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AB8TRACT

Many traditionallaboratory-scale flotation cells lack the attribute ofbeing

hydrodynamically similar to the actual industrial flotation process. A device was built

that simulated solely the air-injection section ofan industrial flotation cell, in which

industrial Reynolds numbers can be achieved. It was found that fluid velocity has a

moderate effect on the bubble size distribution and surfactant concentration has a large

effect. ln addition, the presence of 0.2 % consistency T11P fibres or fines was found to

have a small effect on the bubble size distribution.

The air-injection unit was then expanded into a functioning lab-scale flotation

tell. The objective ofthese experiments was to investigate the effect of furnish type, air

volume fraction and slurry velocity on the deinking efficiency. The 1000/0 aged

newsprint mns had considerably lower initial brightness, considerably higher initial

ERIC, as well as a much lower Speck Removal after 30 minutes of flotation, compared to

the runs using 70% fresh newsprint and 30% fresh magazine. Increasing the air volume

fraction while keeping the suspension velocity constant, did slightly improve the deinking

efficiency for the 100% aged NP case, however, did not result in any significant

improvement for the 700/0 NP/ 300/0 MG case. It is believed that the increased shear

forces associated with increasing the suspension velocity broke-up ink agglomerates that

were in suspension into a larger number of smaller ink particles. Increasing the

suspension velocity increased the rate of flotation.
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RÉsUMÉ

La plupart des cellules de flottation utilisées en laboratoire ne reproduisent pas les

conditions hydrodynamiques des systèmes de flottation industriels. Un appareil a été

construit pour simuler la section d'injection d'air d'une cellule de flottation industrielle

dans laquelle le nombre de Reynolds peut atteindre des valeurs comparable à celles de

l'industrie. Les expériences ont montré que la vitesse du fluide affecte de façon modérée

la distribution de tailles des bulles dans le fluide alûrs qüe la concentration en surfactant a

un effet important. De plus, la présence de fibres ou de fines de pâte thermomécanique

(PTM) a peu d'effet sur la distribution de tailles des bulles.

A partir de l'unité d'injection, un système de flottation complet a été monté en

laboratoire. Le but des expériences est d'étudier l'effet du type de pâte, de la fraction de

l'air dans le fluide ainsi que de la vitesse du fluide sur l'efficacité de désencrage. Le

papier journal vieilli utilisé lors des expériences avait une blancheur initiale moindre et

une valeur d'ERIC initiale bien plus élevée que celles d'un mélange de 700/0 papier ournal

jeune et de 30% papier magazine jeune. L'enlèvement des points noirs après 30 min de

flottation est bien plus bas pour le papier journal vieilli. L'augmentation de la fraction

d'air pour une vitesse du fluide constante a légèrement amélioré l'efficacité de désencrage

du papier journal alors qu'aucune amélioration significative n'a été remarqué pour le

mélange. Nous croyons que l'augmentation des forces de cisaillement reliées à

l'augmentation de la vitesse de la suspension pennet de briser les agglomérats d'encre en

suspension en une grande quantité de petite particules. De plus, l'augmentation de la

vitesse de la suspension a augmenté la vitesse flottation.

IV
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1.1 JUSTIFICATION

Flotation deinking is a selective separation process in which hydrophobie (water

repellant) ink partic1es are removed frOID a wastepaper stream by becoming attached to

gas bubbles, most commonly air, enabling them to be transported upward into a froth in

the flotation celle In a flotation cell design, three separate stages can be identified as

aeration, mixing and separation.

Laboratory flotation deinking ceUs are commonly used for recycling research. A

thorough comparative study of laboratory ceUs has not been done in the literature thus it

is not known which best simulates the industrial process. As a result, no standard

laboratory deinking cell or operating conditions exist in order to sirnulate mill conditions

in the labo There is a need for a laboratory flotation deinking cell that convincingly

operates under industrially similar hydrodynamic conditions. Laboratory results attained

with such a device could closely match those attained in industry.

Laboratory flotation deinking studies found in the literature have concentrated on

the effects ofvariaus ink types, deinking chemicals and related studies. Not much

information is available in the literature conceming the effect ofphysical parameters such

as air volume or air bubble size on the deinking efficiency, although a few papers have

been found [1,2]. Based on the lack ofresearch in this area, a suitable study would be to

investigate the effect of process parameters on the bubble size distribution attained within

the air injection section of a flotation cell and on the overall deinking efficiency.

The overall objectives ofthis thesis are:

1) Develop and construct a laboratory-scale flotation ceU which operates under

industrially suniIar hydrodynamic conditions in the air injection section.

2) Investigate the effects of suspension velocity, the presence of fibres or fines, and

deinking chemicals on the air bubble size distribution in the air injection section.

3) Investigate the effects of suspension velocity, aeration rates, and pulp type on the

deinking efficiency of this novellaboratory-scale flotation celle

2



• 1.2 LITERATURE RE"~W

•

1.2.1 Basic Deinking Principles

The term deinking is a general tenn referring ta the removal ofprinting ink from a

slurry ofwastepaper in the recycling process. The ink is about 0.5-2% of the mass of the

waste paper [3]. A second aim of the deinking process is to remove other objectionable

non-fibrous contaminants such as coatings, adhesives and wet-strengili resins [4]. The

deinkability of a recycled pulp furnish will depend on the paper grade, on the nature and

amount of ink in the waste paper and on the ink setting and printing processes.

Cro\v and Secor [5] describe the ten basic steps in the deinking process, including

pulping, pre-washing heat and chemicalloop, screening (coarse and fine), through-flow

or reverse cleaning, forward cleaning, washing, flotation, dispersion, bleaching, and water

recirculation and makeup. Not all ofthese steps are used in all recycled fibre plants, and

the sequence in which they occur cao vary. One possible deinking system that

incorporates aIl of the basic ten steps is shown in Figure 1. In-depth descriptions of each

ofthese ten basic deinking steps are available in the literature [3,5].

Dilution'
through-tlow
CI••nlng •

Fln. CI••nllle 1--
.. - - - - ..J 1 r------'-......,
1 cl.rlfledr-----.J 1

••ter 1 DI.p.,.'on
Ch••t). 1".'eu.. 1Clarlfler,- - - - - 1

Pulpln, • ""'---'" 1 1 1
Stor.,. ' 1

H••t a 1 J.fl : Whlt.:
--r-~h.m~ca Clarlfl., 1 Wate, 1

J Ch••t 1 Ch••t 1

~---- -..I.--------..1---0----J

Wast.
Pape, ~

Figure 1. One possible arrangement of the ten basic deinking steps [51

•
A simplistic description of the deinking process would be to break it down into

two primary steps [6]. The tirst step occurs in the pulper in which ink is detached from

3
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pulp fibres. The pulper acts essentially as a large blender to disperse pulp into an

aqueous slurry. The removai of ink from the surface ofcellulose fibres is promoted by

mechanical action, chemical treatment, and thermal energy. Pulping may be done at low

consistency (4-8%) or high consistency (>12%) using different rotors. The trend is

towards high consistency pulpers due to improved contaminant removal efficiencies [7,8]

and substantial savings in chemicaI, steam, electrical energy and to a reduced pulping

time [4]. AIso during the pulping process various mechanical devices separate unwanted

contaminants from the recycled pulpe Such contaminants include long materials (e.g.

baling wire, tapes, and plastic sheeting) and large heavy items (e.g. nuts, balts and rocks).

Both batch and continuous repulping processes are available. The batch repulping

process is by far more common and sorne of its advantages include: better overall

process control, easy effective blending ofbatches ensuring unifonn pulp quality and

mixing ofchemicals, the ability to handle changes in incoming furnish quality, and lower

chemical cost. The most attractive attribute of the continuous repulping process is a

significantly greater production capability for a given unit size ofpulper [9].

Step two follows in which the înk, which is dispersed in the aqueous phase, is

separated from the pulp slurry. The challenge for the deinking mill is to remove these

particles efficiently and in a cost-effective manner. There are two deinking processes by

which fuis can be done: washing and flotation.

Washing is a process that mechanically rinses ink particles and other

contaminants out of the pulpe Basically, the process is based upon the large difference in

size between the fibres and the ink particles and consists of a series of altemating pulp

dilution and thickening operations. These operations are carried out enough rimes to

produce a clean pulpe During thickening of the pulp on a screen, the fibres are retained

on the screen and the small contaminant particles pass through the filtration medium with

the water phase. AImost all washing systems are based on a countercurrent flow sa as ta

minimize water usage and chemical consumption. Washing equipment may take on a

variety of forms such as rotary vacuum washers and double belt washers.

The second type ofdeinking process is flotation deinking and is the subject ofthis

4
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researeh. Flotation deinking is a selective separation proeess in whieh hydrophobie

(water-repellant) ink partieles are removed from a wastepaper stream by beeoming

attached to gas bubbles, most commonly air, enabling them to be transported upward into

a froth in the flotation cell. A basie schematic for a flotation deinking cell is presented in

Figure 2.

f:'Feed
< AIt Induced

.. ....~- -==>Acœpts

Air Bubbles

Figure 2. Schematic of a flotation deinking cell [11]

Flotation chemicals are used ta make the ink or contaminant particles sufficiently

hydrophobie ta adhere to air bubbles introduced into the suspension. These air

bubble/ink particle complexes then float to the surface where they are removed as a dirt

laden layer of froth in the rejects stream. So-called ucleaned" fibres exit the flotation cell

in the accepts stream which is often fed into another flotation cell to undergo further

deinking. During the flotation process sorne percentage of good fibres exit with the

rejects stream. Most flotation systems recover sorne ofthese good fibres from the rejects

stream in a subsequent secondary flotation stage. Typical volumetrie flowrates ofpulp

suspension entering an industrial flotation cell vary upon model type, however, one unit

operates at 20 000 L/min. The Reynolds number of the flow in the air injection pipe of

one industrial flotation cell, the Escher Wyss CF cell, is 60 000 \vhich indicates a

turbulent flow regime. In a later section Many industrial flotation deinking cells will be

described.
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As will be discussed later, washing is more effective than flotation in removing

particles ofsmall size (less than 10 microns). Due to this fact washing is an effective

method to remove clay and other tiller particles, thllS making it a good process for the

production of low ash content products, such as pulp for tissue production.

Also, the contaminant surface properties required for efficient removal also differ

for washing and flotation. In wash deinking, small hydrophilic particles (e.g.

flexographic inks) are preferred which remain weIl dispersed and have little tendency to

associate with fibres or with each other. These attributes allow the partic1es ta be carried

out with the water, flowing between fibres, during the dewatering or consistency-raising

washing step. Completely opposite surface properties are required for flotation deinking.

Required particle sizes for efficient removal by flotation are larger (l0-100 microns) and

the contaminant must be hydrophobic ta adsorb at the air/water interface of a bubble.

Flotation chemicals are used to heighten the ink particles' hydrophobicity.

New deinking mills May optimize ink removal efficiencies by using combined ink

flotation and washing. The most common configuration is to use flotation tirst ta remove

the bulk of the ink, followed by a washing stage to remove the residual ink. This process

utilizes the best ofboth worlds and is particularly effective for wastepaper containing

various types of ink fonnulations. Approximately 10-20% of mills worldwide using a

dual system use washing as the tirst stage followed flotation [3]. One disadvantage of

this configuration is that Many large ink particles that might have been removed by

flotation would be dispersed prior to flotation. To further improve the removal ofink

from wastepaper, mills primarily in Europe and Japan use flotation-wash-flotation

systems.

1.2.2 Development of Flotation Technology

The original flotation deinking cells were designed on the basis of the equipment

used in the minerai flotation industry. In flotation deinking the desired product are c1ean,

hydrophilic fibres which settle on the bottom of the cell, whereas in minerai flotation the

desired product are hydrophobic minerais that are concentrated in the froth. Due to the
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fact that mineraI flotation is a much older and larger industry than flotation deinking, a

very large body ofuseful technicai knowledge exists in the literature.

Mineral flotation became a patented process more than 120 years ago. On July 2,

1877, the Bessel brothers were granted a patent for Ua process for purifying graphite".

This is generally accepted as being the birth ofmodem froth flotation. As a result of this

process, mas! sulphide ores, a large proportion of the salt mineraIs, and aIso raw materials

such as iron ore and pit coai are currently enriched by flotation. It was not until 1955 that

the fust industrial flotation deinking cell became commercial in North America. In 1959,

the tirst European installation started up.

Flotation deinking is more popular than wash deinking in Europe and Japan due to

its much lower water consumption and minimal effluent. In contrast, the majority of

deinking systems used in North America use washing technology because this separation

technique traditionally produced cleaner pulps. Currently, due to increased awareness of

environmentai issues related to deinking effluent, and the production ofimproved

flotation cells, new deinking installations in North America are predominantly of the

flotation deinking type or a combination ofboth flotation and washing processes.

Flotation deinking has experienced a tremendous growth since the early 1970s.

The world production of deinked pulp (DIP) increased four-fold during the period 1972

1981, from 1.5 million tons per year to 5.9 million tons per year. By 1991, the world DIP

production experienced a three-fold increase to 17.6 MTY. By 2001, it is estimated that

this figure will increase to 31.0 MTY [10].

Deinked pulp is utilized in the production of the following three main paper

grades: newsprint, tissue, and printing and writing. The 1991 statistics dictate that of the

17.6 million tons ofDIP produced that year, 46% was used in newsprint, 25% in tissue,

13% in printing and writing, with the remainder being used in other paper board grades

and in market pulp [11].

Numerous reviews offlotation deinking technology have been written including

Dr. H.E Ortner's which was published in the 1981 TAPPI Recycled Fibre Monograph

[12]. Sînce then there have been a number of other review articles published [11, 13-19].
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In addition to being a separation process for ink from wastepaper and for mineraIs

in metallurgy, froth flotation and modifications ofthe flotation process have many

applications in other fields. These include the recovery ofbitumen from tar sands,

flotation ofsolids from white water in papermaking, and the removal ofoil or organic

contaminants from water or aqueous solutions [19].

1.2.3 Flotation Theory

Numerous approaches have been followed in the literature for creating a useful

model of the flotation process. One common flotation model is referred to as the

Probabilistic Model in which the flotation process is reduced to its essential elementary

steps. Schumann [20] based his probability theory on Gaudin's [21] hypothesis that the

flotation process can be divided into three major steps. Schumann expressed the

probability of the successful flotation of a particle as being the product of the

probabilities ofthe three main flotation steps. It is assumed that the individual

probabilities for a given particle are not correlated:

Pnotation = p(ct(A'(R) (1)

where PCC) is the probability ofsuccessful ink particle-bubble collision, PCM is the

probability of adhesion of the ink particle and the bubble, and P(R) is the probability of

stabilization and removal of the ink particle-bubble complex from the pulp. During a

successful collision between an ink particle and an air bubble a thin film is created

between them. For attachment ta he accomplished the thin film must rupture, and the

three-phase contact expand within this contact time. Therefore the induction lime, which

is the sum of the rupture tirne and possibly the time for three-phase contact expansion,

must he smaller than the contact time [28].

The flotation model by Tomlinson and Fleming [22] redefined the last probability

in equation (1) leading to an overall probability in the following form:

•
Pflolation =P(ci(At(E) P(F)

8
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where P(E) is the probability ofretention and elevation ofthe ink particle through the

Iiquid, and P(F) is the probability that the particle is retained by the froth.

Some models simply define P(E)as being equal to (l-P(O») where P(D)is the

detachment rate [23].

Other flotation models are referred to as Chemical Kinetic Models. These modeIs

are based on an analogy between chemical reaction kinetics and flotation due ta the fact

that bubble-particle aggregates form as a result of collisions. Sîmilarly, in chemical

reaction kinetics the elementary action is a collision between two spheres. Examples of

Chemical Kinetic Models can be found in the Iiterature [24-26].

Mi-ced Models of the flotation process try ta combine the concepts used in the

Chemical Kinetics Madel with those in the Probabalistic ModeIs. One commonly

accepted model ofthis nature can describe ink floatability by expressing the variation of

the ink particle number per unit rime in a given volume ofapparatus. Such variation

depends on the number of particlelbubble collisions per unit volume, per unit time

(represented by

ze:- 11p- nb, where ze: is a rate constant and IIp and ~ are the number of particles and bubbles,

respectively) and on the individual probabilities of interaction, mentioned previously Pte),

P(A)' and P(R):

(3)

•

PCC} is dependent on particle size and bubble size as weIl as system

hydrodynamics; PCA) on the ratio of ink and bubble size, hydrophobicity and contact time;

and PeRl on particle weight, contact angle, consistency, and flow hydrodynamics [4]. As a

result of such dependencies, the efficiency of the flotation process is influenced by the

surface and colloidal chemistry of the system as weIl as the types of equipment used for

the gas dispersion, mixing and froth separation. Excellent papers exist that go iota detail

describing the probability of each elementary step [27,28]. The reader is referred to the

literature for further reading on modelling methods of the flotation deinking process [28

31].

9



•

•

•

1.2.4 Industrial Flotation CelIs

A flotation cell is essentially comprised of three major zones: aeration, mixing

and separation. The amount of air and bubble size distribution is adjusted within the

aeration zone. In the mixing stage, microturbulance is created to increase collision

frequency between air bubbles and ink particles. Air bubbles rise to fonn a froth in the

separation zone which is subsequently removed from the cell. Due to the increasing

importance of flotation deinking, cell manufacturers continually update the design of their

cells to reduce energy, save space, improve deinking efficiency and reduce the loss of

valuable fibres.

The ink removal efficiency bas been shown to improve ifa combination of

dissolved and dispersed air is used [32]. Flotation is usually operated using a number of

cells connected in series through which the suspension passes in a steady flow [16]. In

addition, there are typically two stages to the flotation process. The primary stage is used

for deinking, while in the secondary stage the fibres from the froth of the primary stage

are retrieved.

Numerous reviews of modem flotation deinking cell technology exist in the

literature detailing their principles ofoperation, configuration and performance

[11,16,18,33-35].

The major developments in flotation deinking cell technology have occurred since

the end of the 1970's. This evolution is weIl documented in the literature [11].

Flotation deinking cells are currently being manufactured and distributed

worldwide by the following nine companies: Beloit, Corner, Kamyr, Kvaerner Hymac,

Lamort Fiberprep, Shïnama, Thermo Black Clawson, Voith Sulzer, and Wemco.

Table 1 summarizes the primary features of sorne of the mainstream flotation

cells. Please note that since the production of Table l, Black Clawson has come to he

known as Thermo Black Clawson; and Voith and Escher Wyss have merged to become

known as Voith SuIzer.

A description of the eight cells included in Table 1 plus six additionalleading

flotation deinking cells follows.

10



• BeloitPDM

The Beloit Pressurlzed Deinking Module (pDM) design is shawn schematically in

Figure 3. The PDM was the fust flotation cell to operate under pressure. In conventional

atmospheric cells, as the air bubbles collapse to forro the inky foam, the air escapes into

Air

1
Feed-. ~_.---Accept

•

•

Foam
Bubble separation Lon,

A.....t Mfxfng I-------Separatl--on-z-one----'---
Zone ZOne

Ci) Ci>

Figure 3. Cross-section of a Heloit PDM Flotation CeU [11]

the atmosphere. The foam is then commonly removed by a weir overflow.

Due ta the fact that a moving body ofpulp is used ta transport the foam over the

weir, fibre lasses are increased and secondary reject treatment stages are required to

recover this good fibre. The novel feature of the PDM is that the air is captured and the

foam is removed in the separation zone by the internaI pressure of the unit. This foam

removal system greatly reduces fibre rejects and therefore no reject stages are required.

AIso, the air in the rejects stream can be directed out of the building eliminating air

pollution problems.

In a flotation cell design, three separate stages can be identified as aeration,

mixing and separation. In order to maximize ink removal, the PDM design separates and

optimizes each stage independently ofeach other.

Finally, air is introduced into the PDM with the use ofcompressed air, eliminating

any possible plugging problems that occur with conventional venturi-style injectors. A

paper by McCool and CarroI [36] on the PDM mentions that the pressurized air injector

11
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aIso causes sorne ofthe air to be dissolved into the pulp which may come out ofsolution

and be attached to the ink particles. This phenomenon may increase the ink removal rate.

Table 1. Summary of Features for Some Common F1otation Deinking CeUs [11]

SuppUer BeJoit Black Escher Kamyr Lamort Volth
Clawson Wyss Ftberprep

1. Celi Name PDM mIlBC 1) Cf Gas Verticel Elliptical
2) CFS Sparged DA Multi
3) CFe Cyclone Injecter

z. Vear 1987 1991 t) 1984 1991 1985 1990
Introduced 2) 1989

3) 1992

3. Shape or Tubular Rectangular Cyl indrical Cyclone Cylindrical Elliptica1
Body

4. Pressurized Yes No No Yes No No

s. VesselBody Open
CfC-

Sea1ed Enclosed Enclosed Sealed Open Enclosed

6. Internai No Yes No No No No
AgUator Turbine

7. Stock Feed Single Single Multi Single Multi Multi
Une

8. Ai.. Feed Compressed Compressed lnduced Compressed Induced Induced

9. Rejed Pressurized Gravity Gravity Pressurized Vacuum Gravity
Removal + Scrappers

10. No. or Stages
Primary 1-4 1-2 1-6 1-3 2 4-6
Secondary 0 ()'l 0-2 0-1 0 1-2

Il. Deinked Ali Mainly Mainly White AU Mainly
Grades News White News

12. Estlmated 2S 4 SO 1 50 20
No. or
Systems
(April 1992)

Thermo Black C/awson lHUBC

The Thermo Black Clawson IHIIBC flotation cell consists ofa large vessel with

rounded corners and has a very large volume (Sa m3 or 13 000 US gai). The eeU design is

12
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shown in Figure 4. The cell combines long retention time, large volume of air and high

shear mixing to maximize ink removal.

