within the resin affect 

the storage life of the material since the resin will start to crosslink, harden, once the pH drops. This 

can limit the shelf life to shorter times. Other types of formaldehyde resins include phenol- and 

melamine formaldehyde resin for example. The main characteristics of these types of resins are given 

in Table 4 below.  
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Table 4. Typical characteristics of UF resin comparing to melamine formaldehyde and phenol-formaldehyde 

resins (Kloeser et al., 2007). 

 

UF resin in very common adhesive in several industries due to its fast-curing time and low cost. It 

takes up around 15 % of the total thermoset resin production worldwide. (Umoren et al., 2022). 

Typical industries utilizing UF resin include hardwood plywood, particle board and adhesives 

(Conner, 1996).   

 

2.2.2  Acrylic resins 

Acrylic is a general term of derivates of acrylic and methacrylic acid. The resin can be synthesized 

from a wide selection of acrylic and methacrylic ester monomers and low level of monomers having 

other functional group. (Umoren et al., 2022). Figures 11 and 12 show functional and non-functional 

monomers used for the formation of acrylic resins. These monomers include typical functional 

groups like hydroxyl, amino and amido groups.  

 

Figure 11. Nonfunctional monomers as used for the formation of acrylic resins (de With, 2018). 

https://www.sciencedirect.com/topics/engineering/methacrylic
https://www.sciencedirect.com/topics/engineering/monomer
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Figure 12. Functional monomers as used for the formation of acrylic resins (de With, 2018). 

 

Figure 13. General structure of acrylates (Umoren et al., 2022). 

 

Acrylic resin can be both thermoset and thermoplastic. This work focuses solely on thermoset acrylic 

resins. Like other thermosetting material, acrylic resin as well forms three-dimensional polymer 

networks once cured. Unlike UF resin, acrylic resin won’t be cured by lowering the pH but by heat. 

Majority of acrylic polymers are copolymers of acrylic and methacrylic esters. Coatings and 

adhesives use emulsion and solution grades while other grades such as bulk exist. (Umoren et al., 

2022). 

The main advantages of thermosetting acrylic resins are the variety of functional monomers that can 

be incorporated into the polymer which allows them to be cured with several different crosslinking 

agents and provide specific properties such as adhesion to diverse substrates and controlled crosslink-

density. The variety of nonfunctional monomers available make it possible to balance hardness, 

https://www.sciencedirect.com/topics/engineering/functional-monomer
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toughness and resistance properties of the resin. Acrylic acid resin is strong, durable, and resistant to 

UV damage (Umoren et al., 2022). This makes it ideal for several applications, including outdoor 

use. Acrylic resins have multiple applications including industries like automotive finishes, wood 

coatings, coatings for the exterior surfaces of coils, can coating and metal decoration (Crest, 2025; 

Paul, 1989). 

 

2.2.3  Latex-based resins 

Latex is colloidal dispersion. It is an aqueous dispersion of synthetic resin whose appearance is 

typically milky white liquid. It consists of polymeric particles that are dispersed in water making 

particles typically around 50 percent of the weight of the dispersion. Depending on the applications, 

the dispersions can also contain pigments, surfactants, and rheological modifiers. Latex is typically 

made by a process called emulsion polymerization. Latex can be synthesized from a range of 

monomers, typically acrylates (methyl methacrylate’s, butyl acrylates, ethylhexyl acrylates), 

styrene’s, vinyl acetates and butadiene’s. Copolymers can be also used in synthesis. The molar ratio 

of the monomers in the copolymer determines the glass transition temperature, Tg, the point at which 

a solid polymer changes into a liquid-like polymer. (Keddie & Routh, 2010).  

Latexes are currently used as a binder in industrial coatings and various types of protective coatings 

for automobiles, aircraft, ships, appliances for example (Keddie & Routh, 2010). The function of 

latexes in glass fiber tissue is to approve the qualities of the binder. Sometimes thermosetting resins 

don’t give enough toughness or flexibility by themselves, and thermoplastic latexes can be added to 

improve these qualities. Certain applications allow thermoplastic latexes as a primary binder. 

However, this might not be the most cost-efficient way. Risks of latexes include the destabilization 

of the material which is due to the surface charge of the latex.  
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Figure 14. Film formation of colloidal dispersion, e.g. latex (Keddie & Routh, 2010). 

 

Both latex and resin are important components of binders. The choice between latex and resin or 

their ratio depends on the specific requirements of the application, such as flexibility and durability. 

Resin is durable and best suited for applications needing rigidity and chemical resistance while 

latex is elastic, flexible, and often used for products requiring stretch.  

 

Table 5. Comparison between urea-formaldehyde resin, acrylic resin and latex based resins. 

Feature Urea-formaldehyde resin Acrylic resin Latex based resin 

Type Thermosetting Thermoplastic Typically thermoplastic 

Chemistry Condensation of urea + 

formaldehyde 

Acrylate or methacrylate 

polymers 

Emulsion polymers 

Curing Heat, irreversible 

crosslinking 

Heat cure  Coalesces into film as 

water evaporates 

Durability Brittle Weather resistant Varies 

Cost Low Medium to high Medium 

Emissions High (formaldehyde) Low Low 

Use in glass fiber tissue Traditional binder Modern binder (low 

VOC, flexibility) 

In flexible tissues 
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3  Industrial wastewater treatment 

As untreated wastewater can cause significant ecological and economic problems, it is important to 

implement feasible treatment methods that comply with threshold values while minimizing treatment 

costs. This chapter outlines the principles of wastewater treatment and identifies common indicators 

of wastewater pollution, with a focus on those relevant to the glass fiber tissue industry. Industrial 

wastewater pollutants can be categorized in various ways, such as by their origin or environmental 

impact. In this chapter, pollutants are classified into organic and inorganic pollutants, solids, and 

physical values. In the end of the chapter local wastewater pollutants limits are given to give a 

comprehensive picture of the importance of wastewater treatment. 

 

3.1  Aim of the wastewater treatment in glass fiber tissue process 

Industrial processes require water for various operational steps, including cooling, manufacturing, 

transportation, and dilution (USGS, 2018). As water moves through these processes, it often becomes 

contaminated with components that may be harmful to the environment. If this effluent is not 

properly treated before being discharged into surface waters, it can pose serious risks to ecosystems, 

aquatic life, and human health.  

Wastewater refers to water that can no longer be used or reused in its current state and thus requires 

treatment, either on-site or off-site. Proper treatment is essential to ensure that the water quality meets 

reuse standards or regulatory discharge requirements. The acceptable limits for pollutants in 

industrial wastewater are determined by national and local regulations. In the United States, national 

guidelines are established by the Environmental Protection Agency (EPA), based on the Clean Water 

Act (CWA) and the National Pollutant Discharge Elimination System (NPDES). These guidelines 

specify pollutant limits for various industries, reflecting the specific nature of each effluent source 

(EPA, 2024c). More detailed regulations are typically enforced by local authorities, such as city 

governments, which monitor effluent quality and ensure it meets the standards of the area’s 

wastewater treatment facility. The pollutant limits applicable to this study are presented later in the 

section 3.6. Site-specific effluent limits.  

Wastewater treatment plants are designed to remove solid particles and oxygen-demanding materials 

from the effluent. These treatment processes are typically divided into primary and secondary 

treatment stages. Primary treatment often includes physical processes such as sedimentation, while 
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secondary treatment involves biological methods such as aeration and the activated sludge process. 

Additional treatment steps, known as tertiary treatment, may include disinfection, filtration, or 

oxidation, aimed at removing remaining contaminants and improving the clarity, odor, and 

appearance of the treated water. (Tchobanoglous et al., 2003).  

In wastewater, solid particles are referred to as Total Suspended Solids (TSS). Organic material, 

which demands oxygen for decomposition, is quantified through parameters such as Total Organic 

Carbon (TOC), Biochemical Oxygen Demand (BOD), and Chemical Oxygen Demand (COD). 

