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Abstract

The degree of waste paper recycling has been increasing steadily in North

America over the last decade. Today, it is recognized that the flotation deinking process

is one of the most important processes in waste paper recycling. This is demonstrated by

the nurnerous variety of industrial flotation cell technologies currently availablè. Column

flotation, developed in the mineral processing industry, is proposed as an alternative to

other flotation technologies due to its low capital costs and improved separation

performance. The flotation column requires an air sparging device to produce bubbles.

Previous experimentation has shown that columns run with internai porous spargers

initially produced excellent ink recoveries and low organic losses but eventually the

sparging system plugged and performance deteriorated.

In this work, an air sparging technique, based on a static inline pipe mixer was

compared ta a porous sparger. Bath air sparging systems were evaluated in-plant on a [ab

scale flotation column to determine their relative merits, confirm previous work and

compare to a circuit of full scale deinking cells. The effects of gas rate, retention time,

wash water rate, froth height were investigated. It was found that the statie mixer sparger

was an excellent alternative to conventional porous spargers due ta ilS stable operation

and ability to control bubble size. As with porous spargers, the bubble surface area rate

produced by the sparging system was found to be an important parameler in determining

ink recovery. Two flotation circuits based on columns with the two competing sparging

systems were scaled up using long term test data and compared. Operational boundaries

for the static mixer sparger system were also defined.

Abstract 1
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Résumé

L'étendue du recyclage du papier n'a que progressé en Amérique du Nord depuis

la dernière décennie. De nos jours, il est reconnu que le procédé de désencrage par

flottation est un des procédés les plus importants dans le recyclage du papier. Ceci est

démontré par les nombreuses variétés de technologies industrielles de cellules de

flottation disponibles actuellement. La flottation en colonne, développée dans l'industrie

de traitement des minerais, est proposée comme alternative à d'autres technologies de

flottation à cause de ses coûts capitaux bas et de l'amélioration de la performance de

séparation. La flottation en colonne requiert un barboteur. Des expériences antérieures

ont démontré que les colonnes fonctionnant avec des barboteurs à pores internes

produisaient initiallement d'excellentes récupérations d'encre et des pertes organiques

basses. mais qu'éventuellement le système du barboteur s'obstruait et la performance se

détériorait.

Dans cette étude, une technique de barboteur, basée sur un mélangeur de conduit

interne statique a été comparé à un barboteur poreux. Les deux systèmes de barboteurs

ont été évalués en usine, à l'échelle de laboratoire, sur une colonne de flottation afin de

détenniner leurs mérites relatifs, confmner le travail antérieur et comparer à un circuit

grande échelle de cellules de désencrage. Les effets du taux de gaz, du temps de

retention, du taux d'eau de lessivage, et de la hauteur de l'écume ont été étudiés. Il a été

détenniné que le barboteur à mélangeur statique est une excellente alternative aux

barboteurs poreux conventionnels à cause de son opération stable et de la capacité de

contrôle de la grosseur de bulle. Tout comme avec les barboteurs poreux, le taux de

surface des bulles produit par le système de barboteur a été déterminé être un paramètre

important dans la détermination de la récupération d'encre. Deux circuits de flottation

basés sur des colonnes avec les deux systèmes de barboteurs en compétition ont été portés

à grande échelle en utilisant des données à long terme et comparés. Les limites

opérationnelles du système de barboteur à mélangeur statique ont aussi été définies.

Résumé II
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Il CHAPTER ONE 11

Introduction

1.1 OVERVIEW

For more than 200 years the search has been going on for ways of removing

printing ink to produce an acceptable white paper from printed waste paper. [t was only

about 30 years ago. however, that a breakthrough was made in large-scale deinking of

waste paper using the froth flotation principle. The tirst flotation deinking cells and plant

technology were designed on the basis of equipment used in the mineraI processing

industry (Schulze, 1991). Today, it is recognised that the flotation process is one of the

most important sub-processes in a waste paper recycling Mill, as it provides an effective

means of removing ink panicles from recycled pulp (Dessureault et al., 1995).

RecentIy, the pulp and paper industry has once again transferred technology from

the mineraI industry in the forro of the flotation column. The flotation column.

sometimes referred to as the Canadian Column, was patented in the early 1960s by Boutin

and Tremblay (Boutin, 1964) for the extraction ofbitumen and ail from the Athabasca tar

sands. [t was only in 1983 that the technology was commercialized with the first flotation

column installation at Les Mines Gaspe for molybdenum cleaning. Since mid-1980s

many variations in the design of the flotation column have been evaluated and extensive

work was done leading to numerous improvements and applications. Properly designed

columns offer advantages in terros of reduced fioor space, reduced operating and capital

costs, and simplified circuits (Luttrell et al., 1994). Other new applications for flotation

columns are found in soil decontamination, food processing, and de-oiling. [t is

unfortunate, however, that sorne of the advantages of columns are not fully obtained in

pracüce. These shortcomings are frequently due to deficiencies associated with the

design, scale-up and operation of the bubble generating system. Figure 1.1 shows an

industrial sized flotation column.
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Figure 1.1 Mineral Dotation columns witb sparging system located near the bottom.

An effective air sparging system must be capable of producing smaIl, uniformly

sized bubbles at a desired aeration rate (Huis et al., 1991). Small bubbles can improve

kinetics by enhancing the capture efficiency of fine particles (Yoon and Miller, 1982..

Dobby and Finch, 1986). In addition, smaller bubbles May increase the gas carrying

capacity by increasing the bubble surface area rate (Finch and Dobby, 1990). Many

different generating systems are now available for column flotation cells (AI Taweel,

1989; Dobby and Finch, 1991; Rubinstein, 1995), the most common methods for

generating air bubbles can be broadly divided into two types: internai and external

spargers.

The most common spargers are the internai hubble generators fahricated from

tilter cloth or perforated rubber. The major disadvantage of these spargers is that they

generate relatively large bubbles, often as large as 2-3 mm in diameter (Brake et aL.

1996). Porous metal and permeable ceramic tubes can also he used to produce small air

bubbles, but they are prone to plugging and must be frequently cleaned. Extemal bubble

generation is that where gas and liquid (or slurry) are brought iDto contact extemal to the

column. Examples of these devices include the United States Bureau of Mines

(USBM)/Cominco sparger, Minnovex and Cominco variable gap spargers, and the

Microcel sparger.

In the USBMlCominco sparger, air and water (both at high pressure) are contacted

in a chamber containing a bed of ground quartz or ceramic spheres. The discharge from
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the chamber is carried through steel pipes to the column were il is then expelled through

holes about 1 mm in diameter located along air lances placed near the bottom of the

column. The Cominco sparger is sunilar to the USBM sparger except that the pressurized

air and water are contacted in a "T" sectian befare being delivered through the air lances.

The lances have 1 mm hales with tungsten-carbide inserts ta minimize wear. ln the

Minnavex variable gap and Caminco Sparjet spargers, high pressure air (without water) is

passed through an annular gap ta generate bubbles. The gap is adjustable to account for

wear. In the Microcel column sparger, shear is used to form bubbles by forcing slurry

and air over the blades of an in-line statie mixer. The advantages of these techniques

compared with internai systems include less chance of plugging with solids or

precipitates, on-Hne sparger maintenance, and some control over bubble size (Cienski et

al., 1990). The main disadvantage being in extra water entering the column (USBM and

Cominco design), wear problems and the more complicated operation.

To date excellent results (high ink removal and low fiber loss) have been achieved

using internai spargers in the deinking of various waste paper furnishes (Petri, 1994;

Watson et aL, 1996; Dessureault et al., 1995; Carabin et al., 1997; Leiehtle, 1998).

However, over the long term it has been found that that the perfonnance of both

laboratory and full-scale flotation columns have diminished due to plugging of the air

sparging system. To reaIize the column's advantage in the de..inking of recycled paper, a

reHable method of bubble generation is required.

This thesis will compare the performance of a column using a porous stainless

steel sparger with an extemal sparging system. The external system is based on a statÎc

inline mixer such as used in the Microcel flotation column. The expected benefits of this

flotation system are increased ink removal efficiency, Iow fiber loss, increased particie

collection rates, increased unit column capacity, and reduced height in comparison to the

convenùonal column (Brake et aL, 1996). Wear problems are not anticipated due to the

non-abrasive nature of paper fiber slurries. The disadvantage of this sparger technology

is the requirement of a pwnping system to achieve high liquid velocities through the

mixer.
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1.2 THESfS OUTLINE

Because the system under consideration is a real industrial separation~ there is

always the possibility of overlooking relevant items. At the risk of including a large

amount of background infonnation the author feels that what has been provided is a basic

overview of waste paper recycling and deinking. Numerous references have been

included to enable the reader to explore certain areas in greater depth.

Chapter 1 intraduces the tapie under study by briefly deseribing the reeent

application of the flotation column to waste paper deinking. An outline of the project is

eontained at the end.

The scope and purpose of this undenaking is discussed in Chapter 2.

Fundamentals with reference to waste paper recycling and flotation deinking are

brietly eonsidered in Chapter 3 to outline the basic knowledge required for understanding

the separation process as a whole. Fit'st the state of waste paper recycling in today's

society is discussed~ followed by a review of waste paper eontaminants and removal steps

in a typical recycling Mill. This is followed by a brief review of factors important ta

flotation deinking. T0 close~ modem flotation deinking cells are discussed.

Chapter 4 describes the basic principles and nomenclature used in colurnn

flotation and describes the two spargers (internai and external) examined in this thesis.

This is fol1owed by a description of the various methods and techniques used to quantify

column deinking performance. Finally, ta augment Chapter 3~ flotation factors which

directly influence column flotation are discussed.

Chapter 5 comprises the experimental program and gives details about the

equipment and i15 specifie configuration. The experimental program is outlined. Details

on characteristics ofthe flotation are presented.

Test results and their subsequent discussion are presented in Chapter 6. A detailed

eomparison between the two air sparging systems in terms of performance~ operational

stability and cost is made. Two full scaIe column installations based on Bowatefs

flotation plant throughput are aIso described.
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Chapter 7 states the conclusions and proposes some recommendations for future

efforts in this area.

AlI reference material is in Chapter 8 while all experimental data is located in the

appendices at the end of this thesis.
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+ CHAPTER TWO +
Scope and Significance

The primary focus of this study was to compare the performance of two air

sparging systems (porous and static mixer spargers) on a laboratory column flotation in a

deinking application. The main question being asked is whether column flotation

deinking using porous internaI spargers can be replaced or improved by an extemal

sparging system and still maintain the performance as indicated by previous studies.

Bowater~s (formerly Avenor) waste paper recycling mill in Gatineau~ Quebec was the site

of the test work because fairly large quantities of flotation ready paper pulp were

required. Since the site included an industrial flotation circuit, cornparisons with existing

deinking technology could aIso be made.

The evaluation was based on operational observations (ink recovery. fiber

recovery, and operational stability) and the economics of a proposed full scale installation

ta replace Bowater·s existing flotation circuit. A range of operating conditions were

considered in each case. but no changes ta mill pulp chemistry were made. For the

intemally sparged column (porous sparger), the effect of air rate.. retention time.. froth

depth~ wash water rate and column height were investigated. The extemally sparged

column (static mixer sparger) was investigated with regards to air rate, retention time,

static mixer velocity and column height. To determine the size and cost of these two

types of flotation columns for the propased installation, two cornpanies specializing in

column flotation systems were contacted.

ln the end, it is hoped that this project will lead inta ne\v areas of research:

application of columns for novel separations, development of new sparging systems and

possible full scale installations of deinking flotation columns in North America~ ta name

sorne.
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~p CHAPTER THREE ~~

Background

3.1 WASTE PAPERRECYCLING

Waste paper is increasingly regarded as altematively a valuable resource or a

nuisance by the global pulp and papermaking industry, govemment, environmental

groups and other interested parties. Several things are abundantly clear, however; waste

paper collection and re-use are increasing rapidly around the world and that the entire

paper recycling issue is one of the most important for the industry in the 19905. Other

issues facing the pulp and paper industry include paper demand variations, chemical

emissions.. effluent contraIs, industry restructuring, and consolidation (Payne, 1992).

3.1.1 Current Canadiao Trends

In the late '80s, the use of recovered paper in the production of Canadian paper

and board started to accelerate (Figure 3.1). By investing over 1.5 billion dollars since

1990 in recycling equipment.. Canadian paper and board producers have made recovered

paper an integral part of their business.

Recycled fibers derived from waste papers of various types account for

approximately 25 percent of the total fibrous material used by Canadian paper and board

mills (CPPA, 1998). ln 1997, the Canadian pulp and paper industry transformed 4.7

million tonnes of old newspapers, corrugated containers, boxboard, and other grades of

paper into new newsprint, containerboard, boxboard, construction paper, kraft and

sanitary papers. To meet the demand for recycled products, Canada has become the

worlds largest importer of wastepaper, importing approximately 2 million tonnes of

recovered paper from the United States a year (CPPA, 1998). It is forecast that by the

start of the next century world waste paper collection and demand could rise to around

140 million tonnes from 83 million tonnes in 1990 (Payne, 1992).
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3.2 PRINTING TECHNOLOGY AND INK CHEMISTRY

This review of printing technology and ink chemistry is intended to provide a

background since the method used to put ink on the paper, and keep it on, has a

significant impact on deinking. Several reviews have been given by: (Aspler, 1998;

Smook, 1997, Doshi, 1991; and Shrinath, (991)

3.2.1 Prioting Processes

There are five major types of printing processes that may be classitied into [WO

groups as follows:

Impact Printing Non-impact Printing

Laser
Xerographie

1

1

Letterpress
Lithography (Offset)

Gravure
Flexography

Each printing teehnology places different demands on inks. Different inks vary in

composition to meet these demands. [nk particle size. geometry and surface chemistry

deterrnines the efficiency of the subsequent deinking operations (Section 3.4.1). [ok

chemistry determines ink particle size after pulping print paper (Table 3.1).

Table 3.1 (ok partiele size after pulpiog old paper (Ferguson, 1992a)

Printine Procas Ink Particle Size (microns)

Uncoated Paper COlted Paper

Leuerpress 2-30 10-100

Offset 2-30 5-100

Gravure 2-30 5-30

Flexography 0.3-1 0.7-2

i Laser, Xerographie 40-400 40-400

Considering these particle size ranges and the dependenee of the effectiveness of

different deinking operations as a function of ink particle size. it becomes clear that ink

type determines how effective the deinking process will be. For instance, Figure 3.2

indicates that wash deinking will be most efficient on small flexographic particles while a

combination of flotation, cleaning and fine screens will be etTective in deinking large
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particles produced from toner ïnks. Since paper coatings also affect particle size, they can

also affect deinking (Borchardt, 1997b).

2 10 30 100 300
Partiele Size (~m)

Figure 3.2 Optimum particle size ranges for the various unit deinking operations

(Shrinatb et al., 1991).

3.2.2 Ink Composition

At the present lime there are approximately fifteen million ink formulations on file

al the US National Printing Ink Research Institute with tens of thousands more being

introduced each year (Aspler, 1998). Numerous reviews of ink composition have been

wrinen (Wasilewski, 1987; Bassemir, 1982; Aspler, 1994; and Ferguson 1992c). It is

only a slight exaggeration to say that each paper-press combination requires different ink.

The make up of the ink is determined by the type of paper on which it is applied, the

method of application (printing process), the drying process, and the end use of the paper.

[nk ingredients usually fall ioto three categories:

1) Vehicles
2) Pigments
3) Modifiers

The ink vehicle is the largest constituent of ink and is the major factor determining

the ease of deinking. The vehicle helps transfer the pigment or dye to the paper and aids

in binding it there. The vehicle is a fluid that provides the ink with the proper liquidity,

i.e. acceptable handling properties. Vehicles are generally vegetable ails, minerai

distillates, resins (natura! and synthetic), plastics, and volatile solvents (Shrinath et al.,

1991). However, it is important to remember that it does not dissolve the pigment~ it
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disperses it. In addition to the solvent, the vehicle contains a binder. The binder binds

pigment particles together and attaches them to the surface of the paper. Dried binders

are usually polymer films and may be tightly crosslinked which cause difficulties for

deinking operations. (Ferguson.. 1992c).

Pigments are coloured materials insoluble in the ink vehicle. They are very small

solid particles dispersed in the vehicle. Oyes are seldom uscd because they tend ta soak

iota the paper too much (Borchardt.. 1997). The pigment provides colours and opacity to

the ink and is important in delivering viscosity and the desired flow characteristics. The

most common pigment is carbon black on which more than 80 % on all printing inks are

based.

Modifiers are added to give inks particular chemical or physical properties.

Modifiers include waxes, binders, wetting agents, plastisizers, and drying agents.

Modifiers are generally used at low levels and therefore do not affect ink removal.

A broad range of diverse inks are used in the various printing methods today, and

new formulations are continually being developed. While these inks have good printing

characteristics and are welcome news to the printing industry, they pose challenging

problems to the paper industry, which is facing pressure to increase the amounts of

recycled fiber in paper making furnishes. The growth ofdesktop publishing and the high

quality print offered by laser printers can ooly lead to an increase in the use of laser­

printed inks. Deinking technology and chemistry must continue to evolve if industry is ta

keep pace with these developments.

3.3 WASTEPAPER RECYCLING SYSTEMS AND CONTAMINANTS

In earlier times, recycling systems were relatively simple in design due to a

number of factors (Spangenberg, 1993). The raw material (wastepaper) was abundant

and easy to obtain because of the small number of mills using recycled fiber.

Contaminants were less varied in type and composition. Systems for processing recycled

fiber were open rather than closed loops. Fresh water was readily available. and plant

wastes could be flushed directly into rivers and lakes. Bleaching chemieals were chosen

based on efficiency and cast rather than their effeet on the environment. The proeess of
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• recycling fiber today has become more complex (Carr, 1991). A flow sheet for a typical

modern deinking mill flow is shown in Figure 3.3.

, Recycled Paper

Figure 3.3 Typical deinking mill Dow sheet

Systems must now be engineered and operated in a closed loop with facilities for

treating solid wastes. These systems often run at less than optimum conditions as

contaminants separated from liber streams are later re-mixed into accepts (cleaned pulp)

with the idea of increasing fiber recovery or saving water. Systems for processing

recycled fibers can be configured in various arrangements. Determining factors include

the final paper quality desired and the type and amount of contaminants in the recovered

paper supplies.

•

Pulper

Paper Machine

Cleaners Screens Flotation CeUs

Cleaners

•

The best way ta eliminate contaminants from the tinished paper is not ta allow

them into the recycling miIl t s warehouse. In its own best interests, a recycled fiber mill

must he aware of the amount and nature of the contaminant in incoming baies of

recovered paper. Contaminants include all foreign elements such as rocks, sand, glass,

and tramp Metal. Glues, hot melts, and latexes are also contaminants and are generically

called "stickies" and are found in book bindings, label backings and adhesive coatings

(Smook, 1997). Table 3.2 summarizes sorne comman contaminants and their sources. It
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is generally accepted that contaminants should be removed from the pulp stream as early

in the system as possible and at as large a size as practical. The tirst sorting is a manual

screening of raw materials; this May take place at the Mill or at a separate receiving

center. If the bales of waste paper meet the quality demands of the mill, they are then

ready to proceed to the deinking process.