Pulp stock is fed in at the bottom ofthe cell and the accepts leave the cell at the

opposite corner. A blower feeds air into two high-speed turbines located near the bottom

of the cell and run its entire length. The turbines mix a large volume of air into the stock

with high shearing forces. Internai baffles force the stock to pass around the turbines a

number oftimes, aerating it repeatedly. This flow of air helps to push the foam, which is

normally 12-24 inches deep due to the high amount of aeration, to the rejects outlet,

ln/et

Figure 4. Top and cross-sectional views of the Thermo Black Clawson IHIIBC [11]

where it is skimmed by mechanical paddles into a rejects trough. The deep foam level

ensures efficient ink removal, minimizes fibre loss and allows for precise levei control.

Within the trough, showers are used to break up the foam. These cells operate using an

extremely high air:pulp volume ratios (up to 10:1). Increased flotation efficiencies are

claimed to be attained due to this fact and the system requires only one primary stage and

one or no secondary stage.

Escher Wyss CF/CFS/CFC Cells

The CF (Compact Flotation) Cell is designed for the removal of smali ink particIes,

13
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and the CFS (Compact Flotation-Speck Removal) Cell was designed for the removal of

large ink particles. Both ceIls are cylindrical with tangential stock feed through multiple

lines, and foam is removed by gravity overflow. The primary differences between these

cells are in the aeration sections and in the tank construction.

The CFC cell introduced in 1992 is a modification of the CF and the CFS cells. It

is a totally enclosed modular design. It may be insta11ed in either a single cell or a

stacked two-cell arrangement. Because itts stacked design is self-supporting, it is easier

and less expensive ta install and also saves floor space. A schematic of the CFC is shown

in Figure 5.

t
AIR

Figure 5. Escher Wyss CFC cell [Il]

Two factors are claimed by the manufacturer as being the keys to the efficiency of

14



• Escher Wyss cells. Firstly, the mixing section uses a patented, step-diffuser aeration

element based on Escher Wyss headbox technology, shown in Figure 6. As the grey

stock flows past the air inlet, air is aspirated into the pulp slurry.

As stock travels through the diffuser and approaches the tank inlet, turbulence

grows, creating improved stock/air mixing and increasingly larger bubbles. This

contralIed, sequential coalescing removes ink particles to as small as ten microns and up

ta 500 microns in size. Varying numbers (depends on cell size) ofstep diffusers are

located vertically around the circumference of the celle

•
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Figure 6. The Escher Wyss step diffuser design (18)

Secondly, the aerated stock is fed iota the celIjust below the surface of the pulp,

allowing air bubbles carrying ink particles ta quickly rise to the surface. The tangentially

fed stock enters the cell with a slight circular motion to ensure that the foam created in

the cell is directed to a central overtlow. Showers are located above the central overflow

to breakdown the foam. Secondary cells may be required with larger systems.

The CFC Flatation Cell cornes in 12 models, either as space saving, stacked

systems, or in single units. Capacities range up ta more than 8000 GPM.

Kamyr Gas Sparged Cyclone (GSe)

The Kamyr Gas Sparged Cyclone (GSC) is a pressurized flotation cell developed

at the University ofUtah ariginally for minerai flotation. The cell design is shawn in

15



• Figure 7.

The stock enters the unit tangentially at the top, and the accepts leave at the

bottom apex. The stock spirals down the cell against a porous wall. The thin layer of

pulp reaches a maximum thickness of less than 5 centimetres.

Compressed air forced through the porous wall produces bubbles that become

attached to ink particles. These complexes migrate to the central air core and produce an

inky froth that exits via the top of the unit. The short bubble path to the reject area

increases the probability of successful ink transport to the reject area before particle

detachment from the bubble can occur. AIso, thin layer pulp flotation allows for

successful deinking at higher consistencies, up to 3%.

•
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Figure 7. The Kamyr GSC (gas sparged cyclone) [11]

Lamort Fiberprep Double Action (DA) VerticeI

The Lamort Fiberprep Double Action (DA) Verticel is a cylindrical cell with a

tangential feed. A cross-sectional view of the cell is shawn in Figure 8. The typical
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system consists oftwo cells installed in series. The Verticel was the tirst cell to divide

the feed stock into separate streams and apply multi-aeration to each of the streams. This

design, which improves the mixing ofpulp and air, was later implemented in Escher

Wyss and Voith cells.

Another unique feature of the Verticel is that it uses double aeration. That is, the

accepts stock is returned to the cell, and more air is added in the process with the use of

venturi-type injectors. This improves the deinking efficiency of the cell.

The Verticel was aIso the fust flotation cell to use vacuum to remove inky foam

rejects. This increased the yield of the cell and eliminated the need for secondary cells.

Figure 8. Cross section of the Lamort Fiberprep DA Verticel [11)

Voith Multi-Injeetor Elliptical Ce/ls

These cells are comprised of single flotation cells arranged one after the other.

The cell, shown in Figure 9, has the form of a horizontal elliptical cylinder with an

integrated accepts outlet and controllable foam overflow. The number of these cells

required is dependent on the raw material and throughput desired.

The accepts ofeach cell are pumped into the vertical injectors of the next tell. Air

at atmospheric pressure is drawn into these injectors, rnixed with the pulp slurry and

dispersed into the flotation cell. The ink-laden froth that forros flows ioto a collecting
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channel. Sorne stock overf1ow is usually required to maintain a constant movement of

foam toward the foam channel, which usually results in the need for secondary cells.

Shower pipes are aIso located in the foam channel ta breakdown the foam for easier

handling.

Figure 9. The Voith Multi-Injector Ellipticai Cells [11]

Wemco

The Wemco cell was originally designed for the mineraI industry and is now used for

pulp deinking. The Wemco cell generates the air bubbles through a rotor which is

submerged ioto the stock. The rotor speed and submergence depth can be altered ta attain

the optimum bubble size distribution for ink removal. The 1000 cubic foot cell model

occupies 140 square feet of floor space and utilizes 60-75 hp while circulating the stock

at 330 feet per minute [18].

Shinhama Hi-Flo

Another flotation cell in use is the Shinama Hi-Flo flotation cell [37]. This

Japanese cell is a hydrocyclone similar to the Kamyr GSC, however, the Hi-Fla is larger

and does not have a porous media. A Hi-Fla unit is shown in Figure 10.
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Figure 10. The Shinhama Hi-Flo Flotation Cell [11]

Recent Flotation Cell Designs

Comer Spidercel

The Corner Spidercel, shawn in Figure Il, offers a unique approach to deinking.

It utilizes reactor technology combined with multi-Ievel air:stock injection applied to

flotation deinking. This is said to yield higher ink particle removal efficiencies over a

much wider range ofparticle sizes [38] .
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Figure 11. The Corner Spidercel [39J

The body of the Spidercel is cyIindrical with a conically-shaped bottom to ensure

adequate blending before recirculation. The reactor consists of a variable-speed rotating

shaft with blades situated just below three injection levels. The blades help to release

additional micronized bubbles at each level. The foam removal system is a scraper and

discharge trough situated at the top of the celle The Spidercel is manufactured in seven

different sizes ranging from about 15 to 225 bone dry tonnes per day [38].

Kvaerner Hymac Flotation Column

The Kvaemer Hymac Flotation Column, shown in Figure 12, uses technology

extensively used in the mining industry and bas adapted it for use with wastepaper

deinking. The pulp slurry is injected about one-third from the top of the cell and it

travels down in the column while the air injected from the base rises counter-currently to

the stock. An ink-laden foam fonns at the top of the column and is removed by a scraper.
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The cell is typically 5-7 meters high and 1.5 - 4.6 meters wide [40]. The cell

manufacturers claim that flotation column technology provides low operating and capital

costs (electricity, yield loss, space requirements, possibilities for outside building) and

leads to a simplification of the whole flotation process in deinking plants [41]. Air is

injected into the cell with the use ofunifonnly distributed porous spargers which

produces a wide range ofbubble sizes for high ink removal efficiency and low chemical

consumption. The cell is totally enclosed to capture air emissions.

Thermo Black Clawson MAC Cell

The MAC Cell, shown in Figure 13, is the successor orthe Verticel previously

discussed. The manufacturer claims that one MAC Cell's increased flotation efficiency is

equivalent to the use oftwo or three Single-Aerated (SA) or Double-Aerated (DA)

Verticels in series. A single MAC cell contains intemally the required number of

flotation stages in series. As a result, the Mac Cell is a space-saving cell having a

maximum height of3.8 m and a maximum diameter of7.8 m. Air is added into the cell

using Autoclean injectors, which the manufacturer claims are unpluggable. The cell is

aIso marketed as requiring 40% less power than the Verticel [42].
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Figure 13. The Thermo Black Clawson MAC CeU [42)
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Voith Sulzer Ecocell

The Voith SuIzer Ecocell, shown schematically in Figure 14, operates very

similarly to the Voith Elliptical Multi Injector but incorporates sorne technological

advantages of the Escher-Wyss CF cell. It is claimed to effectively remove a wide range

ofprinting ink particle sizes (approximately 5-500 micrometers). The cell is totally

closed with an intemally located aeration element ensuring a closed process air circuit.

The large aeration element in the Venturi-style injectors prevent plugging. A secondary

flotation cell is recommended to minimize fibre loss. The EcoCell can be optionally

equipped with a FrothVac for the destruction ofdifficult foam.

Figure 14. The Voith Sulzer Ecocell [43]

1.2.5 Laboratory-Scale Flotation CeUs

Laboratory flotation deinking cells are commonly used for recycling research.

Sorne of the variables that are studied include: residence time in the cell, number of

passes through the cell, air volume, air bubble size, temperature, stock consistency, water

quality, the type and amount of soaps or surfactants added. There is currently a wide

variety of laboratory-scale flotation deinking cells being used. Many ofthese cells are

manufactured by mill-scale equipment suppliers (e.g. Voith, Lamort Fiberprep, Denver).

Different brands oflaboratory units operate under different conditions, for example,

different volumes ofpulp are used. The suspension volumes typically used in such cells
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is between 1.3 and 28 L, although one 250 L unit exists. Even when the same brand and

model oflaboratory units are used, the operating conditions may he different, when

operated by different research groups. Therefore, because no standard cell or operating

conditions have been established, comparisons of results from different groups are

difficult.

The majority oflaboratory cells have a turbulent zone at the base of the cell,

which prevents the sedimentation ofdispersed particles and promotes particle-bubble

collision frequencies and thus particle-bubble adhesion. However, it has been found that

excessive mixing May lead to the detachment of the particle from the bubble [44]. At the

top ofmost laboratory cells is a quiescent zone, which allows for effective froth removal

either rnanually or by a powered skimmer. The quiescent zone also discourages

recirculation of the inky froth into the suspension being deinked. A thorough

comparative study of laboratory cells has not been done thus it is not known which best

simulates the industrial process. Several papers can be found in the literature that discuss

current laboratory deinking practices [1,2,45,46] .

Laboratory flotation experiments have concentrated on the effects of various ink

types, deinking chemicals and related studies. Not much information is available in the

literature conceming the effect ofphysical parameters such as air volume or air bubble

size on the deinking efficiency, although a few papers have been found [1,2]. Sorne

existing cells have inadequate control ofvarious physical parameters such as volume of

air intake, air bubble size, and air bubble size distribution.

Air is introduced into most laboratory cells by a rotor-stator principle. The air for

flotation is taken in by a rotating stirrer (rotor) and distributed by static elements (stator).

Sorne existing systems also use pressurized air for the flotation process, commonly in

combination with a rotor for air distribution within the pulp.

The presence ofan internai rotor in many laboratory flotation cells, and the lack

ofthem in the vast majority ofindustrial cells, can lead to differences in flotation

efficiencies. For exarnple, variations of the rotor rotation speed significantly affects the

flow pattern in the cell. Increasing the rotation speed increases the turbulence in the cell
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and may hinder the successful flotation ofair bubble/ink particle complexes to the froth.

High turbulence in the flotation cell can also lead ta a partial recirculation of the froth

into the pulp suspension, thus decreasing the flotation efficiency. In addition, increased

shear caused by the rotor could break ink particles down into a smaller size, which may

be more difficult to float. Also, this increased shear may release ink particles that were

still attached ta fibres, which might not have occurred in an industrial flotation unit due to

the lack of rotor shear. For these reasons, the presence of an internai rotor within a

laboratory cell may make comparisons with industrial cells difficult.

Based on sorne of the above argumel':'.ts, Ackennan et al. [1] listed the

requirements of a laboratory flotation cell as being: (1) simple, sturdy, and self-cleaning

design (2) aeration without any stirrer (3) control of air supply, bubble size, and bubble

size distribution (4) formation offroth not affected by counter-mixing with the

suspension (5) continuous froth removal.

A brief description ofsix commercially available laboratory deinking ceIls now

fol!ows.

Voith E Cell

The Voith E cell, shown in Figure 15, is made ofplexiglass and is a scaled-down

version ofVoith's industrial flotation cells. Air is introduced into the cell from the air

Venturi plexiglass injector. The froth is manually removed by scraping it across the

overflow weir. The cell is available in two sizes, 18 litres (type E-18 V) and 250 litres

(type E-250 V).

Lamort Fiberprep LAM'DEINKIT Cell

The FiberpreplLamort LAM'DEINKIT is a laboratory unit which combines a
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Figure 15. The Voith E Laboratory Flotation CeU (type E-18 V) [47]

laboratory sized high consistency pulping unit with a laboratory flotation deinking unit.

With this unit it is possible to evaluate the pulping action as weB as the ability to float

this material after pulping. The unit is easily converted from a pulper to a deinking unit

in a matter ofminutes. To convert the unit to a flotation cell, the coyer is removed, a low

profile, flat rotor is installed designed ta mix air with stock, a perforated air-suction

column is installed over the flat rotor, and a froth collection collar is placed over the top

rim of the pulper tank. The speed of the motor is switched to high speed for the flotation

operation.

Flotation experiments are run with pulp suspension having a consistency between

0.8-1.3%. During flotation the rotor speed is 1440 rpm. The froth which forms during

the experiment is continuously scraped into a froth collection collar and water (at the

same temperature as the suspension) is added to maintain a constant level in the cell

throughout the test. Hyperflotation is typically achieved after 12-13 minutes and

represents the maximum attainable removal ofink.
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Denver Cell

The Denver laboratory cell, shown in Figure 16, operates in much the same

manner as its industrial counterpart which originated in 1950 and was the fust flotation

deinking cella The cell is a rectangular tank containing a central agitator which is located

within a shaft. When the agitator is turned on, air is drawn down the shaft and is

dispersed through the stock. The froth is manually removed by scraping it across the

overflow weir into a collection vessel.

Figure 16. The Denver Laboratory Flotation Cell [49]

Adirondack Formax Ce/l

The Adirondack Machine Corporation Formax laboratory flotation deinking cell

was developed to he as flexible as possible for evaluating process variables as weIl as to

produce deinked pulp sample sizes large enough for further processing, such as

thickening or displacement washing [48]. Such processes have fibre losses associated

with them and require sufficient sample size for handsheet preparation. The cell, shawn

in Figure 17, is constructed from stainless steel as opposed to plexiglass. The

disadvantage ofusing plexiglass is that ink particles tend to adhere ta the walls of the cell
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Figure 17. Adirondack Formax Laboratory Flotation Cell [48]

which affects the reproducibility of experiments.

The cell is designed to operate with 28 liters of stock at 1% consistency. The

stock is circulated through the deinking tank and a 3/4 inch pve circulation loop by a

centrifugai pump. Compressed air is introduced just before the stock enters the cell at a

maximum rate of2 cubic feet per minute (@ 15 psi). Bubble size is controlled through

regulation ofboth air pressure and air flow. This method for producing air bubbles

allows for a variety ofbubble sizes at equal air volumes and is easily adjusted [48].

A reject tube is located in the center of the cell. The stock and reject tube heights

are adjusted 50 the reject foam spills into the tube. Typically, the reject tube is Il inches

from the tank bottom.
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Leeds Cell

Figure 18 depicts the Leeds cell which is used by Gil Donis et al. at the Pulp and

Paper Research Institute ofCanada (PARICAN), Pointe-Claire, Quebec, Canada. The

body of the cell is made ofplexiglass and is mounted on top ofa base unit which houses

an impeller assembly and a variable-speed motor. The square cell has a main volume of

5 L with a removable sloped extension that adds 1.5 L to the total cell. The sloped

extension channels the froth to facilitate its manual removal with a scraper.

Gas is fed into the cell at flow rates of 1.5 ta 3 L/min by a low-pressure gas

supply to the base of the cell via a sloping pipe which passes through the back of the cell.

Gas bubbles emerge from the pipe and are immediately broken down into smaller bubbles

by a variable speed impeller which typically operates at above 1000 rpm. The impeller

consists of a disk with vertically-oriented rods equally spaced around the periphery.

Baffles are placed around the impeller ta prevent a swirling motion within the tell. In

order to dampen turbulence in the upper portion of the cell, corner pieces are placed

above the baffles and held in place by bowed stainless steel wires. The cell temperature

is adjusted with a temperature controller connected to a heater and thermistor located

•
Figure 18. Side and top view of a Leeds Laboratory Flotation CeU [45]
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inside the cell.

lnjector-Aerated Cell

With the Injector-Aerated laboratory flotation cell, developed by the Institute of

Paper Technology/ Darmstadt, Germany, it is possible ta study the effects ofphysical

parameters, such as, air volume fraction and bubble size, as weil as deinking chemicals.

This cell produces fibre yields ofapproximately 90% which is similar to the yield

obtained in the primary stage of industrial flotation units [1].

The flotation cell consists of a plexiglass cylinder 30 cm in diameter with a

concentrically situated reject discharge tube, 9 cm in diameter. The height of the rejects

tube is adjustable. The suspension volume varies between 10 and 20 L. The deinked

stock exits in the accepts stream and enters one of two storage tanks which are equipped

with a stirrer and impact plates to keep the stock well rnixed and avoid the fonnation of

deposits. Air is introduced just prior to the inlet of the cell with the use of a Venturi

injector.

Since two storage tanks are provided, the flotation cell can be operated under

different conditions, see Figure 19. In continuous, single-stage flotation, the suspension

is circulated through a loop consisting of the cell and one tank until the desired flotation

time is reached. Alternatively, single-pass flotation Can be implemented in which aIl of

the pulp is pumped from the bottom storage tank, through the flotation cell, and all the

accepts are collected in the upper storage tank. This completes one pass. The stored

accepts can DOW be transferred back to the empty bottom storage tank and the process can

begin again for a second pass. This can be repeated until the desired number of flotation

passes is achieved.

It is known that the vertical distance which an air bubble/ink particle aggregate

must travel to reach the suspension surface affects the flotation efficiency. In order to

investigate this, the cell is equipped with three alternative stock inlets positioned at

various heights, see Figure 19.
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Figure 19. Scheme of the Injector-Aerated Laboratory Flotation Cell Unit [1]

1.2.6 Factors Affecting Flotation

Numerous papers have been written describing the factors that affect flotation

deinking [36, 50-55]. These factors can be divided into two groups: those related to the

incoming grey stock properties and those related to the equipment.

The incoming stock typically has the following characteristics: consistency

0.5-2.0 %; pH 8-11; temperature 40-55 oC; and water bardness 110-130 ppm Ca-. The

optimum pH, temperature, and water hardness are dependent on the choice of flotation

chemicals used. For instance, water hardness is a factor only if fatty acid soaps are used.

Flotation efficiency bas been round ta improve if the incoming grey stock has a

significant ash content. A clay content of 8 - 10 % is considered a minimum requirement,

and 12-14 % is preferable [17]. This level can usually be maintained by blending in

coated waste with the greystock. Approximately 25-30 % of the clay is removed in the

rejects stream.

The optimum stock consistency is dependent on the type of flotation cell used but

is typically within the 0.5-2% range. However, it stands to reason that if the fibres are
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present at too high a stock consistency, they will decelerate the rise of the air bubblel ink

particles complexes. Too high a stock consistency May result in a decreased flotation

efficiency because the increased frictional resistance ofthe stock suspension may loosen

the ink particles from the air bubbles thllS preventing their discharge with the froth.

When considering the optimum equipment attributes for a flotation cell.. four

principal factors can be identified and summarized as: (i) ink particle attributes - number,

size distribution<t shape, and surface chemistry; (ii) air bubble attributes - the number and

size distribution; (ili) the role ofmixing and foam removal; and (iv) chemisny.

(i) Role of Iok Particles

Ink particle size has been shown in the literature to be an important aspect in

flotation [56,57]. The particles must be large enough in arder for an adequate amount of

bubble/particle collisions ta occur yet they must be small enough so that the

bubble/particle agglomerate May ascend to the flotation cell surface. Ink particles must

also be sufficiently hydrophobic, or are able to be made sa through chemical addition, in

arder to attach to the bubbles. For example, the hydrophilicity ofwater borne inks has

been identified as the key factor responsible for the poor floatability in sorne [57].