Additionally, some organic pollutants are classified as Volatile Organic Compounds (VOCs), which 

can be toxic. The U.S. Environmental Protection Agency (EPA) regulates levels of TSS, BOD, COD, 

pH, oil and grease, as well as a list of 126 priority pollutants (EPA, 2024a). The most critical of these 

parameters will be introduced in this chapter and later applied in the Experimental part of this study. 

Since there are only a few glass fiber tissue manufacturing facilities worldwide, limited data is 

available regarding the specific characteristics of wastewater from this industry. As such, there are 

no EPA guidelines tailored specifically to glass fiber tissue production. Instead, regulations from the 

pulp and paper industry are often applied due to similarities in production processes. Although the 

raw materials differ, both industries involve large-scale processing steps and generate similar types 

of wastewaters. The wastewater from pulp and paper manufacturing is typically rich in organic 

matter, particularly cellulose, and the associated regulations focus on the treatment of biodegradable 

pollutants. In contrast, wastewater from glass fiber tissue production originates primarily from the 

resins used in binding the tissue sheets and from inorganic glass fibers. Nonetheless, both cellulose 

and resins are organic polymers, which contribute significantly to the organic load in wastewater. 

Therefore, the treatment focus remains largely on the removal and management of organic material.  

Table 6 summarizes the general characteristics of wastewater from the pulp and paper industry as a 

reference point. 

Table 6. Typical characteristics of pulp and paper industry’s wastewater (Mishra et al., 2015).   
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3.2  Parameters for evaluating organic matter in wastewater  

A key indicator of water quality is the amount of organic matter present in the effluent. Excessive 

organic material can have several negative impacts, including the formation of harmful by-products 

and the overall degradation of water quality. The excessive matter can result in oxygen deficiencies, 

which threaten the survival of many aquatic species. Maintaining an appropriate balance of organic 

matter is essential to ensure good water quality and the health of aquatic ecosystems. (Tchobanoglous 

et al., 2003). 

The following section introduces important parameters used to assess the organic content of 

wastewater. These include Total Organic Carbon (TOC), Biological Oxygen Demand (BOD), 

Chemical Oxygen Demand (COD), and Oil and Grease concentrations. 

 

3.2.1  Total organic carbon 

Organic material is defined as material that consists of carbon and hydrogen, hydrocarbon 

compounds. Thus, total organic carbon (TOC) is be used for measuring the amount of organic matter 

present in wastewater effluent sample. According to the U.S. EPA Method 415.3 Total Organic 

Carbon can be determined by subtracting Inorganic Carbon from Total Carbon, or by directly 

measuring Non-Purgeable Organic Carbon (NPOC) (EPA, 2009): 

𝑇𝑂𝐶 =  𝑇𝐶 − 𝐼𝐶   (1) 

Where  TOC Total organic carbon 

TC Total carbon 

IC Inorganic carbon 

  

However, when measuring the total carbon, TC, from the sample, the value can be very large, and 

the method is to be prone to significant errors. Therefore, a more specific method involves measuring 

Non-Purgeable Organic Carbon. Total Organic Carbon is the sum of Purgeable Organic Carbon 

(POC) and Non-Purgeable Organic Carbon (NPOC), as shown in the following equation: 
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𝑇𝑂𝐶 = 𝑁𝑃𝑂𝐶 + 𝑃𝑂𝐶   (2) 

Where  NPOC  Non-purgeable organic carbon 

POC Purgeable organic carbon 

 

To calculate the TOC from NPOC-method the sample is first acidified to convert the inorganic 

carbon compounds (such as carbonates) to carbon dioxide (CO2). The reaction follows: 

 𝑇𝑂𝐶 + 𝑇𝐼𝐶 
𝑎𝑐𝑖𝑑
→   𝑇𝑂𝐶 + 𝐶𝑂2  (3) 

Where  TIC Total inorganic carbon 

  CO2 Carbon dioxide 

 

Carbon dioxide (CO₂) is produced from both Total Inorganic Carbon (TIC) and Purgeable Organic 

Carbon (POC). The CO₂ is purged from the sample using an inert gas, and the amount of purged CO₂ 

is measured. The remaining carbon in the sample, which is not purged, is referred to as Non-

Purgeable Organic Carbon (NPOC). To determine the amount of NPOC, the sample is again purged 

with inert gas, and the remaining carbon content is measured to calculate the Total Organic Carbon 

(TOC). If the amount of POC is minimal, TOC and NPOC are nearly equivalent. (Speak, 2023).  

In summary, the NPOC method can be broken down into the following steps: 

1. Remove the Total Inorganic Carbon (TIC) from the sample. 

2. Convert the Total Organic Carbon (TOC) into carbon dioxide (CO₂). 

3. Measure the amount of CO₂. 

4. Calculate the remaining Total Organic Carbon (TOC), which is equivalent to NPOC. 

 

Purgeable Organic Carbon (POC) can also be referred to as Volatile Organic Compounds (VOCs). 

However, according to the U.S. EPA (2024d), VOC is defined as organic compounds that can easily 

evaporate into the air under normal indoor atmospheric conditions (i.e., room temperature and 

pressure). These compounds can be found in wastewater and pose health risks to humans if not 

removed, as they can evaporate from the water easily at room temperature. Examples of VOCs 

include formaldehyde and methyl chloride. 
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3.2.2  BOD and COD 

Biochemical Oxygen Demand refers to the amount of dissolved oxygen required by aerobic 

microorganisms to break down organic matter in water. In contrast, Chemical Oxygen Demand is 

the amount of oxygen needed to chemically oxidize both biodegradable and non-biodegradable 

organic compounds. (EPA, 2024c; Metcalf & Eddy, 2014). If treated effluent contains high 

concentrations of BOD or COD when discharged into natural water bodies, it can reduce the oxygen 

levels in the water, potentially leading to the decline of aquatic life such as fish (EPA, 2024c). 

These values provide insight into the level of organic pollution in wastewater. For both BOD and 

COD, higher values indicate lower water quality, as more oxygen is needed to decompose organic 

matter (Metcalf & Eddy, 2014). 

BOD is commonly measured using the 5-day Biochemical Oxygen Demand test (BOD₅), which 

determines the amount of oxygen consumed by microorganisms over a five-day period at a 

temperature of 20 °C. This test indirectly reflects the concentration of biodegradable organic matter 

present in a water sample (EPA, 2024c). BOD values are typically expressed in milligrams per liter 

(mg/L). In this work, BOD₅ is referred to simply as BOD. The simplified biochemical reaction of 

BOD is as follows: 

𝑂𝑟𝑔𝑎𝑛𝑖𝑐 𝑚𝑎𝑡𝑡𝑒𝑟 + 𝑂2 → 𝐶𝑂2 + 𝐻2𝑂  (4) 

Where  O2 Oxygen molecule  

  CO2 Carbon dioxide 

  H2O Water molecule 

 

Chemical Oxygen Demand indicates the amount of oxygen required to chemically oxidize organic 

and inorganic compounds in wastewater. COD testing is performed by chemically oxidizing the 

sample under high heat and in the presence of a strong oxidizing agent in acidic conditions. The most 

commonly used oxidizing agent is potassium dichromate (K₂Cr₂O₇). 

In a typical COD analysis, the sample is mixed with potassium dichromate and a mixture of sulfuric 

acid and metal salt catalysts (such as silver sulfate) for approximately two hours. After oxidation, the 

remaining dichromate is titrated or measured spectrophotometrically, depending on the method used. 

The reduction of Cr(VI) to Cr(III) is associated with a color change from orange to green, and this 

change is measurable at wavelengths between 420 and 600 nm. (EPA, 2024c). 
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While COD provides a fast and broad estimation of the oxidizable substances in wastewater, it is less 

specific than Biochemical Oxygen Demand, which measures only the biologically degradable 

portion. For this reason, BOD is often preferred when assessing wastewater pollution. However, the 

BOD/COD ratio is a useful indicator of the biodegradability of wastewater. A higher ratio suggests 

that a greater portion of the organic load is biodegradable, while a lower ratio indicates the presence 

of more chemically resistant compounds. (Tchobanoglous et al., 2003). 