Table 3.1 CommoD contaminants aad tbeir sources (Merriman, 1993)

Contalllinant Typieal Sourees 1 Pantele Size 1 Specifie Gravity

Hot Mells Adhesives and coalings 40 J,lm- 4000 J,lm 0.95 - 1.1

Polystyrene Foam
Blocks and beads used 400j.lm + 0.3 - 0.5in packaging

Dense Plastic Blister packs and see- 400IJm to larger 1.04 .. 1.1
Chips through products than 4000 IJm

Latex 1Rubber
Adhesives and coatings.

40J,lm to 4000 J,lm 0.9 - 1.1rubber bands

Pressure Roll splices and case
40J,Lm to 400 J.Lm 0.9 .. 1.1

Sensitives seals

Waxes coatings and laminales
panially dissolved

0.9 - 1.0
• less than 40 j.lm

Wire 1Metals
bail wire and paper larger than 4000

6-9clips J.lm

Fillers and ash and vamishes less than 40 J.lm 1.8 .. 2.6
Coatings

Asphalt roads less than 40J,lm to 1.1 - 1.5
400 IJm

Ink
newspaper and partially dissolved

1.2 - 1.6magazines to 400 J,lm

Sand baie sloraget blue boxes 40 J.1m + 2.2 - 2.6

3.4 A MODERN DEINKING FACILITY: BOWATER'S GATINEAU MILL

Bowater Pulp and Paper's (formerly Avenor) Gatineau, Québec mill is an example

of modem deinking facility where newsprint, containing recycled fibers. is produced.

The makeup of the newsprint produced consists of 59 % thermomechanical pulp (TrvIP)t

40 % recycled pulp and 1 % kraft pulp. The deinking plant, which was built in 1992 for

the cost of approximately 100 million dollars (Stevenson, 1992), recycles 500 tonnes per

day ofold newspapers (ONP) (70 0/0) and old magazines (OMO) (30 %).
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3.4.1 Deinking Process Equipment

The main stages in the deinking plant inc1ude: high..consistency pulping~ coarse

c1eaning, flotation, fine cleaning, thickening, disperging, and bleaching (Stevenson,

1992).

3.4.1.1 Pu/ping Stage

The pulping process begins with the conveyor system that feeds a newspaper and

magazine mixture to the pulper. Pulping in a deinking plant is usually done on a batch

basis, although continuous pulping is used for sorne applications (Crow and Secor, 1987).

Continuous pulping is possible when the quality of the recycled paper is unifonn and the

chemistry cao be kept simple. The function of the pulper is ta de-fiber the paper and ta

detach the ink particles from the fiber!l while keeping the undesirable materials large

enough ta be removed by downstream processes. The pulper is often described as the

heart of the deinking process and is equivalent to liberation for mineral pracessing. Most

batch pulpers are circular tubs equipped with a helical bottom rotor and baffles to

interrupt the pulp flow. Figure 3.4 shows a high consistency (high percent solids) pulper.

Figure 3.4 Righ consistency pulper (lDodined (rom Smook, (997).

High consistency pulping is preferred over low consistency pulping due to faster

separation of ink from fibers and less energy consumption. At this stage, the ONP and

OMG are fed automatically to two high-consistency pulpers (Voith model 50) until a

batch of 8 tonnes is reached. Pulping is done for approximately 30 minutes al a pH of

9.5-11, temperatures 55-70°C, and a consisten.cy (percent saHels) of 15 %. The high

consistency, moderate temperature, and brisk agitation make this a good location for the
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addition of chemicals. Chemical addition to the pulper is necessary to assist in the

removal of the undesirable materials such as ink and "stickies". and make them accessible

for flotation deinking. Typical chemicals added in the pulper are sodium hydroxide. fany

acid soap, hydrogen peroxide, a chelating agent and sodium silicate (Ferguson~ 1992a).

3.4.1.2 Coarse Cleaning Stage

[n the coarse cleaning stage the s1urry from the pulpers is diluted and passed

through primary, secondary and tertiary screens. The primary screen is a trash sereen

located at the outIet of the pulper which prevents large objects such as plastic bags, cans,

and wire from continuing in the process. Secondary screening consists of high-density

forward cleaners (will be described later in this chapter) which remove staples, paper

clips, stones. and other '"heavies''' that could damage or plug the fine screens or other

downstream equipment.

Pressure screens (FiberPrep SPMs) with holes 1.5 to 2 mm in diameter are then

used to remove large ink particles, plastic, and pieces of glue. These screens are high

technology.. precision-manufactured components usually eonstructed from stainless steel.

The pressure screen normally consists of a cylindrical screen plate and a rotor containing

elements that cause pulsations near the plate surface as the rotor turns. These pulsations

back flush the screen plate as often as 50 times per second ta prevent fibers or

contaminants from blinding the surface (Merriman. 1993). Between pulses. pressure

from the pump feeding the screen forces water and useable fibers through the openings in

the screen plate.

3.4.1.3 Flotation Stage

In the flotation process, the chemicals which were introduced in the pulper eause

the ink particles ta flocculate and produce a foam. In a deinking notation cell the pulp is

aerated at low consistencies (O.9 .. 1.5 % solids). Deinking is a reverse flotation process

where the ink and stickies become attached to the air bubbles, causing them to rise ta the

top of the cell and be removed as rejecls while the c1ean fibers stay in the pulp and are

removed as accepts. The tlotation process at Bowater consists of two banks of Voith

Sulzer Multi-Injector Elliptical cells (6 priMary cells and two secondary cells). Figure 3.5

shows a picture of Bowater's flotation circuit.
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Figure J.! Deiaking notation cells (photo: C. Hardie).

These cells are similar in principle to the Jameson cell used in minerai processing

and feature quadruple downcomers inside each tank where air is aspirated through an air

iniet (Jameson and Manlapig, 1991). To minimize fiber losses and maximize ink

removal.. the rejects from the six primary cells are fed to two secondary cells (cleaners).

The final rejects are sent for disposai and accepts from the secondary cells are returned to

the primary tell. A brightness gain (defined in the Chapter 4) of lOto 13 points across

the flotation bank is typicaIly achieved. A more detailed discussion on flotation deinking

and various flotation deinking devices will he presented in Sections 3.5 and 3.6.

3.4.1.4 Fine Cleaning Stage

Fine cleaning is a three-step operation designed to maximize the cleaning

efficiency at low pulp consistencies. These steps take advantage of centrifugai devices

similar to hydrocyclones. They separate contaminants from the vaIuable fibers by

centrifugai action. The tirst step consists of three paraIlel rotary cleaners which are

designed to separate the lighter contaminants (S.G. less than 1.0) such as stickies, plastics

and light ink compounds according to density. Figure 3.6 shows a rotary-cleaning device.

These devices are rotating centrifuges which exert up to 700 Gs of centrifugaI force

(Stevenson, 1992). The stock at 0.5 to 2.5 % consistency is fed tangentiaIly into the drum

section which rotates at high speed and impans a high centrifugai force to the fluid.
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Figure 3.6 Rotary lightweight cleaDer (Modilied from Merrimao. 1993).

Heavy particles (Le. fibers) migrate to the drum wall, and the light contaminants

(rejects) move toward the center of the drum. High centrifugaI force and relatively long

retention time (about seven seconds) give the centrifuge higher efficiency than reverse

cleaners.

The second step treats the accepts from the rotary cleaners with five cascading

stages of forward cleaners to remove ink" sand, coatings and other contaminants more

dense than fiber. These cleaners are hydrocyclones in which centrifugai action is

achieved by introducing the feed tangentially into the cleaner body. In a cascading

system. the rejects (heavy material) from one stage are diluted and fed to the next stage.

Accepts" the lightweight fraction, are then piped to the feed of the preceding stage. The

cascade system design offers a compromise between reduced fiber 1055, high system

efficiency, and 10w capital and operating costs. The number of stages required for a

given system will depend on production rate, required pulp cleanliness, and allowable

fiber 10ss (Merriman. 1993). Finally, during the third step, the accepts are passed through

three stages of 0.2 millimeter fme screens. Figure 3.7 shows a five stage cascading

system similar to the one used at Bowater.

•
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Figure 3.7 Cascading live stage fonvard cleaning system.

J.4.1.5 Filtering and Washing Stage

The pulp from the rme sereens is thickened from 0.6% eonsisteney to

approximately 10% eonsistency using two dise filters. The pulp is then washed with hot

water from the paper machine and thiekened to approximately 30 % consistency by two

belt tilter presses. As a result of these operations, the dissolved solids in the pulp are

removed. The water from the presses is sent for clarification and reused in the plant.

These presses have been weIl accepted by the pulp and paper industry because of their

stable operation, low power requirements, low maintenance and excellent filtrate quality

(Forrester, 1993).

J.4.1.6 Disperging Stage

Dispergers (Sprout Bauer Model 421) are used to refine and enhance the cleaned

fibers at high temperature (85 Oc to 120 OC) and high consistency (25 % • 30 0/0). The

action of the disperger creates shear forces by mixing the stock between rotating bars and

stationary bars. The dispersion of recycled fiber can be defmed as the size reduetion and

homogeneous distribution ofcontaminants so as to render them invisible to the naked eye

(less than 40 microns in size). Dispersion has been used successfully on inks that are

diffieult to remove, such as ultraviolet inks, xerographic inks, and jet-print inks (Crow

and Secor, 1987). Figure 3.8 shows a typical kneader type disperger.
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Figure 3.8 Kneader-type disperger (RepriDted by permission of Voitb-Sulzer).

J.4.1. 7Bleac"ing Stage

Hydrogen peroxide bleaching takes place in a bleach tower. This stage is only

used if the pulp is not bright enough. The stock is then diluted to about 10 % consistency

with recycled water from the paper machine and is pumped to a high-density storage tank

where it awaits the final step: paper making.

3.5 FLOTATION MECHANlSMS

The search has been going on for ways to remove printing ink from paper for

more than 200 years. It was not until about 40 years ago, however, that a breakthrough

was made in large-scale deinking of wastepaper using the froth flotation principle. Froth

flotation is technique that combines air bubbles and chemistry to separate ink particles

from the fibers. The air is introdueed in the fonn of bubbles at the bottom of the flotation

cell. The ink particles, which are hydrophobie (either real or chemically indueed) attach

to the bubbles and rise to the surface of the eell where they are removed as a froth

(rejects) while the clean fibers exit the bottom ofthe cell as accepts.

3.S.1 Flotation Tbeory

In flotation deinking, ink particles must attach to air bubbles rising through the

pulp. For tlotation to he effective, the size of the ink particies must he maintained within

an optimum range of approximately 10 to 100 micrometers (Ferguson, 1992c). The

printing inks typically used in magazines and newspapers are oil based and are naturally

hydrophobie and difficult to disperse. The fany acid soap added in the pulping stage

probablyacts as a combination tlocculating 1collecting agent for the ink particles.
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Several models have been proposed ta explain the attachment mechanism between

oil-based ink particles and air bubbles under the influence of anionic surfactants such as

fany acids (Ortner, 1991, Larsson, 1987 and, Bechstein, 1975). The latest model (Putz et

al., 1993) assumes that the swfactants are absorbed onto the hydrophobie surface ofhoth

the ink particles and the air bubbles. For the fany acid based collectar, the carboxylic

head group of the molecule points away from the ink and bubble surfaces and are then

bridged by the presence of divalent metal ions such as calcium. These calcium ions are

present in magazine coatings as calcium carbonate and, if required, more is added to the

flotation cells in the fonn of calcium chloride. Figure 3.9 represents the proposed

attachment mechanism.

'.

•
Soap Molecules

• Ink Particle

Ca++ ••

Bubble

•

\

,1

•

Figure 3.9 Attaebment ofink partieles tu a bubble surface.

3.5.2 Factors Affecting Flotation Deinking

The challenge faced by the designers of flotation cells is to effectively remove the

broadest range of ink particle sizes that is practically possible while keeping the fiber

lasses to an acceptable level. Despite the large number offlotation cell types available on

the market.. each cell uses the same basic principles for ink removal. Many publications

detail the factors that affect flotation deinking (Linck and Britz, 1990; McCool et al...

1990, Ferguson, 1991; and Fallows, 1992). These factors can be divided into a number of

categories including the effect ofchemistry, particle size, bubble size and equipment type•
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3.5.2.1 Role ofCI.emistry

A detailed discussion on pulper and flotation chemistry is not included in this

thesis due to space limitations. Many papers on this subject have been published

including; (Ferguson, 1992a and 1992b; Borchardt, 1997a; Woodward, 1986; Larsson et

al., 1982 and Aspler, 1994). However, il is important to understand that the efficient

performance of the flotation cells and the entire deinking plant is closely related to the

chemistry. The choice of flotation chemicals needs to be specific ta the mil}. the flotation

cell, water quality, wastepaper type and interactions with other chemicals in the system.

Changes in pulp consistency, pH and temperature will impact flotation cell performance.

The incoming stock to the flotation circuit removing ink from newspapers and magazines

usually has the following characteristics: pH 8 to Il; consistency 0.7 to 1.5 %;

temperature 40 to 55 oC, and water hardness 110 ta 130 ppm Ca2
+. The pH, temperature

and water hardness depend on the choice of flatation ehemicals. For example, water

hardness is a factor only if fatty acid saaps are used (Ferguson, 1991).

3.5.2.2 Role ofInk Part;clliates

It is desirable that the particles ta he removed by flotation have sorne degree of

hydrophobicity or are able ta be made hydrophobie through chemieal addition. In sorne

cases the ink used in the wastepaper is not easily reeoverable by flotation. Examples

include flexographie ink particles as described in Section 3.2.1 which are very small (0.3

ta 1micron) and the resin surrounding the pigment particle is hydrophilic.

The type of pulper and pulping conditions in use ta defiber the recovered

wastepaper will affect the size and shape of particles that are delivered to the flotation

circuit. Figure 3.2 (Section 3.2.1) shows the classical particle size distribution versus

removal curve for a number of deinking unit operations. The key to this figure is that

flotation can usually remove ink particles between 10 and 100 microns. This bell shaped

eurve for flotation is typical and may be arbitrarily divided into three distinct regions;

fine, intermediate and coarse. The particles in each region respond in a different manner,

with paor ink removal in the fme region, a "high" removal in the intermediate zone and a

tailing off of ink removal in the coarse range. In the extreme ranges of the size

distribution, surface forces dominate in the finer size fractions and inertia and gravity
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forces dominate in the coarser range. Efficient flotation is a compromise between the two

extremes when floating a material with a wide size distribution.

3.5.2.3 Role ofAsh Ptlrticulates

It is well known, but perhaps not as weil understood, that for efficient flotation

deinking of newsprint, one requires a significant amount of ash in the feed furnish. The

fillers and coatings used in magazine paper can act as an inexpensive source of ash; thus,

it is common practice ta inciude magazines in flotation deinking of newsprint. Common

fillers and coatings inciude kaolin clay, calcium carbonate and titanium dioxide.

Papermakers suggest that a loading of 8-15 % ash is required in the flotation stage to

optimize the removal of ink.

The true function of ash content has oot been explained, althOUgh it has beeo

shown that not enough will adversely affect the perfonnance of the deinking system.

Zabala and McCool (1988) concluded that flotation efficieocy increased as clay was

added. ln contrast, Raimondo (1976) and Letscher and Sutman (1992) round that tiller

and clay, improved flotation results due to their optical properties, not by enhancing ink

flotation. It has also been suggested that the tiller particles contribute to ink removal by

acting as an abrasive in the pulper, chipping ink flakes off the tiber (Read, 1991). In

addition, clays are thought to play a role in the stabilization of the froth in the flotation

cell (Letscher and Sutman, 1992). In ail cases however, the addition of magazines to

newspaper adds a desirable long fiber fraction for increased strength (Westenberger,

1992).

3.5.2.4 Role ofAi, Bubbles

In arder for as many ink particies as possible ta adhere ta the air bubbles, the total

surface area of the bubbles must he as large as possible. As shawn in Figure 3.10 the

specifie surface area quickly inereases with reducing bubble diameter, and the total

number ofbubbles increases even more rapidly.
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Figure 3.10 Specifie bubble surface and number of bubbles as a

function of bubble diameter (Linck and 8ria, 1990).

Il might well be coneluded from this that the best effeet is achieved with very

small bubbles but there are limits to this. Linek and Britz (1990) has shown that onlv..

bubbles with a diameter larger than 0.3 mm have sufficient buoyancy to push through the

"elastic network" formed by the fibers in the suspension. Other studies have shawn that

bubbles with a diameter less than 0.1 mm tend ta stick ta the fibers. causing high fiber

lasses during flotation (lsler, 1978). This non..selective process is the principle behind

dissolved air notation clarifiers (DAF) whieh create air bubbles by depressurization of air

dissolved in waler to remove solids (Clark, 1985). In practice. these effects mean that

bubble diameters of 1mm should be targeted and diameters smaller than 0.5 mm should

be avoided.

Figure 3.11 shows a schematic representation of different size ink particles with

respect to a 1 mm diameter bubble at the same seale. Due to the radius ofeurvature of the

bubble.. the ratio of contact area to ink particle surface area reduces with increasing ink

particle size. For example~ partieles 10 and 50 microns in size particles adhere well. For

particles 100 microns and larger, however, adherence becomes a problem since the

bubble contour can no longer adapt itself to the contours of large particles. This indicates

that if the particles to be collected are too big for the size of the bubble, the high

turbulence in sorne flotation units will dislodge the particle from the surface of 'the

bubble. In other words, for removing large particles~ large air bubbles and quiescent
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conditions are required. Data from mineraI flotation research indicates that the optimum

bubble size is five times that of the particle being removed (Szatkowski and Freyberger,

1985). Therefore in order to be efficient in collecting a range of ink of particle sizes. the

flotation process requires a wide range of bubble sizes.

Alrbubble
"'000~m

Ink ~rticlel

Figure J.ll Model ofcontaét surfaces.

Gases other than air have been examined for their effectiveness in flotation.

Marchildon et al. (1991) looked at carbon dioxide, oxygen and nitrogen as flotation gases

with newsprint furnish. They detected no significant change by using nitrogen or oxygen

when compared ta air, but they did notice a reduction in strength properties due to fiber

degradation in the acid environment when using carbon dioxide.

3.5.2.5 Role ofMixing

[t is essential to have good contact between the ink·laden grey stock and the air

hubbles. Good contact is a function of the cell design and time. Forces acting on ink

particies are complex, but they detennine if collisions result in the formation of an ink

particlelbubble complex. Good mixing is essential, but air bubbles must be aliowed to

rise to the surface, for removal of the attached ink. Long retention times aIso increase the

probability of good particle/bubble contact, retention times vary from 5 to 20 minutes

depending on the type of flotation cclI.