Finally, the relative velocity ofink particles before collision with the air bubbles will play

an important role in the interfacial contact step ofparticlelbubble interaction [58,59].

The number, shape and size distribution of the ink and contaminant particles

delivered ta the flotation cell will depend primarily on the type ofdeinking stock being

treated and on the treatment imposed in the repulping stage. Figure 20 shows the classic

particle size distribution versus removal curve. This figure illustrates the particle size

distributions that are generally suitable for washing and flotation. Washing is best suited

for the removal of small particles generally below la microns, whereas flotation is more

suitable for particles between la and 100, and c1eaners and screens will remove partic1es

that can be seen visually (above 35 microns). These numbers are not to be interpreted as

absolute values but rather general trends of the deinking industry. For instance, many of

the tlotation cells discussed above can, and do, handIe particles beyond the size range
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Figure 20: Particle size distribution and removal [18]

indicated.

Effective removal of ink particles from the repulped fibre slurry is only possible if

the ink particles are completely detached from the fibres prior to flotation. This is

achieved in the repulper at an appropriate temperature using mechanical action and the

addition of chemicals. Ineffective repulping results in printing ink trapped inside fibre

bundles, as shown in Figure 21. Flotation using pulp in this condition will not be

effective in removing the ink partic1es from the fibre stock suspension. Figure 22 depicts

another sign of ineffective repulping. In this case the fibre bundles have been opened up,

however, ink particles still are adhered to the individual fibres. Such pulp can never yield

optimum flotation efficiency because the ink-laden fibres will always cause sorne kind of

mottling. Figure 23 shows a weil prepared stock. AlI the ink particles are detached from

the fibres and can now be effectively floated from the fibre stock suspension.

Table 2 shows the ink particle sizes generally found after repulping for various

printing methods. It is apparent that flexographic inks are generally too small to be
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Figure 21. Poorly slushed pulp [16] Figure 22. Stock completely
defibered but ink particles still
adhere to fibres [16]

•

Figure 23. WeU-prepared stock [16]

efficiently removed by flotation. However, it has been shawn in the literature that a

suitable chemical treatment can render flexographic inks suitable for flotation by

agglomerating the particles and inducing a hydrophobie surface [61].

Numerous papers have been published regarding the effect ofparticle size on the

flotation efficiency. Larson et al. [62] performed flotation experiments using model ink
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Table 2. Ink particle sizes aCter repulping printed papers [60]

PRINTING PARTICLE SIZE PAPER
PROCESS (Microns)

2-30 UNCOATED
LETIERPRESS

10-100 COATED

2-30 UNCOATED
OFFSET

5-50 COATED

2-30 UNCOATED
GRAVURE

5-30 COATED

0.3-1 UNCOATED
FLEXOGRAPHY

0.7-2 COATED

particles in soap solutions but in the absence of fibres. Based on their results the flotation

process follows first arder kinetics with the rate constants being proportional ta the

particle diameter raised ta the power 1.8. This dependence was attributed to an increase

in collision efficiency with increasing particle diameter. This phenomenon was later

confirmed in ink pulp suspensions [63]. Although other papers have been cited that

indicate a similar size dependence to that reported by Larson et al. [62,63], others

indicate that particle size plays no role in flotation [33,64] or that flotation efficiency

drops with increasing particle size [16].

(ii) Role of Air

A crucial parameter is the ratio ofpartic1e size to air bubble diameter. Linck [50]

has shawn that bubbles must have a minimum diameter of0.3 mm in arder ta have

sufficient buoyancy to push through the fibre slurry. Isler [65] has shown ifbubbles are

tao small (diameters smaller than 0.1 mm) they will tend ta stick ta pulp fibres, causing

their removal during flotation. Such a phenomenon is applicable to dissolved air flotation

c1arifiers due to the fact that they utilize bubbles ofthis magnitude. Particles which are

too big for the size ofan air bubble have a small contact surface in comparison to the
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partiele length, thus allowing high turbulence in a flotation cell to dislodge the particle

from the surface of the bubble.

Dongming et al. [66] describe that if the particle is too small, surface tension and

the eleetrostatic double layer forces come ÎDto effect and the particle cannot adhere to or

penetrate the surface of the bubble. Szatkowski and Freyberger [54] have shown that the

optimum bubble size to particle size ratio should he approximately 5: 1. This paper aIso

cliscusses that the mechanism for the flotation process is controlled, in part, by the rate of

bubble coalescence and buoyancy of the particle-laden bubbles.

If the ink particies to be removed have a large size distribution, the 5:1 bubble size

to particle size ratio requires that a range ofbubble sizes be produced for the suceessful

flotation of ail particle sizes. The bubble diameter and number ofbubbles in a flotation

system are controlled by the injectors. Thus, the injector design and operation could be

described as the heart ofany flotation unit. The efficiency of the injector is described by

Pfalzxar [52] as being dependent on the specifie intake of air, the specifie energy, and the

throughput through the injector. The efficiency ofan injector can be increased by

increasing the air flow and thereby increasing the bubble surface area per unit time

passing through the cell. Beyond a certain point, however, the air flow is no longer

dispersed into discrete bubbles. Typically, the air flow rate ranges from 30 % to 50 % of

the pulp flow rate, however, sorne of the cells previously discussed operate with much

higher air:pulp ratio. The optimum flow rate must take into account the size and number

ofink particles and contaminants to be removed in addition to the design of the flotation

celi. The majority of the flotation cells worldwide introduce air into the system using

atmospheric air injectors similar to the Escher Wyss design discussed earlier.

The effects of using other gases, rather than air, for flotation deinking has been

investigated in the literature. In one particular study the gases evaluated were oxygen,

nitrogen, and carbon dioxide. Only carbon dioxide was found to have any advantages

over conventional air flotation. It increased the acidification of the system leading to

better optical properties but reduced mechanical properties [67].
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(iü) Role of Mixing and Foam Removal

Effective mixing between the inky stock and the air bubbles is essential in arder

to attain a maximum rate of collision between the bubbles and the particles to be

removed.

The act of air injection and the subsequent mixing that occurs results in the

fonnation offoam. A few different systems are in use in order to separate the ink-Iaden

foam from the deinked stock. Most commercially available systems use sorne sort of

overflow rnechanism, whereby the inky foam overf1ows to a weir. As previously

described, the Lamort Verticel systems use vacuum-assisted foam removal and the Beloit

Pressurized Dcinking Module (pDM) uses the pressure in the flotation chamber to force

the rejects from the unit. Once the foam is created it is stabilized by the chemical

environment. It should be stable enough to carry the ink and other particulates from the

flotation cell, however, the foam must break down upon entering the weir or else it may

excessively build-up within the reject handIing system.

(iv) Role of Deinking Chemicals

Deinking chemicals are used to achieve the following four objectives [11]:

(1) separation ofink from fibre (wetting) and prevention ofredeposition oÎink on fibre

(detergency) (2) increase the hydrophobicity of ink particles to facilitate their removal by

flotation (3) bleaching of fibre (4) clarification and sludge dewatering

Chemistry is involved in Many of the key processes in a deinking mill: pulping,

flotation, washing, bleaching, water clarification and sludge treatment. A list of chemical

types and their application is presented in Table 3. Table 4 goes on to describe function

of sorne the key deinking chemicals. One paper [68] explains in detail the function of the

various chemicaIs in Table 3. One interesting paper [7] gives six examples of the

appropriate selection ofdeinking chemicals for six realistic deinking operations.

It is important to remember that sorne of the chemicals have more than one action,

not all ofwhich may be desirable. For example, caustic soda makes fibres more flexible

and helps ta remove the ink; but, in newsprint furnishes, it will cause alkali darkening, or
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Table 3. Deinking System Chemicals [11]

ClarifICation
Chemical Pulper Flotation Bleaching and Slud&e

Treatment

1. Sodium Hydroxide X X
2. Sodium Silicate X X
3. Chelating Agents X X
4. Surfactants X X
5. Dispersants X
6. Detackifiers X
7. Agglomerators X

8. Flotation Collectors X X
9. Calcium Chloride X X

10. Hydrogen Peroxide X X
Il. Sodium Hydrosulphite X
12. Formamidine Sulfinic Acid X
13. Sulphuric Acid X

14. Alum X
15. Flocculation Polymers X

undesirable yellowing orthe stock.

Flotation chemicals are generally known as collectors and can be classified into

two main groups: soaps and synthetic collectors.

The traditional flotation deinking chemicals are soap and calcium ions (calcium

chloride), however, recentIy many deinking plants have turned to using synthetic

surfactants (surface-active-agents). Soaps and surfactants have similar chemical natures

in that both are molecules that have a spherical hydrophilic body and a long hydrophobie

tai1. Figure 24 presents the structure and classification of the most commonly used

surfactants.

Soaps

A soap is a salt, usua11y the sodium sait, of a fatty acid. The soap collector

systems used in deinking processes today are blends offatty acid derivatives with chain

lengths ofC-14 to C-18 [69]. Soap is normally added in amounts of 0.5 - 1.0 % based on
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calcium ions must be present in the suspension. Such ions are typically introduced ioto

Table 4. Funetions of Deinking Chemicals [70, 71 ]
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DEINKING CBEMICAL

Sodium hydroDde
(NaOH)

Sodium silicate
(NaSiOx )

Sodium carbonate
(NaCOJ

Complexing agent
(e.g.. DTPA)

Non..ionic Surfactants
(e.g. Alkyl Phenyl Ethoxylates)

CoUector
(Flotation)

Dispenant
(Washing)

Hydrogen peroxide
(Hz°1)

FUNcrION

Swells fibers
Loosens ink
Aetivates hydrogen peroxide

Removes ink particles fram fibers
Prevents ink redeposition (dispersion)
Stabilizes peroxide

Water softening
BufFering
AJJcalinity

Stabilizes peroxides by chelating meta11ic ions
~Mg,Sr)

AJlows reduction ofsilicate use

Wetting
Emu1sitieation
Inkremoval

Binds ta ink particles
Attaches ta air bubble for froth separation

Disperses ink particles
Ink particles can he removed with wash water

Bleaching agent for the fiber
Prevents alkaIine yellowing
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Figure 24. Structure and Classification of surfactants [72]

the system with the use of calcium chloride. Enough calcium chloride is nonnally added

to the system to give a hardness of 180-200 ppm (as CaCO). Overdosing can induce

higher lasses of sorne types of fibre in the flotation cell. Ûther authors have stated that

there must be an excess of soap to allow it to act as a frothing agent [73].

Larson et al. [62] proposed a mechanism for the collector action ofcalcium soaps

during the attachment of ink particles to gas bubbles. Ink particles alone tend to have a

highly negative zeta potentiai. When soap is added, the zeta potential becomes even

more negative. Such a decrease favours the release of the inks from the fibre and the

formation of stable colloidal suspensions. However, these freed ink particles do not

attach to air bubbles at this stage due ta their highly negative charge. When calcium ions

are introduced into the system, the charge is reduced and the soaps precipitate as calcium

soaps on the surfaces of the ink particles. The charge reduction leads to the formation of

aggregates, which are hydrophobic due to the presence ofprecipitated calcium soaps, and
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Figure 25. Mecbanism for the collector action of calcium soaps during

flotation (62)

to the attachment ofink particles to gas bubbles. This mechanism is shown in Figure 25.

This mechanism was also confinned by Harwot et al. [118]. Soaps are supplied to mills

either as a liquid or a solide Liquid soaps, typicallya 50% solution, is usually addedjust

before the flotation celle Mills using soaps in solid form often utilize a make-up

preparation system.

Synthetic Collectors (Surfactants)

In many flotation deinking units surfactants are currently replacing the traditional

flotation deinking chemistry of soap and calcium chloride. These synthetic collectors do

not require calcium ions for flotation of ink particles. Surfactants are typically classified

as ionic or non-ionic in nature, depending on whether or not they are electrolytically

dissolved in water. The ionic type surfactants are further classified as anionic, cationic

and ampholytic types depending on the polarity of the ion. They are often referred to as

displectors because they involve both dispersion and collection mechanisms. The ratio of

the long chain hydrophilic group and the spherical hydrophobie group, which is known as

the HLB or the hydrophobic/hydrophilic balance, determines the dispersion/collection

behavior of the surfactants.

The following advantages have been claimed for the use of synthetic surfactants
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over soaps [74]: (1) because calcium ions are not required, these surfactants can reduce

chemical deposits in the paper making process, increase the pulp brightness, and be used

in soft water (2) the displector mechanism makes them more suitable for systems that

combine flotation with washing (3) they float flexographic ink particles more efficiently

(4) because they are liquid, they are easier to handle (S) smaller amounts (0.1-0.3 %) are

required compared with soaps (0.5-1.0 %).

The reader is referred ta the literature [75] for further information on surfactant

properties, such as, the critical micelle concentration (CMC), the hydrophobic:lipophilic

balance (HLB), the micellar aggregation number, the surfactant cloud point, and

surfactant foaming.

pH and Temperature Effects

Alkaline pH and elevated temperatures cause fibre swelling and subsequent ink

release. Nonionic surfactants are essentially independent of flotation cell pH, however,

the stearates, or soft soaps, are highly affected because oftheir ionizable nature [9].

Bubbles tend to be too large for efficient flotation when the pH is 5 or below. Law pH

levels aiso convert acids at the fibre surfaces ta their unionized fOnIls, making the fibres

more hydrophobic and hence, more susceptible to flotation [9]. AIso, beyond a pH of Il

the bubbles tend to be extremely small have been shown to increase fibre yield 105S [9].

1.2.7 Effect of F1otation On Paper Quality

It is common knowledge that the flotation process tends to have adverse effects on

sorne of the paper qualities [76]. When comparing the qualities of deinked fibres to

those of virgin fibres, the most important parameters to consider are the physical and

optical properties plus runnability and printability.

Howard and Bichard [77, 78] showed that the greatest change in fibre physical

properties is caused by the fust recycle and after four recycles the physical properties

have essentia1ly stabilized. This is reflected in Figure 26, which illustrates the basic

efIect of recycling on unbleached softwood kraft pulpe
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Figure 26. Stahilization of paper physical properties following recycling (60)

One study has shown that the flotation process does not seem ta alter fibre

strength significantly [79]. Other studies by Wultsch and Maier [80] and Eriksson [81]

stated that due to the chemico-thermal treatment of the fibre material the strength

properties increased by at least 14%. In other studies, however, friction coefficients have

been reported ta decrease [82]. These effects have been attributed [83] to the

phenomenon known as hornification. Ramification refers to the hardening ofpulp due ta

the collapse of the fibre \vaU during sheet consolidation and drying which results in a less

conformable wet fibre after reslushing. The primary change in fibre properties by

recycling is the 10ss ofbonding ability, which can be counteracted ta a certain extent by

refining, chemical additives, fractionation and blending with virgin pulp [11 l.
In general, the runnability of recycled newsprint and other printing papers that

contain secondary fibre is not significantly different than that ofvirgin fibres. However,

the runnability of deinked pulps is affected by the concentration of residual contaminants

and the nature of the pulp. Sticky deposits can cause significant runnability problems.
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Sorne of the approaches that can be taken to solve this problem include the addition of

talc and other chemicals [84], efforts to improve the "electrostatic" climate of the paper

machine back-water system [85], the addition ofa profile correction system, the reduction

of open draws, and the adjustment ofreel and winding parameters [86].

Discrepancies in printability and appearance are more apparent. This is primarily

due to the fact that recycled sheets tend to be more absorbent because ofhigher sheet

porosity. This requires the use ofmore ink during printing which causes poorer printing

resolution and higher rob-off. Secondary fibres tend to be less white than virgin fibres

due to remaining ink spots and other dirt specks. This leads to a lower sheet brightness.

Recycled fibres usually cannot be used as a furnish component in the most critical paper

grades.

1.2.8 Efficiency of Flotation

The design of a flotation unit aims at the maximum ink removal and minimum

reject rate as shown in Figure 27 below.

21 • 10 • '01
Rlllrlllllct--",)

Figure 27. Perfect separation of contaminants and fibre [11]
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The closer a system approaches perfect separation (100% ink removal at 0% rejects rate),

the better its deinking efficiency. The efficiency of a flotation cell is measured by three

major parameters: brightness, ink removal, and rejects rate.

Table 5 shows the type ofdata required for the complete evaluation of the

efficiency ofa deinking system. The analysis of feed, accepts and rejects should be

performed in tenns ofvolume flow, fibre fraction, brightness, ink concentration and

stickies concentration.

Table 5. Flotation Deioking Efficiencies Based 00 Data from Feed, Accepts, and

Rejects Streams [11]

FEED ACCEPT REJECT IAl...ANCE
A. MEAStJRED DATA.

1. Volume Flow
2. Cuasisc.:ncy (~)

3. Ash (~)

4. Fiber Fnc:tion
S. Brtaluness
6. Ink Parti.:)es

6.1 Concentration by aumber
6.2 ConccotrJtioD by ara
6.3 Panide me distribution

7. Stickies
7.1 ConœDttJûon by nwaber
7.2 Cooccl1lradOil by ara
7.3 Pardclc me distribution

B. CALCt1LATED DATA
1. Flow BalaDCe

1.1 Volume
1.2 SoUds
1.3 ,\sb
1.4 FIber fractions

9. Bri&fatncss
9.1 0.1.. briahtness

10. Iut Ranoval Eft1\:icney
10.1 81 number
10.1 Br ara
10.3 By panicle sia

Il. Sticty RemovaI Eftidency
Il.1 81 aumber
Il.18yara
Il.3 By partide sile
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In order to calculate deinking efficiency both the removal efficiencies for ink

particles ofdifIerent sizes and brightness increase (or Delta brightness) should be

reported. Measurement of ink particle size requires the use of image analysis equipment.

In general, image analysis equipment is limited by particles greater than 2 microns in

size. Thus the removal ofsmaller particles cao ooly be assessed in tenns ofbrightness.

Solvent extraction ofdeinked pulp is one method to quantitatively measure the

amount of ink removal providing ail interfering compounds have been removed. A

second possible method would be to appropriately select spectroscopic method of

analysis (IR, UV, VIS, NMR, etc.) of the extract.

Defmition of Brightness

Brightness refers to the lightness or overall reflectivity of the paper sheet

measured at a wavelength of457 nm. Reflection is the portion of the incident light that is

returned from the sheet surface. The portion of the light which is not reflected from the

sheet surface cao be either transmitted, scattered or absorbed as heat. Brightness is

measured at 457 nm wavelength because the brightness increase between unbleached and

bleached pulp reaches its maximum at this wavelength.

The brightness of the paper surface depends on: 1) the optical characteristics of

the paper 2) the wavelength of the light 3) the geometry of the instrument that makes

the measurement 4) the reflectance of the abject used as a backing for the sheet ofpaper.

Brightness as a Measure of FlotatioD Efficiency

Brightness has been a key chemical parameter used ta gauge overall deinking

efficiency [87]. The more ink gets removed out of the pulp fumish, the higher the

brightness. The data collected can also be used to compare mill efficiencies with the

efficiencies generated in the laboratory flotation ceUs. Ta obtain the efficiency of

laboratory flotation ceUs the samples are subjected to prolonged flotation until no more

ink can be removed. This is known as infinite flotation, ultimate flotation, hyperflotation,
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• or laboratory flotation. Typically, commercial mills can remove 90-95% of the ink that

gets removed by infinite flotation [Il].

There are four important limitations with the use ofbrightness as a deinking

efficiency indicator:

1) The finest size ink particles tend ta travel to the bottom ofpulp samples such that

it makes the top side of the pads much brighter. Depending on which side the

measurement is perfonned, there is a potential for discrepancies between tests.

2) The TAPPT standards for brightness pad preparation require extensive washing

which may result in the removal offine ink particles present in the pulp [88].

Thus ink removed by such washing may be interpreted as if it were removed

during the flotation process, resulting in overly optimistic flotation efficiencies.

•

•

3)

4)

There is no direct correlation between brightness and the amount of ink present in

the sample. It has been suggested that smaller ink particles will have a greater

effect on brightness than larger ink particles [87]. This is due to the increased

surface area to volume ratio of the smaller particles. In a flotation system that

recycles newsprint which contains small ink particles, the brightness will increase

about 10-15 points. In contrast, a deinking system that recycles white grades

where ink particles are larger will only achieve a brightness increase of about 5-10

points [11]. Therefore, brightness is not only affected by total amount of ink, but

aIso by the ink particle size distribution.

Brightness is a composite measurement of aIl components of the recycled sheet.

If ink is removed, the brightness will increase because ink has a lower brightness

than fibres. On the other hand, ifash is removed, brightness May decrease

because ash can have a higher brightness than fibre. For this reason, brightness

change across a deinking module is determined by the proportional change in ink

content and fumish components.
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Limitations 3 and 4 have led to the development of image analysis techniques in arder to

measure directly the concentration of ink particles and their size distribution. Another

measure ofdeinking efficiency is edge brightness, also known as unprinted brightness.

