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ABSTRACT 

 

 

Pulp and paper mills are one of the top consumers of water related to industrial 

manufacturing, which ultimately leads to a large volume of heavily contaminated 

wastewater. This discharged effluent can have a harmful effect on the receiving aquatic 

environment and cause further ramifications downstream. Thus, a technically feasible and 

cost effective treatment solution for safe release from the mill is essential. 

 

Dissolved air flotation (DAF) has many applications and involves the formation of air 

microbubbles triggered by a drop to atmospheric pressure. When introduced into the 

wastewater, these microbubbles attach to the floc particles present and float to the 

surface. Another water treatment technology is ozone, a powerful oxidant, and has been 

widely used in water and wastewater treatment over recent decades, including color 

reduction in pulp and paper mill wastewater treatment. 

 

This thesis studied the effect pre-ozonation has on the DAF process in treating pulp 

and paper mill secondary effluent. Wastewaters from three mills with different initial 

water quality parameters were used, especially chemical oxygen demand (COD), 

turbidity, and color. The most suitable coagulant and coagulant aid, aluminum 

chlorohydrate and cationic polymer NS 4700P respectively, were selected, and an 

effective bench-scale experimental procedure was established. Pre-ozonation did not 

reduce the need for coagulant due to little change in the overall COD, color, or turbidity 

removal. However, ozonation did reduce color before coagulation, and the ultimate target 

removal of COD to 90 ppm was met with the conditions chosen.   
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CHAPTER 1 

INTRODUCTION 

 

1.1 Pulp and Paper Industry 

 

Wastewater treatment has been well studied in the past several decades due to the 

increasing knowledge of the environmental impact of contaminants involved in industrial 

processes. Modern technology has also created a huge demand for water in various 

sectors, including domestic, agriculture, industry, and aquifer recharge, especially in arid 

areas [1]. Wastewater recycle and reuse is a crucial means to compensate for water 

shortages all around the world [2]. In particular, the pulp and paper industry is a major 

consumer of natural resources, like wood and water [3]. Pulp and paper production 

requires large amounts of fresh water, up to 60 m
3
/ton of produced paper, and is one of 

the major industrial sectors related to water consumption during manufacturing [3-7,9].  

 

This high water expenditure leads to a large quantity of heavily polluted effluent that 

has the potential to adversely affect the receiving aquatic environment [4,7,8]. Pulp and 

paper production ranks third in the world for wastewater production after primary metals 

and chemicals industries [41,42]. The volume and pollution load of the effluent depends 

on many factors, including the production techniques, the nature and cleanliness of the 

feedstock, the additive usage, the extent of water reuse, and the efficiency of spent water 

recycling [4,7,8]. This wastewater discharge generally has high chemical oxygen demand 

(COD)  – up to 11,000 mg/L when raw, low biodegradability, and approximately 700 

different organic and inorganic compounds total [3,7,8]. Such substrates include non-
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biodegradable organic materials, adsorbable organic halogens (AOX), and phenolic 

compounds, which could all be potentially harmful [8].  

 

In the pulping and bleaching process, some color-causing and chlorinated compounds 

are formed which can be a major source of concern due to their high toxicity and 

resistance to conventional biological treatment processes [11]. Studies were conducted in 

the early 1990s on wild fish downstream of Canadian pulp and paper mills which showed 

changes in certain physiological parameters [12]. Some observations consisted of impacts 

on hepatic detoxification enzymes and changes in reproduction, like circulating 

gonadotropin and sex steroid hormone levels; secondary sex characteristics; ages of 

mature fish; and decreased gonadal size [12]. Other environmental impacts include slime 

production, formation of scum, thermal impacts, color problems, and aesthetic issues [8].  

 

With the importance of the reduction of fresh water consumption in papermaking 

operations, the increase in water prices, and more stringent effluent discharge standards 

in recent years, a frequently used strategy is the closure of water circuits, or water reuse, 

within the mill [3-6,8-10]. The ideal ultimate goal would be to have little or “zero liquid 

effluent” by treating all wastewater to be reused within the mill [3,5]. This goal has been 

achieved somewhat in the packaging paper/board industry where the runnability of the 

plant is not as sensitive in comparison to the pulp and paper industry, and currently, the 

only fresh water consumed is to replace water evaporation in the drying section [5].  

 

However, in pulp and paper mills, the reuse of water in the system can lead to an 

accumulation of suspended matter and dissolved and colloidal material (DCM) in the 
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process water  which can have a negative effect on the production process through 

blockings, scaling, slime formation, breaks, and stickies deposits [4,5,6]. DCM, which is 

released during pulping, refining, and bleaching, can also have a negative impact on the 

final product quality by impairing physical properties and causing dirt, specks, or holes 

[5,6].  The inorganic salts in papermaking, like calcium, sulfates, chlorides, and silicates; 

and also iron, manganese, and copper can lead to scaling, corrosion, odors, and decreased 

efficiency of additives [5]. The suspended solids can be easily removed in existing 

clarification methods, but the DCM is almost completely recirculated in the reuse water, 

limiting the closure of the water circuits [5,6].  

 

1.2 Dissolved Air Flotation  

 

Dissolved air flotation, abbreviated DAF,  is one solution to the problem of pulp and 

paper mill wastewater treatment and also treatment of reuse water. Flotation has its roots 

in the mineral or ore processing industry in the early 1900s, and a US patent was issued 

in 1905 for a process using pressurized aeration followed by pressure release [13]. In the 

1920s DAF was introduced as a means for paper mill fiber recovery, and around 1965 the 

first DAF plant for drinking water treatment was established in Sweden, namely with 

conservative surface loading rates less than 8 m/h and flocculation times as high as 45 

min [14-17]. DAF had developing technological status in the 1980s and became an 

accepted method in the mid 1990s, adopted by some large water utilities [16]. Now, DAF 

has many applications that include, but are not limited to, mineral separation; clarification 

of paper mill wastewater,  refinery wastewater, combined sewer and stormwaters, 

municipal wastewater in tertiary treatment, and oxidation pond effluents; municipal and 
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industrial waste sludge thickening; recycled paper de-inking; and wastewater reclamation 

[13]. Therefore, in recent years DAF has become a fairly well-established water treatment 

process with plants ranging in size from small package units with flows of less than 5 

ML/d suitable for villages to large plants like one in New York City with a flow of 1100 

ML/d [15].  

 

A fundamental aspect of wastewater treatment is the separation of suspended solids 

which can be achieved through mechanical means, most commonly by sedimentation, 

flotation, or filtration. The method chosen is judged by the operational range concerning 

the influent concentration and particle size and by the load bearing capacity. Flotation has 

the largest operational range with influent concentrations of 10-4000 mg/L and particle 

sizes of 10-2000 μm and the highest load bearing capacity for a given suspended solids 

concentration. On the other hand, filtration is best applicable when the particle size and 

influent suspended solids concentration are both low. Flotation is an efficient process for 

solids with density near water, like wood fibers or oil- and fat-containing solids, which is 

why DAF can be applied to canneries, chemicals, coal, iron and steel, laundry, meat, 

mining, metal finishing, oil, pulp, paper, soap, and sugar refining and has been an 

effective alternative to sedimentation for 70 years as a solids/liquid process [14,17].  

 

In short, dissolved air flotation is a multi-step process that can lead to effective solids 

removal rates if all the appropriate conditions are present. In the full scale design, 

flocculated wastewater overflows into a flotation tank where an air saturated recycle 

stream is continuously introduced [17]. The recycle stream contains clean water, usually 
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recycled water from the DAF unit, where air is dissolved under pressure, usually 70-90 

psi [17,19]. The pressure of the recycle stream instantaneously decreases to atmospheric 

pressure when combined with the flocculated wastewater in the flotation tank [17,19]. 

With this immediate pressure drop, the dissolved air comes out of solution leading to the 

formation of air microbubbles of size ranging 10-100 μm in diameter [17-19]. The 

coagulated floc particles in the wastewater then attach to these microbubbles to form an 

air/solids aggregate which overall displays a low apparent density relative to the density 

of water [17,18]. Next, the bubble/floc aggregates rise to the surface of the water due to 

the low apparent density to form a stable float layer [17,18]. The float layer continuously 

thickens on the surface as the process is active and can be either mechanically or 

hydraulically skimmed for further dewatering or removal [17,18].  Figure 1 shows a 

schematic for the full-scale design of DAF.  

 

 

 

 

 

 



6 

 

 

 

 
Figure 1. Full-scale design of a dissolved air flotation (DAF) unit with recycle [24] 
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1.3 Ozone 

 

Ozonation is a very well-established option for drinking water and wastewater 

treatment with countless applications from disinfection to oxidation of organics to even 

the removal of infectious prions from slaughterhouse wastewater [20]. Ozone is a 

powerful oxidant of many organic and inorganic compounds in water and when applied 

for disinfection purposes, creates few byproducts as compared to chlorine [18,21]. The 

first studies on ozonation of pulp and paper mill effluents were carried out in the 1970s, 

and ozone has been found to be effective for the reduction of color of pulp and paper mill 

effluents and for the oxidation of refractory organic compounds – adsorbable organic 

halides (AOX) [11,18,22]. The ozone treatment bolstered the performance of the 

biological wastewater treatment and thus also the quality of the final discharge [22]. 

Ozone also provides an opportunity to oxidize and eliminate residual COD where the 

COD reduction is directly related to the ozone dose [22]. The conversion of a part of the 

COD to BOD5 showed ozone’s ability to break down high molecular weight compounds, 

and ozone was sufficient to destroy most or all toxicity and to improve biodegradability 

[22].  

 

In a study conducted in 2014, two pilot trials were carried out with pulp and paper 

mill secondary effluent to investigate the effect of pre-ozonation on the DAF process 

[18,23]. The results of the study showed that both color and COD were maintained below 

discharge limits of 100 mg/L COD and 123 Pt-Co units at a polyaluminum chloride 

(PACl) coagulant dose as low as 300 mg/L with DAF loading rates up to 7.3 m/h and 

ozone dose of 20 mg/L [18, 23]. Using this treatment train, the coagulant consumption 
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was reduced by 50% even by dosing relatively small amounts of ozone in front of the 

DAF [23]. The reduced coagulant demand shows the synergistic effects of ozone 

combined with DAF due to the process of ozone altering the functional groups of organic 

constituents allowing these organics to be more prone to coagulation at reduced coagulant 

doses [18]. With a 400 mg/L coagulant reduction and 20 mg/L pre-ozone dose, operating 

cost savings were calculated to be 7905.81€/day or about $8712/day equivalent to over 

$3 million/yr [18]. Therefore, the combined process of ozone before DAF has potential 

for significant savings on coagulation and ultimately chemical sludge handling and 

disposal [23].  
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CHAPTER 2 

PROJECT OBJECTIVES 

 

The overall objective of this thesis was to test the process of ozonation before 

dissolved air flotation on pulp and paper mill wastewaters from three different sites for 

the reduction of COD, color, and turbidity.  In order to meet this objective, the following 

individual goals were achieved: 

 

1. Characterization of the initial secondary effluent from the three sites for 

certain water quality parameters 

2. Selection of a coagulant and coagulant dose that are the most effective in 

improving the selected water quality parameters 

3. Selection of a polymeric coagulant aid and dose that are the most effective 

in improving the selected water quality parameters 

4. Comparison of the coagulation-DAF process to the preozonation-

coagulation-DAF process  

5. Determination of the effect pre-ozonation has on the DAF process 
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CHAPTER 3 

LITERATURE REVIEW 

 

3.1 Pulp and Paper Industry 

 

The full paper manufacturing process involves many steps and different materials 

which is a foundation for why pulp and paper mills are considered a major source of 

environmental pollutants [8]. Wood is the major raw material used in paper production 

that is composed of cellulose fibers, carbohydrates like starch and sugars, lignin – an 

adhesive substance for cellulose fibers [3]. Agric residues, wastepaper, and non-wooden 

materials also comprise the feedstock [7]. In general, the wood is broken down to 

separate out the cellulose [3]. The raw material is dissolved chemically to produce the 

pulp; the pulp slurry is dried on a paper machine to form the paper sheet; and dyes, 

coating materials, and preservatives are added at some point to obtain the required paper 

quality [3]. The specific type of raw material used affects the organic load of the 

wastewater especially when recycled fibers of different grades are used [4]. Paper mill 

raw wastewaters usually have a chemical oxygen demand (COD) around 845-5020 mg/L 

and a biological oxygen demand (BOD) around 425-1600 mg/L, depending on the 

different combinations of unit processes in manufacturing, different paper types, degree 

of water recovery, and chemical usage [4].  