3.5.2.6 Rote ofEquipment

The selection of flotation cell for a partièular application is based on a number of

factors. Apart from brightness gain across the flotation cell, important factors include,
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ink removal and fiber yield. Another critical parameter is the placement of the tlotation

cell in the deinking process flow sheet (Harrison, 1991, Zabala and McCool, 1988). If the

cell is placed mid-way through the process it will have a broader range of particie sizes in

the feed stock than if the cell is placed after the disperger where the particle sizes will be

much smaIler. Placement of the cell in the system can aIso dictate feed consistencies, pH

and temperature. Available space can aIso be a factor in retrofitting flotation cell circuit

in existing mills.

3.6 FLOTATION DEINKING TECHNOLOGY

Today, it is recognized that the flotation process is one of the most important sub­

systems in a waste paper recycling mill, as it provides a low cast and effective means of

removing ink particles from recycled puip. The performance and operation of this

subsystem is criticaI for producing the highest quality product al the lowest cost

(Dessureault et al. 1995). This section will briefly describe the histary of flatation cells

used far deinking wastepaper and intraduce seven modem flotation units that are

currently available in North America.

3.6.1 History of FlotatioD Deinking

A brief history of the development of different flotation cells is summarized in

Table 3.3. The major suppliers of flotation cells are shown on the left side of the chart

and the year is shown across the bonam.

Table 3.3 History of notation deinking cells (modifted from McCool, 1993).

D.awer Denver 1 · : : 1 1 i · 1· · , ·Vo'" S.lur 1',,1111 1 VoU" Paddle Cell 1Tubullr lM- I_j,cler 1ElIi,liul 1 Ecocell

EI.""'.r" 1 : 1 FZ·l 1 FZ·U 1 Cf ICFI CfC 1
S.adl D.n'nter sw•••~ 1 · ! 1 SwelDu CrU 1 ! · 1 Tekla CrU· · ·
'lberprep.L•••rt 1 ! i : 1 Vert'cell 1 DA Verticell 1DAD 1 ~IAC CeU

."cltC"••o. ! ! ! · 1 U1ln-cell 1 1Il\t/BC Cell·Be"'&. i i i · · 1LIBuce11 PDl\I·l 1 PDM·l· ·Sllla",., · · · · 1 i 1 HI·flo Cell: 1 · : 1· ·
Aillatn. L••.rr · 1 · ! ! ! . 1 CS 1 Flot.tor· · : ;· 1

Co.,r-Rlvlt i · i i i . 1 SpidercelliCybercell· : :·Kv..,.,r-P.lpl_1 ! · · ! i 1 ! 1 COIIiIiD CrU.· · ,

1955 1"0 •965 .9'0 1"5 IJI'· 1915· 199. 1995 199•.
The development of deinking flotation cells has been an evolutlonary one starting

with a transfer of the Denver cell from the minerai processing industry i~ the 19505. [t

can be seen that the pace of major developments has increased sillce the end ofthe 1970s.•
Chapter 3: Background 25



3.6.2 Voith Sulzer • EcoCell

Until 1994, Voith and Escher Wyss were independent companies which supplied

competitive flotation cells to the industry. Voith had been developing its injector cell

technology since the early 1980s while Escher Wyss had been developing their Hne of

Compact Flotation Cells (CFC) since 1983. ln 1994, these two companies merged and

became known as Voith Sulzer. In 1996 they combined their flotation technology and

introduced the EcoCell flotation machine (Eriksson and McCool, 1997). This new cell

utilized step diffuser air mixing technology from Escher Wyss and the quiescent elliptical

cell geometry from Voith. A cross section and a rniU installation of the EcoCell are

shown in Figure 3.12.

•

•

Figure 3.12 Voitb Sulzer EcoCeli (RepriDted by permission orVoitb Sulzer).

Each cell, depending on the designed production capacity, has between one and

four aeration elements. Air is drawn into the aeration element by a venturi effect. The

EcoCell aeration elements consist of a nozzle plate with air suction apertures, a step

diffuser block, an impact mixer and a distributor diffuser ail designed to optimize the

mixing of air bubbles and pulp (Martin and Britt, 1996). In the Vaith EcoCelI flotation

system there are usually 3 to 6 primary cells and 1 to 2 secondary cells depending on the

total ink removal required. In the primary cells the inky froth is usually removed by

gravity overflow from each orthe stages. The rejects from aU the stages are collected and

combined ta feed the secondary cell. Mechanical scrapers remave foam from the
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secondary cell stages. For difficult to remove froths, a vacuum device known as the

FothVac is used to break them down.

3.6.3 FiberpreplLamort - MAC Cell

In 1995, FiberpreplLamort introduced the MAC cell (FiberPrep, 1996). A cross

section ofthis cell is shown in Figure 3.13. Essentially, the MAC cell is a tower ofthree

to five stages of flotation. The feed to the tirst stage is aerated using special canisters

called Autoclean injectors and then fed near the top of the cell. The inky froth rises to the

surface and the accepts are removed at the center of the cell. The accepts from this stage

are then aerated and retumed to feed the cell below the tirst stage. This process continues

three more limes until a total of tive aerations have been completed. Air is added to the

various recirculation streams through special non..plugging injectors which induce air inta

the system. The system is totally enclosed to recycle the air and prevent potentially

harmful fumes entering the mill atmosphere. Reject discharge is controlled through a

slight overpressure inside the cell and only rarely is a secondary stage required.

Inlet

El

E3~L'C

E4

ES

-- .Rejects

'-..::=====~Acccprs

FigureJ.!3 FiberPrep-Lamort MAC cell (Repri~ted by permission of FiberPrep-Lamort)•
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3.6.4 Black ClawsoD - (IM-BC Flotator Cell

The HM-BC Flotator is based on Japanese technology and was introduced to

North America by Black-Clawson in 1990. A cross section of the cell is shown in Figure

3.14. The Flotator consists ofa large vessel with rounded corners and has a large volume

(50 m3
) (Black Clawson, 1996). Stock is fed in at the bottom, and the accepts Leave the

cell at the opposite corner. Two special turbines, each with an air manifold, are Located in

the bottom and run the length of the cell. Compressed air is fed to these rotating turbines

which mix the air thoroughly to create fine bubbles and to circulate the stock. Internal

baffles direct the flow of pulp so it passes the turbines a number of times. This design

incorporating small bubbles is reported to successfully handle difficult to deink 100 %

newspaper feed, as weil as small flexographic ink particles (Gilkey et al., 1994). Air

bubbles rise to the surface generating a froth which is removed by a series ofscrapers.

Tu",,",
MolIn

Figure 3.14 Black ClawsoD DM-Be Flotator (Reprinted by permission ofTAPPI,
Copyright 1993, published in Seeondary Fiber Recycling).

A high froth depth is maintained at the top of the cell to give low reject

consistencies and reduced fiber 10ss. ather features of this cell include long retention

times (10... 15 minutes) and high air addition rates of 600 to 1000 % of the feed volumetrie

flow rate (Seifert, 1994). Because of the long retention time complete flotation is usually

achieved in one stage although at low capacity. The consequence ofthis is that a Flotator

system consists of a number ofceUs in parallel r~ther than in series (i.e., 5 cells in parallel

for a 300 tonnelday operation).
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3.6.5 Beloit - PDM Cell

In 1987 Beloit introduced the PDM flotation cell. The name PDM denotes

"Pressurized Deinking Module". In North America there are now over 10 installations of

PDM technology with the first being built at Desenscrage Cascade near Quebec City,

Canada. This was a radical departure from the traditional designs since the PDM was the

first flotation cell to operate under pressure. In 1995 Beloit modified the PDM and it is

now known as the PDM-2. These modifications include internai engineering changes to

enhance the froth removal system and flotation efficiency of the cell (Milliken, 1997). As

shawn in Figure 3.15, the design of the two PDM cells has physically separated each of

the principal stages of flotation.. pulp aeration" bubble/particle attachment and bubble/pulp

separation.

PDM-2PDM-l

1 1 1, ,
1

1· 1 1 1 •:.-.t· • 1 1...'. r! •

FIlIâII.
1 '.... 1

lIiIf ...':71. SecIId- - ....

•

Figure 3.15 Beloit PDM-l and PDM-2 Rotation cells (Originally published in TAPPI
JOURNAL, Vol. 80, No. 9., Copyright TAPPI 1997).

In the aeration zone (before the mixing zone), air is injected under pressure and

can be adjusted to account for the incoming furnishes and chemistry used. A highly

turbulent flow pattern in the mixing zone ensures excellent bubble/particle contact.

Carroll and McCool (1990) report that the pressurized air used in the PDM causes sorne

of the air to be dissolved inta the pulp which may nucleate on ink particles. [n the

separation zone. the flow velocity is reduced 50 that the air bubbles will rise to the

surface. Iok laden froth is removed by adjusting the reject weir valve opening. The

normal operating pressure of the flotation cell expels the reject froth while the valve is

open. In a similar way" the pressure also pus.hes the recirculation stream out of the

recirculation valve. The recirculation stream was added to the design because it was
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realized that small bubbles were passing through the system with the accepts stream.

This stream is returned to the flotation cell feed chest for a subsequent pass through the

process without fiber loss (CarroI and McCool, 1990). Depending on the application

there can be one to four primary stages. No secondary stages are normally required.

3.6.6 KamyrlAblstrom - GSC Cell

The gas sparged cyclone (GSC) was originally developed by J.D. Miller at the

University of Utah for mineral applications. AhlstromIKamyr developed the unit for

deinking applications in 1990 (Figure 3.16). The GSC has a residence time of a few

seconds and is capable of performing flotation at consistencies ranging from less than one

to greater than tbree percent. The waste paper stock is introduced tangentially to the body

through a typical cyclone inlet, resulting in a rotating stock f1ow. The air is sparged

through a porous polymer-based wall (average pore size 5-200 J.Ull) to form smal1

bubbles. The porous wall combined with the shearing action of the stock as it passes

through the GSC generate a suitable bubble size range (Chamblee and Greenwood, 1991).

s...-

Figure 3.16 Gas Spal'led eyelone notation eell (Reprinted by permission ofTAPPI.
Copyright 1993, published in Secondary Fiber Reeyeling)•
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Ink particles attach to the bubbles~ which along with lightweight contaminants~ are

forced to pass through the rotating stock to the center of the ose due to centrifugai

forces. The foam containing the ink and light weight contaminants~ flows upwards to a

vortex finder where it is removed. The accepts are removed from the bottom of the osc.
Individual OSC units are arranged in banks similar to ordinary cyclones and each unit has

a capacity of20-30 tpd at 1.5 % consistency.

3.6.7 Comer·Rivit - Spidercel

Comer-Rivit introduced the Spidercel deinking unit to North America in 1994. A

cross section of the cell is shawn in Figure 3.17. The Spidercel has been tested on

various fumishes including paper with laser and UV inks. Stock is fed ta the bottom of

the unit and is distributed ta a series of high-velocity nozzle-type venturi injectors for

aeration and mixing into the body of the cell.
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Figure 3.17 Comer-Rivât SpiderCel deiakinl cell (reprinted by permission ofComer-Rivit)•
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Within the cell there is a centrally located mixer which enhances ùle rise of

bubbles to the surface. Accepts are retumed near the bottom of the ceU for secondary

treatment with a second ring of venturis. Each venturi level has been designed to provide

varying bubble sizes for removal of inks and contaminants over a \vide range of particle

sizes (Comer-Rivit, 1998). lnk-laden froth is removed with a scraper and discharged

through an overflow trough. In a mill installation there are normally two ceUs in series

with no secondary ceUs to recover lost fibers. Recently. Corner Rivit has introdueed a

new version of the Spider Cell called the CyberCel. This celI includes a more

sophisticated rotating mixer with siotted dises which control the rising air velocity and

bubble size. The manufacturer daims that this improvement results in only one eeU being

required for aU deinking applications instead of two.

3.6.8 Kvaerner Pulping - Flotation Column Cell

Kvaemer Pulping (Formerly Kvaemer Hymac) entered the flotation deinking

market with the flotation column in 1992 based upon technology developed by the

mineraI processing industry. A cross-section of column used for deinking waste paper is

shown in Figure 3.18. Preliminary results from studies based on this system indicate low

fiber losses and low capital costs (Dessureault et al. 1995).

In this unit, the stock is fed about one third from the top and flows down where it

meets a rising swarm of bubbles generated by porous metal spargers at the bottom of the

eolumn. Ink partides become attached to the air bubbles in the mixing zone and rise to

the top of the eeU where the ink-Iaden froth is removed by a scraper. Traditionally

flotation calumns in the minerai industry utilize water sprays at the top of the column ta

wash entrained gangue particies from the froth. This concept does not seem to be utilized

in the Kvaemer design. Baffles are installed inside the column ta try to achieve plug flow

transport of the pulp. Kvaemer Pulping daim that the unit is highly effective in

callecting a wide range of particle sizes and that ooly one flotation stage is typically

required (Kvaemer Pulping, 1997).
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Figure 3.18 Kvaerner Pulping Dotation column (R~prinll-d b~ (k'rmission. Copyrigbt. Dosbi
& Associates., IDe, PoO. Box 2771. Aprlrtun. "1 ~"913-2771).•

3.7SUMMARY

•

Waste paper recycling is growing rapidly ln t ..m..J.. 1he nlcthod by which ink is

applied ta paper determines its recyclability. The ml~ ..t Imf'\~nant deinking mechanism in

todays recycling rniU is froth flotation. Flotation dc:tn~tn~ .' c:nlployed to rid waste paper

stock of unwanted particulates such as ink and ash. Ihen: an: tour principal factors that

affect flotation deinking: pulp chemistry, the sizc and nature of the particle to be

removed, the size and nature of the bubbles and the design of the flotation cell. The

design philosophy of deinking cells is wide ranging. as demonstrated by the examples.

Despite the differences in design, each flotation cell has three elements in common:

aeration, mixing and separation zones. The similarities and differences help to illustrate

that there remains much work to be done on understanding the fundamentals of what is

required for ink removal.
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Theoretical Principles

4.1 INTRODUCTION

In a conventional flotation column, fèed slurry èntèrs nèar the top of Lhe column

and flows counter·current to a rising swarm of bubbles. The air bubbIes.. generated by a

sparging device at the bottom of the column, collect floatable particles and carry them to

the froth at the top of the column. Unique to columns is their ability to eliminate

entrained particies from the froth by the use ofwash water added to the top of the column.

This cleaning action results in a high degree of selectivity as the recovery of non·

hydrophobie particles to the overflow is minimized. Other advantages of flotation

columns in comparison to conventional mechanical cells in the mining industry are less

floor space requirements.. reduced capital costs.. adaptability to automated control and

redueed operating and maintenance cost due to the lack of moving pans (Wills.. (992).

4.2 COLUMN FLOTATION DESIGNS

Many different types of column cell configurations exist; however, only the

intemally aerated conventional column and the externally aerated Mierocel™ column will

be diseussed. AlI terms and definitions are refereneed from Finch and Dobby (1990)

unless otherwise specified.

4.2.1 Conventional Flotation Column

A schematie diagram of the conventional flotation column is shawn in Figure 4.1.

Feed (F) enters near the top and flows down the eolumn while gas bubbles rise From the

internal spargers at the bottom. The bubbles colleet floatable panicles.. giving the name

collection zone (He). Froth fonns in the top section through whieh wash water (W) flows.

Wash water stabilizes the froth and replaces the water which naturally drains from it. The

remainder 0 f the wash water flows through and" cleans the froth of panicles entrained in

the water crossing with bubbles from the collection zone. Therefore, the froth zone is
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aIso called the cleaning zone (He). The flow of water through the froth is called bias

water (B), a positive value corresponding to a net flow downwards. For efficient cleaning

ofentrained particles the bias rate must he positive.
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Figure 4.1 Conventional Rotation column ,,·ith in'l'rna. 'paruina: s~·stem. (Fincb and
Dobb~·.. 19&101

The height of the collection zone. H\:. is l..h:linI."J tr,'m ths: spargers to the interface

level. and the froth height Hr is defined from ths: mll:rl ..h:S: tll the overf1ow level. The

column diameter is de- In deinking which is a rs:\ s:r,s: Ilutation process, the overflow

product is termed the rejects (R), as il consists primaril~ ufth~ undesirable materials. such

as printing inks. stripped from the feed. The undertlo\\ sln:am (A) is termed the accepts,

as it cantains the cleaned pulp.

•

The most common internaI spargers for flotation columns are fabricated from

tilter cloth or perforated rubber tubes. The major disadvantage of these spargers is that

they generate relatively large bubbles, often larger than 2 to 3 mm. Porous metal and

permeable ceramic tube spargers have become more popular due to their ability to

produce small air bubbles, but they are prone to plugging and must be ftequently removed
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and cleaned. This is a time-consuming process, which sometimes requires the column he

removed from service.

4.2.2 Microcelnl FlotatioD Column

The Microcel™ flotation column was originally developed by researehers at the

Center for Coal and Mineral Processing (CCMP), Blaekshurg, Virginia USA. [t is now

sold and marketed by Process Engineering Resources Ine. (PERI) of Salt Lake City, Utah

USA. This column is the same as a conventional column with the exception of the air

sparging system, which incorporates a novel extemaI bubble generation deviee, known as

the Microcel™ bubble generator (Figure 4.2). The Microcel™ column is operated in the

same manner as the conventional column and the terms used to deseribe it are identical.

•
Microbuboies

Shes,
Element

In-Line
Mixer
1

•

Figure 4.2 Microc:eln1 bubble generator.

[n the Microcel™ system, air dispersion is achieved by using a centrifugai pump

to circulate a portion of the pulp from the lower section of the column through a set of in­

line statÎC mixers (Figure 4.3). Controlled amounts of air and frother are introduced into

the pulp just ahead of the mixers. As the mixture passes through three to six stationary

blades located within the mixer, the air is sheared into very small bubbles by the intensive

agitation. This configuration is capable of producing suspensions containing bubbles

typically of less than 1 mm in diameter. The bubble suspension enters through the side of

the column, where the air bubbles are allowed to escape and rise upward to collide with

panicles.

The reported technical advantages of the Microcel™ column are (Brake et aL,

1996): 1) Reliable scale-up of the air sparging system; 2) Higher flotation kinetics due to

Chapter 4: Theoretical Principles 36



•

smaller bubbles; 3) Reduced air consumption; 4) More energy efficient than other

columns; 5) Reduced column height; 6) Reduced maintenance; and 7) Scavenging action

ofsparger.

Figure 4.3 Esternal MicrocelT!\I sparging system (Drake et al., 1996)

4.3 TERMS AND DEFINITIONS

4.3.1 Flow Rates

ln column flotation., flow rates can be expressed in a number of ways. ln this

work., mass flows will only be used for recoveries and material balances. Superficial

velocities are used to define gas and liquid rates. Superficial velocities are usefuI because

they can be used ta compare the operation of columns with different diameters. For any

fluid (i)., its superficial velocity (1) is given by the volumetrie flo\\' rate (Q) divided by the

column cross sectianal area.