 

Table 7. BOD/COD ratio as indicator of biodegradability of the effluent according to x.  

BOD/COD ratio Biodegradability 

> 0.3 Effluent readily biodergadable 

0.2 – 0.33 Effluent moderately biodegradable 

< 0.2 Effluent poorly or non-biodegradable 

 

A Total Organic Carbon analyzer measures the amount of organic carbon in a water sample, and this 

data can be used to estimate Biochemical Oxygen Demand and Chemical Oxygen Demand through 

site-specific correlation models. These correlations are typically developed by analyzing a series of 

parallel samples and statistically relating TOC values to corresponding BOD and COD 

measurements (Tchobanoglous et al., 2003). 

It is important to note that TOC only quantifies the total amount of organic carbon, while BOD and 

COD indicate the oxygen demand required to biologically or chemically degrade organic matter, 

making them more directly representative of water quality. However, a key advantage of using TOC 

is the ability to conduct real-time or rapid monitoring, whereas BOD tests require five days, and 

COD tests involve hazardous chemicals and high-temperature reactions. (EPA, 2024c). 

The relationship between organic carbon content and oxygen demand is illustrated in Figure 15, 

which shows how TOC, BOD, and COD relate to one another in terms of biodegradability and 

pollution potential. 
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Figure 15. Relation between TOC, COD and BOD. 

3.2.3  Oils and greases 

Oils and greases are organic substances with low solubility in water and relatively poor 

biodegradability by microorganisms. Their presence in wastewater can lead to operational issues, 

such as clogging of pipes, interference with biological treatment processes, and reduced oxygen 

transfer efficiency in aeration tanks (Metcalf & Eddy, 2014). 

A common method for removing oils and greases from wastewater is pH adjustment, typically by 

adding sulfuric acid to lower the pH. This process helps to destabilize emulsions, allowing oil 

droplets to coalesce and separate from the water phase. Once separated, the floating oil layer can be 

physically removed, often using Dissolved Air Flotation systems. DAF enhances the separation by 

attaching microbubbles to the oil droplets, increasing their buoyancy and enabling effective 

skimming from the surface. (Tchobanoglous et al., 2003; EPA, 2024c). 

 

3.3  Solids 

All solids present in wastewater are collectively referred to as Total Solids (TS). Elevated levels of 

total solids in effluent can negatively impact aquatic ecosystems by reducing water clarity, raising 

water temperature, and hindering light penetration, all of which can be harmful to aquatic organisms. 

(Metcalf & Eddy, 2014).  
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Total solids are typically divided into two main categories: Total Suspended Solids (TSS) and Total 

Dissolved Solids (TDS). TSS consists of particles larger than 2 microns that are not soluble in water, 

such as clay, sand, mineral particles, bacteria, and algae. These solids contribute to turbidity and 

coloration of the water and can usually be removed via filtration. High concentrations of TSS can 

obstruct sunlight from penetrating the water column, which is detrimental to photosynthetic aquatic 

organisms and can affect oxygen levels in the water. 

TDS, on the other hand, includes substances that are dissolved in water at the molecular, ionic, or 

micro-granular level. Common TDS components include salts, minerals, and low-molecular-weight 

organic compounds. Although TDS is generally not visible to the naked eye, it can influence water 

taste, odor, and corrosivity. According to the U.S. Environmental Protection Agency (EPA), TDS is 

regulated under a secondary standard, meaning it is a non-mandatory guideline based on aesthetic 

and operational considerations. (EPA, 2025d). 

The relationship between solid fractions is expressed as: 

 

𝑇𝑜𝑡𝑎𝑙 𝑠𝑜𝑙𝑖𝑑𝑠 (𝑇𝑆) = 𝑇𝑜𝑡𝑎𝑙 𝑠𝑢𝑠𝑝𝑒𝑛𝑑𝑒𝑑 𝑠𝑜𝑙𝑖𝑑𝑠 (𝑇𝑆𝑆) + 𝑇𝑜𝑡𝑎𝑙 𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑 𝑠𝑜𝑙𝑖𝑑𝑠 (𝑇𝐷𝑆)(5) 

 

Additionally, both TSS and TDS can be further classified into: 

• Fixed Suspended Solids (FSS) and Volatile Suspended Solids (VSS) 

• Fixed Dissolved Solids (FDS) and Volatile Dissolved Solids (VDS) 

However, in this work, the focus is on TS and TSS, due to their significant impact on water quality. 

Solids removal methods vary depending on the type of solid: 

• Screening and filtration are used for large particles. 

• Coagulation, flocculation, and sedimentation are effective for removing suspended solids. 

Importantly, reducing TSS also helps lower BOD, since a significant portion of 

biodegradable material is associated with suspended solids. (Tchobanoglous et al., 2003). 
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3.4  Physical properties 

The physical properties of wastewater refer primarily to characteristics associated with its appearance 

and measurable physical parameters. These include odor, color, turbidity, temperature, and pH 

(Metcalf & Eddy, 2014; Tchobanoglous et al., 2003). 

PH is a measure of hydrogen ion activity in a solution and plays a critical role in wastewater treatment 

processes. The pH scale typically ranges from 0 to 14, where values below 7 indicate acidity and 

above 7 indicate alkalinity. The pH of wastewater influences chemical solubility, microbial activity, 

and the efficiency of biological and chemical treatment. Extreme pH levels can lead to the 

precipitation of particulates, accumulation of toxic compounds, and interference with microbial 

metabolism. The pH is mathematically expressed as: 

𝑝𝐻 = − log10(
1

𝑎𝐻+
)   (6) 

Where  aH+ Hydrogen ion activity 

 

Temperature affects the rate of biochemical reactions, especially those involving microbial 

degradation. In activated sludge treatment, commonly used for biological wastewater treatment, 

microbial metabolism is temperature dependent. Low temperatures can slow microbial activity, while 

excessively high temperatures may inhibit or kill microbial populations. The optimal temperature 

range for biological treatment processes is typically 20–35 °C. 

Turbidity and color are often confused but describe different properties. Turbidity refers to the 

cloudiness or haziness of water caused by suspended solids. It is a qualitative indicator, whereas 

Total Suspended Solids (TSS) is a quantitative measure of solid particle concentration. Turbidity is 

usually reported in Nephelometric Turbidity Units (NTU). 

Color, on the other hand, results from light absorption by dissolved substances in water. It may be 

measured as true color (after removing turbidity) or apparent color (including suspended particles). 

Turbidity can increase the apparent color, making it significantly higher than the true color of the 

sample. (Tchobanoglous et al., 2003). 
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3.5  Inorganic pollutants 

Unlike organic pollutants, inorganic pollutants are typically non-biodegradable and can persist in 

aquatic environments for extended periods. As a result, they may accumulate in sediments and 

bioaccumulate in aquatic organisms, posing long-term ecological and human health risks 

(Tchobanoglous et al., 2003). 

One major category of inorganic pollutants is heavy metals, including lead (Pb), mercury (Hg), 

cadmium (Cd), and arsenic (As). These elements are toxic even at low concentrations and can cause 

serious health issues such as neurological damage, kidney failure, and cancer. Once released into 

water bodies, heavy metals do not degrade and can bioaccumulate through the food chain, ultimately 

affecting humans through fish consumption. (EPA, 2024b). 

Another group of inorganic pollutants includes nutrients, such as nitrates (NO₃⁻) and phosphates 

(PO₄³⁻), which primarily enter water systems through agricultural runoff, fertilizer use, and domestic 

wastewater. While these compounds are essential for plant growth, their excess in water bodies leads 

to eutrophication—a process characterized by algal blooms, oxygen depletion, and the formation of 

hypoxic ‘dead zones’ where aquatic life cannot survive. (Tchobanoglous et al., 2003). 