 

The paper manufacturing process contains three main steps – pulp making, pulp 

processing, and paper-making. The pulping starts with debarking of the raw material 
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which removes soil, dirt, and bark from the wood and converts plant fiber into smaller 

pieces or chips. The chips are then cooked under high temperature and pressure. Next, 

chemical techniques are utilized to separate lignin and hemicelluloses from cellulose 

usually by means of wet processes which remove large amounts of organic compounds 

from the processing wood. During a bleaching process, the brightness improves, and the 

bleaching agents used are normally chlorine, chlorine dioxide, hydrogen peroxide, 

oxygen, ozone, etc. [8].  

 

Next, the paper-making process starts by combining the processed pulp with certain 

materials; like dyes, resins, fillers (clay), titanium dioxide, calcium carbonate, or sizing 

agents (starch); to form the paper. The mixture is then dewatered by pressing, and the 

resulting sheets are dried using air or heat. The particle size of a lot of mineral fillers are 

in the colloidal range and thus difficult to settle in wastewater treatment. The whole 

papermaking process consumes a large amount of energy, so therefore, it is advantageous 

to use new methods and materials to save in energy and raw matter as well as to lower 

environmental impacts. Table 1 shows the effect each process stage has on the resulting 

wastewater [8]. 
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Table 1.  Major pollutants released from pulp- and paper-making process [8] 
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3.2 Dissolved Air Flotation 

 

Dissolved air flotation is a solids separation process along with sedimentation and 

filtration. After flocculation, water is exposed to microbubbles created by supersaturating 

a portion of clarified water stream (recycle) with air in a pressurized vessel [15]. The 

microbubbles form when the pressure is suddenly released to atmospheric pressure 

through a needle valve or fixed orifice nozzle [15]. The microbubbles attach to the floc 

particles, rise to the surface of the tank, and form a dense foam [15]. Both free bubbles 

and floc-bubble-aggregates float to the surface, so the float layer is a mixture of bubbles 

and floc particles attached to bubbles [16]. The float is periodically removed by 

skimming or hydraulic flooding, and clarified water or subnatant is withdrawn from the 

bottom of the tank [15,16]. General surface loading for DAF is 10-40 m/h, usually 15 

m/h, and air saturation systems are normally designed to deliver approximately 9 g air/m
3
 

water treated [15]. Residence time in the flotation tank is normally 10-15 min, and outlet 

turbidities range 0.2-1.5 NTU, usually 0.5 NTU [15].  

 

There are many forces and interactions involving the bubbles and floc particles in the 

DAF process. The microbubbles are initially formed from cavitation from the pressure 

drop in the nozzle or injection device, and the large pressure difference produces bubble 

nuclei spontaneously due to the thermodynamic principle of minimizing Gibb’s free 

energy change [13,16]. Bubble nucleation occurs at less than one second after the start of 

the pressure release, and homogeneous nuclei form with a size of less than 1 μm [16]. 

The critical bubble nucleus diameter (dcb) follows Equation 1 below,  
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𝑑𝑐𝑏 =
4𝜎

Δ𝑃
      (1) 

 

where σ is the surface tension and ΔP is the pressure change across the injection nozzle 

[13,16]. After nucleation, the bubbles go through a growth step due to air uptake from the 

water, decrease in hydrostatic pressure as the bubbles rise in the flotation tank, and 

coalescence or merging of bubbles [13,16]. The steady state bubble size is 10-100 μm, 

usually 40 μm, but depends on the saturator pressure, injection flow rate, and injection 

device [13,17,25]. Increasing the saturator pressure leads to smaller bubbles, but a point 

of diminishing return has been observed for pressures above 350 kPa or about 50 psi [16].  

 

Interactions between bubbles that affect coalescence include London-van der Waals 

forces (instantaneous induced dipole), electrostatic forces, long-range hydrophobic 

interactions, and hydrodynamic repulsion. Beween molecules, van der Waals forces may 

be attributed to permament dipole, induced dipole, or instantaneous induced dipole 

(London dispersion). In air, the gases are non-polar molecules (mostly N2 and O2), so 

London dispersion forces predominate at separation distances 5-10 nm, which is the 

weakest intermolecular force. Air bubbles in waters without coagulant addition exert a 

negative charge, measured as a negative zeta potential, which leads to electrostatic 

repulsive forces between the bubbles. The charge is thought to come from smaller anions 

at the bubble-water interface at a higher concentration than larger hydrated cations. The 

long-range hydrophobic force has been observed to occur at a distance of 150 nm. The 

hydrodynamic repulsion comes from the water between bubbles that must be displaced 

for two bubbles to coalesce, occurring at a distance of less than 10 nm [16].  
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Bubble size is important in the process because large air bubbles result in high rise 

rates which may exceed laminar flow requirements and lead to floc particle breakup, and 

the optimum bubble diameter for effective flotation is less than 150 μm [15-17]. Larger 

bubbles have less surface area per unit volume which ultimately decreases the number of 

bubbles and the chance for random bubble/floc collisions [17]. Certain size particles are 

also required for DAF where finer particles settle too slowly or do not settle at all [4]. 

Small “pinpoint” flocs are advantageous for DAF, and floc size is smaller for DAF than 

sedimentation and leading to a smaller coagulant dose [15,16,26]. Figure 2 shows the size 

range and scale of bubbles and particles.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Size range and scale of bubbles and particles [13] 
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Two conditions are necessary for favorable flotation – the charge neutralization of the 

floc particles and the production of hydrophobic particles [13,26]. Three possible 

mechanisms can form aggregates of bubbles and particles [13]. First, the entrapment of 

preformed bubbles in large floc structures is important when flocs are much larger than 

the bubbles or with high rates of flocculation with concentrated suspensions, like in 

municipal and industrial wastewaters [13]. Second, the growth of bubble nuclei on 

particles or within flocs occurs to varying degrees [13]. Third, particle collision/adhesion 

with the preformed bubbles is the most important and most applicable mechanism and 

occurs on a time scale of less than one second with dilute suspensions [13].   

 

Charge destabilization is necessary for attachment of bubbles to flocs and is 

dependent on pH, water quality, and the addition of coagulant [17]. The contact angle 

between the adsorbed bubble and particle must be large enough such that the energy of 

adhesion of water to the solid is less than the energy of cohesion of water [13]. A large 

contact angle suggests hydrophobicity and good adhesion, and the magnitude of the 

contact angle depends on the size scale of the bubbles and particles [13]. Figure 3 shows 

the contact angle for bubble attachment to a solid surface.  
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Figure 3. Illustration of the contact angle, θ,  for bubble attachment to a solid surface [13] 

 

Charge destabilization is the neutralization of the negative charge of colloids, or the 

zeta potential. Since air bubbles have a negative charge, positive or neutral flocs attract 

air bubbles easier; however, it is not necessary to strive for complete charge 

neutralization since flocculation works fine even if zeta potential is slightly negative, like 

0 to -10 mV. Air bubble zeta potential increases with pH resulting in zeta potentials of     

-50 to -100 mV in normal coagulation pH. Also, floc zeta potential is affected by 

coagulant dose and pH. In the end, coagulation is required for charge destabilization but 

not to increase floc size [26]. 

 

Particles escape from water through their hydrophobicity by attaching to air bubbles, 

and the number of particles is primarily a function of raw water quality and coagulation 

chemistry [2,15]. Hydrophobicity can be achieved by reducing the negative charge, 

leading to either hydrophobic particle surfaces or hydrophobic spots on  the particles 

[13]. Also, for bubble-particle attachment, water must be displaced in between the bubble 
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and particle as they approach [13,16]. Particles act as nucleation sites, and air seeks out 

these sites to begin microbubble formation [1]. The adsorption forces are a function of 

the characteristics of the particle surface or physical entrapment in the particle [1]. The 

bubble attachment to the particle decreases the density of the particle which leads to 

increased buoyancy resulting in flotation; thus DAF is good for floc particles with near 

neutral buoyancy [1,l5]. 

 

The selection of the coagulant for the DAF process is based on water temperature, 

raw water characteristics (particle concentration), and type and concentration of natural 

organic matter [2]. Common chemicals used in DAF are aluminum-based, like alum, 

aluminum sulfate, polyaluminum chloride (PACl), aluminum chlorohydrate, and 

polyaluminum sulfate; ferric chloride; minerals, like bentonite and talc; and organic 

polymers, like polyacrylamides, poly(diallyl-dimethyl-ammonium-chloride), polyamines, 

and polyvinylamides [6,10]. For example, PACl was shown to reduce the negative charge 

on a green alga Chlorella vulgaris [13]. Coagulation/flocculation contains multiple 

processes simultaneously, including adsorption of polymer molecules on the particle 

surface, rearrangement of adsorbed polymeric chains, and collisions between particles 

forming aggregates and break-up of flocs [5].  

 

Factors that affect these processes include the flocculant characteristics, like the 

structure, molecular weight, charge density, and concentration; the suspended particle 

size and charge density; the suspending medium pH, conductivity, and ionic charge; and 

contact time and turbulence intensity. Generally, if the molecular weight is high and the 
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charge density is low, the polymer will adsorb on particle surface with tails/loops 

extended beyond the surface that can then interact with other particles, called bridging. 

With an increase in charge density, the bridging decreases, and the polymer chains 

become flat on the particle surface. With a flat conformation, cationic patches form on 

the surface that attract polymer-free surfaces of other particles due to the charge 

difference [5]. This attraction results in a lower adsorption rate and higher conformation 

rate when the cationic charge of the polymer increases [5] . 