(4.1)

•
The fluids (i) can be liquid (I) or slurry (sI) in generat gas (g)., feed (F), accepts

(A), rejects (R), wash water (W), or bias water (B). The quotient has units ot: for

example. (cm3/s)/(cm2
), to give units of velocity, cm/s. Because air is compressible, Qg

and thus Jg are a function of vertical position in the column. A given mass of air rising
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• thraugh the column will exhibit a greater volumetrie flow rate at the top of the column

where the static pressure is the least. Unless otherwise specified, all gas·rates in this work

are corrected to half way between pressure transducers.

4.3.2 Gas Holdup

The introduction of gas into a column results in the displacement of the liquid (or

slurry) present. Gas holdup (Eg), is the volumetrie fraction of displaced liquid. Gas

holdup is useful in determining the flow regime in the collection zone and is essential for

techniques used in this thesis to estimate bubble size, bubble surface area rate and pulp

retention time. These terms are defined in future sections. Pressure transducers or

manometers can be used to determine gas holdup and detect axial variations in gas along

the column.

The pressure difference method can he used to measure local gas holdup in the

column. In this method, the local section is defined as the distance between pressure

tapping points (Figure 4.4). The pressure at A and B is given by:

• PA = Psi g LA( l-EgA)

PB = Psi g LB( 1-&gs)

(4.2)

(4.3)

where (Psi) is the pulp density, and (&gA) and (&gs) are the gas holdups above A and

B respectively. The pressure difference (âP) between point A and B is given by:

âP = Psi g âL( l-Eg) (4.4)

assuming that &gA = EgB = Eg• The gas holdup between A and B can then be found by

rearranging the former equation into the following form:

•
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Figure 4.4 Measurement orgas holdup by pressure difference (Finch and Dobby, 1990).

4.3.3 Column Flow Regimes

The flow regime in the collection zone can be described from the

relationship between Eg and Jg (Figure 4.5) (Shah et al., 1982). Gas holdup increases

approximately linearly and then deviates at sorne superficial gas velocity (Jg) ranging

fram 1 to 4 cm/s depending on the pulp and chemical characteristics.

..
c8uft ...., ...

;
~

................. ~- -- .

~., ..w,......

Superflci81 g., v.oeity,.J (cm/,)

•
Figure 4.5 General relatioDship between gas rate and gas holdup (Fincb and Dobby, 1990)

The relationship shown in the figure is for a particular downward slurry velocity.

lf J51 were increased, the !ine would shift. up and increase in slope. At a given Jg, an

increase in Jsl would slow the bubble rise velocity, increasing gas holdup. Adding a
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surfactant (to keep db small) would have a similar effect. At a given Jg and Js1, smaller

bubbles tise at a slower rate, and the result is an increased gas holdup.

Operation in the bubbly flow regime is· recommended for column flotation. This

is characterized by quiescent conditions and a relatively uniform bubble size. Chum

turbulent conditions accur when an increase in Jg does not give a corresponding increase

in Eg• This flow regime is characterized by large bubbles (slugs) rising rapidIy. displacing

water and small bubbles downward. Operation in this flow regime usually invoives loss

of interface between the collection zone and froth zone.. and a loss of positive bias.

lncreasing the siope in figure cause the chum·turbulent transition point ta shift back to

lower Jg values. In other words, increasing J51or decreasing db reduces the maximum Jg al

which bubbly flow can be maintained. By extension.. al a given Jg and db, there is a

maximum JsI for bubbly flow, and at a given Jg and J51, there is a minimum db for bubbly

flow.

4.3.4 Superficial Bubble Surface Area Rate

The constraints imposed by the J5" J8 and db to maintain bubbly tlow aiso place

limits on the processing and ink removal capacities. of the column. Since in flotation..

solid particles are collected by air bubbles, the particie removal rate ofa particular device

can he related to the superficial bubble surface area rate (Sb) it produces. Sb is defined as

follows:

(4.6)

•

where SAb is the surface area of the bubble, Vb is the volume of the bubble.. db is the

diameter of the bubble and Ac is the column cross sectional area. Sb has units of bubble

area rate per unit area of column (cm2/s)/cm2
) or simply (S·l). An alternative term is

bubble surface area flux (BASF).
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• 4.3.5 Drift Flux Analysis

To detennine the bubble surface area rate it is necessary to know the bubble size.

Drift flux analysis can be used to determine bubble diameter from readily rneasured data

such as eg, Jg and JI. This proves very useful in opaque columns or for opaque slurries~

where bubble diameters cannot be measured photographically. The concept of drift flux

analysis was originally introduced by Wallis in 1969 and has been applied ta bath two

and three phase systems. The mean bubble diameter in a bubble swarm can be calculated

using a number of methods, however, all of them make use of sorne standard equations

(Banisi and Finch.. 1994).

For a flotation column operating with counter-current flow the relative slip

velocity (Usb) between the gas phase and the liquid phase is defined as:

(4.7)

•
The slip velocity is related to the single bubble terminal rise velacity in an infinite

pool Ut and gas haldup tg by the following equation assuming:

(4.8)

where m is related ta the bubble Reynolds number Reb and calumn diameter de

(Richardson and Zaki.. 1954):

•

m = ( 4.45 + 18 ~: ) Re;o 1

m=4.45 Re;'l 1

And

Urp/db
Reb=-~-

IJ r

Combining equations (4.7) and (4.8) and rearranging yields:
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(200 < Reb < 500)

(4.9)

(4.10)

(4.11 )

(4.12)
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• The standard equation for the terminal rise velocity ofa sphere is:

(4.13)

where Cd, the drag coefficient~ can be calculated using an approximation proposed by

Schiller and Naumann (1933) for Reb less than 800:

24 (1 0 1- 0687)CD=- -J.. • ~Reb

Reb
(4.14)

Re...arranging the former two equations gives the bubble diameter in a bubble

swarm:

where Ut is obtained from Equation (4.11) and where according to Xu and Finch (1990):

•
[

18 JOSdb = li fUt (1 +O.15Re~·687)
gtlp

dhU,Pf
Re.,=---

lif

(4.15)

(4.16)

•

Equations (4.7) through (4.16) inclusive provide the basis for the drift flux mode!.

This model can be used in a number of ways to extract information from real systems.

Typically Jg, JI and the physical properties ().l,p) are known. The experimental bubble

sizes calculated in this thesis were obtained by the rederived Finch and Xu method

(Banisi and Finch, 1994). In this method m is set to 3, db is estimated, and then Usb, Res

and Ut are used to produce a calculated bubble diameter. The following is a step by step

procedure:

1) Let m=3

2) Estimate db

3) Calculate Usb, equation (4.7)

.a) Calculate Res, equation (4.16)

S) Calculate Ub by equations (4.8) and (4.15); then iterate on db.
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4.4 COLLECTION ZONE

4.4.1 Particle Collection

In this discussion. partiele will refer to ink. ash or fiber which aU can be recovered

to the column rejects stream. The most important physical and chemieal conditions

necessary for the efficient flotation of ink were deseribed in Section 3.5.2. In flotation

deinking particles can be colleeted as a result of favorable surfaee properties_ as a result

of hydrodynamic entrainment<t or by entrapment of bubbles \vhich buoy the particles

upward.

The first mechanism is important because it is selective for ink flotation.

Hydrophobie ink agglomerates collide with and attaeh to air bubbles. In sorne cases

however, it has been postulated that fibers are aIso tloated by this mechanism. Studies by

Turvey (1993), Galland et al. (1977), and Larsson et al. (1982) have shown a positive

correlation between fiber 10ss and calcium content of the pulp. This has led to several

theories on how the presence of calcium effects fiber hydrophobicity. For example

Larsson et al<t propose that the fibers become hydrophobie in the presence of calcium due

to the formation of "large_ soap-ink flocks" which re-precipitate on the fiber. Turvey

suggests that the calcium forms a hydrophobie complex with the dispersed print particles.

The second mechanism is not selective. Particles are collected and recovered to

the froth zone by entrainment in the wake of rising bubbles. Entrainment is extensively

docurnented in the literature in mineraI flotation systems (Warren, 1985; Kawatra and

Eisele.. 1991; Hemmings, 1980; and Maachar and Dobby, 1992). This mechanism

aeeounts for the presence of hydrophilic gangue in the froth, and for the presence of fine

particles (bath hydrophobie and hydrophilic) that are tao smaIl to be recovered by

conventional flotation. This potentially significant pulp 10ss mechanism has received

linle attention in flotation deinking until fairly recently Petri (1994), Doms and Page

(1997), Deng and Abazeri (1998) and Ajersch and Pelton (1996).

The third mechanism is proposed for fiber recovery to the rejects (Pelton and

Piette, 1992). Depending on the bubble size, and pulp consistency fibers can fonn

networks or tlocs while in suspension. Small bubbles rising without enough force to

break. through the network of fibers can beeome trapped within them. The entrapped air
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reduces the bulk density of the fiber networks, which enables them to float. The

entrapment is mechanical; there is no attachment. Factors effecting this phenomena

include consistency and fiber length (Wahren, 1979) and flow conditions, such as the

level of shear (Kerekes, 1983).

The goal of flotation is the collection of hydrophobic particles by attachment to air

bubbles. Minimizing the other possible flotation mechanism is the key to selectivity.

Much of the success of flotation columns results from their ability to minimize

entrainment of hydrophilic particles. Collection by air bubbles results from the collision

of particles with bubbles, followed by attachment. The collection efficiency (Ek) is

defined as the fraction of particles swept out by a bubble that collide with, attach to, and

remain attached to a bubble. For a collection zone with air hubbles of diameter db rising

at a rate Jg through a liquid with a concentration of particles cp, the rate of particle

removal is given by (Finch and Dobby, 1990):

(4.17)

This is equivalent to the first-order rate process with rate constant kc given by:

(4.18)

The collection zone in a laboratory scale column (large HJdl: ratios) tends to

exhibit plug flow transport conditions. For a first-order rate process with plug flow

transport the recovery of particles in collection zone (Re) is given by:

(4.19)

•

where t p is the particle retention time and Rcq is the equilibrium recovery at long flotation

times. For non-plug flow conditions (industrial-scale columns) equation must be

modified to account for mixing. Collection efficiency can be expressed in terms of the

efficiencies of its two sub-processes, collision efficiency (Ee) and attachment efficiency

(EA):

(4.20)
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Particle detachment is not considered important because it has been found to be

minimal for particles less than 100 um in deinking systems. Equations (4.17 and 4.18)

are important because they relate the collection rate constant and the collection efficiency

to important system variables such as gas rate and bubble size. Reducing bubble size can

enhance flotation rates by increasing EK (which increases Kc). However it was shawn in

sections 3.5.2 and 4.3.3 that there was a minimum bubble size constraint., so EK and Kc

are also limited by db•mm•

4.4.2 Mixing

Mixing in the collection zone of a flotation column is an important parameter tor

scale-up. As mentioned before., laboratory columns with large Hc/dc ratios., exhibit plug

flow conditions (Section 4.4.1). The plug flow model assumes perfect radial mixing and

no axial mixing. However, due to the counter-current contact of slurry and air, flow

through the collection zone in industrial-scale columns is not truly plug flow but

somewhere between those of plug tlow and perfectly rnixed flow. The recovery for

particles in a perfectly mixed system is given by:

(4.21 )

where kc, 'tp and Rcq are the same as in equation (4.19). Mixing has a detrimental effect

on recovery since sorne particles short circuit and have a reduced probability of

encountering air bubbles.

The plug flow dispersion model can he used to describe the axial mixing process

in the collection zone. [t accounts for axial mixing and radial mixing is still assumed

perfecto Under this model, recovery (R) is given by the following equation:

(4.22)

•
where a is a simplifying tenn given by:

(4.23)
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• The vessel dispersion number Nd aecounts for axial mixing, and ean be written in

terms of the various system parameters:

( J

03
J g

0.063 dL: ­
1.6

The mean particle retention lime 'tp ean be estimated aeeording to:

(4.14)

'P =" (4.25)

•
where tl is the liquid retention time and Usp is the particle slip velocity which ean be

obtained from the following equation:

(4.26)

where the particle Reynolds number Rep is:

Rep =dpU,pp..,(I-;,)
J.lWQI

(4.27)

•

and ~5 is the solid volumetrie fraction. The preceding equations are the one dimensional

plug flow dispersion model and are fundamental to the seale-up process whieh is

deseribed in section (4.6).

4.5 FROTH ZONE

Column froths are quite eomplex, over the height of the froth, gas holdup

increases and bubble sizes inereases. In general, there are three primary regions: 1) an

expanded bubble bed; 2) a packed bubble hed and; 3) a eonventional draining froth,

above the wash water inlet.
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Bubbles from the collection zone enter the first region by colliding \\lith the

interfacial froth. This results in shock waves through the froth which cause bubble

coalescence (increasing db). The liquid content in this region is generally greater than

25%. The next zone in the froth is the packed bubble bed and extends to the wash water

inlel. The rate of coalescence is lower in this region than zone 1 and the bubbles are

mostly spherical but range in size. In this region the liquid content is less than 25%.

Depending on the wash water distributor position. the conventional draining froth zone

may not ~xist. In sorne applications.. the wash water distributors are placed above the

froth and a drained region does not fonn. The main purpose of this region is to convert

vertical motion into horizontal to recover the collected solids.

One of the most significant advantages of the tlotation column is the ability to add

wash water to the froth zone. Wash water pro\'ides the bias water and the water

necessary to cause the overflow of recovered solids inlo the launder. Without wash

water. the water in the froth (in a eolumn or any other cdI) must come from the feed

slurry. along with its non-selective complement of ~nlraincd panicles. Entrained particle

recovery in columns has been found to be proponional tu fc:c:d water recovery (Maachar

and Dobby. 1992). The variables which atTect lhe: n:(ll\~~ \lf cnlrained particles or feed

water are the gas rate. bias rate and froth depth. :\~ J; an~n:..l"~" the concentration of feed

water in the froth increases. In principle. the bias \\ .lh:r 'urr11cJ ~~ clean wash water will

eliminate entrained particles and result in high ,~k~tl\ lt~ hlr hydrophobie particies.

Wash water tends to promote froth stability and Jc:cp\'"r trl,th~ \\hich can accommodate

surges in level and reduce entrainment in instances \\ h\."n hl~h gas rates are used.

The froth zone in a column helps the flolalÎon rf\)~~SS approach its theoretical

selectivity. not only for entrained hydrophilic panicle:s ~y dcaning. but also for collected

particles of differing hydrophobicity. Bubble coalescence and froth zone drop back

enhance the selectivity between particles of differing hydrophobicity. In the upper

reaches of the froth zone~ bubble coalescence reduces the bubble surface area. and may

result in particie detachment and reattachment within the zone. Particles with greater

hydrophobicity have higher flotation rate constants.. and will be selectivity removed if

detachment and reattachment events repeatedIy occur. Similarly \vith froth zone drop

back, where recovered particies faU baek to the collection zone, more hydrophobie
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particles with a greater flotation rate constant will be selectively recollected. Froth drop

back is related to column geometry, and thus is important to scale..up. Walls add stability

to froth, so in a laboratory column (small diameter), the froth zone drop back may be

small. In a full size column, however, the reduced influence of the walls tends to increase

the amount of froth zone drop back. Therefore, if not accounted for in the scale..up

procedure, the overaU column recovery will be less than caleulated.

4.6 COLUMN FLOTATION SCALE-UP

Column scale-up methodology begins by specifying a target recovery for a

component in the system being considered, along with the required feecl rate.

Manufacturers of flotation columns determine the size of the column and air sparging

system using goveming equations and ather in house scale..up parameters. Labaratory or

pilot -scale columns are typically used to colleet "scale-up" data and to also determine

whether column cells are suited to the required task.

4.6.1 Columo Geometry

In order to correctly predict the geometry of a flotation eolumn for a certain

application the interaction between the collection zone and the froth zone must be

accounted for. Figure 4.6 shows the relationship between the (Wo zones where (Rç) in the

collection recovery and (Rd is the froth zone recovery.

14---- Feed

Figure 4.6 Conceptual interaction between collection aBd froth zone. (From Finch and
Dobby, 1990)•

Chapter 4: Theoretical Principles 48



• The froth zone concentrate flow is given as RcRf and the drop baek to the

collection zone is given by Rc(1-Rr). Overall flotation column recovery Rfc is then given

by:

R
- Rf Re:

le - ()R, Re + 1- Re:
(4.28)

•

•

To calculate the recovery of a component. knowledge of three factors is required:

the mixing regime, the retention time. and the collection zone rate constant. Using the

laboratory seale column overall recovery and retention time data can be collected. Using

equation 4.19 (collection zone recovery for a plug flow first order rate process) the

overall collection rate constant can be determined. Overall rate constant can then be

equated to collection zone rate constants assuming perfect froth zone recovery. This

assumption is acceptable in small diameter columns due to the stability of the froth

provided by the walls.

Once the collection rate constant has been determined the mixing regime and

retention time in the target column can be estimated using the equations for the plug flow

dispersion model as discussed in section (4.4.2). An important note is that the target

recovery is an overall recovery for the system, while the recovery from the plug flow

dispersion model is a collection zone recovery. Therefore, the target recovery must be

converted to Re using equation (4.28) after assuming a value for Rf (typically 0.5).

Perfect froth zone recovery cannot be assumed for larger diameter columns due to

significant amounts of froth dropback.

Scale-up is completed by specifying various parameters (viscosity. density. and

panicle diameter) and typical operating conditions (gas holdup, liquid flow rates)

optimized in laboratory work and solving the equations for the plug flow dispersion

model by iteration. Selectivity between various components can he determined by

calculating the recoveries of the various components under the specified geometry.
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• 4.6.2 Air Sparging System

4.6.2.11nternlll

The air sparging system used in a full-scale flotation column should provide the

same surface area rate (Sb) as the laboratory column in order to achieve equivalent results.

This can be achieved by keeping the bubble diameter and superficial air velocity constant.

When using spargers that produce bubbles from the sparger surface, this scale-up

requirement is achieved by maintaining the same Rs ratio as used in the laboratory tests

(Xu and Finch, 1989). The Rs ratio is defined as:

Ac
R·=-.,

As
(4.29)

•

where Ac is the cross sectional area of the flotation co1umn and As is the sparger surface

area. The bubble diameter for Rs values less than or cqual to 1 can be predicted for

porous spargers by the empirical equation that follows:

(4.30)

where Cl and n are constants. For porous sparg~r~. " ha~ hc.:c.:n found ta be about 0.25

(Dobby and Finch~ (986). Cl depends on surfactant ,-=\'n,-=~ntratllln. for example.