Inorganic pollutants are harder to remove once dispersed in the environment, requiring advanced 

treatment technologies such as chemical precipitation, ion exchange, or membrane filtration 

(Tchobanoglous et al., 2003). 

 

3.5.1  Total nitrogen and phosphorus 

Inorganic nitrogen and phosphorus are the most significant nutrients affecting water quality, 

primarily due to their role in eutrophication. Eutrophication is a process in which water bodies 

become enriched with excess nutrients, leading to the rapid growth of algae and aquatic plants. This 

overgrowth reduces light penetration and disrupts photosynthesis, ultimately resulting in oxygen 

depletion, which can cause the death of aquatic life. (EPA, 2025c). 

The sum of all nitrogen-containing compounds in water is referred to as Total Nitrogen (TN). Total 

nitrogen includes both inorganic nitrogen—such as nitrate (NO₃⁻) and nitrite (NO₂⁻)—and organic 

nitrogen, which is often measured as Total Kjeldahl Nitrogen (TKN). TKN accounts for organic 

nitrogen and ammonia nitrogen (NH₃-N). (Metcalf & Eddy, 2014). 
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In many wastewater assessments, TKN alone is used as a practical indicator of nitrogen content, 

particularly in untreated or partially treated effluents. For even simpler monitoring, ammonia (NH₃) 

is often used as a key parameter. Ammonia can directly enter water bodies from domestic wastewater, 

industrial discharge, or agricultural runoff. Once in water, ammonia reacts to form ammonium ions 

(NH₄⁺) and releases hydrogen ions (H⁺), thereby affecting the pH of the water. (Tchobanoglous et 

al., 2003). 

Figure 16 below illustrates the breakdown of total nitrogen into its major components. 

 

Figure 16. Total nitrogen components. 

 

Phosphorus is another essential nutrient that can cause significant environmental issues when present 

in excessive concentrations. In aquatic systems, phosphorus promotes the growth of algae and aquatic 

plants, and its overabundance often leads to eutrophication, similar to nitrogen. Eutrophication from 

phosphorus enrichment results in algal blooms, oxygen depletion, fish kills, and degradation of water 

quality. (EPA, 2025c). 

Total Phosphorus (TP) is a key indicator used to assess phosphorus pollution in water and includes 

both dissolved and particulate forms. It encompasses all phosphorus compounds, with the most 

common being orthophosphates (PO₄³⁻), polyphosphates, and organically bound phosphorus. 

(Metcalf & Eddy, 2014). 

Phosphorus can exist in both organic and inorganic forms, but in water, it is most commonly found 

as inorganic phosphate (PO₄³⁻). Orthophosphate is the biologically available form and is most closely 

associated with eutrophication impacts. The bioavailability of phosphorus makes it a particularly 

critical parameter in wastewater treatment and environmental regulation. 

While phosphorus pollution can originate from various sources, it is a greater concern in municipal 

wastewater and agricultural runoff due to the widespread use of detergents, fertilizers, and animal 
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waste. In contrast, many industrial effluents may contain lower phosphorus concentrations, 

depending on the process. (Tchobanoglous et al., 2003). 

 

3.5.2  Heavy metals 

Heavy metals are toxic inorganic pollutants that can accumulate in aquatic organisms and enter the 

food chain, ultimately affecting plants, animals, and humans. Human exposure typically occurs 

through contaminated drinking water or food products, particularly fish. When present in dangerous 

concentrations in wastewater, heavy metals can pose serious health risks, including neurological 

disorders, kidney damage, cancer, and birth defects. (EPA, 2024b; Tchobanoglous et al., 2003). 

Although there are numerous heavy metals of environmental concern, the most significant include 

lead (Pb), cadmium (Cd), mercury (Hg), and arsenic (As). These elements are persistent, non-

biodegradable, and can remain in the environment for decades if not properly treated. 

Because heavy metals are not usually measured on-site due to the need for specialized equipment, 

detection often requires laboratory-grade instrumentation such as Flame Atomic Absorption 

Spectrometry (AAS) or Inductively Coupled Plasma (ICP) spectrometry. (Metcalf & Eddy, 2014). 

Removal technologies include membrane filtration, adsorption using activated carbon or biochar, 

and ion exchange systems. These methods are effective but often require pretreatment and tight 

process control, particularly for complex or mixed effluents. (Tchobanoglous et al., 2003). 

 

3.6  Site-specific effluent limits  

As the effluent is discharged to the City of Madisonville’s wastewater treatment plant for further 

processing, it must comply with local discharge limits set by the Madisonville Department of 

Wastewater. These limits cover a range of parameters, including organic and inorganic compounds, 

physical properties, oil and grease, COD, BOD, and TSS. The regulated parameters, their maximum 

allowable concentrations, and monitoring requirements are presented in Table 8 below.  
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Table 8. Effluent limits and monitored values by the city 

 

 

It can be seen from Table 8 above that there are limitations for 25 pollutants altogether. Most of these 

parameters are heavy metals and toxic organic compounds. However, this work focuses on the BOD, 

and TSS. Temperature, oils and greases as they are the most prevalent within the industry.  For some 

pollutants like nitrogen and phosphorus don’t have daily maximums set up. Reporting is enough for 

these values. The columns on the right tell the frequency and type of testing.  
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4  Dissolved air flotation 

The function of Dissolved Air Flotation (DAF) is to remove suspended solids and other contaminants 

from the wastewater stream. It is a widely used separation process in industrial and municipal water 

treatment. In this chapter, the basic function, operating principle, and general structure of a DAF 

system are introduced. In addition, the chemical and physical reactions involved in the process are 

briefly discussed, including how they contribute to the efficiency of solid-liquid separation. The 

chapter also describes where DAF systems are commonly used and why they are important in 

wastewater treatment today. 

 

4.1  Function and purpose 

Dissolved Air Flotation is a widely used water treatment technology for the clarification of 

wastewater, particularly in industrial and municipal applications. It effectively removes suspended 

solids, fats, oils, Biochemical Oxygen Demand, Total Organic Carbon, turbidity, and color, among 

other contaminants. (Kaltchev, 2024; Metcalf & Eddy, 2014). In essence, DAF separates the solid 

phase from the liquid phase by utilizing air microbubbles. 

The process works by dissolving air into the wastewater under high pressure (typically 4–6 bar) and 

then releasing it at atmospheric pressure in a flotation tank. As the pressure is released, microbubbles 

form almost instantaneously. These bubbles, typically 10 to 150 μm in diameter, adhere to suspended 

particles, reducing their density and causing them to rise to the surface for removal. (Tchobanoglous 

et al., 2003). 

DAF is particularly effective for hydrophobic particles, or particles that have been chemically 

conditioned to behave as such. Heavier particles like sand or grit do not float and are typically 

removed through sedimentation. Therefore, DAF is best suited for fine solids, oils, and colloidal 

materials. 

A critical aspect of the DAF system is chemical pre-treatment, specifically coagulation and 

flocculation. These reactions enhance particle separation by promoting the aggregation of fine solids: 

• Coagulation involves the neutralization of negatively charged colloidal particles using 

positively charged coagulants such as alum, ferric chloride, or aluminum sulfate. This step 

requires rapid mixing and occurs within seconds. 
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• Flocculation follows coagulation and involves gentle mixing to encourage the formation of 

larger flocs. This process typically takes a few minutes and is often aided by polymers 

(flocculants) that help bind particles together and improve flotation efficiency. (Kaltchev, 

2024). 

Table 9 below highlights the key differences between coagulation and flocculation. 

 

Table 9. Differences between coagulation and flocculation. 

Variable Coagulation Flocculation 

Process Chemical Physical 

Chemical application Charge neutralizer Particle binding 

Mixing speed Rapid mixing Slow stirring 

Velocity gradient High Low 

Treated solids Fine particles Large flocs 

Time Seconds Minutes 

 

DAF systems offer several advantages over conventional treatment methods: 

• Simultaneous removal of various contaminants including oils, greases, suspended solids, and 

non-soluble organic matter. 