 

The flocculation efficiency is dependent on the original concentration of suspended 

solids in the wastewater, and optimal aggregation occurs in more concentrated 

suspensions with flocculation times around 10 min recommended [4,16]. Collectors or 

coagulants/flocculants are reagents that selectively adsorb onto surfaces of particles either 

through chemical or physical adsorption [2]. Collectors form a monolayer on the particle 

surface and greatly increase the contact angle so bubbles adhere to the surface more 

easily [2]. The synergy of inorganic and organic chemicals can be utilized by adding two 

or more components separately or by adding a single chemical composed of both 

inorganic and organic constituents [6].  

 

Aluminum-based products have an advantage due to the Al
3+

 ion which catches 

dissolved colloidal matter better than other treatments [6]. Cationic polymers enhance 

coagulation of negatively charged particles by charge neutralization/precipitation 

mechanisms which increase the removal of dissolved colloidal matter due to its anionic 

charge [6]. These polymers can be more expensive but ultimately have lower doses, 
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broader pH operating ranges, and smaller sludge production [6]. Observations have been 

made that turbidity of waters are not significantly reduced by DAF when chemicals are 

not used, and any turbidity removal can be justified by dilution of waters caused by 

addition of air-water mixture [10].  

 

Thus, many variables are involved in the DAF process, including coagulation mixing 

speed, collector type and dosage, flocculation designs, hydraulic surface loading rate, 

flocculant aids pulp pH, recycle ratio, air to solids ratio, saturation pressure which all 

depend on the wastewater characteristics and effluent quality requirements [19,20,27-29]. 

The air to solids ratio is the quantity of air introduced into the recycle stream, and the 

more air dissolved, the more microbubbles released in the flotation tank which leads to a 

greater probability of bubble-particle contact [19]. With too small of a ratio, not enough 

air is available to effectively float solids [19]. With too large of a ratio, the process is 

wasteful, and excessive bubbling at the inlet of the flotation tank occurs, reducing the 

float solids concentration and solids capture [19]. Key parameters can also be modeled in 

the DAF process, including bubble size and concentration, particle size and  number, and 

adhesion efficiency between particles and bubbles [15]. Flocculation energy is usually 

produced by mechanical agitation, typically a vertically mounted, paddle-type mixer, and 

high energy levels are required to produce strong pinpoint floc [17].  

 

Of the variables mentioned that affect the DAF process, ionic strength and pH of the 

solution are important factors to highlight. Anionic trash is a term used for the materials 

that contribute to the anionic charge of the stock and are not intentionally added 
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components in the papermaking process, which include lignin degradation products, 

pulping or bleaching chemicals, or materials carried over from secondary fiber [43]. The 

acid/base and ion exchange properties of groups on fibers depend on the salt 

concentration in the suspension [44]. The accumulation of cations or anions can induce 

prominent electrostatic interactions with the coagulant and disturb the coagulant 

adsorption onto the organic surface [45]. In some cases, the negative charge can be 

neutralized by an interlayer of exchangeable cations, and thus, high ionic strength can 

suppress the zeta potential [43,46]. Salt can affect the energy of interaction between bare 

fines and fines covered with coagulant by lowering the height of the energy barrier, 

leading to an elimination of the electrostatic repulsion and an enhancement in the 

flocculation rate [47]. Another effect of increased ionic strength in the pulp is a more 

stable float after the DAF process due to a modification of the network structure leading 

to a decrease in viscosity [45,46].  

 

Another factor that affects the DAF process is the pH of the solution. The many 

different compounds found in pulp and paper mill effluents contain various substituents 

that can be charged or uncharged at different pH values. Quaternary ammonium 

compounds, of the form R4N
+
, always carry a charge regardless of pH since these 

compounds do not react with H
+
 [43]. However, all other amines are mostly 90% 

protonated or more up to pH 9-10 due to the pKa [43]. The amide group, on the other 

hand, is not cationic and is less than 10% protonated at pH 1.0 [43]. Also, the carboxylate 

group, which is very abundant in cellulose fibers and carboxylated polymers, is 100% 

ionized to a negative charge at pH 7.0 or above [43]. In the study by Wang et al, the 
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optimum pH for charge neutralization was pH 4.0-5.5, and the optimum pH for the 

sweep-floc mechanism was pH 6.0-8.0 [48].  

 

DAF is suitable for treating large water flows with a wide range of solids content 

(300 mg/L – 5000 mg/L) and water from large open reservoirs, especially where algae 

can be a problem at certain times of the year [5,6,15]. Turbid waters, with a turbidity 

above 100 Formazin Turbidity Units (FTU), are not so suitable for DAF [26]. DAF has 

shown significant advantages over other technologies for algae-laden waters, high-

colored waters, low turbidity-low alkalinity waters, waters supersaturated with air, and 

cold waters because these waters produce small particles with low density [15,17]. DAF 

produces a fairly consistent effluent during episodes of changing raw water quality and 

temperature and variations in flow, which provides ample time for the operator to adjust 

to changing conditions without loss of effluent quality [14,15,17]. The amount of recycle 

water can be adjusted according to the influent suspended solids concentration [14]. 

Flotation therefore acts as a safety barrier to discharge permit violations due to the 

flexibility in the input solids loading [17].  

 

The dry solids content of the sludge is usually 2-6% but depends on the raw water 

quality, the type and dose of coagulant/polymer, and the method of float skimming 

[17,19,28]. This relatively concentrated sludge is partially due to the float layer formed 

being partially pushed above the water surface by the continuous flow of air bubbles [28]. 

In flotation pilot-plant effluents, the DO was shown to be around 5 mg/L which can have 

a beneficial effect on the oxygen balance of the recipient waters [14]. DAF combined 
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with coagulation has also resulted in good reductions in Cryptosporidium and Giardia, 

iron and manganese, zinc, cadmium, lead, nickel, low density suspended solids, 

phosphorus, COD, and Total Organic Carbon (TOC) [2,18]. DAF has even been used to 

treat Red Sea water for the removal of dissolved salts, like sodium, calcium, and chloride 

[2]. DAF has efficiently removed 80-99% of suspended solids in papermaking process 

water which contains fines, fillers, contaminants like ink particles, and lipophilic 

extractives [5,6,10].  

 

Sedimentation is the dominant treatment currently for pulp and paper mill wastewater 

treatment where settled sludge is removed by pumping in circular clarifiers and bottom 

scraping [4]. Where DAF needs a strong pin-point floc, sedimentation requires longer 

detention times with gentle mixing to produce larger flocs [15]. The average value for 

TSS removal in primary treatment using sedimentation is 80%, and one study showed 

that 50 mg/L suspended solids is the point at which DAF and sedimentation give similar 

results [4,26]. Sludge from the sedimentation process has low dry solids content of about 

2% and must be dewatered before disposal [4]. When floc particles already have a low 

density, DAF works with, rather than against like in sedimentation, the nautral tendency 

for such flocs to float [15].  

 

Many advantages are noticeable when comparing the DAF process to sedimentation. 

The flocculation residence time is shorter than with sedimentation, usually around 5-15 

min; the flocculation volume for flotation is less than one third of that required for 

sedimentation; and the footprint area for construction is lower by at least a factor of three 
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due to lower hydraulic detention time and higher surface loading rate, reducing capital 

costs [14,15].  Thus, over sedimentation, DAF has high solids removal rates, low 

volumetric sludge content, space savings, low sensitivity to variations in water quality 

and flow, high oxygen content in effluent, lower hydraulic detention time, and higher 

loading rate [15,17]. The higher dry solids content allows for direct dewatering without a 

thickening step which leads to cost savings in equipment capital, space, and reduced 

chemical consumption 15-30% from sedimentation [14,15,17].  

 

3.3 Ozone  

 

Ozone is a strong oxidant and can effectively degrade many inorganic and organic 

constituents in water. Very often, ozone used for water treatment is produced by corona-

discharge systems where pure oxygen is subjected to an electric discharge [21]. Power is 

supplied in the form of a high alternating current voltage which creates an ionized gas in 

the space between two electrodes, and ozone generation is controlled by the input oxygen 

flow rate and the output flowmeter on the ozonator [21]. Ozone is an unstable gas with a 

half life in the order of minutes, is sparingly soluble in water, and decomposes 

spontaneously once in water that involves the generation of hydroxyl radicals as shown in 

Equations 2-9 [1,18]. 
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 𝑂𝐻− + 𝑂3 → 𝐻𝑂2 + 𝑂2
−                                              (2) 

𝐻2𝑂 → 2𝐻
+ +𝑂2

−                                              (3) 

𝑂2
− + 𝑂3 → 𝑂2 + 𝑂3

−                                                 (4) 

𝑂3
− + 𝐻+ → 𝐻𝑂3                                                       (5) 

𝐻𝑂3 → 𝑂2 + 𝑂𝐻
▪                                              (6) 

𝑂2 + 𝑂𝐻
▪ → 𝐻𝑂2 + 𝑂2                                              (7) 

𝑂3 + 𝑂𝐻 → 𝐻𝑂4                                                       (8) 

𝐻𝑂4 + 𝐻𝑂3 → 𝐻2𝑂2 + 𝑂3 + 𝑂2                                   (9) 

 

Multiple pathways are possible when ozone reacts with organics which include direct 

chemical reaction as an electron acceptor or indirect pathway through generation of very 

strong non-selective hydroxyl radical oxidant by hydroxyl ion-catalyzed decomposition 

of ozone in solution (Equations 2-9) [1,21,30]. The direct oxidation by ozone is highly 

selective; whereas, the oxidation by hydroxyl is nonselective and faster, making hydroxyl 

a more effective oxidant than ozone [21,30]. The chemical composition of the water 

greatly influences these reactions since organic matter and particulates in wastewater 

competitively react with ozone, and the rate of hydroxyl radical formation depends on the 

water matrix pH, alkalinity, and type and content of natural organics [20,21,30]. With 

low pH, the predominant mechanism is direct electrophilic attack by ozone; whereas, 

indirect reaction with hydroxyl radical is favored under alkaline conditions [30].  

 

Ignition 

Propagation 

Termination 
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Related to pulp and paper mill effluents, ozone breaks down organics and enhances 

coagulation by oxygenating functional groups leading to better COD and TOC, color, 

phosphorus, and turbidity removal [18]. Ozone selectively reacts with color-causing and 

halogenated organics and converts high molecular weight compounds into low molecular 

weight organic acids and changes the molecular structure, improving wastewater 

biodegradability in later processes [11]. The absorption of ozone for treatment of pulp 

mill effluent was found to follow a fast/instanteous kinetic regime, rate-controlled by 

liquid film transport [11]. Ozonation has proven to be an economically viable and 

technically feasible treatment technology [11].   
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CHAPTER 4 

MATERIALS AND METHODS 

 

4.1 Scope of Work 

 

The progression of experiments in this thesis is ultimately to achieve the project 

objectives discussed earlier. First, the wastewater samples, secondary effluent from three 

different pulp and paper mills, were characterized for selected water quality parameters to 

set a foundation for removal and to compare the samples based on these parameters. 

Next, batch coagulation experiments were conducted using three different coagulants 

with various physicochemical properties, including ions/charge densities and molecular 

weight. A coagulant was selected based on the best COD, color, and turbidity removal.  