4.6.2.2 Microcel'M

Experimental and theoretical studies carn~J l'lU h~ Br~lk~ et al., (1996) have

shawn that a statie mixer sparger can be scaled-up u..m~ thl: Il,lh,\\ lng equation:

(4.31 )

•

where db is the mean bubble diameter at the exil of lh~ in-linc nlixer, Oh is the in-Hne

mixer hydraulie diameter, Eg the volumetrie fraction of gas al the sparger iniet (high

pressure side), We the dimensionless Weber number. k is the in-Hne mixer pressure drop

constant, and C and m are scale-up constants. The k value for a given mixer depends on

the number and configuration of mixing elements and can be experimentally detennined

from plots of pressure drop versus volumetrie liquid flow rate. We is calculated using:
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(4.32)

in which the 19(s) is the superficial gas rate ta the in-line mixer, 11(51 the average slurry

velocity in the mixer~ p the sluny density, L the in..line mixer length, and Cf is the surface

tension of the slurry. According to equations (4.31) and (4.32), bubble size can be

reduced by increasing the flow rate, mixer length and pressure-drop constant or by

dccreasing the slurry surface tension.

A second scale up factor to be considered is whether the in-Hne mixer can operate

at the specified gas holdup (Eg-(5)) at the sparger exit. which is defined as:

(4.33)

•

•

Studies conducted using large scale in-line mixers indicate that the gas holdup

exiting the sparger should not exceed 40 to 50 0/0. Thus, if the desired values of 19(s) and

db are known. equations (4.31) and (4.32) can be used to calculate litS} for a given

application. An appropriate pump can then be selected to provide the required 1'(51'

4.7 ANALYTICAL TECHNIQUES

ln the flotation deinking field, the comparison and evaluation of results from

different processes and the formulation of firm conclusions are often difficult (Milanova

and Doms, 1993). This is due ta a number of factors including: the inherent

heterogeneity of waste paper; the wide variety of printing inks; and most importandy, the

lack of standard methods for sheet making and measuring ink removal. This has had the

effect of slowing down the development of new equipment and processes (and their

acceptance by mil1s) ( McKinney, 1988). The efficiency of the flotation process can be

measured using a number of analytical techniques and is a functien of pulp quality and

process throughput. This section will describe two techniques to measure recycled pulp

quality (Brightness and ERIC) and one technique to measure process throughput (Organic

Less).
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ln a flotation system for deinking newsprint" the brightness gain can be of the

arder of 10-15 points. On the other hand" in deinking of mixed office waste (MOW), the

brightness will increase 5-10 points. Brightness measurements are included in this thesis

because they are used by Bowater plant personnel ta quantify the performance of the

deinking circuit.

4..7.1 Brigbtness

Brightness is the measurement of blue light reflected by paper at an effective

wavelength of 457 Ml and a bandwidth of 44 nm (Bristow, 1994). This measurement

was originally developed ta evaluate bleaching efficiency, and the 457 nm wavelength

was chosen because the brightness increases between unbleached and bleàched pulp

reaches its maximum at this wavelength (Clark, 1985). Brightness is often used to

measure the efficiency of flotation deinking systems but it has the major drawback that

there is no direct correlation with the ink concentration. [t has been demonstrated that

small ink particles affect brightness ta a greater extent than do larger ink particles

(Zababla and McCool" 1988). There are other limitations as weB, brightness is also

affected by factors such as: fiber type and fines content; tiller types and size distribution;

colour; and the presence of optical brightening agents (McKinney, 1988). Brightness

gain (Bgam) is measured in points and is the difference between the notation feed

brightness (Bfc:c:d) and notation accept brightness (Baccc:pts).

•
B ),'fltn =Baccrpr., - B /rc:J (4.34)

•

4.7.2 (nk Concentration

Brightness is sensitive ta the presence of ink and other factors. This makes it an

ambiguous index of the tinting power of the ink itself: It is this problem that has lead ta a

novel method called ERIC (Effective Residual Iok Concentration) developed by Jordan

(Paprican) (Shen et al., (997) ta measure the amount of ink in a paper sample. ft is based

on the reflectance of light~)measured at a wavelength of950 IUD. This measurement

is non-linearly related ta the amount of ink in the paper but can be linearized by applying

Kubelka-Munk theory and gives a concentratio~ of ink in parts per million. For a more

detailed explanation of the ERIC measurement please refer ta the paper by Jordan and
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• Popson (1994). The ink concentration values can then be used to determine flotation

efficiency (E):

E =c, - C, x 100
c,

(4.35)

where c is the concentration of ink and the subscripts are for initial (i) and final (t). The

ERIC numbers along with other measured values can aIso be used to calculate ink

recovery (R). which is defined as:

_ [C,S,Q,P,]-[C/S, QI PI] 100
Rmfc - [ ] x

c,S,Q,p,
(4.36)

1

where S is the consistency, Q is the volumetric flow rate and p is the density of the two

streams.

4.7.3 Organic Loss

Organic loss (L) is another method for assessing the performance of a flotation

device. Organic loss represents the amount of fiber which is lost in the reject stream. An

overall material balance is required before organic loss can be determined. This material

balance is a function of stream flow rates: feed (F), wash water (W), accepts (A), and

rejects (R) and can he expressed as follows:

F+W=A+R (4.37)

The main components of each stream are: water. organics and ash. Ink is a

component of each stream, however it can he assumed that the mass is negligible

(Watson, 1996). Organic 10ss is calculated according ta the following equation:

L=Rp,.}(r

FPfXr
(4.38)

where X is the mass fraction of organic material in reject (r) and feed Ct) stream. Yield

(Y) is the complement of organic loss and is used to determine process throughput of a

flotation device. It is given by:

y= l-L
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X CHAPTER FIVE )(

Experimental Methods

S.l EXPERIMENTAL APPROACH

Deinking experiments were performed at Bowater's Gatineau mill using a

laboratory scale flotation column. Two ditTerent air-sparging systems were tested on the

colunm; an internaI stainless steel porous sparger and an externai static mixer system

based on the Microcel™ concept. The column was fed continuously with the pulp bled

from the feed Hne to the plant flotation circuit. Various operating conditions were altered

in the columns depending on which sparging system was used. In the case of the internaI

sparger; gas rate, retention time. froth depth. column height and bias rate were altered. [n

the externai sparger case the effects of gas rate. retention lime. column height and sparger

velocity were investigated. Deinking experiments with the ditferent sparging systems

were then compared using ink recovery and organic loss.

The results from the comparative studies were used ta select the best operating

conditions required for running each sparging system. Once the conditions were

detennined. long-tenn tests (7 hours) were run ta compare both sparging systems in terms

of ink recavery and arganic loss. These tests were alsa used ta probe long-term

maintenance issues. gather scale up data and to make a further comparison to the plant

flotation circuit. The obtained scale-up data was used in an exercise ta design an column

flotation circuit to treat the full Bowater capacity.

S.l EXPERIMENTAL APPARATUS

S.2.1 Laboratory Scale Column

The laboratory-scaIe column used during the experimental program was

constructed of clear acrylic plastic with an ilUler diameter of 10.1 cm and adjustable up to

a height of 4.65 m. The column is ponable and fully autamated (Figure 5J). Four

pressure transminers (Bailey, model PTSDDD122B2100) were instaUed along the length
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of the column in arder ta measure the gas holdup profile and ta control the height of the

slurry/froth interface. Three peristaltic pumps (Masterflex, model 7529-20), equipped

with lIO cards, were used ta control the flow of feed, accepts, and wash water.

Filure S.l Laboratory ftotatiOD colaMa setup (pictare: G. Leicbtle).

The tlow rate offeed and accepts stream was measured with magnetic flow meters

(Fisher & Porter, model lOD1475PN07PL29). The rejects flow rate was measured using

a 2-liter graduated cylinder and a stopwatch. The wash water distributor, made of a

blocked pipe with Many fine orifices al the bottom, was located about 4 cm above the top

of the froth zone and wash water addition rate was contralied by a small Mastertlex

pump. The gas rate was controlled with the aid of a mass flow meter and controller

(MKS, Madel 116B-30000SV). Compressed air for the air tlow Meler was supplied at 80

psi from the plant and was reduced ta 60 psi using a regulator. The pressure transmitters,

pumps, and flow melers were controlled or monitored using a seriai [JO (Transduction,

model OPTO1) and a computer (IBM compatible, Pentium 200 MHz). The software used

for data collection and control was FIX MMI 32-bit by IntellutioD. Other variables not
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routinely automated and measured were temperature and pH, using a portable pH meter

(Yokohama) equipped with a temperature readout.

5.2.2 Internai Sparging System: Description

The internai sparger tested was a porous sintered stainless steel tube supplied by

Matt Industrial and was insta1led horizontally in the base of the flotation column. A

schematic of the column with the internai sparging system is shown in Figure 5.3 while a

close up of the actual installation is shown in Figure 5.2. The stainless steel sparger was

10.5 cm long and 2.2 cm in diameter, which resulted in a surface area of 70 cm2 CRs=

1.14). The manufacturers c1aimed nominal pore size was 0.5~ while lab measurements

indicated an equivalent pore size of2 Jlll1 (Escudero, 1998)

Figure 5.2 Porous internai sparger inltalled in bottom of laboratory notation column
(photo: C. Hardie)•
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Figure 5.3 Schematïc diagram 01 Botation (olumn and internai sparginl system.
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• S.2.3 External Sparging System: Description

The extemal statie mixer system was designed according to specifications given

by G. Luttrell (1997) (Virginia Polytechnical and State University) and assembled from

readily available parts. A schematic of the column with the external sparging system is

shown in Figure 5.5 while a close up of the system used during the test work program is

shown in Figure 5.4. In this sparger system, slurry is withdrawn from the column by

means of recycle loop and centrifugal pump (Gould, model 3642) and is passed through a

l inch diameter statie mixer (Kofio statie mixer, series 308, 6 mixer elements and

straightening vane). Air is introdueed into the slurry just before it enters the static mixer

and the slurry bubble suspension is re-introduced to the bottom of the column. The slurry

flow rate is monitored by a flow meter (K.rohne, model [Fe OSO) and is controlled using a

gate valve. The statie mixer veloeity (Svel in mis) can he caleulated from the sparger

liquid flow rate (Soow in Umin) by the following equation:

Filure 5.4 Exterul static .lurair .P......IIYI•• (plloto: C. Hardie).
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5.3 EXPERIMENTAL PROCEDURES

5.3.1 Column Operation and Procedures

The experiments were divided into four different areas:

1) Testing of the sparging devices under batch conditions in two different

systems: A) with water and 30 ppm Dowfroth B) flotation feed pulpe

2) Running a test with pulp ta determine the relative standard deviation of

various measured parameters.

3) Testing the sparging devices using pulp to determine the best operating

conditions.

4) Running long term tests based upon selected operating conditions to

determine scale..up parameters and sparger stability.

Work in the tirst and third area involved changing the sparging system between

tests to minimize systematic errors and plant influences.

The level, pump flow rates, and gas rate were controlled using FIX MMI with the

required parameters for each test being entered ioto the computer. The througbput of the

column was fixed by setting the feed at a pre-.detennined flow rate. The accept flow rate

was varied by the control program to maintain the froth height at the desired set point.

The following parameters were collected continuously during each test: feed and accept

flow rates, gas rate, gas holdup, and level. Reject flow rate was measured manuaIly.

Samples of the column feed, accept and reject streams were collected for analysis

(consistency, brightness, ink concentration and ash content) after 1 hour and 1.5 hours of

operation to gel an average value. Feed and accept samples from the plant flotation

circuit were aIso collected for analysis at the same lime the other samples were collected.

For the long-term tests the same basic procedure was followed except that samples were

taken every hour.
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5.3.2 Pad Preparation

In order to measure ink concentration and brightness for the feed and accepts

stream~ 4 gram pads were prepared using Bowater's pad preparation procedure. The 15

cm diameter pads were made using the following procedure:

1) Approximately 3/4 of liter sample was obtained from the appropriate

stream.

2) The sample v.as rnixed and then filtered through tilter paper (Ahlstronl

617 grade.. 15 cm diameter, very fast filtration speed) in a Buchner funnel.

The volume of sample filtered was large enough ta have a final dry pad

weight of4 grams.

3) The filter paper was removed and the sample was pressed between two

blotter sheets using a mechanical press ta remove excess maisture. The pad

was then labeled with the test number and placed on a fan to dry.

5.3.3 Pad Analysis: (nk Concentration and Brigbtness

The feed and accept paper pads were analyzed for brightness and ERIC using a

Technidyne ERIC 950 in the Paper Lab at Bawater's mill. Five scans on each side of the

pad were done for brightness while 3 scans on each side were done for ERIC.

5.3.4 Solids Content

Measurement of solids content (consistency) of each stream was done for two

reasons: 1) to ensure that tests were performed at similar consistencies as consistency is

known ta atfect the flatation process; 2) to provide necessary infonnation for mass

balancing the column. To determine the consistency of each of the column streams, the

follawing procedure was followed:

1) 250 ml of well-mixed sample was accurately measured using a graduated

cylinder.

2) The sample was then poured inta a Buchner funnel and filtered using pre­

weighed Ahlstram tilter paper.
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3) The pad and tilter paper were removed and placed in an oven at

approximately ISO oC until dry.

After drying, the pad and filter paper were weighed on a balance ta ohtain the dry sample

weight.

The percent solids were then calculated according to the following fonnula:

Consistency(Olo) = pad(g) .L·IOO
250

(5.2)

•

where p is the density of the sample (assumed to be that of water) and pad (g) is the

weight of the pad less the weight of the tilter paper.

5.3.5 Asb and Fiber Content

To determine the column fiber losses, it is necessary to quantify the arnount of ash

and fiber content in each stream. At S75°C all organic constituents (primarily fibers) are

combusted leaving inorganic ash material (Clay and CaCO). The ashing procedure,

which c10sely fallows TAPPI official standard T 211, was as follows:

1) Appraximately 0.5 grams from the two test pads obtained for each stream

was placed in ceramic crucibles, dried, and then weighed.

2) The crucibles were then placed in an aven at S7SoC for 3 hours ta bum

aIl the carbon.

3) The crucibles were removed and weighed.

Ta determine ash content, the following equation was used:

Ash(%) = if .100
B

(5.3)

•

where A is the \veight of the ash in grams and B is the moisture free weight of the test

sample. This ashing technique is necessary ta mass balance the calumn.

5.3.6 Column Mass Balancinl

Mass balancing is necessary due to· uncertainties (quantitied by standard

deviation) associated with experimental data. In this thesis, data reconciliation was
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performed using Norbal 3 (Spring, 1985) on all parameters except ink content whose

mass was assumed to be negligible (Watson, 1996). Standard deviations for flow rates

where taken from FIX MMI, while standard deviations of consistency and ash content

were assumed using values obtained from statistical tests (see Section 6.4).
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Results and Discussion

6.1 OVERVIEW

The foLlowing is a presentation and interpretation of the results and observations

from the flotation column test program. This chapter is divided in 8 parts. To begin. a

general characterization of the feed materiai is presented in Section 6.2. Section 6.3 is

concemed with the batch testing of the porous and statie mixer spargers in two flotation

systems: water and surfactant; and pulp. In Section 6.4, a test was run to determine the

relative standard deviations and 90 % confidence intervals of various measured values.

Section 6.5 is concerned with the selection of operating conditions for the (wo sparging

systems. Section 6.6 compares the results of the two sparging systems using both minerai

processing and waste paper deinking techniques. Section 6.7 presents the results of long

term testing with the selected operating conditions. Section 6.8 compares the results of

this work to previous studies in the same area. Finally, Section 6.9 presents options

proposed by two companies for a full-scale column circuit to treat the tlow at Bowater's

Gatineau rnill based on the test scale-up parameters produced in this thesis.

Iok recovery. organic loss, and operationaJ stability was used to analyze and

compare the efTects of various operating conditions. Ali flo\vs are expressed as

superficial rates (volumetrie flow per unit column or static mixer cross sectional area)

with units of cm/s or mis. The pulp consistency (°fcl solids) for aIl experiments was

maintained at approximately 1.2 % by the plant. At no time were extra reagents added to

the flotation plant feed. Batch test results are summarized in Appendix A. Operating

conditions and results for the two sparging systems are summarized in Appendix B and C.

Appendix D is reserved for the results of the long-term tests. Circuit survey results of the

Bowater flotation circuit are in Appendix E while the results of the previous 1996 test

work are in Appendix F.
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6.2 CHARACTERIZATION OF FLOTATION PLANT FEED

In-plant trials carry the inherent problem of variations in feed composition, be il

due to type of waste paper furnish, pulping conditions, reagents or combinations thereof.

Ideally, one should know what is being fed to a flotation system in a complete description

as possible and be aware of the fluctuations that may influence the results. Since a

physical separation is only possible when distinct differences among the particles exist,

the surface chemistry differences imparted by the collector / surfactant allow for selective

flotation of ink particles. In minerai processing, which may aIso apply to waste paper

deinking, it has been shown that only a small percentage of floatahle material is required

in a locked particle for flotation (Sutherland, 1989). Studies by Berg et al. (1996); Serres

et al. (1993); and Sjostrom and Calmell (1995) show that ink is not fully detached during

repulping. Therefore, depending on the separation, sorne contamination of the reject

stream with fiber and the accept stream with ink should be expected. Figure 6.1 is a plot

of the feed ink concentration and consistency as a function of the test number.
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Figure 6.1 Feed iDk concentration and coasisteocy dUriDg test work.

As can be seen fluctuations in consistency and ink concentration occurred during

the test program. A statistical analysis is presented in Table 6.1. Consistency during

testing of bath spargers remained fairly constant with an overall average of 1.22 % and a
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absolute standard deviation of 0.07 %. Banisi et al. (1995) in a study on column flotation

found that the presence of solids (i.e. increased slurry consistency) caused a decrease in

gas holdup. They anributed this to an increase in bubble swarm velocity due to wake

stabilization caused by the presence of solids increasing slurry viscosity. Janse et al.

(1997) also found that as consistency rose gas holdups were lower. Pulp consistency can

be expected, therefore, to affect the collection of ink particles.

The feed ink concentration for the static mixer tests was slightly higher

(approximately 72 ppm) than for the porous sparger tests. This indicates that if

comparisons of pulp quality for flotation tests are made using absolute values such as the

accepts ERIC, without accounting for feed values, the variation in feed ink concentration

may influence the outcome. This is not considered a problem, however, as the ink

recovery calculation (Equation 4.3.6) used is a relative measure ofdeinking performance.

Table 6.1 Feed ink concentration and consistency statisties over the test program. Variance
(+/-) is given as a 90 0/'0 confidence interval.

Feed Ink ConceDtntion (ppm) Feed ConsisteDcy (01'0)
Test

Mean +/- Std Dev. Rel. S.D Mean +1- Std Dev. Rel. S.O.