• Compact design, requiring less space than traditional equipment like sedimentation tanks. 

• Lower capital costs compared to some alternative technologies. (Kaltchev, 2024). 

 

In DAF systems, effective separation of solids from wastewater relies heavily on well-controlled 

chemical pretreatment, primarily through coagulation and flocculation. These processes neutralize 

the negative surface charges of colloidal particles, enabling their aggregation and attachment to air 

microbubbles for removal. During coagulation, positively charged coagulants such as aluminum 

sulfate (alum) or ferric chloride are introduced into the influent. These chemicals interact with 

negatively charged colloids, reducing the zeta potential and allowing the destabilized particles to 

begin forming aggregates. At sufficient concentrations and appropriate pH conditions, metal 

hydroxide precipitates can form and aid in the sweep flocculation process, further entrapping fine 

suspended particles. (Metcalf & Eddy, 2014). 

Following coagulation, flocculants, often long-chain polymers, are added to bind the destabilized 

particles into larger, more buoyant flocs. These flocs readily attach to the microbubbles generated 

during the depressurization phase of the DAF process. The success of this phase depends on proper 



43 

 

mixing conditions, chemical dosage, and pH control, often optimized through jar testing in industrial 

settings. 

The DAF system is particularly valuable in the pulp and paper industry, where large volumes of 

wastewater contain fibrous material, colloidal organics, and suspended solids. These constituents are 

well suited for removal through flotation. DAF is used both to recover fibers for reuse and to reduce 

TSS, BOD, and turbidity prior to biological or tertiary treatment. The high concentration of fine 

particulate matter and hydrophobic substances in pulp mill effluents makes flotation an effective 

method compared to sedimentation. 

DAF units in pulp and paper mills are often operated upstream of biological reactors, helping to 

reduce organic loading and optimize downstream treatment. Moreover, the recovery of fibers from 

white water streams allows for water reuse and material recycling, aligning with industry 

sustainability goals. (Tchobanoglous et al., 2003). Well-operated DAF systems typically achieve 

TSS and BOD removal efficiencies ranging from 85% to 95%, depending on influent characteristics 

and system design. (Tchobanoglous et al., 2003; Kaltchev, 2024). This makes them an attractive 

solution not only for solids separation but also for process water reuse and cost reduction in fiber 

recovery. 

However, DAF also has limitations. Its effectiveness heavily depends on the correct selection and 

dosing of coagulants and flocculants. Flocs must be of appropriate size—large enough to be lifted 

by microbubbles, but not too large to prevent attachment. DAF is also not suitable for dissolved 

substances, such as salts or low-molecular-weight contaminants, which require other treatment 

methods. (Metcalf & Eddy, 2014). 

 

4.2  Structure of the DAF unit 

A simplified schematic diagram of a typical DAF unit is presented in Figure 17. The process begins 

when the raw effluent feed enters a chemical mixing tank, where coagulants and flocculants are 

added. This is followed by a coagulation–flocculation reaction phase, where fine particles destabilize 

and begin to form larger flocs. 

The conditioned effluent then flows into the flotation tank, where pressurized air, previously 

dissolved in water in the air saturation tank, is released at atmospheric pressure, forming 

microbubbles. These microbubbles attach to the flocculated particles, reducing their apparent density 
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and causing most of them to rise to the surface. A surface scraper continuously removes the floating 

sludge, which is then transferred to a sludge press. 

In the sludge press, the solids are dewatered into a solid “cake”, which can be disposed of, typically 

in a landfill. The separated water is either recycled back to the start of the process or further treated. 

Some heavier particles, which are not lifted by the bubbles, settle at the bottom of the flotation tank 

and are removed via discharge cones. 

The efficiency of flotation is driven by the quality of air dissolution in the saturation tank and the 

adhesion of air bubbles to the flocs. The system is designed to maximize particle–bubble contact and 

promote separation of solids from the liquid phase (Woodard & Curran Inc., 2006). 

 

 

Figure 17. Schematic diagram of DAF unit (Woodard & Curran Inc, 2006). 

 

The chemical addition, including coagulation and flocculation, is considered part of the pretreatment 

stage in typical DAF systems. In conventional DAF plants, the clarified effluent typically undergoes 

secondary and tertiary treatments, such as filtration and disinfection, to further improve water quality 

(Edzwald, 2010). The overall conventional process flow is illustrated in Figure 18 below.  
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Figure 18. Schematic picture of conventional DAF plant (Edzwald, 2010). 

 

Often more mixing and contact time for the coagulants and flocculants are added by piping called 

pipe coagulators or flocculators. These piping systems provide the necessary turbulence and retention 

time for the chemical reactions to occur efficiently. Within these pipes, emulsions are destabilized, 

and coagulation–flocculation reactions take place before the wastewater enters the flotation tank. 

(Kaltchev, 2024). A schematic picture of a pipe flocculator is presented in Figure 19. 

 

Figure 19. Schematic picture of pipe flocculator (Kaltchev, 2024). 

 

Metal structure of DAF unit allows the system to be chemical and corrosion resistant, which allows 

the entering water to have wide pH range, high temperature and TDS tolerance. The metal structure 

is also suitable for road transport, which means that the equipment can be delivered to the site fully 

assembled and is ready to use. (Kaltchev, 2024).  
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EXPERIMENTAL PART 

In the experimental part of this work, the focus is on studying the BOD reduction potential of 

different types of resins used in production. The resins tested include urea-formaldehyde resin, 

acrylic resin, and latex resin. The first phase of the experiments involves determining the optimal 

dosage of coagulant and adjusting the pH of the wastewater. Additionally, oxidizer chemicals were 

introduced to see the effect of BOD reduction without coagulation – flocculation process.  

To achieve this, jar tests are conducted to identify the appropriate mixing times and chemical 

dosages, followed by settling tests to observe the sedimentation behavior of the treated resin samples. 

The results obtained are indicative and intended to provide a general understanding of the resin-

related effluent characteristics at the production sites. 

However, the findings serve as a base for identifying optimal treatment parameters, which can then 

be tested under actual operating conditions at the production facility. The goal is to optimize BOD 

removal efficiency at the flotation (DAF) unit. All BOD measurements are conducted by an external 

partner company. 

 

5  Materials and methods 

This section gathers both the laboratory and process testing methods as well as the materials from 

Madisonville GFT site. The first intersection will give a detailed description of the wastewater 

treatment lines from the production site. This includes the DAF unit. Next, the handling of samples 

and sample types are detailed, and finally the experiments are introduced.  

 

5.1  Ahlstrom Madisonville GFT site – wastewater lines 

Chapter 2. Glass fiber tissue manufacturing process gave introduction to the production side of glass 

fiber tissue. This section will focus on the part of manufacturing that processes the excess raw 

material that does not become part of the final commercial product. Specifically, it addresses the 

processing of surplus glass fibers and binder residues in the site's wastewater treatment area. This 

area includes a DAF unit, which plays a central role in clarifying the wastewater before it is 
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discharged to the municipal wastewater system. A general block flow diagram of the wastewater 

process is presented in Figure 20.  

 

 

Figure 20. Process block flow diagram of wastewater treatment in Madisonville GFT site.   

 

Binder residue not applied to the final product is directed to Buffering tanks 1 and 2, which contain 

the majority of the effluent processed within the wastewater treatment system. From these tanks, the 

effluent flows into the Flotation feed tank and then continues through a coagulation/flocculation 

piping system to the DAF unit. Before entering the piping, coagulants, polymers, and pH adjustment 

chemicals (e.g., sodium hydroxide and sulfuric acid) are dosed into the effluent. The dosing is based 

on real-time pH readings, monitored via an inline pH meter. 