 

Next, flow rate testing on the DAF process was performed to establish a standardized 

procedure for the addition of the aerated-water mixture. DAF control testing, with no 

coagulant added led to validation that DAF alone has little effect on COD, color, or 

turbidity removal. Then, batch polymeric coagulant experiments led to the selection of 

the best polymer to work with the selected coagulant for COD, color, and turbidity 

removal. Two sets of polymers with various physicochemical properties were tested and 

compared for the selection. Next, a comparison test with the coagulant + polymer and just 

the coagulant validated the need for the polymer.  

 

Then, pre-ozonation experiments are conducted with various applied ozone doses 

with a fixed concentration of coagulant and polymeric coagulant aid and DAF 

administration. Next, the coagulant dose is lowered to a set value, and the ozone dose is 
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varied to see if the reduction of the selected water quality parameters is met. Then, the 

polymer dose is increased while the coagulant dose is kept at the lowered value and 

selected ozone dose to once again see if the reduction of the selected water quality 

parameters is met. Next, the pH is varied to see if this parameter affects the reduction of 

the selected water quality parameters, and finally, the ionic strength is varied to see if this 

parameter affects the reduction of the selected water quality parameters. Figure 4 shows a 

flow chart of the scope of work.  
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Figure 4. Scope of work 
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4.2 Materials and Reagents  

 

Ferric chloride hexahydrate was purchased from Fischer Science Education; 

aluminum chlorohydrate was purchased from Spectrum; and aluminum potassium sulfate 

as alum solution 10% (w/v) aqueous was purchased from Ricca Chemical Company. 

Hach Chemical Oxygen Demand Standard Solution 300 mg/L COD (low range) and 

Hach Chemical Oxygen Demand Standard Solution 1000 mg/L COD (high range) were 

both purchased from Hach. Hach Digestion Solution for COD 3-150 mg/L (low range) 

and Hach Digestion Solution for COD 20-1500 mg/L (high range) were both purchased 

from Hach. Sodium chloride was purchased from Fisher Scientific. Tramfloc 141 

polymer was obtained from Tramfloc, Inc., and Klaraid PC1192 and Klaraid PC2705 

were obtained from GE Healthcare Life Sciences. NS 4700P, NS 6500P, and NS 6750P 

polymers were all obtained from Neo Solutions, Inc. The Whatman glass microfiber 

filters 934-AH, diameter 47 mm, were purchased from GE Healthcare Life Sciences. 

 

4.3 Initial Wastewater Characterization 

 

In order to determine the removal efficiency of the DAF process, the initial water 

quality parameters of the chosen wastewater were obtained. The wastewater samples 

were analyzed for COD, TOC, TSS, alkalinity to pH 4.5, pH, turbidity, and apparent 

color.  

4.3.1 Chemical Oxygen Demand 

Chemical oxygen demand, or COD, was the main parameter considered in the 

analysis of these wastewater samples. COD is a measure of the content of organic matter 
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and oxidizable inorganic matter in water, and the oxygen equivalent of the organic matter 

that can be oxidized is measured [31]. The value reported of mg/L COD is thus the mg O2 

consumed per L sample. This measurement is conducted using a strong chemical 

oxidizing agent in an acidic medium [31]. Potassium dichromate is used as the oxidant 

and sulfuric acid to lower the pH. Silver sulfate is used as a catalyst to aid in the 

oxidation of certain classes of organic compounds, and mercury is used to complex 

chloride interferences [31]. The overall reaction is shown in Equation 10 below [31]. 

 

𝑂𝑟𝑔𝑎𝑛𝑖𝑐 𝑚𝑎𝑡𝑡𝑒𝑟 (𝐶𝑎𝐻𝑏𝑂𝑐) + 𝐶𝑟2𝑂7
2− + 𝐻+

𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 + ℎ𝑒𝑎𝑡
→           𝐶𝑟3+ + 𝐶𝑂2 + 𝐻2𝑂 (10) 

 

COD analysis was performed using HACH high range COD reagent solution. To each 

COD reagent test tube, 2 mL sample was added and heated at 150°C for 2 hours, and the 

absorbance at 620 nm was analyzed on a HACH DR5000 UV-Vis spectrophotometer. A 

calibration curve was constructed with each sample set using a blank and HACH standard 

solutions of known concentration.  

4.3.2 Total Organic Carbon 

Total organic carbon, or TOC, is another means to measure organic matter in water 

and is applicable to small organic matter concentrations [31]. TOC analysis was 

conducted on an OI Analytical Aurora Model 1030, and a 10 mg/L TOC check standard 

was run with each sample set. With this TOC analyzer, a “wet method” approach is taken 

where first the TIC was determined, and then the TOC is determined by heating up the 

sample to 98C, and adding 10% sodium persulfate to oxidize all organic carbon to CO2. 
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Nitrogen is then bubbled to strip the dissolved CO2, and the total mass CO2 is measured 

with a nondispersive infrared detector and reported as mg/L as C.  

4.3.3 Total Suspended Solids 

To measure the total suspended solids, or TSS, a well-mixed sample of known 

volume was filtered through a weighed standard glass-fiber filter (Whatman glass 

microfiber filters 934-AH, diameter 47 mm). The filter was washed beforehand with 3 -

10 mL portions of deionized water. After filtration, the filters were dried for 1 hour at 

105°C. The filters were then dried further in a desiccator for 1 hour, and the difference in 

mass of the empty filter and the filter + residue was used for the TSS calculation. 

Equation 11 below shows the calculation for TSS [32].  

𝑚𝑔 𝑇𝑆𝑆

𝐿
= 

(𝐴−𝐵)∗1000

𝑠𝑎𝑚𝑝𝑙𝑒 𝑉,𝑚𝐿
                                                     (11) 

Where A = mass of filter + dried residue, mg 

       B = mass of filter 

4.3.4 Alkalinity 

Alkalinity is a measure of the acid-neutralizing capacity of water and is the sum of all 

titratable bases. Hydroxyl ions present as a result of dissociation or hydrolysis of solutes 

react with additions of standard acid, and alkalinity thus depends on the endpoint pH 

used. A known volume of sample was titrated with 0.1 N HCl, and the pH of the sample 

was taken at increments of 0.5 mL 0.1 N HCl added. The amount of acid added to 

achieve a pH of 4.5 for the solution was used to calculate the alkalinity to pH 4.5. 

Equation 12 below shows the calculation for alkalinity to pH 4.5 [32].  
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𝑎𝑙𝑘𝑎𝑙𝑖𝑛𝑖𝑡𝑦,
𝑚𝑔 𝐶𝑎𝐶𝑂3

𝐿
=
𝐴∗𝑁∗50,000

𝑚𝐿 𝑠𝑎𝑚𝑝𝑙𝑒
                                    (12) 

Where A = mL standard acid used 

      N = normality of standard acid 

4.3.5 pH, Turbidity, Apparent Color 

pH testing was performed on an Oakton pH 11 series pH meter. Turbidity, which is 

the measure of the light-transmitting properties of water, was analyzed on a LaMotte 

2020We turbidimeter blanked with 0 NTU turbidity standard [31]. Apparent color was 

analyzed on a HACH DR/890 Colorimeter blanked with deionized water. 

 

4.4 Batch Coagulation Experiments 

 

Batch coagulation experiments were carried out in a series of 250 mL beakers, 

containing 100 mL wastewater. The coagulants were added into the beakers and rapidly 

mixed for 60 seconds. The samples were then allowed to coagulate for 15 min at 50 rpm 

on a shaker. Finally, the samples were allowed to settle for 30 min. Four different 

concentrations, 0.5 g/L, 0.75 g/L, 1.0 g/L, 1.25 g/L, were used with three different 

coagulants – ferric chloride, aluminum chlorohydrate, and alum. Appendix D lists some 

physicochemical properties of these coagulants.  

 

4.5 DAF Flow Rate and Control Testing 

 

The DAF pressurized chamber was half-filled with deionized water and pressurized 

to 80 psi. The pressurized air-water mixture was introduced through a nozzle into a 

beaker filled with 200 mL of DI water. The nozzle was held down for 1, 2, 3, 4, and 5 
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seconds, done in triplicate, and the change in volume was noted. The flow rate was 

calculated by averaging the trials for each time and dividing by the time to determine a 

procedure to vary the amount of aerated-water mixture added.   

  

DAF control tests were conducted using wastewater samples with no coagulant 

added. 200 mL of wastewater sample was subjected to the previous procedure for 

approximately 1, 2, 3, 4, and 5 seconds. The samples were allowed to float/settle for 5 

min.  

 

4.6 Polymeric Coagulant Aid Selection 

 

Experiments were conducted with three different polymeric coagulant aids, Tramfloc 

141, Klaraid PC1192, and Klaraid PC2705 at concentrations of 5 mg/L as well as ACH at 

0.3 g/L and the addition of 150 mL of aerated-water mixture. ACH was added at the 

beginning of the experiment, and the solution was rapidly mixed for 1 minute at 150 rpm 

using a paddle jar tester - Phipps & Bird 900-series jar tester, six paddle stirrers (PB-900 

programmable jar tester) catalog #7790-900B, serial #214070462. The polymer was 

added after the rapid mixing, and the solution was slowly mixed for 15 min at 30 rpm. 

Then, the aerated-water mixture was introduced, and the solution was allowed to float for 

5 min. Appendix D shows physicochemical properties of these polymeric coagulant aids. 

 

Another experiment was conducted with Tramfloc 141 as the polymer first at 5 mg/L 

and then at 10 mg/L as well as 0.3 g/L ACH and 150 mL DAF. The previous procedure 

was used except the polymer is added halfway (30 sec) into the rapid mixing, and the 

solution was allowed to float for 30 min. The goal for this procedure was to allow the 
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coagulant to completely dissolve in the rapid mixing. Then, the polymeric coagulant aid 

was added halfway through the rapid mixing to also allow the aid to completely dissolve 

and thus to effectively aid in the coagulation process. 

 

Next, another set of polymers was tested – NS 6750P (anionic), NS 6500P (non-

ionic), and NS 4700P (cationic) – at 10 mg/L, 0.3 g/L ACH, and 150 mL DAF. The 

solutions in the beakers were transferred to stir plates with magnetic stir bars before the 

addition of the aerated-water mixture and then stirred during the addition. Appendix D 

shows physicochemical properties of these polymers.    

  

Then, a comparison test was performed with just ACH and no polymer and 5 mg/L 

cationic polymer with the same procedure. 

 

4.7 Pre-ozonation 

 

Experiments with 425 mL Chile sample with pre-ozonation were conducted with 

applied ozone dosages of 5, 10, and 20 ppm before coagulation and DAF (75 mL). The 

procedure was the same as previously conducted except the solution was highly rapid 

mixed at 300 rpm before ACH addition to fully dissolve the ACH.     

      

Next, the coagulant dose was lowered to 0.15 g/L and 0.25 g/L ACH with 10 and 20 

ppm ozone, all 5 mg/L cationic polymer. Finally, the 20 ppm ozone + 0.15 g/L ACH and 

the 10 ppm ozone + 0.15 g/L ACH were submitted to the aerated-water mixture again.  