Statie Mixer 960.7 19.9 83.0 8.6 l.21 0.02 0.09 7.4

Porous Sparger 889.1 22.1 86.4 9.7 1.23 0.02 0.06 4.9

Overall 927.1 15.8 91.5 9.9 1.12 0.01 0.07 5.7

Little was known about reagent dosages or other operating conditions such as

plant feed flow rate during the campaign. The reagents added to the pulper and flotation

circuit according to Bowater personnel were sodium hydroxide, fany acid soap, hydrogen

peroxide, calcium chloride and sodium silicate (Bowater,1998).

6.3 DATeR TEST RESULTS

One method of characterizing sparging systems is to determine the relationship

between gas holdup and superficial gas rate (Xu and Finch, 1989). The two sparging

devices were first tested under batch conditions using water (22°C) and 30 ppm Dowfroth

250C and then with 1.3 % consistency pulp. Th~se experiments were intended to indicate

the relative performance between the two sparging systems and therefore the performance

that could be expected during continuous testing with pulp. The tests performed in the
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laboratory column were done using superficial gas velocities selected so that overflow did

not occur. Superficial gas rates were corrected for pressure ta midway between the

pressure transducers (P2: 284 cm from top and P3: 375 cm from top). Figure 6.2 shows

the relationship between the superficial gas rate (corrected for pressure) and gas holdup in

a water/frother system for the porous 0.5 J.Ull sparger (solid line) and statie mixer sparger

operated at varying superficial sparger liquid rates (80th spargers are described in

Sections 5.2.2 and 5.2.3). The statie mixer sparger superficial liquid rate (mis) is

calculated by dividing the volumetrie liquid flow rate by the inside cross sectional area.
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Figure 6.2 Gas holdup as a function ofsuperficia. gas rate for spargers in batch conditions
using water and 30 ppm Dowrroth 250C. Conditions: see Appendix A.

Each point is the average of approximately 300 sample values collected over 5

minutes by the data acquisition system al the preset condition. The results indieate that as

me liquid rate through the sparger is increased, gas holdup increases at an equivaJent

superficial gas rate. Gas holdup can he used as a sensitive indicator of change in bubble

diameter (Xu and Fineh~ 1989). In this case, as the sparger liquid rate was increased, the

higher gas holdup indicates that smaller bubbles are produced. At a sparger superficial

liquid rates of 0.9 mis and higher~ the static mixer sparger achieved results comparable to

the porous sparger.
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Figure 6.3 shows the relationship between superficial gas rate (corrected for

pressure) and gas holdup in pulp for the porous 0.5 J.lIIl porous sparger (solid line) and

statie mixer sparger operated at varying velocities. The statie mixer gave similar results

to the water/surfactant curve but the poraus sparger gave much lower gas holdups. The

gas holdup/gas rate relationship between the internaI and extemal :parger seems ta have

changed. For example, the porous sparger at a superficial gas rate of 0.75 cm/s praduced

a gas holdup ofapproximately 16 % in the water/frother system but in the pulp system the

gas hoidup was only 7 %.
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Figure 6.3 Gas holdup as a fuaction ofgas veloc:ity for spargen in batc:b (oDditions USiDI
pulp (1.3°,'0 consisteDcy). CODditions: See Appendix A.

Visual observations and calculations using the drift flux model (Appendix A)

indicated that the static mixer system was producing smaller bubbles than the porous

sparger in the pulp system. The statie mixer may keep the pulp fibers weil dispersed,

whereas in the poraus sparger case, little movement of the pulp occurs and flocculation

can easily result. If floceulation occurs, small bubbles May have ta caalesce in order to

have suffieient buoyancy ta rise. These large bubbles would result in lower gas holdups

than in a weIl dispersed system that allows most bubble sizes to tise. In the end, testing

spargers in a batch pulp system May result in data that is not useful for predicting
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continuous system effects or for comparing sparging systems. If the effect of the sparger

on slurry rheology cannot be carefully controlled between tests it may be more useful ta

base conclusions on the waterlsurfactant system where flocculation is not an issue.

6.4 STATISTICAL ANALYSIS 1EXPERIMENTAL ERROR

ln previous anempts to quantify the ability of column flotation technology ta

recover ink~ linle has been done to indicate the reproducibility of the experiments and

various measurements. In an attempt to quanti!)' experimental error \\ithout incurring a

large increase in the number of tests, a simple test was run to gather basic standard

deviation data that could be used for test comparisons. The standard deviation data were

also important because they are required by Norbal 3.0, the materiaJ balance software

used for mass balancing.

The flotation column was run at predetermined conditions: retention time, 4

minutes; gas rate. 2 cm/s; froth depth, 65 cm; bias rate. 0.13 cmls with the internai porous

sparger. After three residence times (15 minutes) of operation, the column was sampled 4

times over a 10 minute period. The experimental results along with a basic statistical

analysis are shown in the following two tables. Table 6.2 shows the data provided by the

data acquisition system (FIX MMI) while Table 6.3 shows the data obtained by direct

measurement ofeach stream.

For the mast part, the results of this test indicate that the operation and sampling

of the flotation column is consistent. This is shown by low relative standard deviations

(less than 3 %) of the various measured stream parameters. The reject stream gave the

highest standard deviation, particularly in the flow rate and consistency measurements.

which had relative standard deviations ofapproximately 100/0.
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Table 6.1 Collected data from FIX MM) data acquisition software. Variation (+/..) given as
a 90 % confidence intenral.

Measured Panmeter No. of Mean Std Deviation Rel. Std Dev.

values value
+/- (unit) (0/ct)

(uoits)

Feed Rate (Umin) 201 4.14 0.01 0.07 1.69

Accept Rate (Vmin) 201 4.76 0.03 0.23 4.83

Reject Rate (Vmin) 4 0.11 0.01 0.01 9.09

Wash Water Rate (I/min) 10 .81 0.01 0.01 1 .,~
-.)

Air Rate (l/min) 201 9.72 0.00 0.002 0.02

Gas Holdup (%) 201 14.6 O.OS 0.36 2.47

Table 6.3 Laboratory measured data. Variation (+/...) given as a 90 % confidence intenral.

Measured Parameter No. of Mean Std Deviation Rel. Std Dev.
values Value

+1- (unit) (Ye)
(units)

Feed Consistency (%) 4 1.25 0.02 0.02 1.60

Accept Consistency (%) 4 1.08 0.01 0.01 0.93

Reject Consistency (%) 4 2.13 0.3 0.25 11.7

Feed Fiber Content (%) 4 87.29 0.42 0.36 0041

Accept Fiber Content (%) 4 89.33 0.38 0.32 0.36

Reject Fiber Content (Olé) 4 55.82 2.6 2.21 3.96

[nk Recovery· (%) 4 71.5 1.79 1.52 2.12

Organic Loss· (%) 4 2.9 0.69 0.59 20.3

* These values are calculated after mass balancing

The large standard deviations of the rejects stream seems to be caused by two

factors: column pulsation and froth zone phenomena. Depending on the coLumn flow

regime and pulp characteristics, the interface level is disturbed by the intermittent release

of closely packed small bubbles. Baxter and Wraith (1970) May have aIso observed this

phenomenon. This results in froth depth moving up and down slightly and thus

deviations in overflow measurements. The second reason is a more qualitative than the

first. It seems that a certain amount of material is required in the froth zone before it
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overflows. This gives rise to a build up and overflow action which results in intermittent

discharge of material and thus deviations in measurements.

For the mass balanced values, the ink recovery has a 90 % confidence interval ±

1.7 % while the organic loss has a 90 % confidence interval of approximately ± 0.7 0/0 •

The confidence intervals. which show the reliability of each measurement. are inc1uded

on the graphs in the following section.

6.5 SELECTION OF OPERATING PARAMETERS

To determine the optimum operating conditions for each sparging system and to

compare with previous research a number of parameters were altered depending on the

sparging system used. Testing the internal porous sparger involved changing the gas rate,

pulp retention time, bias rate, froth depth and column height. The effect of gas rate,

retention time, sparger velocity and column height were investigated using the extemal

static mixer sparging system. Froth height and bias rate (provided > 0 cmls) usually do

not effect column performance to a great degree (Watson.. 1996; Finch and Dobby, 1990)

thereière only the porous sparger was used in testing these parameters. The selected

operating conditions represent a compromise between ink recovery, organic loss, and

operational stability.

6.S.1 Internai Porous Sparger

The internai sparger used in this test work is described in Section 5.2. The

following sections (6.5.1.1 to 6.5.1.5) describe the effects of the various manipulated

parameters on the internaI porous sparger system. Variation in the experimental data is

given as a 90 % confidence interval. Ail experimental conditions and material balances

are in Appendix B.
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6.5.1.1 The Effect ofPutp Retention rime

To calculate retention time, the volume of the collection zone corrected for froth

depth and gas holdup was divided by the accept flow rate. The effect of retention time

was investigated by varying the accept flow rate while holding all other operating

variables constant. The effect of retention time on ink recavery and organic loss is shown

in Figure 6.4.

Ink recovery increased rapidly in the tirst 3 minutes and slowed thereafter ta a

maximum value at about 12 minutes. The ink recovery plateau of approximately 82 0/0

probably characterizes the maximum achievable ink recovery. Additional retention time

will not remove any more ink because it is either still bound to fibers or too small to be

effectively captured by the size ofbubbles generated.
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Figure 6.4 fnk recovery and organic loss venus slurry reteDtion time. Conditions: gas rate
= I.S cmls; Crotb deptb = 65 cm; column beigbt =4.65 m; bias rate = 0.12 cm/s.

Organic losses increased almost exponentially with pulp retention time.

Therefore, long retention times should be avoided. The selected retention lime for the

porous internai sparger was 6 minutes, which corresponds to a pulp flow rate of

approximately 3 IImin. Previous studies by Watson et al. (1996) using two different

porosity spargers (0.5 ).Ull and 100 J.Ull) in the same size column showed sunHar results.
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They found when using the fine porous sparger at a gas rate of 1.5 cm/s~ ink recovery was

essentially the same aver a range of retention times (3 ta 10 minutes) and organic loss

increased.

6.5.1.2 Tlle EffectofGas Rate

The effect of superflcial gas rate (Jg) on ink recovery and organic loss is shawn in

Figure 6.5. In arder to isolate the effect of gas rate~ the retention time~ froth depth~ and

wash water rate were maintained at constant values. Gas rates (0 oC, 1 atm) were not

corrected for temperature or pressure as comparisons with previous work wauld be

difficult.
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Superficial Gas Rate (cm/s)

Figure 6.S Ink rec:overy and oraanic losl venus superfic:ial gas rate. Conditions: retention
lime = 5 minutes; Croth deptb = 65 cm; columB beight =4.65 m; bias rate = 0.13 cm/s.

Ink recovery increased as the gas rate increased until a plateau of approximately

80 % was reached al superficial gas rate of2.5 cm/s. At higher gas rates, the flow regime

in the collection zone visibly changed from bubbly to chum-turbulent. Large bubbIes

rising quickly, back-mixing, and difficult level control characterized this change. Organic

losses grew exponentially to 8 % as the gas rate was increased to 3.0 cm/s. The selected

gas velocity was 2.5 cm/s. This value was chosen to give a compromise between good

ink recoveries (78 %) and reasonable fiber losses (4 %).
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Petri (1994) did similar ONP/OMG deinking studies using column flotation. He

found that as the gas rate was varied from 0.5 cm/s to 2.5 cm/s. the ink recovery increased

and plateaued between 1 and 2 cm/s. Data were not shawn for organic losses nor was the

type of sparger described. Watson et al. (1996) varied the gas rate between 1 and 4 cmls

for 0.5 J.U11 and 100~ spargers. They found for bath that organic lasses increased with

air rate and ink recovery remained constant for the 0.5 J.Ul1 sparger but increased for the

100 f.lI1l sparger.

6.5.1.3 The Effect ofBias Rate

The effect of bias rate was investigated by varying the wash water rate and

keeping all over variables constant. Level was controlled by varying the accept flow rate.

Figure 6.6 shows the effect of bias rate changes on ink recovery and organic 10ss.

Positive bias water (net flow downwards) is known lo reduce recovery of entrained

particles.

In this case, bias rate had Hule effect on ink rc:Cll\~~ and a large effect on organic

loss. It was aiso found that producing a deep frolh t gr~alc:r lhan 50 cm) without wash

water was difficuit. Ink recovery remained constant al apprU\irnaldy 68 % when the bias

rate was changed from -0.02 to 0.25 cm/s. OrganÎ~ hl',~~ J~~n:ascd from approximately

3.5 % at a slightly negative bias tao less than 1 0 u ~l th~ hl~h~,l hias rate of 0.25 cm/s.

The selected bias value for future tests with bOlh th~ rnh:rnal p\lrOUS and external static

mixer sparger was 0.1 cm/s as it produced fairl~' Ill\\ tiix-r ll'~'~s. High bias rates are to

be avoided. even if low organic losses are achic\"cd. a:'\ th~~ n:Ju~c the pulp retention time

and dilute the accepts.

Previous work by Watson et al., (1996) Shll\\CJ that as the bias rate was varied,

ink recovery and organic losses remained essentially the same. They found, however,

that the visual character of the fiber pads was different. Low wash water rates (low bias

rates) seemed to produce "hairy" pads which are probably a result of long fibers reporting

to the reject stream through increased entrainment. High bias rates did not show this

characteristic. This difference in pad "hairiness" was aise seen in this work.
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Figure 6.6 Ink recovery and organie loss venus superficial bias rate. Conditions: gas rate =
1.5 cm/s; retention time = 5 minutes; Crotb heigbt =65 cm; column beigbt =4.65 m.

Petri (1994) found that wash water had a negligible effect on ink recovery and

actually increased organic lasses. This increase in organic loss is opposite to what one

expects. Increased mixing by adding more wash water in the froth zone may have caused

this increase in fiber 10ss due to shan circuiting of material from the collection zone to the

co1umn reject stream.

6.5.1.4 TI,e Effect ofFroth Depth

The effect of froth depth on ink recovery and organic loss for the internai porous

sparger is shown in Figure 6.7. An inereased froth depth provides more cleaning action~

usually resulting in a cleaner rejects stream (Le. less fiber loss in a deinking system). [nie

recovery was not affected by froth depth, as it remained linear at a value of about 75 0/0

throughout all depths tested. Organic 10ss, on the other hand, decreased from

approximately 4 0;'0 at a froth depth of 10 cm to 2.4 % at a froth depth of 120 cm. The

selected froth depth for both the internaI porous and external statie mixer sparger was 65

cm.
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Figure 6.7 (nk recovery and organic loss versus Croth zone depth. Conditions: gas rate =
1.5 cmls; reteation time =5 minutes; column heigbt =4.65 m; bias rate =0.12 cm/s.

Carabin et al., (1997) round that the reject rate (proportional to organic loss)

decreased as froth height was increased. They choose a 30 to 40 cm froth depth in a 6-m

tall column to avoid instability problems and fluctuations. Petri (1994) varied froth

height from 10 cm to 4S cm and round that ink recovery decreased as froth height

increased while organic losses remained constant. Watson et al., (1996) varied the froth

height from 20 cm to 7S cm and found that both ink recovery and organic 10ss remained

constant. Extremes in froth depth are not favorable to the operation of flotation columns.

Shallow froths Mean that the froth (cleaning) zone of the column is lost when surges

oceur; and deep froths decrease the working collection zone and thus reduce pulp

retention time.

6.5.1.5 Tlle Effec, DICo/ulM He;g'"

A 1iterature survey indicates that aImost nothing has been done to investigate the

effect of column height in deinking waste paper. This is to be expected as column

flotation deinking is still relatively new. In the minerals industry, however, there has

been much debate as to how tall a flotation column sbould be. In most instances the

selection ofcolumn height bas been dictated not by the particle-collection process, but by

physical restraints such as location of the mill roof or crane railso Several studies
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(Ounpuu and Tremblay! 1991, Bensley et al.'t 1985, and Ityokumbul, 1996)) have sho\ved

that increasing the height does not neeessarily result in increased recoveries. Particle size

may be the critical factor; as smaller particles have a reduced probability ofcollision with

a bubble and taU columns may then be an advantage (Zhou et al., 1995). Microcel

flotation column studies have shawn this effeet in that taller columns are required ta

process clay (<2 J,lm) particles than larger coal particles (Yoon't 1998). The effect of

flotation column height on ink recovery and organic loss is shown for the present work in

Figure 6.8 and Figure 6.9 respectively.
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Figure 6.8 (ok recovery venus feed rate at two column hl"iChb. Conditions: gas rate = I.S
cm/s; froth depth = 6S cm; bias rate = 0.12 cm/s.

Two heights of column were investigated: ~.65m and 3.1 m. AU other variables

were kept constant except feed rate. Column heighl hall lilll~ ~ffect on ink recovery with

the 3.1 m column giving statistically similar ink reco\'c:nes to the 4.65 m column

collection zone. This may indicate that the ink. collecting process oeeurs very quickly in

the column. In terms of organic losses however.. column height seems to have a larger

effect. At equivalent feed rates, the 3.1 ID column gave consistently higher organic losses

than the 4.65 m column. A clear explanation for this result could not be found. Factors

such as furnish type and pulp chemistry may have also changed as the tests were done a

Chapter 6: Results and Discussion 77



1
number ofweeks apart. The selected column height for future work with this system was,

nevertheless, 3.1 m.

.4.65 meters
C 3.10 meters _ ._-

-----~- ._.J

10

- 8
~0-W! 6""..s
u

-= 4
(t

~
0

2

0

0 2 4 6 8 10 12

•

•

Feed Rate (i/min)

Figure 6.9 Organic lou venus feed rate at two column heights. Conditions: see Figure 6.8•

6.5.2 External Statie Mixer Sparger

The external sparger used in this test work is described in Section 5.3. The

following sections (6.5.2.1 to 6.5.1.4) describe the effects of the manipulated variables

tested including: retention time, gas rate, sparger superficial pulp rate and column height.

Froth depth and bias rate were not tested with the statie mixer sparger because they were

initially seleeted just ta test whether previous results with porous spargers could be

replicated. Based on those results, the same values were chosen for the statie mixer

sparger. Sinee this is probably the fl1'St time a deinking system based on a statie mixer

sparger has been tested there is almast no data whieh can be compared ta the results here.

Therefore, results from similar deviees tested in mineral proeessing systems in sorne

cases will he used ta compare trends. A table showing the final selected operating

conditions is shawn in Section 6.7. AlI experimental data and malerial balances are in

Appendix C.
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• 6.5.2.1 The EffectofPulp Retention Time

The effect of retention time on ink recovery and organic loss was determined by

setting the gas rate~ froth depth~ and wash water rate at selected values. Retention rime

was changed from 2.2 minutes to over 10 minutes by varying the accept flow rate. This

results in lower downward pulp velocities thrOUgh the column~ higher probability of

particle/bubble contact and thus higher collection efficiencies. The effeet of retention

time on ink reeavery and organic lass at two sparger pulp rates (i.e.~ the linear velocity

through the sparger) is shawn in Figure 6.10 and Figure 6.11, respectively.
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Figure 6.10 Ink recovery versus retention time at IWo sparger superfif:ial pulp rates.
Conditions: gas rate =1.5 (mis, rrotb depth =65 (m; column beigbt =4.65 m; bias rate =
0.18 cm/s.