This is the brightness of the unprinted edge of the recovered paper to he recycled. The

efficiency of flotation can then be attained by comparing the brightness of a handsheet

made frOID the recycled pulp to the edge brightness. For newsprint deinking systems the

final brightness obtained (without high-consistency bleaching) is typically one to two

points less than the edge brightness [11].

Iok Removal as a Measure of FlotatioD Efficiency

Ink removal is usually calculated from measuring ink concentration in the pulp by

image analysis. In fact, image analysis has now becorne the standard tool for counting

and sizing contaminant particles. The application of Autornated Image Analysis ta

measure ink particles emerged in the late 1970's and early 1980's. It has since become the

standard analytical tool for measuring not only ink particles but aiso other contaminants

since it can measure directly the particle area, largest diameter, total number ofparticles

and total area ofparticles. Figure 28 depicts an example of image analysis test results.

Sînce the development of image analysis, automated image analysis techniques

have evolved 50 rapidly that there are now instruments that apparently eliminate

subjective human limitations such as the new ASA-2000 instrument frOID Applied Vision

Systems [89]. However, even though the superior resolution of the scanner allows it to

easily discriminate particles as small as 0.02 sq. mm, there is still a need for future

developments in order to enable the instrument to differentiate between different types of

contaminants. Image Analysis techniques have been discussed extensively in the

literature [90-93].
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Figure 28. Output of a dirt analysis couot apparatus [94]

1.3 SHORTCOMINGS OF EXISTING LAB-SCALE FLOTATION CELLS

The first major shortcoming of the majority of available laboratory flotation cells

is that they are unable to adequately control various physical parameters such as volume

of air intake, air bubble size, and air bubble-size distribution [1]. This is because air is

introduced to these cells by a rotor-stator principle, or by pressurized air commonly in

combination with a rotor for air distribution within the pulp. For reasons explained in

Section 1.2.5, the presence ofintemal rotors within these laboratory cells make

comparisons difficult with industrial flotation cells, where the vast majority lack internaI

rotors. Thus it was desirable to construct a lab-scale cell that introduces air without the

use of an internal rotor, in a sunilar fashion to a typical industrial cell.

The second major short-coming of many lab-scale flotation deinking cells is that

many do not convincingly attain hydrodynamic conditions in the air-injection section

sunilar to that attained in typical industrial cells. Two ofthe parameters the

hydrodynamic conditions do affect are the air bubble size distributions and
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air bubble/ink particle collision frequencies. Bath of these parameters have an effect on

the flotation kinetics. It was desired to build a lab-scale flotation cell that had industrially

similar hydrodynamics in the air-injection.

The third major short-coming is that the majority of lab-scale cells are not

equipped with an accurate method ofmeasuring air bubble size distributions. It was

desired to build a lab-scale cell with this capability in order to investigate the effect of

various operating parameters on the air bubble size distribution.

1.4 GENERAL OBJECTIVES

The overall objectives ofthis thesis are:

Develop and construct a laboratory-scale flotation cell which operates under

industrially similar hydrodynamic conditions in the air injection section.

Investigate the effects of suspension velocity, the presence of fibres or fines, and

deinking chemicals on the air bubble size distribution in the air injection section.

Investigate the effects ofsuspension velocity, aeration rates, and pulp type on the

deinking efficiency of this novellaboratory-scale flotation celle

I.S ORGANIZATION OF THE THESIS

Chapters two and three are written in the format ofseparate manuscripts. Chapter

two contains a description of the laboratory set-up that simulates the air-injection section

of an industrial flotation cell, much like the Escher Wyss CF cell design, and presents

various bubble size distribution results for various operating conditions. Chapter three

contains a description of the laboratory flotation cell that has been developed, which is an

evolution of the apparatus described in Chapter two. Flotation deinking efficiency results

are presented and the feasability ofthis novel design to simulate the industrial reality is

discussed. There is a logical continuation between these cbapters and the necessary links

are drawn within the introductory sections.
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CHAPTER2

THE EFFECT OF FLOTATION DEINKING PROCESS PARAMETERS

ON THE AIR HUBBLE SIZE DISTRIBUTION
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ABSTRACT

Laboratory-scale flotation deinking cells are useful in that the fundamental

principles of the industrial process can be investigated in order ta improve the flotation

efficiency. Many traditionallaboratory-scale flotation cells lack the attribute ofbeing

hydrodynamically similar to the actual industrial flotation process. The tirst objective of

this research is the development of a laboratory-scale flotation cell in which industrial

Reynolds numbers can be achieved in the air-injection section. The construction of the

lab-scale flotation cell proceeded in two stages. First, a device was built that simulated

solely the air-injection section of an industrial flotation cell. The air-injection unit has a

loop configuration and is comprised ofa custom-built centrifugaI pump, injection

sections for air and deinking chemicals, a glass optical analysis section, and connecting

pipe made ofpolyvinylchloride. The experiments perfonned with this device are

presented in this chapter and investigate how air bubble size is affected by process

parameters and deinking chemicals. This device was later expanded into a functioning

lab-scale flotation cell. Deinking efficiency results attained with it are the topic of

Chapter 3. In this chapter, it was discovered that fluid velocity has a moderate effect on

the bubble size distribution and surfactant concentration has a large effect. In addition,

the presence of 0.2 % consistency TMP fibres or fines was found to have a small effect

on the bubble size distribution.
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2.1 INTRODUCTION

The objective of this chapter is to investigate the effect of severa! process

parameters (suspension velocity, the presence of fibre or fines, and deinking cbemicals)

on the air bubble size distribution in the air-injection section of an industrial flotation

deinking cell. This work is of interest because it is known that air bubble size does effect

the flotation efficiency of ink particles from a repulped fibre suspension [95]. A brief

background ofsorne relevant findings frOID the literature DOW follows.

A crucial parameter is the ratio of ink particle size to air bubble diameter. Linck

[50] bas shawn that bubbles must bave a minimum diameter of 0.3 mm in order to have

sufficient buoyancy to push through the fibre slurry. Is1er [65] has shown ifbubbles are

too small (diameters smaller than 0.1 mm) they will tend to stick to pulp fibres, causing

their removal during flotation. Szatkowski and Freyberger [54] have argued that the

optimum bubble size to ink particle size ratio is approximately 5: 1. If the ink particles to

be removed have a large size distribution, the 5: 1 bubble size ta particle size ratio

requires that a range ofbubble sizes be produced for the successfui flotation of aIl

particie sizes. Ahmed and Jameson [96] have aIso argued the fact that a wide size

distribution ofbubbles is preferred for efficient removal ofparticles of aIl sizes.

Ofall flotation deinking process parameters, surfactants have the most

pronounced effect on the air bubble size distribution. Both the dynamic and equilibrium

surface tension of the air bubbles are affected by the molecular size and

hydrophobiclhydrophilic balance of the surfactant. Rao and Stenius [97] have shown that

the surface tension of a surfactant at its critical micelle concentration (cmc) decreases

with increasing hyrophilicity of the surfactant. At the same rime, as surface tension

decreases the air bubble size decreases. In the presence ofsurfactants, Rao and Stenius

[97] showed that the air bubble size distribution is unimodal and has a sharp maximum,

and that as the surfactant concentration încreased, the average bubble size decreased and

the distribution became narrower. The relationship between decreasing surface tension

and decreasing bubble size follows from the Young-Laplace equation.

The air bubble size has been shown to increase during the course of flotation

deinking experiments [2]. This was explained by the 10ss of surfactant with time and thus

an increasing surface tension ofthe fluid or by the decreasing stock consistency due to
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permanent foam rernoval.

The amount ofshear on air bubbles has been shawn to have an effect on the

bubble size. For example, Milanova and Donis [45], using a Leeds flotation cell, were

able to have sorne degree ofcontrol on bubble size by varying the speed of the impellar

that brokedown bubbles. Milanova and Doms [45] indicated that the major factor

affecting bubble size was the presence ofa surfactant that reduced the coalesence of

bubbles.

The air flow rate, defined as the ratio of air flow versus pulp flow, in a flotation

cell also effects the air bubble size. Experiments using puip-free water by Gottsching et

al. [2] showed that the average bubble size increased with increasing air flow rate for a

fixed water flow rate. Gottsching et al. [2] aise saw that despite the fact that the average

bubble diameter changed at different water and air flow rates, the shape of the bubble size

distribution was identical. A bimodal shape was constant with peaks at 1 and 2 mm, and

the maximum air bubble size was approximately 4 mm.

The type of air injector has aiso been seen ta affect the air bubble size distribution

in water [2]. When using pulp at 0.5% consistency, however, an average bubble size

distributions ofdifferent injector types and air flow rates showed aImost identical peaks.

The contention of the authors was that the effect ofstock consisteocy on air hubble size is

thus larger than the effect of injector type or air flow rate.

Bubble column experiments [98] indicate that even low consistencies of 0.1% can

have an effect 00 the air bubble size. These experiments indicated that fibres act as

barriers to upward bubble motion and increase bubble coalescence, leading to larger

bubbles.

Work by Ajersch and Pelton [99] and Drabek et al. [100] indicate that, in the

abseose ofdeinking chemicals, air bubbles do not adhere to fibres or fines.

In order to perform this chapter's experiments a lab-scale air-injection unit was

designed and built that simulates the air-injection section ofan industrial flotation

deinking celle Prior to describing the details of the experîmental design used for this

chapter's research work, the industrial flotation cell that is the most similar to our design

will first be reviewed, the Escher Wyss CF (Compact Flotation) Celle
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Figure 1 below shows a photograph ofan Escher Wyss CF Cel! (model number

CF5B-Al). Seventy-two pipes supply this flotation cell with stock suspension to be

deinked. These seventy-two pipes are divided into six groups of twelve pipes. From the

perspective of the photograph in Figure 1, three of these groups of twelve pipes are

visible.

FIGURE 1. The Escher Wyss CF Flotation CeU [101]

Figure 2 shows a close-up picture of one of the sets oftwelve pipes entering the

cell. The pulp suspension, typically having 0.8-1.2% consistency, is fed to the twelve

smal1er pipes (4 cm interior diameter or I.D.) from a large main pipe. Typical volumetrie

flowrates and linear velocities of the pulp suspension in the smaller pipes are 150-225

L/ntin and 2-3 mis, respectively. The Reynolds number in the smaller pipes can therefore

be calculated as being approximately 76000-114000, indicating a turbulent flow

regîme.
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Figure 2. The Escher Wyss CF Cell Air-Injection Section [101]

Following a sharp bend in the pipes, air is aspirated into the pulp streams with the

use ofstep-diffusers. The typical volume fraction of air in these streams is 20-40%.

Figure 3 is a schematic of the air-injection section.

The aerated stock is then fed into the diffusing section of the flotation ceU where

the velocity decreases significantly. Because the stock is fed into the ceU at a relatively

shallow depth with respect to the surface of the pulp, air bubbles carrying ink particles

quickly rise to the surface. The tangentially fed stock enters the cell with a slight circular

motion to ensure that the foam created in the cell is directed to a central overflow. A

photograph ofthe central overflow is shawn in Figure 4.

2.2 EXPERIMENTAL DESIGN

The fust objective ofthis project was to build a laboratory sCale flotation cell in

which industrial Reynolds numbers can be achieved in the air-injection section.

Attaining hydrodynamics similar to the industrial reality is intended to facilitate the
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Figure 3. Schematic orthe Escher Wyss Step Diffuser (102}

Figure 4. Escher Wyss CF Cell Central Overfiow for Foam Removal [lOI}

comparison ofour results to the actual industrial process. The construction of the lab

scale flotation cell proceeded in two stages. First, a device was built that simulated solely

the air-injection section of an industrial flotation cella Results attained using this device

are presented in this chapter. In Chapter 3, an expansion ofthis basic design will be

discussed which is a functioning laboratory flotation deinking cell in which effective

separation of ink can be attained.

Figure 5 is a schematic orthe air-injection unit used to characterize bubble size

distributions under various operating conditions. Figure 6 is a corresponding photograph.

A flotation cell is comprised ofthree major zones: (i) aeration; (ü) mixing; and (ili) ink

separation. The Întent ofthis unit is to simulate the aeration and mixing stages of

industrial flotation cells.
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The air-injection unit has a loop configuration made primarily from

polyvinylchloride (PVC). The unit is mounted on a ~ inch aluminum base. Pulp

suspension is circulated within the loop by a centrifugai pump, and air is injected into the

loop using a compressed air cylinder. This simulates the aspiration of air into the inlet

pipe of an industrial flotation cell as shown in Figure 2. Still images of air bubbles

moving in suspension can be taken from an image cell using a video camera. Hubble size

distributions were obtained from these images using image analysis.

The typicaI volume of liquid or suspension used in the loop for this chapter's

experiments was 6.6Iiters. However, the loop size can be lengthened with the use of

extension pieces to provide an additionaI 2048 ml ofvolume. Appendix B discusses two

lengthened loop configurations.

Industrial Reynolds numbers can be attained in the loop because the pipe interior

diameter (I.D.=4 cm) is the same as the Escher Wyss CF cell inlet pipe and industrial

fluid velocities of 2-3 mis and beyond can be attained. The step-diffuser used in Escher

Wyss CF cell induces vigorous mixing of the air and pulp. Due to the fact that a step

diffuser was not used for Chapter 2's experiments, less vigorous mixing of the air and

pulp was attained in comparison to the industrial reality.

The unit sits within a drainage basin made from ~ inch polyvinylchloride (FVe).

The rectangular basin (2.55m by 0.62m) collects any liquid should a spiU occur during an

experiment. The four main loop components are: (i) a custom-built stainless steel

centrifugaI pump (ii) injection sections for air and deinking chemicals (iii) an image cell

to attain air bubble images (iv) clear pipe made from PVC.

2.2.1 CentrifugaI Pump

The heart ofthis air-injection unit is a unique centrifugaI pump. The pump is a

slightly modified version ofone designed severa! years aga by Dr. Tadeuz Dabros, a

fonner member ofDr. Theo van de Ven's research group at the Pulp and Paper Research

Centre ofMcGill University. A photograph of the original pump used by Dr. Dabros is

shown in Figure 7.
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Figure 6. The Air-Injection Unit [103]
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Figure 7. Basic Pump Design [104]
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The pump shown in Figure 7 was designed and bui!t to circulate mixtures ofsand

and ail. In addition, the pump was designed not to entrain air, a common problem in

many centrifugai pumps. The slurry is pumped into the center of the pump down an

inclined pipe (I.D.=l inch or 2.54 cm) where it cornes into contact with an assembly of

circulating blades (shawn dismantled and lying ta the right of the pump in Figure 7). The

slurry is theu pumped out through the outlet pipe (1.D.=l inch or 2.54 cm). The assembly

ofblades in the pump is attached to a central shaft. The pump shaft is rotated by a motor

with the use ofa rotating belt, which is covered by a protective Metal shield. Any air

bubbles that enter the inlet pipe with the incoming slurry can float up through the central

cone-portion of the pump, which is open to the air. In this fashion the pump releases any

entrained air.

The pump used for these experiments is shown in Figure 8. It operates in a

similar manner as the pump described above, however, a few alterations have been made.

Figure 8. Pump Used in This Study [103]
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The four major changes from the initial pump design that have been made are

(please refer ta Appendix A for a cross-sectional blueprint of the pump): (i) The interior

diameter orthe inlet and outlet pipes have been enlarged from 2.54 cm to 4 cm ta connect

with the 4 cm I.D. pve pipe. (ii) The inlet has been rotated approximately 90 degrees

clockwise from the outlet ta facilitate the construction ofa loop around the pump.

(ili) The inlet pipe feeds approximately 1 inch off from the center of the pump as

opposed to directly into the pump's center as the initial design did. This was done to ease

the flow of fluid through the pump from the inlet to the outlet. (iv) A 2.4 liter

(approximately 20.5 cm in diameter by 8.1 cm deep) reservoir section has been added to

the top of the pump. The reservoir section was added because a higher liquid level in the

pump was desired. The loop can easily he filled by pouring a suspension directly into the

pump's reservoir section. Figure 9 below shows how the loop is filled with liquid.

Figure 9. Fluid Seing Poured loto the Loop Via the Pump [103}

The revolution speed ofthe pump shaft is measured using a tachometer. A RPM

digital display is mounted above the motor. The linear velocity of fluid circulating in the

laop has been calibrated with the RPM readings. Fluid can be circulated within the loap

to 3 mis and beyond (the pump has not been tested ta its maximum power).
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2.2.2 Injection Sections for Air and Deinking Chemicals

Air and deinking chemicals are introduced into the loop with the use of small ~

inch 2-way ball valves. Air is introduced into the loop through one needle valve located

9 cm from the beginning of the outlet pipe of the pump. Air is fed from a compressed air

cylinder and the flowrate is regulated with an Omega Rotameter (model FL-lS0S).

Deinking chemicals are introduced into the loop through another lf.a inch 2-way

ball valve located 12 cm before the 90 degree bend leading to the pump inlet. Deinking

chemicals are fed from a 4 liter beaker by a Cole-Palmer Masterflex peristaltic pump.

Figure la below depicts the air-injection valve in the foreground and the deinking

chemicals valve in the background.

Figure 10. Close-up orthe injection sections (103)

2.2.3 Image Cell

The image cell was designed to obtain clear video images ofbubbles moving in

suspension at industriallinear velocities (i.e. 2-3 mis). Images can be taken directly

through the 4 cm LD. clear PVC pipe, however, a tremendous amount ofbubble overlap

occurs making it difficult to discem bubbles from one another.
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In order to alleviate this problem, an image cell with a rectangular cross-section

was constructed having a spacing of 1 cm between two glass faces. A 1 cm spacing

would definitely reduce the amount ofbubble overlap in the images, and it was expected

and shown oot to significantly alter the shapes ofbubbles (which are typically smaller

than 3 mm in size). Figure Il depicts the image cell and camera set-up.

Figure 11. Image CeU/Camera Set-Up [103]

The image cell was designed ta have the same cross-sectiooal area as the 4 cm

LD. pve pipe (12.6 cm2
) in arder to minimize velocity fluctuations in this section. Thus

with the spacing between the two glass faces chosen to be 1 cm, the height was set at 12.6

cm. Tempered glass was chosen due ta its high strength properties. The rest of the

image cell is comprised ofPVC. The image cell can be dismantled by undoing six bolts

should a replacement of the glass faces be required. At either end of the image cell are

pve unions (Nibco 1Y1 inch) which allow for quick and easy placement and removal of

the image cell from the loop. The totallengili of the image cell (including female union

halves) is 59.5 cm and the length of the rectangular cross-section is 15 cm.
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2.2.4 Crear PVC Pipe

Clear polyvinylchloride (pve) pipe was chosen as the connecting pipe for the

loop instead ofother clear piping alternatives (e.g. glass, acrylic). PVC was chosen

because it is shatter resistant, it bas high strength properties (rated to 330 p.s.i.), and

standard fittings (e.g. elbows, unions, valves, etc.) are readily available.

In order to reduce the pressure losses in the loop, a u-shaped lengili ofcontinuous

PVC pipe was fabricated and installed, replacing two 90 0 elbows. This u-shaped section

is equipped with a drain to quickly empty the loop of its contents.

2.3 IMAGE ANALYSIS SYSTEM

The image analysis system for these experiments consisted ofthree elements:

(i) a video camera (ü) appropriate lighting (iü) an image analysis software.

2.3.1 Video Cameras

In order to attain crisp images ofbubbles moving quickly (Le. 1-3 mis) in

suspension, a video camera with a fast shutter speed was required in order to minimize

motion blur.

Two CCD (charge coupled device) video cameras were used interchangeably ta

obtain images for this research work, the Sony Color SSC-C374 and the Co-Star Black

and White Progressive-Scan CV-MIO. The range of shutter speeds for the Sony and Co

Star video cameras are 1I60s ta 1110000 and 1/60s ta 11800000, respectively. Thus the

Co-Star can operate at shutter speeds 80 times faster than the Sony camera. With the

Sony color camera set at its fastest shutter speed of 1110 OOOs, clear images were captured

which could effectively be analyzed by image analysis.

The Co-Star camera was purchased midway through the project and was chosen

because it has much faster shutter speeds and its '17ogressive-Scan" technology

improves the image quality of fast-moving abjects. The optimum shutter speed for the

Co-Star camera was found to be 1120 OOOs. Operating at faster shutter speeds than 1120

0005 resulted in images which were tao dark. This is due ta the fact that increasing the

shutter speed lessens the amount of light available to expose the image. Images attained

65



•

•

•

using the Co-Star camera were slightly sharper than those obtained using the Sony, and

aIso could be readily analyzed by image anaIysis.

AlI images were stored on S-VHS tapes and were later transferred ta a computer

using a frame-grabber board and analyzed by image analysis.

2.3.2 Lighting

In order to attain high-quality images, high-powered lighting was required as weil

as an appropriate background color. Two Unomat LX801 Multi-Power (300/150 Watt)

halogen light sources were used.

In order to provide good contrast between air bubbles and the fluid, a yellow

cardboard sheet was used as background for the images. The color yellow provided a

better contrast than aIl ather colored sheets tested. The 8.5" by Il'' sheet was positioned

approximately four inches behind the image celle The image cell was lit from behind by

reflecting light off the yellow sheet into the back glass pane of the celle Lighting the cell

in this fashion provided superior images as compared to when the cell was lit from the

same direction the camera was facing.