 

Then, the Germany sample (510 mL) was tested with 5, 10, and 20 ppm ozone, 5 

mg/L cationic polymer, 0.3 g/L ACH, and 90 mL DAF. Next, the Germany sample (510 
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mL) was tested with 20, 25, and 30 ppm ozone, 10 mg/L cationic polymer, 0.3 g/L ACH, 

and 90 mL DAF.      

    

Then, the Germany sample (510 mL) was tested with lower coagulant dose, 0.1 g/L 

ACH, with and without pre-ozonation (30 ppm) and 10 mg/L cationic polymer. 

 

A third wastewater sample from a mill in Ticonderoga, New York, was tested with 

510 mL sample, 0.3 g/L ACH, 90 mL DAF, and with and without 5 mg/L cationic 

polymer. Then, 510 mL wastewater sample was tested with 5, 10, and 20 ppm ozone, 5 

mg/L cationic polymer, 0.3 g/L ACH, and 90 mL DAF.  

 

The ozone was generated using a Wedeco ozone generator Type Modular 8HC, 

manufactured by ITT Water & Wastewater Herford, Germany. Oxygen was the process 

gas, and the operation pressure was 0.5 bar. The input ozone was measured using an 

Ozone Analyzer BMT 964C, manufactured by BMT Messtechnik, Berlin with CAT-35 

Ozone-Catalyzing Cartridge. The applied ozone dose was calculated using the following 

Equations 13 and 14 with the flow rate always set at 10 L/hr. 

 

Desired Applied Ozone dose (mg/L) x Volume of sample (L) = mg ozone needed (13) 

 

Mg ozone / ozone analyzer reading (g/Nm
3
=mg/L) / flow rate (L/hr) x (60 min/hr)  

= time to ozonate solution  (min)            (14) 

 

4.8 pH Adjustment and Added Ionic Strength 
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An experiment with the Chile sample was conducted with 510 mL sample, 0.3 g/L 

ACH, 5 mg/L cationic polymer, and 90 mL DAF. A control sample with no ozone and 

original pH, a sample with 20 ppm ozone and original pH, a sample with 20 ppm ozone 

and adjusted pH 1 with hydrochloric acid, and a sample with 20 ppm ozone and adjusted 

pH 2 with sodium hydroxide were used to see the effect of pH adjustment.  

 

Another experiment was conducted with the Chile sample with 510 mL sample, 0.3 

g/L ACH, 5 mg/L cationic polymer, and 90 mL DAF. A control sample with no ozone 

and no added sodium chloride, a sample with 20 ppm ozone and no added sodium 

chloride, a sample with 20 ppm ozone and 10 mM added sodium chloride, and a sample 

with 20 ppm ozone and 100 mM added sodium chloride were used to see the effect of 

added ionic strength.  
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CHAPTER 5 

RESULTS AND DISCUSSION 

 

5.1 Initial Wastewater Characterization 

 

Pulp and paper mill secondary effluents from three different mills, named Germany, 

Chile, and New York, were obtained for analysis. To set a basis for the initial quality, 

these wastewaters were analyzed for COD, TOC, TSS, alkalinity to pH 4.5, pH, turbidity, 

and apparent color. Table 2 below shows the results for this analysis. 

 

Table 2. Water quality parameters for the initial characterization of secondary effluent samples from three 

different pulp and paper mills – Chile, Germany, and New York 

 

 

Appendix A contains the calibration curve and procedure for COD analysis and the 

titration curves used to determine the alkalinity of the first two samples.   

 

 

 

 

Parameter Chile sample Germany sample New York sample 

COD 170 ppm 410 ppm  163 ppm 

TOC 61.2 ppm 118.7 ppm  

pH 7.32 7.46  

Turbidity 2.88 NTU 45.9 NTU 45.6 NTU 

Alkalinity (to pH 4.5) 495 mg CaCO3/L 825 mg CaCO3/L  

TSS 8 mg TSS/L 188 mg TSS/L  

Apparent Color 464 Pt-Co units 2130 Pt-Co units 1850  Pt-Co units 
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5.2 Batch Coagulation Experiments 

 

Based on Table 3 and Figures 5-12, the best choice for a coagulant for these water 

samples would be aluminum chlorohydrate (ACH) based on COD, color, turbidity, and 

TSS removal in both the Germany and Chile samples. 

 

Table 3. Coagulant Selection; 100 mL sample volume, 60 sec rapid mix on sitr plate, 15 min coagulation time at 

50 rpm, 30 min settling time 

Sample Coagulant 
Concentration 
(g/L) 

COD 
(ppm) 

Color   
(Pt-Co units) 

Turbidity 
(NTU) 

TSS 
(mg/L) 

Chile FeCl3 0.5 98.3 4650 91.4 22 

0.75 30.0 600 19.6 16 

1 21.7 584 18.6 10 

1.25 26.7 1590 41 10 

ACH 0.5 30.0 70 0.17 48 

0.75 23.3 99 1.87 68 

1 25.0 124 3.11 108 

1.25 18.3 145 4.31 208 

Alum 0.5 107.1 844 35.2 16.7 

0.75 74.3 614 28.3 8.3 

1 45.7 366 22.3 16 

1.25 37.1 320 20.1 16 

Germany FeCl3 0.5 390.0 4280 58.1 104 

0.75 310.0 4400 71.3 174 

1 136.7 424 11.3 10 

1.25 123.3 193 5.57 22 

ACH 0.5 98.3 276 2.25 106.7 

0.75 88.3 206 2.08 93.3 

1 76.7 212 1.37 155 

1.25 73.3 292 1.74 240 

Alum 0.5 324.0 1330 19 92 

0.75 250.0 1090 38.8 100 

1 196.0 860 39.6 92 

1.25 158.0 638 38.2 65 
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Figure 6. COD removal with Chile sample using varying coagulant doses Figure 5. COD removal with Germany sample using varying coagulant doses 

Figure 7. Color removal with Germany sample using varying coagulant doses Figure 8. Color removal with Chile sample using varying coagulant doses 
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Figure 9. Turbidity removal with Germany sample using varying coagulant doses Figure 10. Turbidity removal with Chile sample using varying coagulant doses 

Figure 11. TSS removal with Germany sample using varying coagulant doses Figure 12. TSS removal with Chile sample using varying coagulant doses 
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Aluminum chlorohydrate showed the best COD removal for both samples with 89% 

for Chile sample and 82% for Germany sample at the highest dose tested, 1.25 g/L. Color 

removal was also successful using ACH with highest removal being 85% for Chile 

sample at 0.5 g/L and 90% for Germany sample at 0.75 g/L. For the Chile sample, 

turbidity removal was highest at 94% at 0.5 g/L and 97% for the Germany sample at 1.0 

g/L. TSS removal was not as conclusive; however, TSS is a secondary parameter in this 

thesis. Appendix B shows the percent removals for these tests. 

 

5.3 DAF Flow Rate Testing and Control Experiments 

 

Based on the flow-rate testing, the overall average flow rate out of the DAF nozzle is 

19.83 mL/s with data seen in Appendix C. Next, the control testing conducted with both 

the Chile and Germany samples (Tables 4 and 5), showed insignificant COD, TSS, color, 

and turbidity removal which is to be expected since DAF alone, without addition of 

coagulant, will not improve these parameters. This method of adjusting the DAF loading 

rate was found to be inconsistent since the timing is so quick. In future experiments, a 

different method of measuring the added volume of aerated-water mixture was used.  
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Table 4. DAF control testing with Chile sample, no coagulant added, parameters adjusted using dilution factor 

Time 
(sec) 

Flow Rate 
(mL/s) 

Dilution 
Factor 

COD 
(ppm) 

TSS 
(mg/L) 

Color (Pt-Co 
units) 

Turbidity 
(NTU) 

1.68 22.7 1.19 117.1 3.00 369 0.24 

2.48 18.6 1.23 123.1 2.01 399 0.47 

3.48 22.3 1.39 118.0 8.33 361 0.33 

4.40 18.9 1.42 136.9 4.25 346 0.50 

5.38 16.6 1.45 130.1 0.00 321 0.80 

Initial   170.0 8.00 464 2.88 

 

 
Table 5. DAF control testing with Germany sample, no coagulant added, parameters adjusted using dilution 

factor 

Time 
(sec) 

Flow Rate  
(mL/s) 

Dilution 
Factor 

COD 
(ppm) 

Color (Pt-Co 
units) 

Turbidity 
(NTU) 

1.10 22.7 1.13 292.5 1373 4.46 

2.45 18.6 1.23 314.3 1277 1.62 

3.57 22.3 1.40 374.8 1552 1.33 

4.36 18.9 1.41 310.8 1271 1.75 

5.9 16.6 1.49 303.7 1369 2.50 

Initial   410.0 2130 45.9 

 

 

5.4 Polymeric Coagulant Aid Selection 

 

Based on the first set of polymer experiments, the best polymer to choose for this 

testing would be Tramfloc 141 based on COD, color, and turbidity removal (Table 6). 

Little difference was shown between 5 mg/L and 10 mg/L Tramfloc 141 doses (Table 7).  
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Table 6. Selection from first set of polymers used as coagulant aids for Chile sample 

Sample 
Volume DI added 
from DAF (mL) 

Dilution 
Factor 

COD 
(ppm) 

Color (Pt-Co 
units) 

Turbidity 
(NTU) 

Tramfloc 
141 

150 1.18 47.1 170.6 2.34 

Klaraid 
PC2705 

150 1.18 52.9 182.4 4.46 

Klaraid 
PC1192 

150 1.18 58.8 287.1 22 

Tap water 150 1.18 0 0 0.2 

Initial 
  

170.0 464.0 2.88 

 

 
Table 7. Experiments with varying concentrations of Tramfloc 141 polymeric coagulant aid for Chile sample 

Sample 
Volume DI added from 
DAF (mL) 

Dilution 
Factor 

COD 
(ppm) 

Color (Pt-Co 
units) 

Turbidity 
(NTU) 

5 mg/L 150 1.18 60.5 476.5 47.06 

10 mg/L 
150 1.18 70.6 210.6 5.59 

Initial 
  

170.0 464.0 2.88 

 

 

Based on the second set of polymer testing, the best polymer to choose would be the 

NS 4700P cationic polymer (Table 8). The comparison test between polymer and no 

polymer shows a need for the polymer addition based on the float and settled layers 

(Table 9). 
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Table 8. Selection from second set of polymers used as coagulant aids for Chile sample 

Sample  Volume DI 

added from 

DAF (mL) 

Dilution 

Factor 

COD 

(ppm) 

Color 

(Pt-Co 

units) 

Turbidity 

(NTU)  

Height of 

float layer 

(cm) 

Height of 

settled 

layer (cm) 

Anionic 150  1.18 49.0 137.7 0.59 3.5 (least 

compact) 

negligible 

Cationic  150  1.18 47.1 142.4 1.65 1.1 (most 

compact) 

negligible 

Non-

ionic 

150 1.18 47.1 160.0 3.34 1.5  negligible 

Initial   170.0  464.0 2.88      

 

Table 9. Comparison test with no polymer and with 5 mg/L cationic polymer for Chile sample 

Sample  Volume DI 

added 

from DAF 

(mL) 

Dilution 

Factor 

COD 

(ppm) 

Color 

(Pt-Co 

units) 

Turbidity 

(NTU)  

Height of 

float layer 

(cm) 

Height of 

settled 

layer (cm) 

ACH 

Only 

150  1.18 43.7 131.8 2.61 0.5 (least 

compact) 

2.5 

5 mg/L 

Cationic  

150  1.18 43.7 142.4 3.04 1.4 (most 

compact) 

negligible 

Initial   170.0  464.0  2.88      

 

 

 

 

 

 

 

 

 

 

 

5.5 Pre-ozonation 
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Varying the applied ozone dose on the Chile sample showed no significant difference 

between the doses in parameter improvement (Table 10). The same result occurred when 

the coagulant dose was lowered, and the ozone dose was varied (Table 11). Based on 

these results, the addition of ozonation before the DAF process does not improve the 

contaminant removal for this wastewater sample. However, color and turbidity 

measurements were also taken after 10 ppm pre-ozonation applied dose and 20 ppm pre-

ozonation applied dose (Table 11). The color measurement shows that ozonation reduces 

the color before the DAF process (Figures 13 and 14) and thus the float ultimately has 

less color than the float for the DAF process without pre-ozonation.   