In the DAF unit, heavier solids settle at the bottom and are collected, while lighter solids float to the 

surface and are removed by a surface scraper. The collected solids are transferred to the Sludge Tank. 

When the tank reaches 60% capacity, a double wire filter press is automatically activated to dewater 

the sludge and reduce its volume. Fibers from the binder wire pool and separator tank are collected 

by a drum filter. The resulting water is either sent to the flotation system via the Flotation feed tank 

or directly to the Sump pit, located beneath the process line. Both the treated water from the DAF 

unit and water from the sump pit are ultimately transferred to the municipal wastewater system. 

Dewatered sludge and fiber waste are sent to a solid waste container for landfill disposal. 
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A simplified overview of key components and their functions is presented in Table 10. 

Table 10. DAF unit and purpose. 

Component Function 

Buffering tank 1 &2 Collect unused or diluted binder from storage or circulation 

Flotation feed tank Stores collected effluent for treatment 

Coagulant tank Addition of coagulant to the effluent 

Flocculant tank Addition of polymer to the effluent 

Polymer dosing Addition of polymer to the effluent 

NaOH / H2SO4 storage Adjust pH levels before flotation 

Flotator (DAF unit) Separates solids via flotation and bubble adhesion 

Sludge tank Stores solid waste from flotator 

Double wire filtering press Dewaters sludge once 60% capacity is reached 

Solid waste container Collects dewatered solids for landfill 

Drum filter tank  Recover excess fibers and sends water back to treatment 

Sump pit Collects extra process water from beneath the production 

line 

Waste water pit Collects treated water from DAF or sump pit 

Municipal fit Transfers treated water to the municipal wastewater 

community system 

 

The maximum and average wastewater flow rates at the Madisonville GFT site are summarized in. 

A photo of the flotation tank is presented in Figure 21.  

 

 
Figure 21. Picture of the flotation tank from outside in Madisonville GFT site. 
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5.2  Materials and methods 

5.2.1  Test solutions 

Three types of solutions are prepared for the experiments. The resin types are urea formaldehyde 

(type A), acrylic (type B) and latex-based resin (type C). Of each type of resin, a sample is prepared 

for the coagulant dose and pH optimization jar tests that are introduced in sections 5.3.1 Coagulant 

dose optimization (Jar test phase 1) and 5.3.2 pH optimization (Jar test phase 2).  

Each solution is prepared manually. Each solution is made into a 1000 ml beaker. Set of solutions 

are prepared at the same solid content levels for each resin type. The solution contains the applicable 

resin and defoamer to prevent foaming in the mixing phases. The rest of the solution is water. The 

ratios of the component stay the same per resin type. Component ratios, pH and viscosity are given 

for each resin type in Table 11 below. 

Table 11. Test solutions without pH adjustment at solid content of 10.0 %.  

 Urea formaldehyde (A) Acrylic (B) Latex (C) 

Defoamer proportion (%) 0,2 0,05 0,1 

pH 8,0 3,5 7,3 

Viscosity (mPas) at 25 ⁰C 5,0 20,0 5,0 

 

5.2.2  Chemicals 

In the first phase of the testing, 5.3.1 Coagulant dose optimization (Jar test phase 1), the optimal 

coagulant dose is determined. The coagulant used for the phase 1 is aluminum chlorolhydrate (ACH). 

ACH functions by charge neutralization. Its benefits include a broad pH range, typically from 5 – 9, 

which makes it ideal for variable wastewater conditions (Edzwald, 2010). U.S. EPA (2025b) also 

identifies ACH as an approved and effective coagulant under various NPDES-regulated industrial 

wastewater treatments. 

Table 12. Aluminum chlorohydrate coagulant details.  

Chemical formula Al₂O₃ 

Concentration 50.0 % 

Appearance Almost colorless to pale yellow liquid 
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In the second phase of the testing, 5.3.2 pH optimization (Jar test phase 2), pH adjustment is done to 

the solutions. The pH range is different for each type of resin depending on the initial pH of the 

solution. NaOH is used to raise and H₂SO₄ to lower the pH.  

 

5.2.3  Equipment 

The jar test in both phases 1 and 2 are done with a jar test apparatus which has a control panel for 

adjusting the mixing speed. Beakers can carry a 2000 ml sample each. The paddle mixers stir the 

solution in controlled speeds. The mixing time is measured by a timer. In Figure 22 below the jar 

test apparatus is pictured. 

 

 

Figure 22. Jar test apparatus.  

 

After the optimal conditions, dose of coagulant and pH level, are found for each resin solution in 

rapid and slow mixing phase in the jar tests apparatus, the best options are moved forward to the 

final phase,5.3.3 Settling tests phase. The volume of each column is 2000 ml.  
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Turbidity meter is used for measuring the level of particles of each sample before and after mixing 

in the jar test apparatus for both jar test phases. pH-meter is used for measuring the pH of solution 

before the mixing in both phases and after mixing in the pH adjustment phase. The jar test apparatus 

is used for imitating the conditions in DAF unit. pH adjustment is also part of DAF unit and thus the 

solutions are handled by different pH levels. Turbidity indicates the success of coagulation-

flocculation process as it tells the amount of suspended material is remained after the 

process.Technical details of the meters are given in Table 13 below.  

 

Table 13. Technical details of turbidity and pH-meter. 

 Turbidity meter pH meter 

Model LaMotte 2020e turbidimeter GENERAL Pocket Multiparameter Meter 

Kit 

Test parameters Turbidity pH, temperature, ORP 

Range 0 to 4000 NTU 0 pH to 14 pH 

Resolution 0.01 NTU 0.01 pH 

 

5.3  Experimental design 

5.3.1  Coagulant dose optimization (Jar test phase 1) 

For each resin-based solution (A, B, C), a jar test was conducted to determine the optimal coagulant 

dose: 

• Coagulant dosages tested: 0, 3, 6, 9, 10, 12, 15 mg/L. 

• pH of the solution is measured after every dose. 

• Mixing: 

o Rapid mixing: 1 min at 100 rpm 

o Slow mixing: 15 min at 25 rpm 

• Turbidity (NTU) value was measured for reference sample for without coagulant addition 

and to the other samples after the slow mixing phase.  

• The optimal dose was selected based on the lowest turbidity value and/or observed best floc 

formation. 
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5.3.2  pH optimization (Jar test phase 2) 

After identifying the optimal coagulant dose for each solution, a second jar test series was 

conducted by adjusting pH: 

• pH levels tested: 2.0 – 10.0 depending on the resin type. 

• pH was adjusted using NaOH or H₂SO₄. 

• Coagulant dose was held constant at the optimal value found in Phase 1. 

• Mixing and settling steps were repeated as in Phase 1. 

• Optimal pH was determined based on floc quality and settling behavior. 

 

5.3.3  Settling tests 

Settling tests were conducted using the optimal conditions, coagulant dose and pH, for each type of 

resin solution: 

• A known volume of treated sample was transferred to a settling column. 

• Settling height and clarity were recorded at specific time intervals: every 5 minutes for 30 

minutes.  

• The goal was to estimate the settling velocity and sedimentation efficiency under optimal 

treatment conditions. 

 

Table 14 summarizes the steps and goals of each phase in the Experimental design. 

 

Table 14. Experimental design steps and settings.  

Step Goal Time Speed 

Rapid mixing Add coagulant, mix well 1 min 100 rpm 

Slow mixing Allow flocs to form 15 min 25 rpm 

Settling Stop stirring, let settle 30 min  -  
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5.3.4  Oxidation tests 

Additionally, oxidation test with oxidizing chemical was introduced for testing. All the resin solution 

types, A, B and C, were tested using the chemical in different doses.  

• A sample size of 500 ml was collected for each tested solution. 

• The oxidant was tested in doses of 0, 250, 500 and 1000 ppm for each type of resin at solid 

content of 10.0 %.  