These light sources release a tremendous amount ofheat during use. Due to the

fact that PVC melts at 60 oC, it was necessary ta cool the image cell and surrounding

pipes during experiments. This was done with the use of a table fan set at maximum

power.

2.3.3 Image Analysis Software

The image analysis software used ta attain the bubble size distributions was

Image Pro Plus for the Macintosh. Images stored on S-VHS tapes were transferred onto a

PowerMac 7500 computer using a frame grabber. These images were then analyzed to

obtain the bubble size data. This data was then imported into Microsoft Excel where the

bubble size distributions were plotted.

2.4 MATERIALS

2.4.1 Water Grade

For these experiments tap water was used.
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2.4.2 Pulp

Newsprint grade Thermal Meehanical Pulp (TMP) was used for these experiments. The

freeness of the pulp was 120 and the brightness was 60.

2.4.3 Deinking Chemicals

The flotation deinking chemieals used in these experiments were Calcium Chloride and

Sodium Oleate.

2.S EXPERIMENTAL METRODS

2.5.1 Calibration ofPump RPM and Fluid Velocity

In order ta calibrate the pump RPM with the fluid velocity in the loop, a small

plastic tracer particle, weighing 0.118 g, was used. The time was recorded for the

particle ta circulate 20 tintes in the loap containing tap water at room temperature with

the purnp set at a specifie RPM. With the loop length measured as being 3.78 ID, the

velocity for that RPM setting could easily be ealculated. The veloeity was measured in

this fashion 5 times and the average value was taken as being the fluid veloeity for that

RPM setting. Table 1 includes the calibration data.

Table 1. Calibration ofPump RPM and Fluid Velocity

RPM Distance Average Time for Velocity
Traveled (m) 20 Revolutions (s) Calculated (mis)

526 75.5 76.1 1.00

593 75.5 65.3 1.16

910 75.5 39.6 1.91

949 75.5 37.7 2.00

1260 75.5 27.6 2.73

1372 75.5 25.2 3.00

From the data contained in Table 1, the following linear relationship with an R2 value of

0.999 ean be obtained which is valid until a fluid veloeity of3 mis:

Fluid Veloeity [mis] = (2.36*10-3
) (Pump RPM) - 0.24 (1)
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1.5.2 Air Volume Fraction Control

In arder ta perform well-characterized experiments with the air-injection unit, it

was necessary ta be able ta control the air volume fraction. In arder to do this a tape

measure was placed on the inside wall ofthe pump's reservoir section, as shown in

Figure 12 below.

Figure 12. The Pump Reservoir Section with Measuring Tape [103)

The volume of the loap contents was calibrated with the increments on the tape

measure by pouring lmown volumes of tap water into the loop. Appendix C contains the

laop volume calibration data. From this data the following linear relationship with an R2

value of0.999 can he obtained:

Loop Volume [mL] = (291.46)(Tape Measure Mark [cm]) + 5296.97 (2)

Any air bubbles in the laap were removed during this volume calibration because

their volume would have corrupted the data Air bubbles were removed from the loop by

circulating the water at approximately 0.8 mis for at least 10 minutes. In Figure 12 sorne
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air bubbles can be seen reaching the water surface in the pump's reservoir section. At a

moderate fluid velocity of0.8 mis, air bubbles can effectively float up through the pump

and escape into the atmosphere when they reach the liquid surface. At very low or very

high fluid velocities air bubbles are removed less efficiently. At low fluid velocities there

is not enough shear to break up pockets ofair which tend to fonn and remain at various

locations in the loop. Increasing the fluid velocity increases the shear and the air pockets

are broken down into dispersed air bubbles. These dispersed bubbles can then be

removed as they circulate through the loop. At high fluid velocities, however, dispersed

air bubbles travel with so much momentum that they tend to pass through the pump

rather than float up within it. The buoyancy of the bubbles is offset by their momentum

and they circulate within the loop for a much longer period of time than at more moderate

fluid velocities.

The definition of air volume fraction used in this research is: the volume of

dispersed air divided by the total volume ofaeratedfluid or suspension. For all the

experiments presented in this chapter, the air volume fraction used was 6 %. This value

is low compared to air volume fractions used in industry (e.g. 20-40% for the Escher

Wyss CF Cell), however, the intention for these experiments was to minimÎze bubble

overlap in images so that they could be readily analyzed by image analysis.

Attaining the desired air volume fraction was achieved by filling the loop with tap

water or suspension to the 4.5 cm mark on the reservoir's tape measure with all dispersed

air removed. The liquid is then circulated at the desired velocity for that specific

experiment and air is injected into the loop at an appropriate flowrate ta achieve a steady

liquid level height in the reservoir section at 6.0 cm. This liquid level increase indicates

that 438 ml of dispersed air is present in 7050 ml ofaerated liquid present in the loop,

which is equivalent to an air volume fraction of 6 %.

During any experimental run operating at steady state, the amount of air being

injected into the loop is equal to the amount ofair floating up and escaping from the

pump. For various liquid velocities, different air flowrates must be injected into the loop

in order to attain the same volume fraction ofair. This is because, in general, as the

liquid velocity is increased, air is less efficiently removed through the pump as was

discussed earlier. For this reason, as the liquid velocity is increased, less makeup air is
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required ta be injected in order ta rnaintain the same liquid level height in the reservoir

section.

1.5.3 Vertical or Horizontal/mage Cel/ Configuration

Figures 6 and Il have shown the image cell oriented in a vertical configuration.

The unions at either end of the cell aIso make it possible to orient the cell in a horizontal

configuration, as shawn in Figure 13. A level is used to ensure that the cell is perfectly

horizontal.

Figure 13. HorizontaUy Configured Image CeU [103]

Preliminary experiments, without the use ofdeinking chemicals, were perfonned

with the image cell oriented in the vertical configuration. When operating the air

injection unit at low tluid velocities (e.g. 1 mis and below), it was found that air would

agglomerate as a layer ofair at the top of the image cell. Meaningful bubble size

distributions could not be attained under such conditions due to the fact that dispersed air

bubbles were no longer present in that section of the cell. This difficulty was
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• circumvented by perfonning the same runs with the cell oriented in the horizontal

configuration. A layer ofair no longer fonned and a meaningful bubble size distribution

could now be obtained because air bubbles remained dispersed.

Figure 14 is an image of air bubbles in tap water moving at 1 mis taken frOID the

top portion of the image cell oriented in the vertical configuration. Numerous bubbles

have congregated at the top of the cell and have clearly fonned a layer ofair. Figure 15

is an image aIso taken frOID the top portion of the cell of air bubbles in tap water moving

at 1 mis, however, the cell is now oriented in the horizontal configuration. A layer ofair

no longer forms and the air bubbles remain weIl dispersed.

•
Figure 14. At 1 mis fluid velocity, a layer of
air forms at the top section of the image ceU
when it is configured verticaUy

Figure 15. At 1 mis fluid velocity,
dispersed air bubbles exist at the
top section of the image ceU when it
is configured horizontaDy

•

For higher fluid velocities (e.g. 2 mis), the orientation of the image cell vertically

or horizontally was not an issue. At such speeds the high degree of turbulence prevented

a layer of air from fonning at the top of the image cell when configured in the vertical

configuration. Figures 16 is a bubble size distribution histogram for a 2 mis nm of tap

water and air having an air volume fraction of6% with the image cell horizontally

oriented. Figure 17 is a bubble size distribution for an identical nm except the image cell

is vertically oriented.
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It is apparent from Figures 16 and 17 that the trends in the histograms are

extremely similar. Bimodal histograms are present in which one peak represents the

smaller bubbles and one peak represents the larger bubbles. The average values for the

two peaks for both configurations are extremely close, and thus it is found that the

orientation ofthe image cell is insignificant for 2 mis fluid velocities and beyond. A

hypothesis as to the reason bimodal histograms result is discussed in the Results and

Discussion section.

As noted in Figures 16 and 17, the number ofbubbles used to comprise the

vertical and horizontal configuration histograms were 2160 and 1676, respectively. A

total of 21 images were analyzed for each rune The reason that the horizontal

configuration run had 22.4% less bubbles is sirnply because the field ofview of the

bubble images attained using that orientation was 22.8% smaller. Considering this factor~

the bubble coont per unit volume in both runs was virtually identical. This fac~

combined with the strong similarity of the histograms in Figures 16 and 17, proves the

reproducibility of the experimental procedure.

Thus, meaningfui bubble size distributions were obtained for bath low and high

fluid velocity cases with the image cell oriented in the horizontal configuration. Based

on these findings, the image cell was chosen to be oriented in the horizontal configuration

for all experimental runs. AlI bubble size graphs and results from here onward were

obtained with the image cell in the horizontal configuration.

2.5.4 Top, Middle and Bottom Image Cell Sections

With the image cell oriented in the horizontal configuration, it was observed that

the bubble size distribution was somewhat different at the top, middle, and bottom

portions of the cell. Figures 18, 19 and 20 are the bubble size distributions for the top,

middle and bottom sections ofthe cell, respectively, for the 2 mis tap water and air run

discussed above. Each histogram represents data obtained trom 7 images. Combining aIl

the data contained in Figures 18, 19 and 20 results in the histogram shown in Figure 16.
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Figure 18. Air bubble size distribution located at the top section of the image

cell for a 2 mls tap water and air ron (6 % volume fraction air)

a 1 2 3

Equivalent Bubble Diameœr (nvn)

Figure 19. Air bubble size distribution located at the middle section of the

image ceU for a 2 mls tap water and air mn (6 °At volume fraction air)
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Figure 20. Air bubble size distribution located al the bottom section of the

image ceU for a 2 mis tap water and air ron (6 % volume fraction air)

The absolute values for the average bubble sizes (Le. smaIl and large bubble

peaks) are not drastically different, however, the overall shape of the histograms do

diffeT. In order ta account for the variations in the bubble size distribution across the cell

and attain an overall bubble size distribution for an experimental TUn, 7 images were

taken from the top, middle, and bottom sections of the image cell. The data from these

21 images were than merged ta form the bubble size distribution histogram for that run.

Measuring tapes, shawn in Figure Il, were placed on the image cell glass at the three

positions. These scales were required when perfonning image analysis on the images

because they provided a reference as ta the sizes of the bubbles.

2.5.5 Bubble Size Measurement Using Image Analysis

Image Pro Plus' measurement operations are performed in terms of screen pixel

positions. For example, the length of a measurement is determined by the number of

pixels alang the line, the area of an outlined abject is detennined by the number ofpixels

within the outline, and so forth. In arder ta analyze an image for bubble size data, it first
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was necessary ta calibrate the pixel-Ievel measurements into meaningfullength-scale

measurements. The scale was calibrated usÎDg the tape measure, which is present in all

images, using the Image button in the Spatial Calibration dialog box.

Bubble size measurements were initially attempted using an automatic counting

and sizing image analysis procedure. Using the Count/Size command on the

Measure/Analysis menu you can COllOt and measure multiple objects automatically. For

counting purposes, objects are identified by their intensity (for Monochrome images) or

color (for Troe Color-Class images). Therefore, it is best to begin with an image that

contains objects that are clearly distinguishable from the background, and have an

intensity range/color different from the other elements in the image. Due to the fact that

many images do not initially fit such ideal conditions, there are a number ofpre

processing steps that can be taken to correct such deficiencies, such as filtering processes

and contrast enhancement.

Automatic sizing and counting ofbubbles was determined not to be a feasible

method of analysis for our images because of the following two reasons: (i) Due to the

nature of the images, 100% of the bubbles could not always be made clearly

distinguishable from the background, even with the use ofpre-processing techniques.

This resulted in erroneous size measurements. (ii) When bubbles overlapped in an image,

it was not possible to automatically measure the entire area of aIl overiapping bubbles.

Bubble size measurements were performed using a manual tracing procedure

available with Image Pro Plus. With this analysis approach all bubbles in an image that

are visible to the naked eye can be accurately measured for size. Bubble overiap is also

not a concem when using this method. The manua! measuring tools are accessed using

the Measurements conunand in the Measllre menu. The only manual measuring tool

used was Area. This tool is used to measure the area ofa polygon that you define by

digitally tracing its perimeter using a mouse. The area of the polygon is determined by

calculating the number of pixels encompassed by the shape. The area measurement is

then reported in mm? units due to the spatial calibration done prior to analyzing the

Image.

Due ta the fact that air bubbles were traced one at a rime using the manua! tracing

method, it is much more time consuming than the automatic counting and sizing method,
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• which takes only seconds to analyze an entire image that contains hundreds or thousands

ofbubbles. The analysis time required to analyze one image using the manual tracing

method varies significantly depending on how many bubbles are contained in the image.

An image containing 600 bubbles can be analyzed in approximately 30 minutes, whereas

one containing 3600 bubbles may require over two hours of analysis.

2.5.6 Bubble Size Distribution Histograms

In order to attain the bubble size distribution for a run, the Feret diameter (the

equivalent diameter of a circle with the same area) was calculated for all of the bubbles

from the area data attained using Image Pro Plus. The Feret diameter is calculated using

the following basic equation:

The bubble size distribution histogram then plots the "Percentage of the Total

Hubble Count" versus a range ofFeret diameter bins (evenly distributed between the

data's minimum and maximum diameter values). A Feret diameter value is counted in a

particular bin if it is equal to or less than the bin number but is greater than the previous

bin number. AlI values below the tirst bin value are counted together, as are the values

above the last bin number.

•
Feret Diameter =(4Aht)I/2 (3)

•

2.5.7 Average Bubble Size Calculations

Sorne of the bubble size distribution histograms were unimodal (i.e. one peak was

present) and others were bimodal (i.e. two peaks were present). The average bubble size

for the unimodal case was simply: the sum ofaU ofthe Feret diameters divided by that

run's total number ofbubbles counted. For the bimodal cases, two average bubble sizes

were calculated, one for the smaller bubble peak and one for the large bubble peak. The

average bubble size for each peak was: the sum ofthe Feret diameters comprising tha!

peak divided by the number ofbubbles comprising that peak. The bin located between the

two peaks having the lowest 't»ercentage of the Total Bubble Count" marked the division
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between the peaks. For "Average Bubble Size" calculations, this dividing bin was

interpreted as belonging to the "Small Bubble" peak.

1.5.8 Typical Experimental Run Procedure

In arder to attain the bubble size distribution for a given experiment, the air

injection unit is fust operated under steady state operating conditions. The generaI

experimental procedure is as fol1ows:

(i) Have the image cell oriented in the horizontal configuration. Use a level to

ensure that it is perfectly horizontal.

(U) Fill the loop with the water or pulp suspension by pouring it inta the

reservoir section of the pump.

(Ui) Remove any entrained air from the loop by circulating the fluid at

approximately 0.8 mis for a sufficient amount oftime (approximately lO

IS minutes) at which point no entrained air is visible.

(iv) Inject deinking chemicals into the loop using the peristaltic pump. Allow

at least two minutes for thorough mixing and for the removal of any

entrained air introduced iuto the loop while injecting chemicals.

(iv) Pour tap water into the reservoir section of the pump until a liquid level of

4.5 cm on the measuring tape is attained. Allow at least two minutes for

thorough mixing ofthis added water.

(vi) Adjust the pump RPM in arder ta attain the desired fluid velocity.

(vii) Continuously inject air iuto the loop at an appropriate flowrate 50 as to

attain a steady liquid level at 6.0 cm on the measuring tape in the pump's

reservoir section. The loop is now operating at 6 % volume fraction air.

(viii) Allow one minute ta elapse in arder to achieve steady state conditions in

the loop.

(ix) Using the Sony or Co-Star video camera, a S-VHS recorder and

appropriate lighting, attain approximately 1 minute and 20 seconds of

footage ofbubbles moving in suspension frOID each of the three sections

on the image cell (top, middle, and bottom).

(x) Randomly chose 7 images (typically one every 10 seconds) for each of the
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three image cell sections (a total of21 images) and transfer them from the

S-VHS tape to the hard drive of the PowerMac 7500.

(xi) Use Image Pro Plus software to analyze the 21 images and attain the Feret

diarneters of all the visible bubbles in the images.

(xli) Combine the bubble size data attained from the 21 images. Plot the

bubble size distribution histogram for the nm using Microsoft Excel.

2.5.9 TMP Fibre/Fines Separation Procedure

Experiments were perfonned in which the effect of the presence of fibres or fines

on the air bubble size distribution was investigated. In order to separate fibres from fines

of the TMP stock, a Flygt Float-Wash fractionator eqillpped with a 100 mesh screen was

used. Appendix D includes a schematic of the Float-Wash followed by its operating

instructions. Prior ta the fractionation, the TMP pulp was hot disintegrated using the

Domtar Method in arder ta remove the latency.

2.6 RESULTS AND DISCUSSION

Seven experimental runs were performed using the air-injection loop apparatus to

investigate the effect ofvarious process parameters on the bubble size distribution in the

air-injection section of a flotation deinking celle The four process parameters

investigated were: (i) fluid velocity (ii) the presence of fibres (iii) the presence of fines

(iv) the presence of deinking chemicals (Sodium Oleate alone or with Calcium Chloride).

For all of the runs tap water was used and the air volume fraction used was 6 %.

Runs 1,2 and 3 used only tap water and air and investigated the effect offluid velocity

on the bubble size distribution. The velocities used for oms 1,2, and 3 were 1,2 and 3

mis, respectively. Runs 4,5,6 and 7 were ail perfonned at 1 mis. Run 4 investigated the

effeet of the presence of 0.2% consistency TMP fibres on the bubble size distribution.

Run 5 investigated the effect of the presence of0.2% consisteney TMP fines on the

bubble size distribution. Run 6 investigated the effect of the presence of 0.33 mmollL

Sodium Oleate on the bubble size distribution. Run 7 investigated the effect of the

presence of 0.2% TMP fibres and 0.07 mmollL (or 1% based on fibre mass) Sodium
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Oleate and 0.09 mmollL (or 0.5% based on fibre mass) Calcium ChIoride on the bubble

size distribution.

2.6.1 Typical Bubb/e Images

Typical bubble images are shawn below in Figures 21-25 for Runs 1, 4, 5 , 6 and

7 (images for Runs 2 and 3 are much like that ofRun 1 and are thus not shown). Figure

21 depicts a very crisp still image ofair bubbles moving at 1 mis in tap water. The

smallest increments on the scale present in the image represent millimeters. Thus, nearly

all of the bubbles in the image have diameters Iarger than 1 mm.

Figure 22 illustrates that air bubbles moving at 1 mis are still easily discernable

despite the presence of 0.20/0 consistency TMP fibres. This was made possible with the

use of the novel image cell whose 10 mm wide flow channel minimized visual blockage

of the bubbles by fibres.

Figure 23 depicts an image from Run 5 of air bubbles flowing at 1 mis in a slurry

of0.2% consistency TMP fines. Due to the fact that fines are very smali and have much

higher specific surface area than fibres do, they scatter more light than fibres and as a

result make the image more cloudy and the bubbles less visible. It is believed that due ta

the presence of fines, Many ofthe small bubbles present were not visible in the images

and thus were not able ta be counted and measured. This was not believed to be an issue

when fibres alone were used because they did not significantly hinder the visibility of

small air bubbles.

Figure 24 depicts an image from Run 6 of air bubbles flowing at 1 mis in tap

water having 0.33 mmol/L of Sodium Oleate (the approximate concentration present in

sorne industrial flotation deinking cells). Due to the fact that Sodium Oleate soap

reduces the surface tension of the air bubbIes, very small bubbles were created during this

run. As a result ofthis, in arder ta effectively measure the bubble sizes, a higher image

magnification was required. This is the only nm in which a higher magnification was

used. In Figure 24, 1 mm in Iengili is represented by the white bar. Thus, with the

exception of the largest bubble in the image, all of the bubbles present are smaller than 1

mm in diameter.
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Figure 21. Typical image for Run 1 (Tap
water moving at 1 mis with 6% volume
fraction air)

Figure 22. Typical image for Ron 4
(Tap water and 0.2% consîstency
TMP fibres moving at 1 mis with
60/0 volume fraction air)

•

•

Figure 23. Typical image for Run 5 (Tap
water and 0.2% consistency TMP rmes
moving at 1 mis with 6% volume fraction air)

Figure 25. Typical image for Run 7 (Tap water
with 0.2% cODsistency TMP fibres and 0.07 mmollL
Sodium Oleate and 0.09 mmol/L Calcium Chloride,
moving at 1 mis with 6% volume fraction air)
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Not only were the bubbles smaller when surfactant was used~ but they were more

spherical. The runs which did not use Sodium Oleate had more ellipsoidal bubbles. This

deformation is caused by the change in the shear stresses and normal forces acting on the

interface between the bubbles and the media. The droplets' form stabilizes when these

forces balance on the interface [105].

Figure 25 depicts an image from Run 7 ofair bubbles flowing at 1 mis in 0.2%

consistency TIvIP fibre slurry having 0.07 mmoVL of Sodium Oleate (1 % of the fibre

mass) and 0.09 mmollL Calcium Chloride (0.05% of the fibre mass). The Sodium

Oleate's concentration was approximately one-fifth of the concentration used in Run 6,

thus the air bubbles were not expected ta be as small as in Run 6. Because of this fact.,

the standard magnification used in Runs 1-5 was used to capture images for Run 7.