 

Table 10. Pre-ozonation of Chile sample at varying applied ozone doses 

Sample  Dilution 

Factor 

COD 

(Adjusted 

COD) 

(ppm) 

Color 

(Adjusted 

Color) (Pt-Co 

units) 

Turbidity 

(Adjusted 

Turbidity) 

(NTU)  

Height of 

float 

layer (in) 

Height of 

settled 

layer (in) 

0 mg/L O3 1.18 38.57 

(45.38) 

100 (117.65) 2.47 (2.91) 0.1875 0.4375 

5 mg/L O3 1.18 40.00 

(47.06) 

125 (147.06) 4.73 (5.56) 0.3125 0 

10 mg/L O3 1.18 45.71 

(53.78) 

141 (165.88) 4.58 (5.39) 0.3125 0 

20 mg/L O3 1.18 44.29 

(52.10) 

83 (97.65) 3.13 (3.68) 0.25 0.25 

 Initial 170.00  464.00  2.88      
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Table 11. Pre-ozonation of Chile sample with lower coagulant dose with cationic polymer 

Sample  Dilution 
Factor 

COD 
(Adjusted 
COD) (ppm) 

Color 
(Adjusted 
Color) (Pt-Co 
units) 

Turbidity 
(Adjusted 
Turbidity) 
(NTU)  

Height of 
float layer 
(in) 

Height of 
settled 
layer (in) 

20 ppm O3, 
150 ppm 
ACH 

1.18 58.57 
(68.91) 

160 (188.24) 6.38 (7.51) 0.1875 0.1875 

10 ppm O3, 
150 ppm 
ACH 

1.18 57.14 
(67.23) 

184 (216.47) 6.35 (7.47) 0.1875 0.125 

20 ppm O3, 
250 ppm 
ACH 

1.18 40.00 
(47.06) 

90 (105.88) 2.83 (3.33) 0.3125 0 

10 ppm O3, 
250 ppm 
ACH 

1.18 47.14 
(55.46) 

98 (115.29) 2.79 (3.28) 0.3125 0 

After 10 
ppm ozone 

  387  1.09   

After 20 
ppm ozone 

  330 0.96   

 Initial 170.00  464.00  2.88      
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A similar result occurred with the Germany sample; however, there is a slight overall 

COD and color removal with increasing ozone dose (Table 12). When the cationic 

polymer dose was increased and the applied ozone dose was increased, there was no real 

improvement observed comparing ozone doses for the Germany sample (Table 13). 

However, comparing to the lower polymer dose, there is improvement. An experiment 

comparing no ozone and 30 ppm ozone with lowered coagulant dose only showed some 

color removal (Table 14). 

 

 

Figure 13. Chile sample before ozonation Figure 14. Chile sample after applied ozone dose of 20 ppm 
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Table 12. Pre-ozonation with Germany sample with 5 mg/L cationic polymer 

Sample  Dilution 
Factor 

COD (Adjusted 
COD) (ppm) 

Color (Adjusted Color) 
(Pt-Co units) 

Turbidity (Adjusted 
Turbidity) (NTU)  

0 mg/L O3 1.18 105.00 (123.53) 324 (381.18) 4.33 (5.09) 

5 mg/L O3 1.18 103.33 (121.57) 347 (408.24) 5.26  (6.19) 

10 mg/L O3 1.18 96.67 (113.73) 318  (374.12) 3.86 (4.54) 

20 mg/L O3 1.18 96.67 (113.73) 292 (343.53) 5.11 (6.01) 

 Initial 410.00 2130  45.9 

 

Table 13. Pre-ozonation with higher applied ozone doses with Germany sample with 10 mg/L cationic polymer 

Applied 
Ozone 
Dose 

Dilution 
Factor 

COD (Adjusted 
COD) (ppm) 

Color (Adjusted 
Color) (Pt-Co 
units) 

Turbidity 
(Adjusted 
Turbidity) (NTU)  

Float 
Layer 
(cm) 

20 mg/L O3 1.18 71.67 (84.32) 141 (165.88) 1.76 (2.07) 1.2 

25 mg/L O3 1.18 80.00 (94.12) 129 (151.76) 1.49 (1.75) 1.4 

30 mg/L O3 1.18 81.67 (96.08) 148 (174.12) 2.81 (3.31) 1.5 

 Initial 410.00 2130  45.9  

 

Table 14. Pre-ozonation with Germany sample,  10 mg/L cationic polymer and lowered coagulant dose of 0.1 g/L 

Applied 
Ozone 
Dose 

Dilution 
Factor 

COD (Adjusted 
COD) (ppm) 

Color (Adjusted 
Color) (Pt-Co 
units) 

Turbidity 
(Adjusted 
Turbidity) (NTU)  

Float 
Layer 
(cm) 

No O3 1.47 127.14 
(186.97) 

685 (1007) 7.94 (11.68) 0.3 

30 mg/L O3 1.47 127.14 
(186.97) 

585 (860) 9.86 (14.50) 0.5 

 Initial 410.00 2130  45.9  
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With the New York sample, the experiment comparing conditions with and without 

cationic polymer showed a little improvement with the polymer addition in COD, color, 

and turbidity removal (Table 15). The appearance of a settled layer in the control sample 

showed the need for the cationic polymer for flotation. The pre-ozonation experiment 

with the New York sample, there was no real improvement comparing applied ozone 

doses for COD, color, or turbidity removal (Table 16). However, as in previous 

experiments, as the applied ozone dose increases in the pre-ozonation step, the color 

reduces. Also, with increased ozone dose, the float layer becomes more compact and thus 

more stable, as seen in Figure 15. 

 
Table 15. Experiments with NY wastewater with 0.3 g/L ACH, with and without 5 mg/L cationic,  20 ppm ozone 

Applied 
Ozone 
Dose 

Dilution 
Factor 

COD 
(Adjusted 
COD) (ppm) 

Color 
(Adjusted 
Color) (Pt-Co 
units) 

Turbidity 
(Adjusted 
Turbidity) 
(NTU)  

Float 
Layer 
(cm) 

Settled 
Layer 
(cm) 

Control 1.18 38.33 (45.10) 213 (250.59) 8.53 (10.04) 1.1 0.80 

5 mg/L 
cationic 

1.18 33.33 (39.22) 147 (172.94) 6.1 (7.18) 1.0 0 

 Initial 1066 1850 45.6   
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Table 16. Pre-ozonation with New York sample, 5 mg/ L cationic polymer, 0.3 g/L ACH, 0.1765 mL DAF/mL 

sample 

Applied 

Ozone Dose 

Dilution 

Factor 

COD  

(Adjusted 

COD)  

(ppm) 

Color 

(Adjusted 

Color)  

(Pt-Co units) 

Turbidity (Adjusted 

Turbidity) (NTU)  

Float 

Layer 

(cm) 

0 ppm  1.18 25.00 (29.41) 230 (270.59) 8.8 (10.35) 1.3 

5 ppm 1.18 20.00 (23.53) 176 (207.06) 6.41 (7.54) 1.1 

10 ppm 1.18 21.67 (25.49) 195 (229.41) 8.11 (9.54) 0.9 

20 ppm 1.18 21.67 (25.49) 206 (242.35) 8.22 (9.67) 0.9 

 Initial 1066 1850 45.6  

 

 
 

Figure 15. Dependence of float layer on ozone dose; beaker as container with 4 in diameter; float layer assumed 

to be a cylinder; New York sample, 5 mg/L cationic polymer, 0.3 g/L ACH, 0.1765 mL DAF/mL sample 
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5.6 pH Adjustment and Added Ionic Strength 

 

The results for the pH adjustment experiments (Table 17) show that pre-ozonation 

does not affect the pH of the solution. Also, lowering the pH also reduces the color of the 

sample and raising the pH also raises the color (Figures 16 and 17). This result may be 

due to the pKa’s of the organic compounds in the sample that contribute to the color. 

These compounds may act differently in solution when fully protonated than when 

deprotonated. When looking at the factors of pre-ozonation and pH, no improvement 

from the control results for COD, color, or turbidity removal (Table 17).  

 

 
Table 17. pH adjustment with Chile sample, 5 mg/L cationic polymer, 0.3 g/L ACH, 90 mL DAF, original pH = 

7.54, adjusted pH 1 = 3.68, adjusted pH 2 = 9.88, pH after ozone = 7.58 

Sample Dilution 

Factor 

COD  

(Adjusted 

COD)  

(ppm) 

Color 

(Adjusted 

Color)  

(Pt-Co units) 

Turbidity (Adjusted 

Turbidity) (NTU)  

Float 

Layer 

(cm) 

0 ppm ozone, 
original pH 

1.18 35.71 

(42.02) 

152 (178.82) 4.56 (5.36) 0.8 

20 ppm ozone, 
original pH 

1.18 42.80 

(50.42) 

111 (130.59) 4.90 (5.76) 1.0 

20 ppm ozone, 
adjusted pH 1 

1.18 40.00 

(47.06) 

167 (196.47) 9.93 (11.68) 0.6 

20 ppm ozone, 
adjusted pH 2 

1.18 54.29 

(63.87) 

135 (158.82) 2.40 (2.82) 0.7 

 Initial 170.0 464 2.88  
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Figure 16. After coagulation during pH adjustment experiment using Chile sample; from left to right: 20 ppm 

ozone/pH 9.88, 20 ppm ozone/pH 3.68, 20 ppm ozone/pH 7.58, 0 ppm ozone/pH 7.54 

 

 

 

 

Figure 17. After flotation during pH adjustment experiment using Chile sample; from left to right: 20 ppm 

ozone/pH 9.88, 20 ppm ozone/pH 3.68, 20 ppm ozone/pH 7.58, 0 ppm ozone/pH 7.54 
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The results for the added ionic strength experiments (Table 18) show no distinct 

effect from adding ionic strength via sodium chloride to the solution. However, the 

applied ozone dose of 20 ppm before the DAF process does reduce the color.  