• Total BOD and soluble BOD were conducted offsite to each sample. Total BOD measures 

the oxygen demand of all biodegradable organic matter both suspended and dissolved 

particles (Metcalf & Eddy, 2014). Whereas soluble BOD measures the oxygen demand from 

only the dissolved, soluble, organic matter (Tchobanoglous et al., 2003).  

• BOD5-method was used for both total and soluble BOD measurement.  

The active ingredients of the oxidative chemical are listed below. 

 

Table 15. Active ingredients and their concentration in oxidative chemical. 

Chemical Name Concentration (%) 

Acetic acid 30 - 60 

Peroxyacetic acid 10 – 30 

Hydrogen peroxide 10 – 30 

 

5.4  Data collection and analysis 

The parameters recorded from the jar tests and settling tests were turbidity, pH, floc size (visual), 

and settling time. The parameters recorded from oxidation tests were total and soluble BOD which 

were measured by BOD5-method.  Data was analyzed using Excel. The optimal treatment conditions 

were compared between solutions A, B, and C. 

 



54 

 

6  Results and discussion 

The experiments included four different phases, coagulant optimization, pH optimization, settling 

tests and oxidation tests. In the coagulant optimization, jar test phase 1, the aim was to find an optimal 

coagulant dose by trying different doses of the coagulant, aluminum chlorohydrate. For each resin 

type doses of 0, 3, 6, 9, 12 and 15 mg/l per 1000 ml of the sample were tested. In the jar test phase 

1, coagulant was added to the solution and rapid mixing was started for 1 minute at 100 rpm, then 

the slow mixing at 25 rpm was continued for 15 minutes. After the mixing phases, the turbidity was 

measured with LaMotte 2020e turbidimeter and pH value was recorded. Jar test apparatus was used 

for the mixing and as settling columns. The solution was then allowed to settle for 30 minutes in 

order further observe the floc formation and to see if the solution is settled. Visual observations were 

done on each step.  

In the jar test phase 2 the best measured and observed coagulant dose was chosen from the phase 1 

and solutions were prepared in different pH levels by adjusting the level with NaOH and H2SO4. 

Then the mixing and settling phases were repeated and observation were done visually.   

For each resin type, urea formaldehyde (A), acrylic (B) and latex-based (C), the solutions were 

prepared at solid content of 10.0 % to replicate real life conditions in the actual production.  

For the resin type A, urea formaldehyde resin, the following results were obtained from jar test phases 

1 and 2.  

 

Figure 23 and 24. Sample A jar test phase 1 turbidity results as function of coagulant dose and jar test phase 2 

turbidity results as a function of pH level. 

 

From the results from jar test phase 1 it can be seen that optimal coagulant dose is 3 mg/l. However, 

the difference between different doses varies very little which indicates that none of the tested 
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coagulant doses makes significant change to the composition of the solution. Coagulant doses higher 

than 3 mg/l, give higher turbidity results than the reference sample without any addition of coagulant. 

This indicates that coagulation-flocculation phase was unsuccessful for resin type A.  

In the jar test phase 2, the solutions were prepared at pH levels of 5, 6, 7, 8, 9 and 10 to the resin type 

A. Each solution had 3 mg/l of the coagulant. As can be seen from Figure 24, the pH level barely 

affected the performance of the coagulation-flocculation reaction. However, pH level 6, gave the 

lowest turbidity value.  

Figure 25 and 26 show the results from coagulation and settling experiments for acrylic resin (B). 

 

Figure 25 and 26. Sample B jar test phase 1 turbidity results as function of coagulant dose and jar test phase 2 

turbidity results as a function of pH level. 

 

From Figure 25 it can be seen that the increase of coagulant dosage increased turbidity. None of the 

tested coagulant doses decreased the turbidity which indicates that the coagulant is not effective for 

treating the resin type B. However, for the jar test phase 2, the lowest amount of coagulant, 3 mg/l, 

was chosen to see if change in pH gives better results.  

Since the pH for the acrylic resin solution without adjusting is around 3.5 and the resin resist pH 

increase, the levels 2,0; 2,5; 3,0; 3,5 and 4,0 were chosen to test the effectiveness of the coagulant. 

As can be seen from Figure 26, at pH level of 4, the solution has the lowest turbidity reading. 

Nevertheless, floc formation was barely observed because only; small amount of flocs were formed 

in the bottom of the settling columns with each coagulant dose. Coagulation-flocculation phase was 

unsuccessful for resin type B.  
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For the final resin type, latex based resin (C), the following results were obtained from phases 1 and 

2.  

Figure 27 and 28. Sample C jar test phase 1 turbidity results as function of coagulant dose and jar test phase 2 

turbidity results as a function of pH level. 

 

For the resin type C, se optimal coagulant dose is 6 mg/l. However, the difference in turbidity values 

is nearly insignificant regardless of the coagulant dosage. Optimal pH was closest to level 7 which 

is near the pH of the solution without any adjustment. From jar test phase 2, no significant reductions 

of turbidity were obtained. At pH levels higher than 7, the solution would start to precipitate but not 

settle. Precipitated solution can be seen from Figure 31, which is from after the jar test phases 1 and 

2 and settling phase. Coagulation-flocculation phase was unsuccessful for resin type C. 

  

Figure 29 and 30. Settling test phase for solution C and precipitate that is left after settling phase from pH 

higher than 7. 
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Summary for obtained results from coagulant and pH adjustment for each resin type is given in 

Table 16 below. 

Table 16. Obtained results from coagulation-flocculation conditions for each resin type.  

Resin type Optimal coagulant dose Optimal pH Visual observations 

Urea formaldehyde (A) 3 mg/l 6 No floc formation in any of the 

phases. In jar test phase 2, pH levels 

higher than 7, viscosity of the 

solution increased significantly.  

Acrylic resin (B) 3 mg/l 4 Very little floc formation which is 

barely visible in either jar test phase.  

Latex based (C) 6 mg/l 7 No floc formation in any of the 

phases. In jar test phase 2, pH levels 

higher than 7, the solution started to 

precipitate.  

 

In the jar test phase 1, pH value was recorded for each resin solution after the addition of coagulant. 

The pH value was recorded from doses 0 – 15 mg/l per solution and the results are shown in the 

following picture. 

 

Figure 31. The effect of coagulant dose to pH level for resin solution, A, B and C. 

 

It can be seen from the Figure 31 that for each resin type, the pH decreased after adding coagulant to 

the solution. With resins A and C (urea-formaldehyde and latex-based), there was a drastic change 

when moving from 0 mg/l, no coagulant, 3 mg/l, where the pH dropped from approximately 7.5 to 

around 5 after a single coagulant addition. At higher doses, the pH stabilized at a level close to 4.5. 

In contrast, resin B (acrylic base) showed more stable the pH, decreasing only from 3.31 to 3.05 

altogether. Since resin B initially had a much lower pH than resins A and C, it was less affected by 

the acidic nature of the coagulant, making it more resistant to pH shifts. These results suggest that 
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pH adjustment may be necessary before adding coagulant or initiating other treatment steps because 

of local effluent limits.  

Based on the results of the jar test phases and settling tests, it can be concluded that the tested 

treatment method was not sufficiently effective for any of the resin types, or the optimal conditions 

were not identified. There were no significant improvements in turbidity for any of the solutions, and 

pH adjustment did not lead to a noticeable reduction in turbidity either. The expectation was that 

turbidity would decrease once optimal conditions were found, but this did not occur. 

The settling tests were also unsuccessful, as visible floc formation was not observed, and therefore 

no flocs were available to settle. The observed increase in turbidity likely indicates that the coagulant 

dosage was ineffective, the pH range was not optimal, or the resin solutions contained components 

that resist flocculation. In some cases, excessively aggressive mixing can also break apart flocs and 

reduce treatment effectiveness (Tchobanoglous et al., 2003). However, the inefficient treatment was 

more likely due to the treatment conditions rather than process variables such as mixing speed. 