2.6.2 Effect ofFluid Ve/ocity

In multiphase flow equipment, the size distribution ofbubbles is commonly

detennined by the dynamics ofbreak-up and coalescence. The coalescence proceeds

until the drops are large enough to be broken apart and a dynamic equilibrium will be

established between coalescence and break-up [106].

A few general concepts will be discussed which are useful when considering

bubble breakage due to shear stresses. First of all, in turbulent flows such as the ones

discussed in this work, only the energy associated with eddies with length scales smaller

than the bubble diameter is available to cause splitting; larger eddies merely transport the

bubble. Secondly, a bubble in a shear field tends ta rotate and defonn. If the velocity

gradients are large enough, interfacial tension forces and viscous stresses inside the

bubble are no longer able ta rnaintain the tluid particie intact, and it ruptures into two or

more smaller daughter particles [105]. As will be discussed, the relative size ofthese

daughter particies ta each other bas a large effect on the nature of the bubble size

distribution.

The bubble size distribution for Run 1 in which tap water was circulated at 1 mis

is shawn in Figure 26 (air-volume fraction was 6% and remains sa for ail other runs).

The 'Percentage of the Total Bubble Count' is plotted versus the 'Equivalent Bubble

Diameter'. The histogram is bimodal in nature depicting two peaks, one representing the
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Table 2. Summary of Bubble Size Distribution Data for Runs 1-7

Run Run Small Large Percent Percent Bubble Type of
Number Description Bubble Bubble SmaU Large Count Bubble Sîze

Avg. Avg. Hubbles Hubbles in 21 Distribution
Sîze Size (%) (%) Images
(mm) (mm)

1 H20 0.4 3.0 44 56 606 Bimodal
1 mis & 6%
vol. frac. air

2 H20 0.5 1.8 31 69 1879 Bimodal
2m/s&6%
vol. frac. air

3 H20 0.4 1.4 26 74 3673 Bimodal
3 mis & 6%
vo1. frac. air

4 0.2% Fibres 0.6 3.5 59 41 861 Bimodal
1 mis & 6%
vol. frac. air

5 0.2% Fines <0.9 3.1 >26 <74 >403 Bimodal
1 mis & 6%
vol. frac. air

6 0.33 mmollL
Sodium 0.3 Not 100 0 1511 Unimodal
Oleate 1 mis Present
& 6% vol.
frac. air

7 0.2% Fibres
+0.07 0.9 Not 100 0 1553 Unimodal
mmollL Present
Sodium
Oleate + 0.09
mmollL
CaCh
1 mis & 6%
vol. frac. air
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'large bubbles' having an average size of3.0 mm, and the other peak representing the

'smaII bubbles' having an average size of0.40 mm. In Table 2 these peak average values

are tabulated as weIl as the run number; a description of the run; the total bubble count

from the 21 images analyzed for the nm; the percentage of the total bubble count

comprised by each peak, noted as 'Percent Small Bubbles' and 'Percent Large Bubbles';

and a description of the histogram (e.g. 'Bimodal' or 'Unimodal'). Table 2 summarizes

the bubble size distribution results for Runs 1-7. The reader is referred to Appendix E for

the bubb/e size distribution histograms for Runs 2-5p and Run 7 (the histogram for Run 6

is shawn in Figure 27).

It should be noted that the bubble size distributions discussed in this chapter are

specific to the experimental apparatus used, and particularly, the air-injector used. One

study in the literature has shown that the bubble size distribution for a given set of

process parameters is dependent on the nature of the air-injector used, especially in the

absence ofpulp [2].

Of the 606 bubbles measured for run 1,44% ofthem (267) comprised the 'small

bubble' peak and 56% ofthem (339) comprised the 'large bubble' peak. The reason why

there exists two peaks is likely due to the fact that when exposed to low amounts of

turbulent energy in a pipe (e.g. when traveling in slow moving fluid); it is energetically

favorable for bubbles to break up into one small bubble and one large bubble. This is

because it requires more energy for a bubble to break up into two equally sized bubbles

[107]. This is supported by the experimental results ofHesketh et al. [108] for bubble

and drop breakage in turbulent pipe flows. Hesketh et al. 's results show that equal-sized

(symmetric) bubble breakage has the lowest breakage probability. This tendency for

bubbles to break up into one small bubble and one large bubble (axisymmetric bubble

breakage) results in two distinct peaks in the bubble size distribution histogram for

Run 1.

When the turbulent energy of the system is increased (e.g. when the fluid velocity

is increased), however, the probability ofmore equal-sized (symmetric) bubble breakage

also increases. This trend was exhibited in the results for Runs 2 and 3. When the

velocity of the tap water in Run 2 was increased to 2 mis, the probability ofsymmetric

bubble breakage increased resulting in a reduction ofthe percentage of 'small bubbles'
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counted. The percentage of small bubbles decreased from 44% in Run 1 ta 31% in Run

2, and the average size of the small bubbles in both runs were almost identical. Because

the probability of symmetric bubble breakage încreased, the average size of the 'large

bubbles' decreased but their number increased in comparison ta Run 1. The 'large

bubble' peak had an average value of 1.8 mm and comprised 69°A» of the total bubble

count of 1879. Not surprisingly, by increasing the fluid velocity the total bubble count

increased significantly (three fold) from Run 1.

In Run 3, the turbulent energy of the system was increased again by increasing the

fluid velocity ta 3 mis. As a result ofthis, the probability of symmetric bubble breakage

also increased. The percentage of 'small bubbles' decreased to 26% and the average size

of the 'small bubbles' was the same as in Run 1,0.4 mm. Again, because the probability

ofsymmetric bubble breakage increased, the average size of the 'large bubbles'

decreased and their number increased. The 'large bubble' peak had an average value of

1.4 mm and comprised 74% of the total bubble count of3673. By increasing the fluid

velocity from 2 mis to 3 mis the total bubble count essentially doubled from Run 2 to

Run3.

The general trend exhibited is that as the fluid velocity was increased, the

percentage of'small bubbles' decreases. It is speculated that if the fluid velocity were ta

he increased further, eventually a critical fluid velocity would be reached in which the

percentage of 'small bubbles' would become zero and a unimodal bubble-size

distribution histogram would be attained. The average bubble size of the bubbles

comprising this single remaining peak would accordingly be very small due to the highly

turbulent regime. At this critical fluid velocity the subjected shear stress on the bubbles

would be strong enough to homogeneously break them up into small bubbles which

comprise the single peak.

Similar bimodal and unimodal histogram trends resulting from varying amounts

of shear forces acting on bubbles or droplets have been found in the literature. One study

involved the use of the Injectar Aerated Laboratory Flotation Deinking Cell described in

Chapter 1 [2]. One graph in this paper is visually sunilar to Figure 26. For a

water and air system using a step-diffuser air-injector, the air bubble size distribution is
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plotted for various water flow rates (7 and 9 m31h) and air volume fractions (57-107%).

For all experiments a bimodal distribution was attained which is very similar to

Figure 26. The general average bubble size values for each of the two peaks is very

sunHar to those attained for our Runs 1-3. The method ofbubble size measurement use

by the authors was very different from the image analysis techniques employed in this

work. Hunold et al. [2] utilized a special probe that measured bubble size based on

different optical refraction of light by air and the continuous medium.

Another study found in the literature investigated the effect on the droplet size

distribution ofOleic Acid being injected at the base of a bioreactor from a spinning

sparger [109]. The shear forces acting on the droplets were controlled by altering the

RPM of the spinning sparger. Bimodal histograms were attained when low amount of

shear stress was exerted on the droplets (Le. when the angular velocity of the sparger was

low or the sparger was not spinning at ail). For the cases in which high amounts ofshear

stress was exerted on the droplets (i.e. where the sparger was spinning at moderate to

high velocities), unimodal histograms were obtained.

2.6.3 Effect ofthe Presence ofFibres

In Run 3 the effect of the presence of fibres on the air bubble size distribution was

investigated. A low TMP fibre consistency of0.2% was chosen in order for the air

bubbles to be adequately visible. The suspension velocity was chosen to be 1 mis and the

air volume fraction held constant at 6%. Thus the only difference between this run and

Run 1 was the presence of 0.2% fibres.

The bubble size distribution was bimodal as it was in Run 1, and the average peak

values were sunHar. The percentages of 'small bubbles' to 'large bubbles' was somewhat

different, however. This is likely because sorne of the turbulent energy of the system is

dissipated from the translational motion of the fibres. Thus the presence of fibres helps

shield bubbles from turbulent eddies in the fluid and thus effectively reduces the shear

stress acting on the air bubbles. This reduction ofshear stress increases the probability of

axisymmetric bubble breakages resulting in very small and very large bubbles.

Due ta the heightened production of small bubbles due ta this phenomenon, the

percentage of small bubbles was 59%, up from 44% in Run 1. It also makes logical sense
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that under these conditions, severa! small bubbles could end up breaking off from one

large bubble. Thus the total number ofbubbles could increase when the turbulent energy

of the system is decreased, with the majority ofthe bubbles being 'small bubbles'. This

occurred in this instance and the total bubble count was 861, up from 606 in Run 1.

Because axisymmetric bubble size breakage was more likely due to the presence

of fibres, the average size of the 'large bubbles' increased to 3.5 mm in comparison to

Run l 's value of3.0 mm. A study in the literature states that fibres act as barriers toward

upward bubble motion and increase the coalescence ofbubbles [98]. This phenomenon is

likely a contributing factor in the increase of the average sizes of the 'smal1' and 'large'

bubbles from their values in Run 1.

Work by Ajersch and Pelton [99] indicates that, in the absence ofdeinking

chemicals, air bubbles do not adhere to fibres. This is consistent with this chapter's

results which illustrated that the presence of fibres had oruy a small effect on the air

bubble size distribution.

2.6.4 Effect ofthe Presence ofFines

In Run 5 the effect of the presence of fines on the air bubble size distribution was

investigated. A low TMP fines consistency of 0.2% was chosen in order for the air

bubbles to be adequately visible. Even at this low fines consistency level, small air

bubbles (i.e. smaller than 0.5 mm) were very difficult to distinguish in the still video

images. This is because fines are extremely small and thus have very high specifie

surface area with which to scatter light and make the images very cloudy. The

suspension velocity was chosen to be 1 mis and the air volume fraction held constant at

6%. Thus the only difference between this run and Run 1 was the presence of0.2% fines.

The bubble size distribution was bimodal as it was in Run 1 and the average peak

value for the 'large bubbles' was sunHar. Due to the fact that the images with fines were

very cIoudy, it is believed that we were unable to measure Many very small air bubbles

from the images. Due to the fact that Many 'small bubbles' were unable to be counted, it

is believed that the average size of the 'small bubbles' peak is actually less than the

tabulated value of0.9 mm. In accordance with this, the total bubble count is greater than
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the tabulated 403, and the percentage of 'small bubbles' from the total bubble COllOt is

greater than the tabulated value of 26%.

It is believed that the presence of fines, like fibres, may reduce the shear stress

acting on air bubbles. Because fines are sma11er than fibres, it is believed, however, that

they have less ofan effect in this regard than fibres do. The presence of fines should

slightly increase the likelihood ofaxisymmetric bubble breakage as compared to when no

fines are present. This would lead to a greater percentage ofsmall bubbles than were

present in Run 1. Thus the actual percentage ofsmall bubbles is likely slightly higher

than Run l 's 44%, and lower than Run 4's 59%. Correspondingly, the actual total bubble

count is likely slightly higher than Run 1's 606 and lower than Run 4's 861.

Because axisynunetric bubble size breakage may have been slightly more likely

due to the presence of fines, the average size of the larger bubbles slightly increased to

3.1 mm in comparison to Run l 's value of3.0 mm. This finding is not conclusive

however, because this very small difference in average bubble sizes is likely within the

experimental error of the analysis.

Fines, like fibres, may act as slight barriers toward upward bubble motion and

slightly increase the coalescence ofbubbles. This phenomenon may be a contributing

factor in the small increase of the average size of the 'large bubbles' from the value in

Run 1.

Work by Drabek et al. [100] indicate that, in the absense ofdeinking chemicals,

air bubbles do not adhere to fibres or fines. This is consistent with this chapter's results

which illustrated that the presence affines had only a very small effect on the air bubble

size distribution.

2.6.5 Effect ofDeinking Chemicals

In Run 6 tap water with 0.33 mmol/L ofSodium Oleate was circulated in the loop

at 1 mis having 6% volume fraction air. This concentration ofSodium Oleate is typically

used in sorne industrial flotation cells and is below its critical micelle concentration of

0.48 mmollL. The bubble size distribution for Run 6 is shawn in Figure 27.

The presence of Sodium Oleate drastically reduces the surface tension ofair

bubbles, which allowed the bubbles to be easily broken clown by the turbulent flow
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regune. The air bubbles were broken down to sueh a degree that a unimodal bubble size

distribution was attained having a very small average bubble size of 0.3 mm. The higher

magnifieation used ta attain images for Run 6 was essential ta aeeurately measure these

small bubble sizes. A large total of 1511 bubbles were eounted for this run despite the

small image size. Rad the image size used in the other six runs been used for Run 6, it is

estimated that over 51 000 bubbles would have comprised the bubble size distribution. It

is clear that the presence of Sodium Oleate has an extremely large effect on the bubble

size distribution.

The objective ofRun 7 was to investigate the effeet ofmultiple process

parameters on the bubble size distribution. Tap water containing TMP at 0.2%

consistency and 0.07 mmoIIL Sodium Oleate (1% of the fibre mass) and 0.09 mmoIIL

Calcium Chloride (0.05% of the fibre mass) was circulated in the laop at 1 mis having

6% volume fraction air.

The presence of Sodium Oleate resulted in a unimodal bubble size distribution as

was similarly achieved in Run 6. Due to the fact that the Sodium Oleate concentration is

approximately one-fifth of the concentration used in Run 6, the surface tension of the air

bubbles was not as substantially reduced resulting in a larger average bubble size of 0.9

mm. One study in the literature also found that when a surfactant was used, a unimodal

bubble size distribution was attained, and that when the surfactant concentration was

increased, the average bubble size decreases and the size distribution narrows [97].

The effect of the presence of 0.2% consistency fibres on the bubble size

distribution is likely negligible in comparison to the effect of the presence of Sodium

Oleate.

A total of 1553 bubbles were counted for Run 7, in comparison ta 861 bubbles in

Run 4 in which 0.2% consistency fibres were present in the absence ofdeinking

chemicals.
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• 2.7 CONCLUDING REMARKS

A laboratory unit which simulates the air-injection section of an industrial flotation

deinking cell has been built. Image analysis has been used to obtain bubble size

distributions from still images of air bubbles moving in suspension. The main points of

interest from this chapter's work are:

CD The presence ofSodium Oleate strongly reduced the air bubble size and produced

a unimodal bubble size distribution. The average air bubble increased with a

decreased concentration of Sodium Oleate.

Bimodal bubble size distributions were attained for all experiments except when

Sodium Oleate was used.

• @ The presence ofTMP fibres at 0.2% consistency had a small effect on the air

bubble size distribution. 1t is believed that the fibres reduced the shear stress

exerted on air bubbles, increasing the probability ofaxisymmetric bubble

breakage.

•

@ The presence ofTMP fines at 0.2% consistency did not have a significant effect

on the air bubble size distribution. Fines, like fibres, may slightly reduce the

shear stress exerted on air bubbles, increasing the probability ofaxisymmetric

bubble breakage. This finding was not conclusive, however.

® Increasing the fluid velocity increases the probability ofsymmetric bubble

breakage and has a significant effect on the bubble size distribution.
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2.8 RECOMMENDATIONS FOR FUTURE WORK

The following types of experiments are interesting possibilities for continued work

concerning the effect of flotation deinking process parameters on the air bubble size

distribution:

the effect oftemperature on the air bubble size distribution

the effect of air injector design on the air bubble size distribution

the effect of surfactant type and concentration on the air bubble size distribution

the effect ofhigher fibre/fine consistencies on the air bubble size distribution
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CHAPTER3

THE EFFECT OF FLOTATION DEINKING PROCESS

PARAMETERS ON DEINKING EFFICIENCY
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ABSTRACT

The flotation deinking air-injection unit described in Chapter 2 has been

developed into a fully functionallaboratory..scale flotation deinking cell for experiments

discussed in this chapter. The objective ofthese experiments was ta investigate the effect

of furnish type, air volume fraction and slurry velocity on the deinking efficiency. The

deinking efficiency was gauged by measuring the Ink Speck Count, ISO Brightness and

Effective Residual Ink Content (ERIC) of3.0 gram Buchner pads prepared before and

after flotation deinking. Sorne of the experiments used 1000/0 aged newsprint fumish and

others used 70% fresh newsprint and 30% fresh magazine. One run using 70/30 mixture

of newsprint and magazine attained a final Brightness of 67.4, an increase of Il points,

indicating that the cell functions well. Increasing the air volume fraction while keeping

the suspension velocity constant, did slightly improve the deinking efficiency for the

100% aged NP case, however, did not result in any significant improvement for the 700/0

NP/ 300/0 MG case. The 1000/0 aged newsprint runs had considerably lower initial

brightness and considerably higher initial ERIC compared ta the runs using 70% fresh

newsprint and 30% fresh magazine. The 100% aged newsprint runs aiso achieved much

lower Percentage Speck Removai compared to the runs using 70% fresh newsprint and

30% fresh magazine. It is believed that the increased shear forces associated with

increasing the suspension velocity broke-up ink agglomerates that were in suspension

into a larger number ofsmaller ink particies. It is not believed, however, that increasing

the shear by increasing the suspension velocity dislodged ink from within fibre flocs, and

increased the amount of ink available to he floated. Increasing the suspension velocity

increased the rate of flotation.
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3.1 INTRODUCTION

The objective ofthese experiments was ta utilize a novel flotation deinking cell ta

investigate the effect of furnish type, air ta stcdc volume fraction and suspension velocity

(i.e. effect of shear) on the deinking efficiency. A brief literature review now follows on

the effect of various flotation process parameters on the deinking efficiency.

Increasing the air to stock volume fraction has aImost always been seen in the

literature to improve the deinking efficiency (1, 110]. The degree ofincreased deinkmg

efficiency achieved by increasing the air to stock volume fraction has been shown in one

study to be strongly dependent on the type of air injector used [1]. In that study three

different air injectors were tested, and one particular air injector design (Injector A)

produced significantly higher pulp brightness increases, at two air to stock volume

fractions (40 and 80%). For Injector A, the pulp brightness increase observed when the

air to stock volume fraction was increased from 40% to 80% was approximately 2.5

brightness points. For Injector B and C, the pulp brightness increases observed when the

air to stock volume fraction was increased from 40% to 80% was only approximately 0.5

brightness points. The authors explained that the poor brightness increase of injectors B

and C is that the injector designs resulted in poor air to stock mixing [1 J.
Pulp consistency has been shown to affect the deinking efficiency. One study

using the Injector-Aerated Laboratory Flotation Cen, however, saw similar pulp

brightness increases in the pulp consistency range of 0.5% to 1.5% [1]. The data does

show a slight trend, however, towards higher brightness increases with increasing pulp

consistency. Other studies using the Denver Cel1 observed the opposite trend. One of

such studies found that the brightness increase was greater when the pulp consistency

was reduced frOID 1.0% to 0.5% [46]. Another study using the Denver cell found that

when the consistency was increased from 1.0% to 1.6%, the brightness gain decreased

from 9.8 points to 1.7 points, or a 82.70/0 reduction [111]. Based on these findings, the

effect ofpulp consistency on the deinking efficiency is likely highly dependent on the

design of the flotation cell being used.

Flotation time obviously has an effect on the deinking efficiency. One study

using the Denver Cell observed that the pulp brightness did not continuously increase
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with time but reached a plateau after 6-10 minutes offlotation [46]. The authors

theorized that any remaining ink was probably still attached ta the fibres and was

unavailable for removal by flotation. Another study using the Denver Cel1 saw that the

tirst 30 seconds of flotation experienced the largest gain in bath brightness and ink area

removal [111]. Afterwards, improvement on both brightness gain and ink area removal

slowed down and hyperflotation was essentially reached after 5 minutes of flotation. In

another study using an Adirondack Formax Cell, hyperflotation was achieved within 15

minutes offlotation [41].

Paper ash content and age bave been shown to affect the deinking efficiency of

the resulting fumish.

Ash content bas been shown ta play an important role in the flotation process

[112]. Clays and other ash components are believed ta provide sites for ink attachment

and ink particle agglomeration. The ink-coated particle is then trapped in the foam layer

and separated from the pulp slurry. Calcium ion, often originating from calcium

carbonate paper tiller, is believed to improve the effectiveness of fatty acids often used in

flotation deinking. Temanex Consulting Inc. reports 'a 70:30 ratio ofONP :magazine

(pigmented) grades is recommended, since (flotation) deinking efficiency is maximized

by the presence of about 8-10% mineral pigment which acts as a catalyst' [113]. In 1967,

Raimondo observed that flotation was more efficient when paper with a substantial tiller

content was used, such as coated 'illustrated' papers. Raimondo suggested that the

attachment ofink to the coating layer, as opposed to the fibres, made the ink more easily

removable from these types ofpapers. He theorized that the coating, rather than the

fil1ers themselves, leads to the improved deinking of 'illustrated' paper [114].