 

Table 18. Ionic strength adjustment with Chile sample, 5 mg/L cationic polymer, 0.3 g/L ACH, 90 mL DAF 

Sample Dilution 

Factor 

COD  

(Adjusted COD)  

(ppm) 

Color (Adjusted 

Color)  

(Pt-Co units) 

0 ppm ozone, no added NaCl 1.18 32.86 (38.66) 173 (203.53) 

20 ppm ozone, no added NaCl 1.18 45.71 (53.78) 80 (94.12) 

20 ppm ozone, 10 mM NaCl added 1.18 37.14 (43.70) 100 (117.65) 

20 ppm ozone, 100 mM NaCl added 1.18 44.29 (52.10) 99 (116.47) 

 Initial 170.0 464 
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CHAPTER 6 

CONCLUSIONS AND RECOMMENDATIONS 

 

With the completion of this thesis, several outcomes were achieved by testing the 

effect pre-ozonation has on the dissolved air flotation (DAF) process for pulp and paper 

mill secondary effluents from three different locations. Measurements of COD, turbidity, 

color, and height of float and settled layers were obtained to determine this effect.  

 

In this thesis work, the best coagulant and coagulant aid were selected and determined 

to be aluminum chlorohydrate at a dose of 0.3 g/L and a cationic polymer named NS 

4700P at a dose of 5 mg/L. This combination of coagulant and coagulant aid proved the 

most applicable for the reduction of the specified water quality parameters and surpassed 

the COD objective of 90 ppm.  

 

Another objective achieved was the effective bench-scale procedure for the 

application of the preozonation-coagulation-DAF process. In this procedure the 

wastewater samples were ozonated with an applied ozone dose of 20 ppm. Coagulant was 

added, and the solution was rapidly mixed for 10 sec at 300 rpm. Then, the solution was 

rapidly mixed for 1 min at 150 rpm. Halfway through this second rapid mixing, the 

coagulant aid was added. Next, the solution was slowly mixed for 15 min at 30 rpm. 

Then, 0.1765 mL of aerated-water mixture was introduced per 1 mL of sample. The 

resulting solution was allowed to float for 5 min. 

 

The experimental results show that pre-ozonation did not reduce the need for 

coagulant due to no change in the COD, color, or turbidity removal. However, other 



 56 

impacts on the wastewater sample were observed. For all three wastewater samples, the 

pre-ozonation lowered the color of the sample. The consequence of this color reduction is 

seen during coagulation and ultimately in the float layer after addition of the aerated-

water mixture. The coagulated flocs have less color in the ozonated samples as compared 

to the control samples, and thus, the float layer has less color and observed to be more 

dense and stable to agitation. The significance of this outcome can be applied to the 

solids handling of the float layer after skimming. A more stable and dense float will 

require less dewatering and thus save in handling costs.  

 

The effect of pH and ionic strength were examined within this preozonation-

coagulation-DAF process. The influence of pH showed that lowering the pH reduced the 

color of the sample and that raising the pH increased the color of the sample. However, 

the pH did not ultimately affect the removal of the selected water quality parameters. 

Added ionic strength did not change the water quality parameter removal either.    

 
Based on the experimental results and conclusions discussed in this thesis, some future 

work can be recommended: 

 

 More wastewater samples from different pulp and paper mills with different 

initial properties can be tested with this preozonation-coagulation-DAF process to 

see if the effect is dependent on the type of compounds in the sample.  

 This combined process can be tested on wastewater samples from different 

industries and also on primary effluents to determine if this process is more 

effective with different types of effluents and at different points within the 

treatment train. 
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 This procedure can be applied to wastewater samples with specific compounds 

notoriously recalcitrant to treatment to establish if this process can aid in the 

removal of these compounds.  

 The dissolved air flotation process for pulp and paper mill secondary effluents 

could be combined with other advanced oxidation processes to discern if the 

effect is similar or different from pre-ozonation. 

 

 

  



 58 

COMPREHENSIVE LIST OF SOURCES 

 

[1] B. H. Lee, W. C. Song, B. Manna, and J. K. Ha, “Dissolved ozone flotation (DOF) -  

a promising technology in municipal wastewater treatment,” Desalination, vol. 

225, pp. 260–273, 2008.  

 

[2] H. Al-Zoubi, K. A. Ibrahim, and K. A. Abu-Sbeih, “Removal of heavy metals from 

wastewater by economical polymericcollectors using dissolved air flotation 

process,” Journal of Water Process Engineering, vol. 8, pp. 19–27, 2015.  

  

[3] G. Thompson, J. Swain, M. Kay, and C. F. Forster, “The treatment of pulp and paper 

mill effluent: a review,” Bioresource Technology, vol. 77, pp. 275–286, 2001.  

 

[4] D. B. Zarkovic, Z. N. Todorovic, and L. V. Rajakovic, “Simple and cost-effective 

measures for the improvement of paper mill effluent treatment - A case study,” 

Journal of Cleaner Production, vol. 19, pp. 764–774, 2011.  

 

[5] R. Miranda, A. Blanco, E. de la Fuente, and C. Negro, “Separation of Contaminants 

from Deinking Process Water by Dissolved Air Flotation: Effect of Flocculant 

Charge Density,” Separation Science and Technology, vol. 43, no. 14, pp. 3732–

3754, 2008.  

 

[6] R. Miranda, C. Negro, and A. Blanco, “Internal Treatment of Process Waters in Paper 

Production by Dissolved Air Flotation with Newly Developed Chemicals. 1. 

Laboratory Tests,” Industrial & Engineering Chemistry Research, vol. 48, pp. 

2199–2205, 2009.  

 

[7] D. B. Zarkovic, V. N. Rajakovic-Ognjanovic, and L. V. Rajakovic, “Conservation of 

resources in the pulp and paper industry derived from cleaner production 

approach,” Resources, Conservation and Recycling, vol. 55, pp. 1139–1145, 

2011.  

 

[8] M. Kamali and Z. Khodaparast, “Review on recent developments on pulp and paper 

mill wastewater treatment,” Ecotoxicology and Environmental Safety, vol. 114, 

pp. 326–342, 2015.  

 

[9] N. J. Horan and W. Chen, “The Treatment of a High Strength Pulp and Paper Mill 

Effluent for Waste Water Re-Use,” Environmental Technology, vol. 19, no. 2, pp. 

153–163, 1998.  

 

[10] R. Miranda, R. Nicu, I. Latour, M. Lupei, E. Bobu, and A. Blanco, “Efficiency of 

chitosans for the treatment of papermaking process water by dissolved air 

flotation,” Chemical Engineering Journal, vol. 231, pp. 304–313, 2013.  

 



 59 

[11] H. Zhou and D. W. Smith, “Process Parameter Development for Ozonation of Kraft 

Pulp Mill Effluents,” Water Science Technology, vol. 35, no. 2-3, pp. 251–259, 

1997.  

 

[12] K. R. Munkittrick, M. R. Servos, J. H. Carey, and G. J. Van Der Kraak, 

“Environmental Impacts of Pulp and Paper Wastewater: Evidence for a Reduction 

in Environmental Effects at North American Pulp Mills Since 1992,” Water 

Science Technology, vol. 35, no. 2-3, pp. 329–338, 1997.  

 

[13] J. K. Edzwald, “Principles and Applications of Dissolved Air Flotation ,” Water 

Science Technology, vol. 31, no. 3-4, pp. 1–23, 1995.  

 

[14] M. Viitasaari, P. Jokela, and J. Heinanen, “Dissolved Air Flotation in the Treatment 

of Industrial Wastewaters with a Special Emphasis on Forest and Foodstuff 

Industries,” Water Science Technology, vol. 31, no. 3-4, pp. 299–313, 1995.  

 

[15] I. A. Crossley and M. T. Valade, “A review of the technological developments of 

dissolved air flotation,” Journal of Water Supply: Research and Technology - 

AQUA, vol. 55, pp. 479–491, 2006.  

 

[16] J. K. Edzwald, “Dissolved air flotation and me,” Water Research, vol. 44, pp. 2077–

2106, 2010.  

 

[17] S. R. Arnold, T. P. Grubb, and P. J. Harvey, “Recent Applications of Dissolved Air 

Flotation Pilot Studies and Full Scale Design,” Water Science Technology, vol. 

31, no. 3-4, pp. 327–340, 1995.  

 

[18] I. Zhu, A. Reid, J.-C. Hostachy, and B. van Wyk, “Synergistic effects of the 

combined ozone and dissolved air flotation for the treatment of the secondary 

effluent from a pulp and paper mill,” Xylem Water Solutions , Zelienople, PA, 

Herford, Germany, tech., 2015.  

 

[19] “Dissolved Air Flotation,” Sciential Water Technologies, LLC., 2004. [Online]. 

Available: http://www.scientialsupply.com/daf.shtml#daf.  

 

[20] N. Ding, N. F. Neumann, L. M. Price, S. L. Braithwaite, A. Balachandran, M. 

Belosevic, and M. G. El-Din, “Ozone inactivation of infectious prions in 

rendering plant and municipal wastewaters,” Science of the Total Environment, 

vol. 470-471, pp. 717–725, 2014.  

 

[21] R. Liu, W. Sun, K. Ouyang, L. Zhang, and Y. Hu, “Decomposition of sodium butyl 

xanthate (SBX) in aqueous solution by means of OCF: Ozonator combined with 

flotator,” Minerals Engineering, vol. 70, pp. 222–227, 2015.  

 



 60 

[22] J.-C. Hostachy, G. Lenon, J.-L. Pisicchio, C. Coste, and C. Legay, “Reduction of 

Pulp and Paper Mill Pollution By Ozone Treatment,” Water Science Technology, 

vol. 35, no. 2-3, pp. 261–268, 1997.  

 

[23] I. Zhu, A. Reid, J.-C. Hostachy, and B. van Wyk, “Synergy of the Combination of 

Ozonation and Dissolved Air Flotation (DAF) for Pulp and Paper Tertiary 

Wastewater Treatment,” Xylem Water Solutions , Zelienople, PA, Herford, 

Germany, rep., 2015.   

 

[24] J. F. Gonzalez, “Wastewater treatment in the fishery industry,” Food and Agriculture 

Organization of the United Nations, Rome, Italy, tech., 1996.  

 

[25] A. Chen, Z. Wang, and J. Yang, “Influence of bubble size on the fluid dynamic 

behavior of a DAF tank: a 3D numerical investigation,” Colloids and Surfaces A: 

Physicochemical Engineering Aspects, vol. 495, pp. 200–207, Apr. 2016.  

 

[26] J. Heinanen, P. Jokela, and T. Ala-Peijari, “Use of Dissolved Air Flotation in Potable 

Water Treatment in Finland,” Water Science Technology, vol. 31, no. 3-4, pp. 

225–238, 1995.  

 

[27] B. C. Vallance, R. G. Pritchard, E. E. Hargesheimer, and R. T. Seidner, 

“Consideration of DAF Retrofit to a Large Conventional Water Treatment Plant,” 

Water Science Technology, vol. 31, no. 3-4, pp. 93–101, 1995.  

 

[28] F. El-Gohary, A. Tawfik, and U. Mahmoud, “Comparative study between chemical 

coagulation/precipitation (C/P) versus coagulation/dissolved air flotation (C/DAF) 

for pre-treatment of personal care products (PCPs) wastewater,” Desalination, 

vol. 252, pp. 106–112, 2010.  