Two sparger pulp rates were tested to see whether a similar relationship was

obtained. The sparger superfieiaI pulp rate (mis) is ealculated by dividing the volumetrie

pulp flow rate by the cross sectionai area of the static mixer and will be discussed more

thoroughly in Section 6.5.2.3. Ink recovery and organic 10ss increased as retention time

was increased for both sparger pulp rates. During these tests a plateau in ink recovery

was not reached unlike the case with the parous sparger. Extrapolating the curve

indicates that an ink recovery of approximately .88 % might be achievable al sufficient

retention tinte. The difference in maximum ink recoveries is probably due to different
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• pulping conditions during the experimental program and not a result of the type of sparger

used. These results also indicate that by increasing the sparger pulp tlow rate a

statistically significant increase in ink recovery can he achieved.
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Figure 6.11 OrgaDi~ 10sI venus retentioD time and two sparger luperficial slurry rates.
Conditions: See Figure 6.10.

Increasing the retention time from 2.2 minutes to over 10 minutes caused the

organic 10ss to increase from about 1 % to over 4 %. This was expected from the

previous work with the porous sparger which showed the same trend. To minimize

organic 1055 and still obtain good ink recovery a pulp retention time of 5 minutes was

chosen.

6.5.2.2 The Effect ofGas Rate

The superficial gas rate determines the bubble surface area rate and thus the ink

carrying rate of the system. The effect of superficial gas rate on ink recovery and organic

loss at 4 different sparger superficial pulp rates is shawn in Figure 6.12 and Figure 6.13,

respectively.
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Figure 6.12 (Bk recovery venus superficial gas rate al four sparger superficial pulp raies.
Conditions: reteDtioD time =5 miu; frolh deptb =65 cm; column beight =4.65 m; bias raie
= 0.15 cm/s.

Ink recovery increased with gas rate, reaching a plateau between 1.5 and 2 cmls

depending on the sparger superficial pulp rate used. At a higher sparger pulp rate the ink

recovery plateau increased. The maximum ink recovery. 83 0/0. occurred at a superficial

gas rate of 2.0 cmls and a sparger pulp rate of 0.9 rn/s. Higher sparger pulp rates also

allowed the column ta be operated at lower gas rates. A gas rate of only 1.0 cmls at the

highest sparger pulp rate of 0.9 mis was sufficient for column averflow and to give a ca

80 % ink recovery. The effect of sparger pulp rate will be discussed in more detail in the

tollowing section. As expected, organic lasses becarne larger with increased superficial

gas rates. Organic 105s climbed from less than 1% at a gas rate of 0.5 cm/s to over 5 % at

a gas rate of 3.0 cm/s for the sparger pulp rate of0.9 mis. For the other sparger pulp rates

the same trend was followed. The selected gas rate for the statie mixer sparger was set at

2.5 cm/s as this gave the maximum ink recovery over the range of sparger pulp rates

tested and keeps organic losses to a reasonable amount.. about 3 010.
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Figure 6.13 Organic loss versus superticial gas rate at Cour sparger superficial pulp rates.
Conditions: see Figure 6.12.

6.5.2.3 Tlle Effect ofSparger Superjicial Pulp Rate

The effect of sparger superficial pulp rate was investigated using two gas rates.

1.5 cm/s and 2.5 cm/s. The effect on ink recovery (Figure 6.14)~ organic loss (Figure

6.15) and bubble size/surface area rate (Figure 6.16) was determined by setting the

retention time, froth depth and bias rate at selected values. A feature of this system is the

ability ta control bubble size ta sorne degree during column operation. This May be

beneficial when variations in feed particle size occur due to changes in pulping conditions

and a different bubble size May be desirable.

The first step in determining the effect of sparger pulp rate was ta find the

minimum and maximum limits to column operation. At low sparger slurry rates (0.1

mis). depending on the gas rate, bubbles were visibly large, level control was difficult and

reject overflow was inconsistent. This indicates that a minimum slurry velocity in the

static mixer is required to ensure stable operation. For a gas rate of I.S cm/s il was round

that the minimum pulp rate of was 0.3 mis to obtain overflow at a froth depth of 65 cm

while a pulp rate of 0.16 mis was required for overflow al a gas rate of 2.5 mis. The

maximum attainable flow rate depended on the gas rate used. At velocities over 1.1 mis

and gas rates up to 2.5 cm/s, operation of the column and air sparging system became

Chapter 6: Results and Discussion 82



• difficult due to pump flow variations. This was probably caused by air bubbles being

entrained into the feed Hne of the sparging system.
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Figure 6.14 (ok recovery venus sparger superficial slurry rate al two superficial air rates.
Conditions: retention time =5 min; Croth depth =65 cm; column height =4.65 m; bias rate
=0.15 cmls.

As sparger pulp rate (gas rate = 2.5 cmls) was changed from 0.2 mis to over 1 mis

it was found that ink recovery increased ta a maximum (approximately 80 %). A plateau

was not reached test at a gas rate of 1.5 cmls which cantinued to climb to about 80 % ink

recavery. The increase in ink recavery as sparger pulp rate is increased is related to

smaller bubble sizes and therefore higher bubble surface area rates. The bubble surface

area rate is important because it gavems the salids removal rate of the calumn. This is

confinned in Figure 6.15 which shows. in the case of a gas rate of 2.5 cm/s, that when the

sparger pulp rate is increased from 0.2 mis to over 0.9 mis, bubble size decreases and a

higher bubble surface area rate results. Meyer (1994) reported that by increasing the

recycle rate (Le., sparger pulp rate) chalcocite recovery increased during testing of a feed

line aerated calumn. He hypothesized that recovery increased due to more bubble surface

being available. Another reason why ink recovery increases as sparger superficial slurry

rate increases maybe due to increased mechanical action in the mixer. Lascar (1991)

found that the mechanical action in flotation cells promoted ink detachment from the fiber

•
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• surface. One reason for the optimum pulp rate at a gas rate of2.5 cmls is probably related

to turbulence. At high pulp velocities and high gas rates, the turbulence may be, such that

particle-bubble detachment occurs. This trend was aIso seen by Tortorelli et al. (1997) in

testing ofan external gas/particle cantacting device.
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Figure 6.15 Sparger superficial slurry rate venus mean bubble diameter and bubble
surface area rate. Conditions: retention time =5 minutes, gas rate =2.5 cm/s. froth deptb =
65 ~m; column beight =4.65 m; biss rate =0.15 ~m/s.

Organic loss followed the same trend as ink recovery (Figure 6.16). For a gas rate

of 2.5 cm/s it fol1owed an aimost exponential increase, from approximately 1 % ta almast

5 % at a pulp rate of 0.9 mis. The organic loss trend at a gas rate of 1.5 cm/s was similar

until a velocity 0.6 mis was reached. Above this point, the curve flattened. The reason

for this is not known. At the time when the optimum static mixer sparger slurry rate had

to be chosen the organic losses were not know. This meant that a sparger slurry rate of

0.9 mis was chosen on the basis solely ofgood ink recovery.
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Figure 6.16 0rxanÎc lou versus sparger superficial slurry rate at two superficial air rates.
Conditions: see Figure 6.14.

6.5.2.4 rhe Effecl ofColumn Neighl

The effect of flotation column height on ink recovery and organic 10ss with aH

other variables kept constant except feed rate, is shown in Figure 6.17 and Figure 6.18,

respectively.

Height had little impact on ink recavery with the 4.65 m column giving

statistically similar results ta the 3.1 m column. This is the same finding as for the poraus

sparger. In terms of organic lasses, bath column heights gave the same trend with

differences being statistically insignificant. The selected column height for future work

was 3.1 m.
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Figure 6.17 (ok recovery venus feed rate at two column heigbts. Conditions: air raie =1.5
cm/s; Crotb deptb =65 cm; sparger pulp rate =0.9 mis; bias rate =0.17 cm/s.
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Figure 6.18 Organie loss venus feed rate at Iwo eolumn heigbts. Conditions: see Figure
6.17.
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6.6 COMPARISON OF THE SPARGING SYSTEMS AND THE PLANT

The papermaking fibers exiting from the deinking plant shouid have the

cleanliness~ brightness and organic yield that are required for the final product. This

section describes severa! ways to characterize the efficiency of the flotation process that

will be used to compare the air sparging systems and Bowater's flotation circuit.

6.6.1 lok Recovery - Reject Rate RelatioDship

Two key objectives of the deinking process are to maximize contaminant removal

and to minimize the amount of rejects (thereby maximizing the accept yield). ln the pulp

and paper industry, the relationship between these two parameters are tradiùonally ploned

as in Figure 6.19 which is reminiscent to the recovery-yield curve typically pioned in

mineraI processing. The ideal or perfect separation (100 % ink removal at 0 % rejects

rate) is the point at the top lefi-hand corner of the graph. Although it can be never

anained.. it acts as a focal point, and the closer a system can approach it.. the higher the

efficiency. Normally, the reject rate (x-axis) refers to the mass reject rate ofmoisture-free

pulp. However.. it is common to also see reject rates of volume flow.. fiber fractions and

ash ploned on the x-axis as weil (McCool. 1993).

Figure 6.19 shows the ink recovery-reject rate relationship for ail tests in this

thesis as well as four sampling campaigns across the Bowater flotation circuit (Plant

Survey #1. Appendix E). In the present case, the x-axis corresponds to the reject tlow

rate as a percent of the feed rate. Figure 6.19 shows that a similar relationship is obtained

for ail tests using the two air sparging techniques. Tests with the static mixer sparger and

porous sparger look to be slightly more efficient (closer to the top left-hand corner) than

the Bowater circuit. However.. the scatter in the test data and the fact that only four

sampling campaigns of the plant circuit were done means that no difference can be

supported. But, it should be emphasized, the Bowater flotation circuit involves six

primary cells and two cells for fiber recovery where as the column was operated as a

single unit.
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Figure 6.19 (nk recovery venus reject now rate for bolh air Iparging systems and
Bowater's notation circuit. Plant conditions: See Sun·e~· #1. Appendix E.

6.6.2 Organit Yield - Iok Retovery Relationship

There is an approximate inverse relationshlp hcl\\CCn recovery and grade of

concentrate in a11 concentrating processes. r uncc:ntrah: l!rJde and recovery~ used

simuitaneousIy~ are the most widely accepted mcasurc:~ ",f c\ aluating the performance of

mineraI separation systems (Wills, 1992). In notall"," Jcm~mg. a similar relationship can

be plotted with organic yield on the y-axis and ink r~~\'\ cr~ lm the x-axis. This method

of camparison is slightly more tedious than that prC:\Iulbl~ u~cd (Section 6.6.1) because

the organic content of each stream has ta be measurcJ an urdcr to calculate the overall

organic yield. Figure 6.20 is an organic yield-ink rCC(lv~ry curve for aU tests and the

Bowater flotation circuit. [t can be seen, like a traditional rccovery-grade curve~ that as

ink recovery increases organic yield decreases and vise versa. To a flISt approximation

all forms of column operation follow the same relationship regardless of sparger system

used" and giving slightly bener results (higher organic yields at comparable ink.

recoveries) than the plant. This could be attributed to the columns use of wash water

which reduces entrainment and thus fiber lasses.
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Figure 6.20 Organie yield venus ink recovery for both air sparging systems and Bowater's
notation circuit. Plant conditions: See Survey NI, Appendix E.

6.6.3 Superti~ial Bubble Surfa~eArea Rate

The superficial bubble surface area rate (Sb) is the parameter that govems the

solids removal rate of any flotation system. By increasing the bubble surface area

available for particle attachment more solids will be removed. Bubble surtàce area rate is

a useful basis for cornparison because it incorporates both bubble size and gas rate into a

single pararneter (Equation 4.6).

•

Figure 6.21 shows the effect of bubble surface area rate on the ink recovery for ail

tests done with both air sparging systems. It can be seen that there is a general

relationship between the ink recovery of the flotation column and the bubble surface area

rate produced by the air sparging systems. Both sparging systems produced essentially

the same relationship. For both spargers, a minimum bubble surface area rate of

approximately 20 S-I was required before the flotation column produced overflow for a

froth depth of 65 cm. As the bubble surface area rate was increased, ink recovery

increased rapidly. At a bubble surface area rate of90 S·1 the ink recovery starts to plateau

at approximately 80-85 %. This probably represents the maximum achievable ink
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• recovery. A similar bubble surface area rate of ca 100 S-1 to achieve maximum recovery

was reported by Leichtle (1998) in a 50 cm diameter column using porous spargers.
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Figure 6.211nk recovery venus bubble surface area rate for both air sparging systems.
Conditions: See appendices.

Figure 6.22 shows the effect of bubble surface area rate on organic loss. [n bath

cases, organic loss increases with bubble swface area rate with the static mixer sparger

giving slightly lawer arganic lasses at equivalent bubble swface area rates. Severa!

nlechanisms that contribute ta arganic lasses were described in Section 4.4.1. This work

suggests that the arganic loss is primarily due to the entrainment mechanism. As higher

surface area rates are used. more fibers are being carried in the water accampanying the

bubbles inta the froth zone. Even though wash water is used, increased amount of fibers

will repon to the overflow and contribute to higher organic loss.

[n summary, one of the mast significant results obtained from this work is that the

ink recovery and organic loss / bubble surface area rate relationship is independent of the

sparging system used. This indicates that if different sparging systems can generate the

same bubble surface area rate, they may recover the same amount of ink and fiber. The

parallel work by Leichtle (1998) comparing different internal spargers (tilter cloth, porous

metal and jening) led to the same conclusion.
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Figure 6.22 Organic lou venus bubble surface area raie for bulh air sparging systems.
Conditions: See Appendices 8 and C.

6.7 LONG-TERM COMPARISON

The two air sparging systems were opcrah:d al lhe:ir sdccted conditions (Table

6.4) and compared to Bowater's flotation circuit. Bla~ rate: \\a~ maintained by controlling

the wash water. The spargers were run for apprll\lmald~ il huurs \vith 7 samples being

collected and analyzed. AIl experiments were cllnlple:tc:J Jurmg a 30 hour period so that

the feed from the plant would remain relati\'ely ct'n,tant hl permit a comparison. AIl

results for the long term tests are summarized in :\rpenJI:\ D. Samples from the mill

flotation circuit were taken during testing of th~ ~tat1,-= mixer sparging system (Plant

Survey #2~ Appendix E).

Table 6.4 Summary ofselected operatÎng conditions for each air sparginl system.

Sparaina Air Rate Residence Sp....erRate Column Froth Bio Rate

System (cmls) Time (min) (cmls) Heigbt (m) Depth (cm) (cmls)

Porous 2.5 5 - 3.10 65 0.1

StatÎC Mixer 2.5 4 30 3.10 65 0.1
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• The motivation for these tests was to see how stable the sparging system operation

was over time. Experience in mineraI flotation and deinking have shown that porous

spargers have a tendency to plug over long term operation. As shown in Table 6.4 the

selected operating conditions for each sparging system are the same except for the

residence time. This indicates that the ehoice of sparging system was not a factor in

aehieving short term results. Figure 6.23 shows the bubble swface area rate (Sb)

produced by both sparging systems over 6 hours ofoperation.

•
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Figure 6.23 Hubble surface area rate venus time for long term testing of both air sparging
systems. Conditions: See Appeadix o.

This figure shows that the statie mixer sparger was much more stable in operation

than the porous sparger over the test period. The figure aIso shows that fairly high Sb ~s

were produced by both sparging systems (at least initially for the porous sparger case)

when campared to previous values. This may mean the flatation feed had slightIy higher

dosages of surfactant than at other times. The porous sparger initially gave a higher Sb

(135 S-I) than the statie mixer sparger (125 S·I) but deereased steadily over lime ta 90 S·l

while the statie mixer sparger Sb remained constant (ca 120·125 s·'). This meant that

something was interfering with the bubble production process in the porous sparger,

probably pluggffig. This tendency of the porous Metal sparger ta plug was previously
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• noted by Watson (1996) and LeiC'htle (1998). After testing.. a build-up on the porous rigid

sparger was observed and a sample was collected and analyzed. An ashing test revealed

that aimost 40 % of the material was ash compared ta the fced material which had a

typical ash content of la - 15 %. This lead ta the conclusion that perhaps the materia!

plugging the sparger \Vas fine minera! particles used in coatings on magazine paper.

Typical caatings used in the pulp and paper industry contain high amounts of kaolinite

clay and calcite. lok recovery for the two spargers and Bowaters flotation circuit versus

time is shawn in Figure 6.24.
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Figure 6.24 (nk recovery versus time for long term testing of both air sparging systems and
Dowater's Rotation circuit. Conditions: See Appendices D and E.

ln Section 6.6.3, ink recovery and organic yield were related ta the bubble surface

area rate. Figure 6.24 shows that the ink recovery for the static mixer was stable and high

(ca 77 % to 88 % and generally exceeding the plant) which corresponds to the high and

constant Sb (120-125 S-I). The porous sparger result further confirmed that the ink

recovery is related to bubble surface area rate by falling fram 78 % to 72 % as the Sb

decreased. Figure 6.25 shows the corresponding organic loss.

Chapter 6: Results and Discussion 93



14
~- -

~ Porous Sparger
12 - -+- Static Mixer Sparger - - ~ -

.-... ~ Bowater CeUs
~ la _._- '_.'--"- - _ .. _ •• _ ._. ___ o.

0-fI'l
fI'l 8=...;1
w

6-;
Il
~ 40

2

0

a 2 3 4 5 6 7

Time (Hours)

Figure 6.25 Organi~ lou venus time for long term testinl of botb air sparging systems and
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Figure 6.26 Accept cODsistency venus time for lonl term testiDI of both air sparxinl
systems and Dow.ter's notation circuit. Conditions: See Appendices 0 and E.

Correlating organic loss with bubble surface area rate was not obvious. This may

be an artifact of the mass balancing process or differences in flotation celi consistency

(Figure 6.26) which could not be controlled. However, overall trends could be defined
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with the static mixer giving the highest organic losses (7 %) while the other two systems

had sirnilar organic losses of approximately 4 %. The 7 % loss with the static mixer is in

accord with the bubble surface area rate of 120-125 S·1 (Figure 6.22).

Table 6.S shows the results of the long term tests using the two sparging systems

and the performance of Bowater's flotation circuit. Over the long term~ the static mixer

sparger produced the highest mean ink recovery, followed by Bowater's flotation circuit

and the porous sparger. The static mixer sparger gave the highest organic losses followed

by the porous sparger and the Bowater circuit~ which gave almast identical lasses.

Organic losses for the statie mixer sparger cauld be improved in subsequent tests by

decreasing the Sb to approximately 100 S·l (ta minimize entrainment and allaw good ink

recovery) and changing the wash water rate.