Paper age has been shown to affect the deinking efficiency. In one study by

Doms [115] utilized two pulp semples from 70% ONP 130% OMG blends obtained by

repulping fresh and aged issues of the same ONP, with a single source ofOMG.

Accelerated aging ofONP was done in a laboratory oven at 60 oC for 18 hours. Aging of

the ONP produced a brightness drop of 5 ta 7 points (depending on the pad preparation

technique used), which corresponded ta an increase ofERIC by 350 ta 500 ppm.

The amount ofshear imposed on a pulp suspension has been shawn ta effect the

deinking efficiency. One study using the Denver flotation cell found that for a fixed air
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flowrate, the deinking efficiency was improved with increasing rotor speed [110]. The

authors attributed this to the fact that increasing the rotor speed creates a greater and

more intense shear field, which breaks the air up into smaller bubbles. The creation of a

larger number of srnaller bubbles results in a greater overall surface area available for

floating particles.

Temperature has been seen in sorne cases to have an effect on the deinking

efficiency. In one study, the overall ink removal decreased from 98.6% at 135 op to

89.7% at 90 OF [116]. This was found to be at least partly due to the fact that larger (>

300 micron) ink particle removal efficiency was relatively low « 850/0) at 90 OF.

3.2 EXPERIMENTAL DESIGN

The flotation deinking air-injection unit described in Chapter 2 has been

developed into a fully functional laboratory-scale flotation deinking cell for experiments

discussed in this chapter, which is shawn below in Figure 1.

Figure 1. The laboratory-scale Dotation deinking cell [103]
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• The large loop configuration orthe air-injection unit used in Cbapter 2 (described in

Appendix B) has been modified in three ways which will be described in the following

three sub-sections.

3.2.1 Air-Injection Step-Diffuser

The tirst modification is that the air-injection valve positioned 9 cm following the

pump is no longer used as the air injection location. It was discovered that the large pipe

diameter (I.D.= 4 cm) provided inadequate air mixing and led to poor ink flotation. In

order to circumvent this problem a new air-injection section was designed having a

similar step-diffuser design as the Sulzer Escher-Wyss injector described in Chapter 2.

Figures 2 and 3 below compare the Sulzer Escher-Wyss step-diffuser to the one used for

these experiments (pipe diameters in centimeters shown).

•

•

Figure 2. Sulzer Escher-Wyss step-diffuser [102] Figure 3. This study's step-diffuser (103)

The step-diffuser shown in Figure 2 is comprised of four different sized pipes.

The internai diameters (I.D.) ofthese pipes are (progressing counter-clockwise in the

flow direction): 4.4, 1.8, 2.4, and 5.5 cm. Air is aspirated through a pipe, which is

positioned perpendicularly to the 2.4 cm pipe. The Sulzer Escher-Wyss step-diffuser can

aerate a pulp stream with 20 percent volume fraction air and greater.

This study's step-diffuser, shown in Figure 3, is constructed from

polyvinylchloide (PVC) piping and is aIso comprised ofdifferent sized pipes. The

internai diameters ofthese pipes are (progressing right to left in the flow direction): 4.0,

1.6,2.15, and 4.0 cm. Air is aspirated through a ~ inch two-way ball valve, which is

positioned perpendicularly to the 1.6 cm pipe. This step-diffuser can aerate a pulp stream
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to a maximum of 10 percent volume fraction air at suspension velocities below 1.5 rn/s.

In order to operate the cell at higher than 10 percent volume fraction air, air was fed into

the flotation cell through the aspiration pipe of the step-diffuser using a compressed air

cylinder. The flowrate was regulated using an Omega Rotameter (model FL-1S0S).

Force-feeding the air allowed for runs to be performed at 20 percent volume fraction air.

As was used in the construction of the image cell described in Chapter 2, at either

end of the step-diffuser are PVC unions (Nibco 1Y2 inch) which allow for its quick and

easy placement and removal from the loop. The totallength of the step-diffuser

(including female union-halves) is 59.5 cm, which is the same length as the image cell.

For aIl Chapter 3 experiments, the step-diffuser was positioned in place of the image cell.

3.2.2 Flotation Vessel

The second modification ofChapter 2's experimental set-up is the presence ofa

custom-built flotation vesseI, shown in Figure 4. The flotation vessel is constructed from

~ inch polycarbonate. The flotation vessel dimensions are as follows: 4.8 inches wide,

20 inches long, and 28 inches high. The vessel is strengthened by the presence of four V2

inch reinforcing bands, which are evenly spaced up the vessel. The vessel' s rear wall is

equipped with two ball valves at its base which allow for easy drainage. At either end of

the flotation vessel are PVC unions (Nibco 1Y2 inch) which allow for its quick and easy

placement and removal from the loop.

The aerated slurry decelerates upon entering the flotation vessel, allowing air

bubbles to float to the top ofthe vesse!. A negligible amount of air ~xits in the outlet pipe

(or accepts stream) and is recirculated to the pump. The outlet pipe is situated 1.5 inches

below the level of the inlet pipe, which reduces the chances that air entering in the inlet

pipe will exit in the oudet pipe.

The flotation vessel is equipped with a removable baffle which can be positioned

within the vessel to further prevent air bubbles from exiting in the accepts stream and

allows them to rise to the surface of the tank. Bubble recirculation was no! a significant

problem for the suspension velocities used in these experiments, thus the baffle was not

used.
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The baftle is a rectangular polycarbonate pane that slides vertically down between

a set oftwo polycarbonate tracles to the base of the flotation vessel. The set oftwo

polycarbonate tracles are verticaIly positioned two-thirds of the way across the vessel (in

the flow direction) and are visible in Figure 4 below.

Figure 4. Close-op of the Dotation vesser showing vertical
bame tracks [103]

The presence of the baffle strongly affects the flow pattern within the flotation

vessel. For more detai1s on the effect of the presence orthe baffle on the flow patterns

within the flotation vesse1, refer to Appendix G.

3.2.3 Closing ofthe Pump

The third modification ofChapter 2's experimental set-up is that the custom-made

centrifugai pump is no longer open ta the atmosphere. It was described in Chapter 2 that

air bubb1es could tloat up within the pump and be released into the atmosphere. For

Chapter 3's experiments, however, a constant tluid level was kept in the flotation vesse1

which was Many inches higher than the top of the pump (refer to the horizontalline on

the flotation vessel in Figure 1). This constant tluid level corresponded ta a fluid volume
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in the flotation cell of33.9 L for all experiments. In order to prevent an overflow offluid

from the pump, the pump had to be closed to the atmosphere for these experiments. This

was easily done using three custom-cut rubber stoppers to plug three pump orifices.

Screws were placed into the rubber stoppers to prevent them from accidentally being

pushed into the pump. Figure 5 below depicts the closed pump (two ofthe three rubber

stoppers are visible).

Figure S. Rubber Stoppen Plng Three Pump Orifices [103]

3.3 MATERIALS

3.3.1 Water Grade

For these experiments tap water was used.

3.3.2 Pulp

Sorne of the experirnents used 100% aged newsprint fumish and others used 70%

fresh newsprint and 30% fresh magazine. The pulp temperature was 47 oC. The

consistency of the 100% aged newsprint runs was 0.83%, and the consistency of the 70%

fresh newsprint and 30% fresh magazine runs was 0.92%. The newsprint source was one

particular edition of the Montreal Gazette and the magazine source was one particular

pre-bound edition (i.e. no glues or adhesives were present) ofReader's Digest. AlI
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pulpings utilized identical sections of the newspaper and magazine ta ensure a constant

pulp source.

For the runs which used 100% aged newsprint, the newsprint was place in an

oven at 60 oC for 18 hours. This procedure to rapidly age ONP has been previously

published in the literature [115]. The purpose ofagîng the pulp in this manner was to

simulate the natural aging pracess the paper experiences between the time it is fabricated

and the time it is eventually deinked during the recycling process. This naturai aging

period is typically at least a few months in duration.

3.3.3 Deinking Chemica/s

Table 1 below indicates aIl of the deinking chemicals used for these experiments.

AlI of the chemicals listed were added in the pulping stage, except for the CaCh which

was added in the flotation cell prior ta commencing the flotation process.
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Table 1. Deinking Chemicals Used

Amountof Concentration Quantity Quantity

Cbemical Added Required for 100 Required for

% Aged NP Runs 70% Fresh NP :

30% Fresh MG

Runs

NP - Moisture content: 589.9 g 460.3 g

4.95%

MG - Moisture content: Og 192.5 g

2.59%

NaOH 1% of pulp mass 100 gIL 59.0 ml 62.5 ml

Na2Si03 0.8% ofpulp mass 100 gIL 47 ml SOm!

Hydrogen 1% of pulp mass 0.3 gIL 196 ml 208 ml

Peroxide

DTPA 0.2°;/0 ofpulp mass 0.4 glg 2.950 g 3.125 g

Sodium Oleate 0.6% ofpulp mass 25 gIL 142 ml 150 ml

Water Enough ta attain - 4836 ml 5124 ml

10% consistency

pulp in pulper

CaCh 60 ppm (mg/L) 30 gIL 11.0 ml 11.7 ml

added to the

flotation cell

contents (33.9 L)

It shouid aiso he noted that priar to the preparation of 3.0 gram Buchner pads, 1 milliliter

of 12% Alum solution was added to each pulp sample to help retain the ink particles

during pad formation.

3.4 EXPERIMENTAL METHOnS

3.4.1 Calibration ofPump RPM and Fluid Velocity

It was discovered tbat the presence of the air-injection step-diffuser increased the

resistance to flow and altered the pump RPM and suspension velocity calibration attained

in Chapter 2. In order to recalibrate the pump RPM with the suspension velocity in the
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loop, a Doppler flowmeter was used. The velocity calibration data is included in

Appendix A. From this data, the following linear relationship with an R2 value of0.998

can be obtained which is valid until a fluid velocity of 1.54 mis:

Fluid Velocity [mis] = (1.16*10-3
) (Pump RPM) + 0.055 (1)

3.4.2 Air Volume Fraction Control

Table 2 below indicates the air flowrates and corresponding Omega rotameter

(FL-1808) levels utilized to attain 10 and 20 percent volume fraction air for both the 1

and 1.5 mis suspension velocities.

Table 2. Air Flowrates and Corresponding Rotameter Levels for 10 and 20%
Volume Fraction Air

Suspension Pump Suspension Air Flowrate Leve) on Omega Air F10wrate Leve) on Omega
Velocity RPM Flowrate required for Rotameter Required for Rotameter
(mis) (L/mïn) 10°;/0 volume (FL-lS0S) for 20°;/0 volume (FL..lS0S) for

fraction air 10°;/0 volume fraction air 20°;/0 volume
CUmin) fraction air (L/min) fraction air

1.0 814 75.40 7.54 58 15.08 104
1.5 1244 113.09 L1.31 82 22.62 144

3.4.3 Pu/ping Procedure

Paprican's Helico pulper was used for these experiments at Paprican's facility in

Pointe-Claire, Quebec. A general schematic of the Helico pulper is shown in Figure 6.

Figure 6. The Helico Pulper [4]
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The following ten steps comprise the pulping procedure:

(i) Rip newspaper and/or magazine ÎDto small pieces (approximately 2 square inch)
(ii) Reat water ta 50 oC
(iii) Ensure that the pulper power switches are off and the drain valve is closed
(iv) Fill the pulper with the required amount ofwater (see Table 1)
(v) Add all deinking chemicals, except the hydrogen peroxide which is added in step

(ix), and the CaCh which is added ta the flotation cell just prior to flotation
(vi) Start the pulper at 7-8 frequency
tvii) Add aH the paper
(viii) Increase the pulper speed ta 25 frequency (which corresponds to approximately

806 RPM)
(ix) Add hydrogen peroxide
(x) Pulp for 10 minutes

3.4.4 Buchner Pad Preparation

A simple method was devised to gauge the deinking efficiency for aIl of the runs

after 5, 15 and 30 minutes offlotation. Prior to the flotation process two pulp samples

were drawn from the red ball valve located immediately following the flotation vesse!.

This would be done with the pulp circulating at the desired velocity to ensure thorough

mixing within the flotation cell. The consistency of the pulp was then measured using

these samples. Two additional pulp samples were then taken which represented the

'before flotation' case. After the flotation process had begun, two pulp samples \vere

taken at the 5, 15 and 30 minute times. The consistency ofthe pulp was assumed ta he

constant throughaut the 30 minuteflotation process. With the pulp consistency known,

3.0 gram Buchner pads were prepared from these pulp samples using the CPPA

Technical Section Useful Method C.4U. Priar to the preparation afthe pad, 1 mil/iliter

of12% Alum solution was added to each pulp sample to help retain the smallest ofink

particles during padformation.. The weight of the pads were later measured and they all

weighed between 3.0 - 3.2 grams, thus the constant consistency assumption was valid.

3.4.5 Deinking efficiency Measurement Parameters

On the 'screen' side of the Buchner pads the following deinking efficiency

parameters were measured at Paprican in Pointe-Claire, Quebec: (i) ISO Brightness
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(ü) Effective Residual Ink Count (ERIC) (iii) Ink Speck Count [this test provides the

Speck Number/cm2
, Percent Coverage, and Average Speck Diameter (J.UD)].

As was previously mentioned, two pulp samples were drawn for each sample time

for all of the runs. Both of the samples were analyzed for the above deinking efficiency

parameters. The average of these values is then reported.

3.4.6 Using the Paprican [nk Scanner

The Paprican Ink-Scanner, shawn in Figure 7 below, is an image analyzer that

measures the amount of ink remaining in paper or board after deinking. The instrument

illuminates the specimen with a near IR diffuse source. The instrument incorporates a

state-of-the art detector which collects and directly transmits the digital image to the

processor for analysis. AlI adjustments are automatic. This decreases the overa11 testing

time by at least 100 times compared to conventional high magnification image analysis.

The minimum particle diameter able ta he detected is 8 J.lIll. The user interacts with the

software with the use of a touch-sereen.

Figure 7. The Paprican Ink-Scanner [119]

The Paprican Ink Scanner was used ta measure the Ink Speck Count. This test

provides values for the Speck Number/cm2
, Percent Coverage, and Average Speck

Diameter ü.un).

For eaeh pad analyzed on the 'sereen' side, twenty 7.3 mm2 fields (or sample

points) were measured. Sampling twenty different fields ensured less than 3%
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uncertainty in the data This data is then automatica11y compiled providing the Ink Speck

Count. A typical Paprican Ink-Scanner result sheet and plot is shown in Figure 28 of

Chapter 1.

3.4.7 Froth Removal

Throughout the flotation process, an inky froth forms at the suspension surface in

the flotation vessel. Figure 8 is a typical picture ofthis froth. The froth was manually

removed as it formed using a plastic beaker. The froth was not analyzed to calculate

yield losses.

Figure 8. Inky Croth Corms at the top oC the notation vessel [1031

3.4.8 TypicaI Experimental Run Procedure

The fo llowing thirteen steps comprised a typical experimental nm:

•
(i) Pour the puIp, having a temperature of47°C, into the open top of the flotation

vessel. Fili the flotation cell with tap water, having a temperature of47 oC, to the

blue line marked on the side of the flotation vesse!. The blue line corresponds to

a volume of 33.9 litres.
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• (ii) Turn on the pump's power switch and adjust the pump's RPM until the desired

corresponding suspension velocity is reached. Some air may be trapped in or

around the pump which makes it difficult for the pump to circulate fluide This

trapped air can be released by opening the ~ inch ball valves located

immediately before and after the pump. It may require a few minutes to release

aIl ofthe trapped air.

(iii) From the red ball valve located immediately following the flotation vessel, take

two pulp samples (approximately 250 milliliters each) from which the pulp

consistency will be measured. AlI further pulp samples are taken from this

location.

(iv) Take two more pulp samples (approximately 425 milliliters each) which represent

the 'before flotation' case. When the pulp consistency is determinedfo/lowing

the completion ofthe run. the exact pulp volume required to make a 3.0 gram

Buchner pad can be calculated.

• (v) Using the peristaltic pump, inject the CaCh into the loop through the deinking

chemicals injection section. Allow five minutes for homogeneous mixing of

CaCh to be attained throughout the system.

(vi) Begin the flotation process by injecting air into the loop using a compressed air

cylinder. Adjust the flowrate using the rotameter to attain the desired volume

fraction air.

(vii) Continually remove the froth as it fonns at the suspension surface in the flotation

vesse!. Use a plastic beaker ta manually collect the froth. Attempt ta remove as

little pulp as possible while removing the froth. The froth was not analyzed to

detennine yield lasses of each rune

(viii) After 5, 15 and 30 minutes of flatation, take two pulp samples (approximately 425

milliliters each). When the pulp consistency is determinedfoIlowing the

comp/etion ofthe run, the exact pulp volume required to make a 3.0 gram

Buchner pad can be calculated.

(ix) Drain and clean the flotation vesse!.

• (x) Determine the exact pulp consistency for the nm using the first two pulp samples.
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(xi) Calculate the exact volume required from the other eight pulp samples to prepare

3.0 gram Buchn~ pads (the consistency is assumed to be constant throughout the

experiment).

(xii) Prepare eight 3.0 Buchner pads for the run following the CPPA Useful Method

C.4U.

(xiii) For each pad, measure ISO Brightness, Effective Residual Ink Count (ERIC), and

Ink Speck Count. Record the average values of the duplicate samples taken at the

three sampling times.

3.5 RESULTS

3.5.1 Experiments Using 100% Aged Newsprint

Two experimental runs (Runs 1 and 2) utilized 100% aged newsprint at 0.83%

consistency ta gauge the general functionality of this novel flotation deinking cell. The

newspaper was aged by being placed in an oven at 60 oC for 18 hours. Table 3 describes

the operating conditions for these experiments. These two experiments investigated the

effect of Air Volume Fraction on the deinking efficiency. The suspension velocity was

held constant at 1 mJs and two air volume fractions were tested, 10 and 20 0;'0.

Table 3. Experimental Run Descriptions for Runs 1 and 2

Run Furnish Type Pulp Suspension Air Volume Suspension

Number Consistency Velodty Fraction (0/0) Temperature

(Ok) (mis) (GC)

1 100% aged NP 0.83 1.0 10 47

2 100% aged NP 0.83 1.0 20 47

The following five parameters were measured: (i) Brightness (ü) Effective

Residual Ink Connt (ERIC) (üi) Speck Number/cm2 (iv) Percent Speck Coverage

(v) Average Speck Diameter (J.1Ill). These parameters were measured from 3.0 gram

Buchner pads prepared before flotation and also 5, 15 and 30 minutes after flotatioo.

Figures 9 and 10 plot the data attained for Runs 1 and 2.

109



• 100% Aged NP

47

52

550

950

51
650

--.- Run 1 CJ= 1.0 mIs 1

5O~
Pi: 10% v.t) i

Ê :1 --M- Run 2 01= 1.0 mIs
~ 750 a. Pi: 20% v.f)
S: c:
0 1: -.-Run 1
Q2 49~
w m

0 ---+-- Run 2
~

650
48

o 5 15
Rotatfon Ttme (min)

30

Figure 9. ERIC and Brightness data for Runs 1 and 2. Two different graphieal

symbols are used for each run, one for eacb vertical axis.

Figure 10. Specklemz and Average Speck Diameter data for Runs 1 and 2.

Two different graphieaI symbols are used for each run, one for each vertical axis.

•

•

6000

5000

4000
('of
é
E
~

,1 3000

2000

1000
o

100% Aged NP

23

22

Ê
21.2-

-+- Run 1 01= 1.0 m/s:-l
... ~ 10%v.f) :a.

__ Run 2 (\1= 1.0 mis. 1
âi
E
co

20ë ~20%v.f) 1

~ 1

8- -+-Run 1
!

en
19& ---.Run2

1!
ID

~
18

17
5 15 30

Rotation Tlme (min)

110



• In order to express values for the deinking efficiency the follo\ving equation was used :

% Speck = CSpeck #/cm2 Before Flotation} - (Speck #/cm2 After 30 Min.) * (100) (2)

Removal (Speck #/cm2 Before Flotation)

Using Equation 2, the Percentage Speck Removal for Runs 1 and 2 are listed in Table 4

and plotted in Figure Il:

Table 4. Percentage Speck Removal for Runs 1 and 2

•

Run % Speck Removal % Speck Removal % Speck Removal

Number After 5 Minutes(%) After 15 Minutes(%) After 30 Minutes(%)

1 27.1 48.6 53.1

2 29.3 47.6 52.5

1000/0 Aged NP

25

55

~ 45
'ii -.-Run 1 (\1= 1 mIs,
> A= 10% v.t)0
E

___Run 2 ('1= 1 mIs,~
~ A= 20% v.t)

!. 35
en

5 15 30

Ffotatlon nme (min)

•
Figure 11. Percentage Speck Removal for Runs 1 and 2.

111



•

•

•

The 10w Percentage Speck Removal attained using 100% aged NP, shawn in Table 4

and Figure Il, are not due ta the functionality of the flotation cell, but rather the nature of

the stock used. First ofall, the fumish had a low ash content because 100% aged NP was

used. As was previously discussed in the Introduction, had a minimum ash content of 8

10 percent been present, improved Percentage Speck Removal would have been

expected. In addition, the fact that the NP was aged in a laboratory aven at 60 oC for 18

hours aIso contributed to the poor Percentage Speck Removal values attained. As

discussed in the Introduction section, had fresh NP been used, improved Percentage

Speck Removal would have been expected. Based on these findings, it was decided ta

change fumish type for the remainder of this work in arder to better gauge the

functionality of this novel celle A furnish of 70% fresh NP/ 30% fresh MG was chosen

due to the fact that such furnish types have been shawn in the literature ta be effectively

deinked.