However, the solution B (acrylic resin) did show slight precipitation or floc formation, but this was 

not reflected in the turbidity results. In fact, the turbidity values suggested the opposite. Sample C 

(latex resin) exhibited precipitation during phase 2, the pH optimization phase. This behaviour should 

be distinguished from conventional floc formation, as latex stability is highly sensitive to pH and 

ionic conditions. 

Destabilization of latexes typically occurs when pH shifts reduce the surface charge, particularly 

under acidic conditions where the zeta potential approaches zero, leading to aggregation 

(Tchobanoglous et al., 2003). In this case, however, precipitation occurred under alkaline conditions, 

above pH 7, which may indicate that the specific latex formulation used is incompatible with this 

treatment method. 

Additionally, the introduction of multivalent metal ions, such as aluminum or iron from the 

coagulant, can enhance destabilization via charge neutralization (Edzwald, 2010; Kaltchev, 2024). 

Therefore, the effectiveness of coagulation in this context is highly dependent on a combination of 

factors, including pH level, coagulant type, and the synthetic composition of the latex.  

As an addition to optimizing the coagulation and flocculation conditions, tests were conducted to 

evaluate the effect of oxidizing chemical to BOD reduction. For each resin type four identical 500 

ml solutions were prepared. The solutions were dosed with 0, 250, 500 and 1000 ppm of oxidizer. 

The prepared samples were sent offsite and the external laboratory performed total and soluble BOD 

by five-day biological oxygen demand test method for the samples. The results are presented in the 

graph below.  
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Figure 32, 33 and 34. The effect of coagulant dose ACH to total and soluble BOD results for each resin. 
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It can be seen from the results that neither the total nor soluble BOD decreases proportionally with 

higher dose of oxidizer ACH. The effect is opposite to what was expected, and highest dose of ACH 

gives higher BOD values instead of lowering the total or soluble BOD. The difference between total 

and soluble BOD stays insignificant. For resin C, latex-based, with doses of 250 and 500 ppm of 

ACH, the soluble BOD decreases a little comparing to the sample without any ACH. However, the 

decrease is not significant enough to reach the wanted reduction in BOD values.  

Although, soluble BOD doesn’t include any suspended solids whereas total BOD takes both soluble 

and material and suspended solids into consideration, no major was difference was observed with 

the soluble BOD and the total BOD values. Table 17 summarizes the BOD findings for each resin. 

Table 17. BOD reduction results for each resin type.  

Resin Effect of oxidizer dose  Observations 

Resin A (urea-formaldehyde) Increases both total and soluble 

BOD values 

No major difference between total 

BOD and soluble BOD 

Resin B (acrylic) Increases both total and soluble 

BOD values 

No major difference between total 

BOD and soluble BOD 

Resin C (latex) Increases both total and soluble 

BOD values 

No major difference between total 

BOD and soluble BOD 
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7  Conclusions 

The aim of this work was to find a feasible solution for reducing the high BOD content in wastewater 

generated at Ahlstrom’s Glass fiber tissue (GFT) production site in Madisonville, Kentucky. The 

experimental conditions were designed to replicate real-life conditions in the site’s Dissolved Air 

Flotation (DAF) unit. Three different types of resin-based solutions were examined: urea 

formaldehyde resin, acrylic resin and latex-based resin. These resins reflect the variation of process 

effluents that are encountered during normal operational production. 

The study was conducted in laboratories both onsite and offsite. Onsite experiments included 

coagulant dose optimization (Jar test phase 1), pH optimization (Jar test phase 2) and settling tests. 

Offsite analysis focused on oxidizer dose optimization and evaluating its impact on BOD reduction. 

For the coagulation experiments, aluminum chlorohydrate (ACH) was used as the primary coagulant.   

The onsite results indicated that the coagulation-flocculation was ineffective for all three types of 

resin. No visible floc formation was observed, and turbidity measurements confirmed that no 

significant clarification occurred. The pH optimization step also had minimal impact on the treatment 

efficiency. Based on these outcomes, it can be concluded that the current treatment conditions are 

not effective for these resin-based effluents under the tested conditions. 

Additionally, oxidation was studied for each type of resin. The samples were sent offsite for BOD5-

testing. According to the results from BOD5-test, the oxidizer was not found to lower the total or 

soluble BOD value.  

There are few reasons that can be cause the treatment not to be efficient. The following conclusions 

can be made:  

• Standard coagulation-flocculation with DAF process is not suitable for this wastewater type 

and thus the treatment may require a redesign. 

• Coagulant is ineffective due to mismatched chemistry. The resins may not be negatively 

charged to be destabilized, and they may require special condition treatment. 

• The resin-based solutions are synthetic and can contain non-biodegradable material that 

cannot be broken down with oxidizers like peracetic acid or hydrogen peroxide in tested 

doses. 
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The high BOD is likely caused by non-biodegradable organics or chemically resistant polymeric 

compounds that do not respond well to oxidation or charge-based destabilization. The results didn’t 

find straight solution for dealing with effluent high in BOD but following recommended steps can 

be taken when moving forward: redesign of the process for example with advanced oxidation 

processes, which include combinations of oxidants such as ozone, hydrogen peroxide, and ultraviolet 

radiation, that are capable of generating highly reactive hydroxyl radicals that can non-selectively 

oxidize a wide variety of organic pollutants (Tchobanoglous et al., 2003). Or continuing with the 

oxidant but optimizing the dosing. The oxidizer dosing is easier step to take than advanced oxidation 

processes, since that doesn’t necessarily redesign the equipment, just conditioning the effluent 

differently. 

The oxidizing chemical has some risks that are worth considering when moving forward. The 

chemical is composed of include acetic acid, peroxyacetic acid and hydrogen peroxide. These include 

reactivity and risk of fire, risk of corrosion to the DAF unit, interference with DAF chemistry and 

health and safety risks. Peroxyacetic acid is a strong oxidizer, and it is highly corrosive and unstable 

at elevated temperatures (EPA, 2012). According to Kaltchev (2024) peroxyacetic acid has a need 

for chemical compatibility due to the reactive and corrosive nature, especially in systems that treat 

effluents with high organic content. This is important when considering the compatibility with a DAF 

unit. Also, acetic acid and hydrogen peroxide are oxidizers as well. However, hydrogen peroxide is 

known to be used as a treatment of organics (Tchobanoglous et al., 2003).  

Since the nature of oxidizers can break down natural organic matter, they are not necessarily suitable 

to be used together with the coagulants. The breakdown of organics prevents flocs from forming and 

that interferes with coagulation-flocculation. They may also oxidize coagulant agents, which reduces 

their effectiveness. This leads to decision, that in order to use coagulants, that must be the primary 

treatment without simultaneously using oxidizing chemicals. This claim needs to be studied more in 

the actual DAF unit.  

This thesis addressed the treatment of the company’s binder process water and described the most 

important parts of the treatment on-site. High BOD content can be explained by the chemistry of 

resin-based binders that are important in glass fiber tissue manufacturing process. It was found that 

current treatment methods with coagulant and pH adjustment did not react as they should in 

coagulation-flocculation process in laboratory scale. The optimal conditions were not identified. 

There were no significant improvements in turbidity for any of the solutions, and pH adjustment did 

not lead to a noticeable reduction in turbidity either.  

The oxidizing chemical did not significantly reduce the BOD load either, but it may still represent 

one of the more promising option for further testing. There are risks associated with oxidizers, but 
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when these are addressed, a more effective treatment approach may be found for the site’s 

wastewater. 

The experimental results indicated that optimal coagulation–flocculation conditions could not be 

achieved under the current setup, and the existing DAF process does not remove resin-based binders 

as intended. However, the use of oxidizing chemical seems to be the direction going forward. Still, 

the overall treatment efficiency remained insufficient to meet discharge goals. These findings 

highlight the need for further investigation into alternative coagulants, pre-treatment methods, or the 

use of advanced oxidation processes (AOPs) to more effectively address the specific challenges 

posed by resin-based wastewater.  
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Appendices 

Appendix 1. BOD results. 
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