 

[29] S. Al-Thyabat and H. Al-Zoubi, “Purification of phosphate beneficiation 

wastewater: Separation of phosphate from Eshydia Mine (Jordan) by column-

DAF flotation process,” International Journal of Mineral Processing, vol. 110-

111, pp. 18–24, 2012.  

 

[30] J. Derco, J. Dudas, M. Valickova, K. Simovicova, and J. Kecskes, “Removal of 

micropollutants by ozone based processes,” Chemical Engineering and 

Processing: Process Intensification, 2015.  

 

[31] V. T. Chow, R. Eliassen, and R. K. Linsley, Eds., Wastewater Engineering. New 

York: McGraw-Hill Book Company, 1972.  

 

[32] L. S. Clesceri, Standard Methods for the Examination of Water and Wastewater, 

22nd ed. Washington, DC: American Public Health Association, American Water 

Works Association, and Water Environment Federation, 2012.  

 



 61 

[33] “Material Safety Data Sheet: Tramfloc 141,” Tramfloc, Inc., Houston, TX, tech., 

2012.  

 

[34] “Technical Information Bulletin: Tramfloc 141 Anionic Flocculant,” Tramfloc, Inc., 

Tempe, AZ, rep.  

 

[35] “Material Safety Data Sheet: Klaraid PC 1192,” GE Water & Process Technologies, 

Trevose, PA, rep., 2011.  

 

[36] “Material Safety Data Sheet: Klaraid PC 2705,” GE Water & Process Technologies, 

Trevose, PA, rep., 2011.  

 

[37] “Klaraid Coagulants Fact Sheet,” GE Water & Process Technologies, Trevose, PA, 

rep., 2014.  

 

[38] “NS 6750P Safety Data Sheet,” Neo Solutions, Inc., Beaver, PA, rep., 2015.  

[39] “NS 6500P Safety Data Sheet,” Neo Solutions, Inc., Beaver, PA, rep., 2015.  

 

[40] “NS 4700P Safety Data Sheet,” Neo Solutions, Inc., Beaver, PA, rep., 2015.  

 

[41] Ashrafi, Omid, Laleh Yerushalmi, and Fariborz Haghighat. "Wastewater Treatment 

in the Pulp-and-paper Industry: A Review of Treatment Processes and the 

Associated Greenhouse Gas Emissions," Journal of Environmental Management, 

vol. 158, pp. 146-57, 2015.  

 

[42] Kreetachat, T., M. Damrongsri, V. Punsuwon, P. Vaithanomsat, C. Chiemchaisri, 

and C. Chomsurin, "Effects of Ozonation Process on Lignin-derived Compounds 

in Pulp and Paper Mill Effluents," Journal of Hazardous Materials, vol. 142, pp. 

250-257, 2007.  

 

[43] Biermann, Christopher J., “22- Papermaking Chemistry, “ Handbook of Pulping and 

Papermaking, 2
nd 

ed., pp. 438-462, 1996. 

 

[44] Sundman, Ola, Per Persson, and Lars-Olof Ohman, “A multitechnique study of the 

interactions between H
+
, Na

+
, Ca

2+
 and Cu

2+
, and two types of softwood Kraft 

fibre materials,” Journal of Colloid and Interface Science, vol. 328, pp. 248-256, 

2008. 

 

[45] Moimane, T.M., K.C. Corin, and J.G. Wiese, “The effect of varying pulp reagent 

chemistry on the flotation performance of a South African PGM ore,” Minerals 

Engineering, vol. 95, pp. 155-160, 2016. 

 

[46] Wang, Yanhong, Yongjun Peng, Timothy Nicholson, and Rolf Andreas Lauten, 

“The role of cations in copper flotation in the presence of bentonite,” Minerals 

Engineering, vol. 96-97, pp. 108-112, 2016. 

 



 62 

[47] Meng, Ran Wu, Jean Paris, and Theo G.M. van de Ven, “Flocculation of 

papermaking fines by poly(ethylene oxide) and various cofactors: Effects of PEO 

entanglement, salt and fines properties,” Colloids and Surfaces A: 

Physicochemical Engineering Aspects, vol. 303, pp. 211-218, 2007.  

 

[48] Wang, Jian-Ping, Yong-Zhen Chen, Yi Wang, Shi-Jie Yuan, and Han-Qing Yu, 

“Optimization of the coagulation-flocculation process for pulp mill wastewater 

treatment using a combination of uniform design and response surface 

methodology,” Water Research, vol. 45, pp. 5633-5640, 2011. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 63 

APPENDIX A 

INITIAL WASTEWATER CHARACTERIZATION 

 

 

 

 

 

 

 

 

 

 

 

 
Table 19. COD analysis for initial wastewater characterization 

 

  

Sample Volume DI Water 

Added (mL) 

Volume Standard/Sample 

Added (mL) 

Absorbance at 620 nm 

Blank 2 0 0.000 

500 ppm 1 1 0.157 

1000 ppm 0 2 0.315 

Chile 0 2 0.051 

Germany 0 2 0.123 

y = 0.0003x 
R² = 1 
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Figure 18. High range (20-1500 ppm) COD calibration curve for initial wastewater characterization 
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Figure 19. Titration curve for initial wastewater characterization of the Chile sample, sample volume 200 mL 

 

 
 
Figure 20. Titration curve for determination of initial alkalinity of the Germany sample, sample volume 100 mL 
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APPENDIX B  

COAGULANT SELECTION 

 
Table 20. Percent removals for COD, apparent color, turbidity, and TSS with Chile and Germany samples using 

ferric chloride, aluminum chlorohydrate, and alum as coagulants 

Sample Coagulant 
Concentration 
(g/L) 

COD % 
removal  

Color   
% removal 

Turbidity % 
removal 

TSS % 
removal 

Chile FeCl3 0.5 42 -902 -3074 -175 

0.75 82 -29 -581 -100. 

1.0 87 -26 -546 -25 

1.25 84 -243 -1324 -25 

ACH 0.5 82 85 94 -500. 

0.75 86 79 35 -750. 

1.0 85 73 -8.0 -1250 

1.25 89 69 -50. -2500 

Alum 0.5 37 -82 -1122 -109 

0.75 56 -32 -883 -3.8 

1.0 73 21 -674 -100. 

1.25 78 31 -598 -100. 

Germany FeCl3 0.5 4.9 -101 -27 45 

0.75 24 -107 -55 7.5 

1.0 67 80. 75 95 

1.25 70 91 88 88 

ACH 0.5 76 87 95 43 

0.75 78 90. 95 50. 

1.0 81 90. 97 18 

1.25 82 86 96 -28 

Alum 0.5 21 38 59 51 

0.75 39 49 15 47 

1.0 52 60. 14 51 

1.25 61 70. 17 65 
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APPENDIX C  

DAF FLOW RATE AND CONTROL TESTING 

 
Table 21. DAF flow rate testing, 400 mL beaker with 200 mL starting volume of DI water 

 

   
Trial Time (sec) Initial Volume (mL) Final Volume (mL) Flow Rate (mL/sec) Average Flow Rate (mL/sec) 

1 sec 

1 1.18 200 227 22.9   
22.7 

  

2 1.13 200 224 21.2 

3 1.37 200 233 24.1 

2 sec 

1 1.97 200 240 20.3   
18.6 

  

2 2.24 200 240 17.9 

3 1.93 200 234 17.6 

3 sec 

1 3.15 200 273 23.2   
22.3 

  

2 2.99 200 260 20.1 

3 3.03 200 272 23.8 

4 sec 

1 4.00 200 287 21.8   
18.9 

  

2 4.02 200 272 17.9 

3 4.09 200 270 17.1 

5 sec 

1 5.13 200 276 14.8   
16.6 

  

2 5.26 200 280 15.2 

3 5.19 200 302 19.7 

 
Overall Average (mL/sec) 19.8 
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APPENDIX D  

PHYSICOCHEMICAL PROPERTIES OF MATERIALS 

 
Table 22. Physicochemical properties of coagulants tested 

Chemical Name Ferric chloride 
hexahydrate 

Aluminum 
chlorohydrate (ACH) 

Aluminum potassium sulfate 
(Alum solution 10% (w/v) 
aqueous) 

Formula FeCl3 ▪ 6H2O Al2ClH5O5 ▪ 2H2O KAl(SO4)2 ▪ 12H2O 

Source Fisher Science 
Education 

Spectrum Ricca Chemical Company 

CAS # 10025-77-1 12042-91-0 7784-24-9 

Molecular 
Weight 

270.3 g/mol 210.48 g/mol 474.3884 g/mol 

Density 1.82 g/cm3 1.7 g/cm3 1.725 g/cm3 

Melting/Boiling 
Point 

37C/280C -12C/ >100C 92C/200C 

Solubility in 
Water 

92 g/100 mL at 

20C 

Soluble 14 g/100 mL at 20C 

 

Table 23. Physicochemical properties of the first set of polymeric coagulant aids tested [33-37] 

Chemical Name Tramfloc 141 Klaraid PC1192 Klaraid PC2705 

Source Tramfloc, Inc. GE Healthcare Life 
Sciences 

GE Healthcare Life 
Sciences 

Description Anionic polyacrylamide, 
medium molecular 
weight, moderate 
charge density 

High charge, low to 
moderate 
molecular weight, 
cationic polymeric  

High charge, low to 
moderate molecular 
weight, cationic 
polymeric  

CAS # / TSRN CAS# 64742-53-6 CAS# 26062-79-3 TSRN 125438-6078 

Specific gravity at 

20C 

1.08-1.20 1.032 1.099 

Color/physical state White/off-white liquid Yellow liquid Red-brown liquid 

Odor Slight, mild Mild  Slight  

Flash point >200F >93C >93C 

pH N/A 6.3 2.2 

Evaporation rate 
(ether=1) 

N/A <1.00 <1.00 

VOC content ~50% volatile 0% 0% 

Freeze point 35F -1C -1C 

Viscosity at 21C N/A 168 cps 290 cps 

Water solubility 100% 100% 100% 

Vapor pressure  N/A ~18.0 mmHg ~18.0 mmHg 
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Table 24. Physicochemical Properties of second set of polymeric coagulant aids tested [38-40] 

Chemical Name NS 4700P NS 6500P NS 6750P 

Source Neo Solutions, Inc. Neo Solutions, Inc. Neo Solutions, Inc. 

Charge 20% cationic Non-ionic 20% anionic 

Molecular mass 13 million g/mol 10 million g/mol 6 million g/mol 

Hazardous 
components 

Adipic acid CAS#124-04-9 
Sulfamic acid CAS#5329-14-6 

N/A N/A 

Appearance White granular solid White granular 
solid 

White granular solid 

pH at 5 g/L 2.5 – 4.5 5 – 8 5 – 9 

Melting point >100C >150C >150C 

Flammability Not combustible N/A N/A 

Relative density 0.6 – 0.9 0.6 – 0.9 0.6 – 0.9 

Solubility Water soluble Water soluble Water soluble 

Partition 
coefficient 

< 0 -2 -2 

Decomposition 
temperature 

>200C >150C >150C 

 

 

 