Table 6.5 Average ink recovery and organic losses for the two air sparging systems and
Bowaterts notation circuit. Variation is given as a 90 0" confidence interval.

Flotation Sp·raiDI [nk Rec:overy O....ni~ Loss

System System Mean(%) +/- Std Oev. Mean (°/.) +/- Sad Dev.

LabColumn Porous 74.2 1.0· l.S- 4.1 0.7 1.0

LabColumn Static Mixer 78.3 0.6 0.8 7.[ 0.6 0.9

Bowater - 75.8 0.7 0.7 4.2 0.4 0.4

• Values based on a decreasing trend Hne, see text.

The mean ink recovery for the porous sparger is the mean of a11 values obtained

and is not an aecurate indication of its overall performance as it is continuously

decreasing. Ta show the deereasing performance trend, a negative sloping line (Rtnk=

78.81-1.42xtime) was fit to the data points. This was then used to obtain the 90 %

confidence interval and standard deviation of the measured value from the trend.

6.9 COMPARISON TO PREVIOUS STUDIES

Sorne comparisons with previous column flotation studies and the results of this

study were described in Sections 6.4 and 6.5. This section attempts to detect differences

from this 1998 study to previous work at the same deinking facility in 1996 (Watson,

1996). The 1996 work initially indicated large differences. this however was round to be
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a result of differences in bubble size estimation techniques. Figure 6.27 compares the

current results to those of Watson in terros of the bubble surface area rate (recalculated)

and ink recovery relationship. The data by Watson (Appendix F) inc1udes results from

two different pore diameter spargers (0.5 J.lIll and 100 J.1Ill) and for short and long term

tests.
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Figure 6.27 Bubble surface area rate venus ink recovery for ail flotation tests and Watson
(1996) results. Conditions: See Appendix F.

The data suggest that the two sets of results gave virtually identical relationships.

In an attempt to test if there were differences't the data were fitted by a least squares

method (Microsoft Excel Solver Function) using a modified equation similar to the

traditional model used in minerai processing to characterize hydrocyclone classifier

efficiency (Plitt't 1976). The modified equation relating the percentage of ink recovery

(Rmodel) to bubble surface area rate (Sb) is as follows:

where Sbmin is the minimum bubble surface area rate to obtain overflow.. SbSO is the bubble

surface area rate to recover 50 % of the ink and m describes the sharpness of the•
[

( )(
Sb-Sbmin )m]

Rmodel =100· 1-exp - 0.693 --0.;..;;.;.;;.;.....

Sbso Sbmin
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separation curve. During the modeling process, differences in sparging system type and

operation were ignored (See Section 6.6.3). Table 6.6 shows the parameters and

goodness of fit that were obtained by fitting the modified hydrocyclone equation to both

sets ofdata.

Table 6.6 Modeling results using the modified hydrocyclone equation (Equation 1).

Fitted Parameten Numberor I(R..etua.-
Test Data

Sb50 Sb.lll m Tests Rmadei

Hardie (1998) 40 24 0.49 87 3046

Watson (1996) 36 25 0.42 49 818

The modeling results show that the ink recovery/bubble surface area rate

relationship for both data sets are similar with the only noticeable difference being in the

SbSO value. The SbSO for the test work done in 1996 was slightly lower (36 S·l) than for the

test work in 1998 (40 fi). This may be related to flotation chemistry as numerous

changes have been made since 1996 to reduce chemical costs (Dionne, 1997 and Akzo

Nobet 1998). Therefore, at the present, perhaps a slightly higher bubble surface rate is

required to compensate for reduced ink floatability. The ather fitted parameters Sbmm and

m are similar and do not indicate any obvious differences between tests done in 1996 and

1998. The goodness of fit between the model and their respective data set is shawn by

the sum of the squares of the differences (t(Rae:tual-Rmodcl)2) with a lower value indicating

a bener fit. These values are in the 6th column of Table 6.6. The 1996 data fit the madel

better (818) than the 1998 data (3046) due to less data seatter. However, the number of

points in the data aise influences this result. Subsequent division of (t(Ractual-Rmodcl)2)

value by the number ofdata points still indicates that the 1996 data fits better.

Figure 6.28 shows the bubble surfaee area rate/organic 105S relationship for aH

tests in this thesis as well as the results from Watson (1996). A model was not developed

for this relationship as the previous modelling attempt showed Hule difference between

1998 and 1996 experiments. The graph shows a general trend with the previous wark

probably producing lower organic losses at bubble surface area rates above 100 S·I. This

is shown~ for example at 120 S·I. where Watsonfs organic losses rarely exeeeded 4 %

while organic losses for this work showed a trend towards 8 %. This might also be a
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response to changes in plant chemistry. For example, as described in Section 4.4. L it has

been shawn that increases in the water hardness (calcium ion concentration) increases the

hydrophobicity of fibers and thus their flotability (Turvey, 1993).

Hubble Surface Area Rate (S·I)
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• Figure 6.28 Bubble surface area rate versus orxanic loss for ail notation tests and Watson
(1996) results. Conditions: See Appendices B, C and F.

Ta compare the relationship between fiber loss and ink recovery for both data sets.

the results were ploned in tenns oforganic yieldlink recovery (Figure 6.29). An arbitrary

zone (darkened box) based on a good separation (80 % ta 90 % ink recovery at 97 % to

99 % organic yield) was created ta provide a target area for column operation. In 1996

sorne tests has performance in the target area. No results trom the 1998 campaign feU in

this area. This fact may indicate that the chemistry in 1996 was slightly better in tenns of

creating conditions conducive to promoting separation ofink particles from paper fiber.

•
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Figure 6.29 Organic yield venus ink recovery for ail notation tests and Watson (1996)
results. Conditions: see Appendices 8" C and F.

6.8 COLUMN SCALE-UP RESULTS

Two companies were contacted to provide a preliminary slzlng and cost

estimation of a flotation calumn installation to treat Bowater's min throughput of 600

mtpd at 1.3 wt. % solids. Company A specializes in flotation columns with conventional

internai sparging systems (porous and jetting) while Company B provides columns with

air sparging systems similar to the static mixer sparger used in this test program. Bath

companies wei-e requested ta scale up a column circuit based on the results of the long

term tests which are shawn in Appendix D. No other information was given as to circuit

design~ maximum column height etc. An average of all data was used in the case of the

static mixer sparger tests while an average of the last 3 samples (2 hours) was used in the

case of the porous sparger due to plugging problems.

•
6.8.1 Option 1: Column with Internai Air Sparging System

A total of 4 columns~ 3.5 m in diameter by 14 m tall (fioor to lip)~ are required in

this proposai to achieve the required ink recovery of 85 % (% of maximum) as obtained

in the lab column test work. The calculated lab column rate constants based on the
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company's scaIe-up routines were 0.7 minute- l for the ink flotation and 0.013 minute- l for

the fiber flotation. This design was the more innovative in terms of circuit arrangement

(Figure 6.30).

The circuit was divided into !Wo paraIlel Hnes capable of treating 300 tpd each.

Each line included two ceUs in series, with the accepts from cell 1 feeding ceU 2, and the

rejects from ceU 2 being recycled ta the feed of cell 1. The estimated capital cast for the

four columns is $600,000. This cast estimate includes engineering, fabrication (with mild

steel), painting, quality control and spargers. Additional costs for average air, wash water

and level control systems would be $40,000 per column. Installation of the columns and

an air compressor system are extra costs, which were not included in the proposai.

Overall, the cast per column is approximately $190,000.

Feed

~
"....------e

L...-- -}- oi.--. Accepts

Rejects ....-......-.----------......

Figure 6.30 Two lines ofcolumns in CC/scavenger.closed circuit arrangement.

6.8.2 Option 2: Columo witb Static Mixer Air Spargiog System

A total of6 columns 4.15 min diameter and 9.15 m in height, are required in this

proposai to achieve an ink recovery of 92.5 % (0/0 of maximum) as obtained in the lab

column test work. In this proposai, a circuit design was not mentioned other than that the

columns could be split into two Hnes of three in paraUel (Figure 6.31) so that sorne

flexibility in terms ofproduction could he obtained_ AIl cast estimates were given in V.S.
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dollars therefore a Canadian equivalent was calculated using a conservative exchange rate

of 1.4.

Feed

~
,--------r------,----e -.,.---~----.

Accepts
l.....-+---I--+-----J,-:t-------~_t_--~+_--~~

Figure 6.31 Two liDes of three columos in paralle1.

The sparging system for each column consists of a 10 x 12 centrifugaI recycle

pump with 12..14 static inline mixers 4 inches in diameter. The estimated price for this

column installation (made of steel) is approximately $1.370,000 which includes variable

frequency drive pumps. flow meters, sparging system, automatÎC air and wash water flow

control. This price does not include installation or erection costs. The manufacturer also

indicated that depending on the tinal design specification and desired options. a basic

working system, at 10 • 20 % less than the estimated one could be provided. To build the

columns out of stainless steel, a material often used in the pulp and paper industry. the

manufacturer indicated that the cast would be increased by approximately $670,000.

Overall, based on the quoted system, the cost per column is approximately $228,000.

6.8.3 Comparison of Column Scale-up Options

Due ta the preliminary nature of the project and varying design philosophies of

the two companies, exact comparisons based on these data cannat easily be made. The

price: per column for the statie mixer sparging system is slightly higher due primarily to

the requirement of a recycle pump. This was expected but should not he the sole criteria

in deciding a fmal purebase. The initially higher capital costs may over the long run be
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more economie due to higher ink recoveries (93 % versus 85 % of maximum) and less

maintenance due to problems with the air sparging system.

The choice of the flotation circuit design will aiso have a large influence on the

final outcome. A circuit design for the statie mixer system similar to Figure 6.30 could

easily be worked out to reduce the number of eolumns from 6 to 4. In the end, it should

be noted that the original Voith flotation circuit installation at Bowater cost

approximately six million dollars (Watson et al., 1996) and that either type of column

installation caiJable oftreating the same feed would be significantly less.

Chapter 6: Results and Discussion 102



•

•

~ CHAPTER SEVEN ~

Conclusions and Recommendations

7.1 CONCLUSIONS

A number of conclusions can be drawn trom the studies pertbnned to date. They

are broken down as follows:

Batch Tests of Sparging Systems

1) The statie mixer sparger al superficialliquid veloeities of 0.9 mis and higher in

a 30 ppm Dowfroth 250C/water solution gave a similar JglEg relationship when

compared to the porous sparger (0.5 J.UIl).

2) The statie mixer sparger gave a similar JglEg relationship in a 1.3 0/0

consistency pulp solution when compared to the test done in Dowfroth

250C/water. The statie mixer sparger when operated at velocities higher than 0.6

mis outperformed the porous sparger in a 1.3 % eonsistency pulp. This was

attributed ta fiber floceulation during the poraus sparger batch test.

Statistical Analysis and Experimental Error

3) AIl measurements of eolumn conditions gave relative standard deviations less

than 5 % except for thase dealing with the rejects stream. The higher relative

standard deviatians for the rejects stream (10-20 %) were a result of bubble

movement and a build upl overflow actian in the froth zone.

4) The 90 % confidence interval for ink reeovery was ± 1.8 % and for organic

loss. ± 0.7 %.

Determination ofOperatinl ParaDleten - Porous Sparger

5) The optimum pulp retention time fo~ ink recovery \Vas 6 minutes. At times

longer than this organie losses began to inerease exponentially.
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6) Gas rate had a large effeet on ink recovery and organic loss. Both inereased as

the gas rate \\'as increased. At gas rates above 2.5 emls to 3 em/s column

operation beeame diffieult.

7) Wash water had Httle effeet on ink reeovery. Organic losses decreased as wash

water increased. This was attributed ta a reduction in entrained fibers.

8) Froth depth had Little effect on ink recovery. Organic lasses deereased as froth

depth was increased.

9) Column heights (3.1 m and 4.65 m) gave statistieally similar results.

Determination of Operation Parameters - Static Mixer Sparger

(0) The effeet of pulp retention time and gas rate had the same relationship in

terms of ink recovery and organic loss as the porous sparger.

Il) At a given air rate~ ink reeovery and organic lasses increased as the sparger

pulp rate was increased.

12) Varying the veloeity of pulp through the statie inline mixer gave control over

bubble size and thus superfieial bubble surface area rate. The statie mixer sparger

operating range was determined to be between 0.2 mis and 1.1 mis depending on

the gas rate utilized.

13) Column height had little effeet on ink reeovery and organie loss, similar to the

porous sparger.

Long Term Tests

14) The static mixer system (R,nk= 78.3 %) outperformed both the Bowater

flotation circuit (Rink= 75.9 %) and the eolumn with the porous sparging system

(Rink= 74.3 0/0) in tenns of average ink recovery over a 7 hour period. However,

the statie mixer sparger also gave the highest organie lasses of the three systems

tested (7.1 % versus 3.3 % and 4 %, respectively).

15) No operational problems were encountered with the statie mixer air sparging

system over the 7 hours ofeontinuous testing.
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16) Ink recovery with the porous sparging system decreased over time. This was

attributed to plugging of the sparger and the resulting decrease in available bubble

surface area.

17) The source of the plugging material was determined to fine minerai particles

which are typically used as tiller in magazines.

Overall Conclusions- Sparger Comparison

18) Continuous testing with pulp confirmed the JgiEg relationship that was

abtained in batch conditions with Dowfroth 250C and water. The statie mixer

sparging system was able ta produce the same bubble surtàce area rate (Sb) as the

poraus sparger.

19) During testing ofboth air sparging systems. as Sb was increased ink recavery

increased and until a plateau of approximately 85 ~D v..as reached. Organic lasses,

on the other hand, continuously increased to o\"cr 6 0/0. Both spargers produced

the same StJink recovery and organic loss rclationship.

20) A minimum Sb of approximately ~O S·l IS n:4uircd for reject overtlow at a

froth depth of 65 cm. and approximatd~ 1OO~· i:'\ n:4uired to match the ink

recovery of the plant flotation circuit.

21) The selection of one air sparging s~ ~h:m \'\ ~r th~ ,'lher shouJd be based on

operational stability and on a cost per unit bu~~I~ ,urIJ~~ arca rate produced.

Comparisons witb Previous Studies and 80WII-:f Illant

22) Bowater's flotation circuit which consists "f a {).:! Voith cell arrangement

had an ink recovery of 76.2 % (standard dc\"ia1ÏlJn O.9:!) and a organic loss of 3.7

0/0 (standard deviation 0.72) as deterrnined by t""O plant surveys.

23) The ink recovery/organic 10ss relationship (similar to the mineral system

grade/recovery curve) was shawn to usefuJ for comparing tlotation deinking

systems.

24) A model based classifier efficiency was used to describe the St/ink recovery

relationship. The model indicated little difference in ink recovery from previous
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flotation studies Watson (1996) and the present work. Previous differences were

attributed inconsistencies in the drift flu.x anaIysis method.

25) The present work produced slightly higher organic losses al equivalent Sb'S

compared to Watson's (1996) data. This was attributed to slight differences in

mill chemistry.

Scale-Up Results

26) Differences in the two company's design philosophies made it difficult to

directly compare their scaIe-up proposais. More detailed proposais are required to

accurately determine their advantages and disadvantages.

27) On a per colurnn basis, estimates indicated that columns equipped with an

internaI sparging system are slightly less expensive than a column with a static

mixer sparging system.

28) A deinking circuit based on the statie mixer system requires 6 columns (4.15

m in diameter by 9.15 m taII) in parallel while only 4 colurons (3.5 m in diameter

by 14 m ta11) with an internai sparging system in a CC/scavenger arrangement are

required to process Bowater's flow.

29) Initial capital costs, ink recovery and organic losses should not be the only

factors used in determining the benefits of certain air sparging technologies.

Sorne indication of the reliability and maintenance issues should be included as

weIl.

30) Any column installation based on the two scale-up options would he cheaper

than the existing Bowater flotation circuit.
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7.2 RECOMMENDATIONS

1) Circuit simulation and testing to determine the effects of various circuit

arrangements on ink recovery and particularly organic loss.

2) Determine the extent of particle collection in static mixer itself.

3) Perform fundamental experiments under controlled conditions to determine the

effect ofcolumn height, froth depth and bias rate.

4) Perform experiments to detennine whether flotation deinking columns require

more or less chemicals compared to present flotation deinking technology.

S) Install a statie mixer sparging system on a larger flotation column and run

comparison tests against porous spargers and the mill flotation circuit. These

would confinn lab scale results and provide scale-up data.

6) A detailed examination of the feed stream for the purpose of generating a

theoretical organic yieldlink recovery curve would be beneficial.

7) Perform test experiments ta determine the operating conditions and proper

dimensions necessary to minimize the amount of air recirculation in the statie

mixer sparger system recycle pump.

8) Perfonn column flotation experiments on reject streams to determine the

viability of the technology in reducing the fiber losses.

9) Determine whether the drift flux model can he directly applied ta a pulp

system without modification

10) Determine whether the scale-up equations used for minerai flotation calumns

can be direct!y applied to deinking flotation systems.

Il) Perform an economic analysis to determine whether the slightly higher costs

for installing a static mixer based sparger on a flotation column due ta less

maintenance.
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CV' APPENDICES rr
BATCHTESTS

A-l Batch tests done in water and 30 ppm Dowfroth 250C

A-2 Batch tests done in 1.3 % pulp

POROUS SPARGER TEST WORK (CODE: ISP)

B-l Test conditions

B-2 Flotation efficiency and brightness gain results

B-3 Flow rate~ consistency~ organic content and standard deviation data

B-4 Materia! balanced data

STATIC MIXERSPARGER TEST WORK(CODE: MIV)

C-l Test conditions

C-2 Flotation efficiency and brightness gain resu1ts

C-3 Flow rate. consistency. organic content and standard deviation data

C-4 Material balanced data

LONG TERM TEST WORK

D-I Material balanced data

D-2 Seale up parameters based on long term tests

BOWATER FLOTATlaN CIRCUIT SURVEY

E-l Material balanced data for surveys 1 and 2

WATSON (1996) COLUMN FLOTATION TEST WORK

F-l Bubble size and superficial bubblê surface area rate calculations

F-2 Flotation column test data for 0.5 J.lrn and 100 J.1m porous spargers
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C~J Flow rate, ronsistenr)', organir rontent' and standard deviation data (Sta1i~ Mber Spall:er.

Ta. Mn.. Flow Ma.n III...ia .10.. Ra.n-S" Ik~. ''''''iII) ~'~a.. (.'onlis.m~ .%) C_lislal", S•• On••%). OnaniCi (%1 Ona.in SI. On.•%1è'
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f-I Bubble size and 5u.lerfidal bubble area raIe ('al('ulalions (Walson t 1996)

Tti' S,tarr:tr J. J, t:. tr.. Rt. Il, d.. S..

Serits ln" C(.'.~ ,cml•• C-I..) (cml•• (cm/•• Ccm. (..'.
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