3.5.2 Experiments Using 70% FresIl Newsprlnt and 30% Fresh Magazine

Four experimental runs (Runs 3 through 6) utilized 70% fresh newsprint and 30%

fresh magazine ta gauge the general functionality of this novel flotation deinking ceII.

Table 5 describes the operating conditions for these experiments. These four experiments

investigated the effect ofSuspension Velocity and Air Volume Fraction on the deinking

efficiency. Using two suspension velocities, 1 mis and 1.5 mis, two air volume fractions

were tested, 10 and 20 %.
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Table 5. Experimental RUB Descriptions for RUBs 3-6

Run Furnish Type Pulp Suspension Air Volume Suspension

Number Consistency Velocity (mis) Fraction (%) Temperature

(0/0) (OC)

3 70% freshNP 0.92 1.0 10 47

30% freshMG

4 70% fresh NP 0.92 1.0 20 47

30~~ fresh w1G

5 70% freshNP 0.92 1.5 10 47

30% freshMG

6 70% fresh NP 0.92 1.5 20 47

30% fresh MG

Figures 12-16 plot the data attained for Runs 3-6.
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Figure 12~ Brightness data for RUBS 3-6
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• Using Equation 2, the Percentage Speck Removal for Runs 3-6 are listed in Table 6 and

plotted in Figure 17:

Table 6. Percentage Speck Removal for Runs 3-6

Run % Speck Removal % Speck Removal % Speck Removal

Number After 5 Minutes{%} After 15 Minutes(%) After 30 Minutes(%)

3 63.8 86.4 90.2

4 65.1 87.3 90.7

5 86.2 93.4 93.7

6 86.1 92.3 93.2

70% fresh NP/30% fresh MG

•
-:::eo-

-+- fùl3 C'J= 1.0 ms.
=100A»v.f)
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= 100A» v.t)

-e-RLn 6 N= 1.5 ms,
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5 15

F1otatIon TIme (min)
30

•
Figure 17. Percentage Speck Removal for RUBS 3-6
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3.6 DISCUSSION

3.6.1 Effect ofAir Volume Fraction

For Runs 1 and 2 using 100% aged NP, increasing the percent volume fraction air

from 10 percent to 20 percent resulted in a small irnprovement in the amount of floated

ink up ta 15 minutes of flotation. This is evident in Figure 9 by an increase in Brightness

(less than 1 point) and a decrease in ERIC (less than 50 points) during the tirst 15

minutes of flotation. This result was not surprising, since increasing the air volume

fraction bas been seen in the literature to improve the deinking efficiency [1, 110].

In Figure 10, the 20 percent volume fraction air run (Run 2) did result in lower

Speck/cm2 values after 5, 15 and 30 minutes of flotation, compared to the 10 percent

volume fraction air nm (Run 1). However, it is difficult to attribute this solely to the

increased air volume fraction because Run 2 had a lower initial Specklcm2 value prior ta

flotation (at time 0) as weIl. After 30 minutes offlotation, utilizing 20 percent volume

fraction air over 10 percent led only ta a negligible irnprovement in Brightness, ERIC and

Speck/cm2 values. From this finding , it is hypothesized that at sorne times between 15

and 30 minutes of flotation, hyperflotation had been achieved for both the 10 and 20 air

volume fraction scenarios. Hyperflotation defines the scenario in which all of the free

ink in suspension has been floated. Any remaining ink is still attached to fibres and is

unavailable for removal by flotation.

For Runs 3 to 6, in which 70 percent fresh newsprint and 30 percent fresh

magazine was used, increasing the percent volume fraction air from 10 percent to 20

percent did not result in an appreciable improvement in Brightness, ERIC, SpeckJcm2 and

0/0 Speck Coverage (see Figures 12-15). This result was very surprising because the

100% aged newsprint results discussed above, as weIl as other studies in the literature

typically notice improved deinking as the air volume fraction is increased. Based on the

different results attained \vhen using 100% aged NP or 70% fresh NP and 30% fresh MG,

the effect of air volume fraction on the deinking efficiency may be highly stock

dependent. Factors, such as, paper age, ink properties and pulp ash content likely play

important roles in the flotation kinetics exhibited.
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In regard ta the lack ofeffect of air volume fraction on the deinking efficiency

when using the 70% fresh NP and 30% fresh MG, this finding could be predominantly a

result of insufficient mixing of air mto the stoc~ which is largely affected by the injector

design. One study in the literature, which evaluated the perfonnance ofan air-injector

having a sunilar design to ours, found only a small improvement in the deinking

efficiency (approximately ~ a brightness point) when the air volume fraction was

increased from 40% ta 80% [1]. The authors explained the poor brightness increase ta be

a result of the injector design, which led to insufficient rotation velocity of the suspension

in the flotation cell. It is possible that the same phenomenon is being observed in our

results. Perhaps increasing the volume fraction ofair from 10% ta 20% while keeping

the suspension velocity (i.e. the shear field) constant, resulted in a larger average air

bubble size that was less efficient at floating the ink particles. The degree ta which the

average air bubble size increased is predominantly characterized by the air injector design

which has been shawn to highly affect the air ta stock mixing. Good mixing is required

to ensure a high rate ofcollision between the bubbles and ink particles. The relative size

of the step diffuser segment diameters has been shown to have a large effect on the

degree ofmixing attained [1]. It is advised that this study's air injectar design be

optimized in future work to improve the degree ofmixing attained.

3.6.2. Effect ofFurnish Type

It is interesting to compare the 'before flotation' data (shawn on the graphs at a

flotation time of0 minutes). The 100% aged newsprint runs (1 and 2) had considerably

lower initial brightness (approximately 10 points) and considerably higher initial ERIC

(approximately 320 points) compared to the runs (3-6) using 70% fresh newsprint and

30% fresh magazine. This is likely due to two factors. Firstly, the filler content of the

magazine present in Runs 3-6 likely brightened the pulp compared to had no magazine

been present [11 7]. Secondly, aging the newsprint used for Runs 1 and 2 has been shown

in the literature to lower brightness and increase ERIC [115].

The furnish type also had an effect on its overall deinkability. For example, Run

1, using 100% aged NP and a suspension velocity of 1 mis and 10% volume fraction air,

attained a Percentage Speck Removal of approximately 53% after 30 minutes of flotation.
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Run 3, using 70% fresh NP and 30% fresh MG and a suspension velocity of 1 mis and

10% volume fraction air, attained a Percentage Speck Removal ofapproximately 90%

after 30 minutes offlotation. The poor Percentage Speck Removal ofRuns 1 and 2 can

likely be attributed primarily to the fact the newsprint was aged [115], which increased

the adhesion of ink to fibre. Thus, the ink was insufficiently separated from the fibre

during repulping. Another possible factor involving the poor Percentage Speck Removal

ofRuns 1 and 2 is that an insufficient amount of ash was present in the pulp. It is

commonly believed that ash content has a high impact on the deinking efficiency [112,

113]. This viewpoint is not universal, however. One study found that, based on flotation

accepts brightness, OMG addition did not improve deinking efficiency [117]. Flotation

accepts brightness with OMG/ONP were not significantly higher than those obtained

with ONP alone [117].

3.6.3 Effect ofFurnish Velocity

The effect of suspension velocity was investigated only with the 70% fresh NP

and 30% fresh MG furnish. Two suspension velocities were used (1 and 1.5 mis) with 10

and 20% air each, for a total of four runs. The suspension velocity had an effect on the

ink size distribution present in the pulp prior to flotation. This can be seen by comparing

the 'before flotation' results for Run 3 and Run 5 (similar trends can be attained by

comparing the results for Runs 4 and 6 because, as was aIready discussed, air volume

fraction did not have a significant impact on the measured parameters). The only

difference between Runs 3 and 5 is that the suspension velocity for Run 3 is 1.0 mis and

for Run 5 is 1.5 rn/s.

Increasing the suspension velocity increases the shear forces acting upon the

flowing suspension. It is believed that the increased shear forces associated with

increasing the suspension velocity from 1 mis (Run 3) to 1.5 mis (Run 5) broke-up ink

agglomerates that were in suspension ioto a larger number smaller ink particles. Due to

the fact that smaller ink particles have larger specific surface area than larger ink

particles, they generally lower Brightness values and increase ERIC values. It is for this

reason that prior to flotation (after 0 minutes of flotation), Run 5 is approximately 1 point

lower in Brightness and approximately 66 points higher in ERIC than Run 3 (see Figures
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12 and 13). In addition, prior to flotation (after 0 minutes of flotation), Run 5 had

approximately 1300 more Specks/cm2 and 0.5% more Percent Ink Coverage than Run 3

(see Figure 14 and 15), and Run 5's Average Speck Diameter was approximately 1

micron smaller than Run 3's (see Figure 16).

It is assumed that hyperflotation had been achieved after 30 minutes of flotation

and all of the free ink in suspension available to be floated, had been successfully

removed by flotation for Runs 3 and 5. Figures 14 and 15 indicate that Runs 3 and 5 had

virtually identical values for Speck/cm2 and % Speck Coverage. This implies that both

runs had virtually the same amount of ink that had not been floated, indicating that

increasing the shear by increasing the suspension velocity did not dislodge ink from

within fibre flocs, and increase the amount of ink available to be floated.

It is interesting to note that despite the fact that it is believed the same amount of

ink was believed to be floated for Runs 3 and 5, Run 5 had approximately 1.4 higher

Brightness points (Figure 12) and 40 lower ppm ERIC (Figure 13) than Run 3. Ifthese

results are not due to the fact that more ink was floated in Run 5 than Run 3 (for reasons

discussed above), perhaps they are a result of less filler loss at the higher suspension

velocity (Run 5). This is only speculation, however.

Increasing the suspension velocity increased the collision frequency ofair bubbles

and ink particles which improves the flotation efficiency. In addition, increasing the

suspension velocity is expected to reduce the average air bubble size, which results in a

greater overall surface area for floating particles. As a result ofthese factors the rate of

flotation increased for Runs 5 and 6 (bath operated at 1.5 mis) than Runs 3 and 4 (both

operated at 1 mis). This is evident from Figures 14 and 15, in which the Speck

Number/cm2 and the Percent Speck Coverage both reduced at a faster rate for Runs 5 and

6 than did for Runs 3 and 4. After 30 minutes hyperflotation was achieved, however, and

ail ofRuns 3-6 essentially attained the same values for Speck Number/cm2 and the

Percent Speck Coverage.
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• 3.6.4 Functionality ofthis Novel Flotation Cell

This novel flotation cell functioned very weil for these experiments. The greatest

increase in Brightness attained was 10.9 points in Run 5, from 56.5 before flotation ta

67.4 after 30 minutes offlotation. Figures 18 and 19 below depict scanned images of

sections ofthe before and after flotation Buchner pads prepared for Run 5. These figures

give a physical sense for the before and after flotation cleanliness of the pulpe

•

•

Figure 18. Buchner pad image from
Run 5 - before Dotation [120]
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from Run 5 - Alter 30 minutes
of Dotation [120]
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3.7 CONCLUDING REMARKS

The flotation deinking air-injection unit described in Chapter 2 has been developed into a

fully functionallaboratory-scale flotation deinking cell for experiments discussed in this

chapter. The following are the primary findings of this work:

(j) Increasing the air volume fraction while keeping the suspension velocity constant,

did slightly improve the de1nking efficiency for the lOO~1c aged NP case, ho'.vever,

did not result in any significant improvement for the 70% NP/ 30% MG case.

The 100% aged newsprint runs had considerably lower initial brightness

(approximately 10 points) and considerably higher initial ERIC (approximately

320 points) compared to the runs using 70% fresh newsprint and 30% fresh

magazine. After 30 minutes of flotation, the 100% aged newsprint runs also

achieved much lower Percentage Speck Removal compared to the runs using 70%

fresh newsprint and 300/0 fresh magazine. These findings are likely related to the

aging of the newsprint and the low ash content of the 100% aged newsprint runs.

•

@ It is believed that the increased shear forces associated with increasing the

suspension velocity broke-up ink agglomerates that were in suspension into a

larger number smaller ink particles. It is for this reason that prior to flotation,

lower Brightness and higher ERIC values were attained for the runs operating at

higher suspension velocities. Hyperflotation results indicate that virtually

identical values for Speck/cm2 and % Speck Coverage for runs operating at 1 and

1.5 rn/s. This infers that both runs had virtually the same amount of ink that had

not been floated, indicating that increasing the shear by increasing the suspension

velocity did not dislodge ink from within fibre flocs, and increase the amount of

ink available to be tloated.

Increasing the suspension velocity increased the rate of flotation.
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3.8 RECOMMENDATIONS FOR FUTURE WORK

The following types of experiments are interesting possibilities for continued work

concerning the effect of flotation deinking process parameters on the deinking efficiency:

continue investigating the effect ofair volume fraction and suspension velocity on

the deinking efficiency

investigate the deinkability of 100°4, non-aged newsprint

the effect of suspension temperature on the deinking efficiency

the effect of air injector design on the deinking efficiency

the effect of surfactant type and concentration on the deinking efficiency

the effect of consistency on the deinking efficiency
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Figure A.t. Cross-8ectional Blueprint of the Pump (reservoir section Dot shown)
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OTHER LOOP CONFIGURATIONS
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The air-injection unit has a versatile design in that it can be dismantled or pieced

together quickly and easily due to its modular construction made possible with the use of

PVC unions. Two larger loop-configurations, shown below in figures B.1 and B.2, can

be constructed but were not discussed in Chapter 2. In figure B.2 the image cell is

positioned 81.5 cm further downstream from the pump. These configurations are

constructed by adding two 81.5 cm lengths of4 cm I.D. PVC pipe. These extension

pieces add 2048 ml to the loop bringing its total volume ta 8660 ml at the 4.5 cm mark on

the pump reservoir measuring tape.

Figure B.l. Large Loop Configuration

Figure B.2. Large Loop Configuration With the Image Cell Positioned Further
From the Pump
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APPENDIXC

LOOP VOLUME CALIBRATION DATA
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Table Cl. SmaU Loop Volume Calibration Data

Loop Level on Tape Loop Level on Tape
Volume (ml) Measure (cm) Volume (ml) Measure (cm)

5950 2.32 6850 5.31

6000 2.41 6900 5.49

6050 2.55 6950 5.67

6100 2.75 7000 5.80

6150 2.88 7050 5.99

6200 3.07 7100 6.18

6250 3.33 7150 6.32

6300 3.48 7200 6.50

6350 3.60 7250 6.68

6400 3.79 7300 6.89

6450 3.96 7350 7.05

6500 4.18 7400 7.23

6550 4.29 7450 7.38

6600 4.46 7500 7.58

6650 4.63 7550 7.75

6700 4.81 7600 7.90

6750 4.98 7650 8.13

6800 5.15

Note: For the large loop configuration volume calibration, add 2048 ml to the

volume data in Table C.l.
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APPENDIXD

FLYGT "FLOAT-WASH" FRACTIONATORSCHEMATIC

AND OPERATING PROCEDURE
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FibreslFines Separation Procedure Usin~ The Float-Wash

1. Install the 150 micron (100 mesh) screen. Be sure to use a reinforcing coarse screen
backing.

2. Fill the accept reservoir (also called the '~pper tank") with water ta equalize the
separating conditions at start-up.

3. Put the disintegrated pulp in the reservoir (a1so called the "feed tank'') and dilute to
approximately 0.15 - 0.20 % consistency; start the mixer.

4. Make sure that aIl the valves are in the desired positions.

5. Start with the accept valve set to retum fines to the feed tank. Leave it this way long
enough to replace the water with fines.

6. Close the pump bypass to obtain 20 kPa (3 psi) at the spray.

7. Carefully open the valve over the screen after having started the vacuum pump (only
a differential of2 ta 5 mm ofwater is necessary which is measured by a manometer);
adjust the vacuum slowly to increase the visually observed consistency of the retained
long fiber.

8. Set the fines return valve to recover the fines in the collecting tanks.

9. Stop when the main reservoir is at 1/3 of the initial volume or when the consistency
of the feed is tao high.

10. Dilute again to approximately 2/3 of the initial volume and recover fines in a second
pasSe

Il. After the run is complete, do not forget to transfer the fines remaining in the upper
tank to the collecting tanks.

12. After no less than 16 hours decant the clear supematant from the tanks containing the
settled fines.

13. You should now have between 60 to 80 grams (aven dried) of fines froID a starting
weight of300 to 400 grams (oven dried) ofThermal Mechanical Pulp (TMP) in a 200
liter tank.

14. Clean all the parts of the Float Wash thoroughly.
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APPENDIXE

AIR HUBBLE SIZE DISTRIBUTION HISTOGRAMS
(CHAPTER 2 .. RUNS 2-5 and 7)
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APPENDIXF

CALffiRATION OF PUMP RPM and FLUID
VELOCITY USING A DOPPLER FLOWMETER
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Table Al. Calibration ofPump RPM and Fluid Velocity

PumpRPM Doppler Velocity
Measurement (mis)

350 0.424

400 0.515

450 0.588

500 0.629

526 0.642

550 0.698

600 0.748

650 0.822

700 0.888

738 0.927

750 0.93

800 1.001

850 1.058

900 1.110

949 1.174

1000 1.225

1050 1.274

1100 1.337

1150 1.382

1200 1.435

1250 1.493

1300 1.542
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APPENDIXG

FLOW PATTERNS IN THE FLOTATION VESSEL

WITH AND WITHOUT THE 6 INCH HIGH BAFFLE
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Flow Patterns In the FlatadoR Ce" With and Without the 6 Inch High Baffie

The following six pictures (Figures BI - B6) illustrate how the presence of the

batIle in the flotation vessel affects the flow pattern. The fiber consistency in the

flotation cell was 2 percent. The flotation cell was operated with and without the 6 inch

high baffle at three different suspension velocities (0.5, 1.0 and 2.0 mis) for 10 minutes,

in order for an equilibrium flow pattern ta be attained. The presence ofthe baffle

increased the resistance to f/ow within the cel/ and decreased the suspension ve/ocity

within the f/otation ce/l pipes by 2-3 percent, as measured with a Dopplerflowmeter.

The natura! circulation pattern in the cell without the presence of the baffle is a

clockwise flow pattern. The presence of the baffle forces the flow to pass up and over the

baffle strongly changing the natural flow pattern.

Considering the 0.5 mis cases, the scenario with the baille (Figure BI) led to

more symmetric fiber settling on the right and left sides of the vesse!. The scenario

without the baffle (Figure B4) led to settling primarily on the right side of the vessel due

to the strong clockwise circulation pattern within the cell.

Considering the 1.0 mis cases, the scenario with the baffle (Figure B2) led to

sorne settling throughout the cell (particularly in the center). The scenario without the

baffle (Figure B5) experienced superior mixing within the flotation vessel and led to a

small amount of settling on the right side of the vesse!.

Considering the 2.0 mis cases, both scenarios with and without the baffle (Figures

B3 and B6) led to intense rnixing throughout the cell with negligible amount of fiber

settling.
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Figure BI. 0.5 mis for 10 minutes with bame

Figure 82. 1.0 mis for 10 minutes with baffie
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Figure 83. 2.0 mis for 10 minutes with bame

Figure B4. 0.5 mis for 10 minutes without bame
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Figure B5. 1.0 mis for 10 minutes without bame

Figure B6. 2.0 mis for 10 minutes without baffle
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APPENDIXH

TABULATED RESULTS FORCHAPTER3 (RUNS 1-6)
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Table Cl. Rua 1 Results

TabuIated Results For RUBs 1 - 6
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Speck # Speck Average % Brightness ERIC
#/cm2 Speck Coverage

Diameter
(}lm)

BF#1 8130 5576 22.00 3.172 47.38 913.71
BF#2 7831 5371 22.05 3.129 47.60 904.43
Average 7980.5 5473.5 22.02 3.150 47.49 909.07
BF
5 min 5816 3989 19.40 1.724 49.33 761.16
15 min #1 4186 2871 17.78 1.060 50.50 670.30
15 min #2 4014 2753 18.19 1.040 50.71 661.11
Average 4100 2812 17.985 1.050 50.60 665.70
15 min
30 min #1 3885 2665 17.51 0.931 51.68 602.45
30 min #2 3593 2464 17.77 0.867 51.79 588.55
Average 3739 2564.5 17.64 0.899 51.73 601.00
30 min

Table C2. RUB 2 Results

Speck # Speck Average % Brightness ERIC
#/cm2 Speck Coverage

Diameter
(Jlffi)

BF#1 7576 5196 22.54 3.140 47.57 903.72
BF#2 7266 4984 22.87 3.060 47.61 894.00
Average 7421 5090 22.705 3.100 47.59 898.86
BF
5 min #1 5293 3630 19.17 1.552 49.82 724.13
5 min #2 5206 3571 19.50 1.559 49.69 730.47
Average 5249.5 3600.5 19.34 1.540 49.76 727.30
5 min
15 min #1 3817 2618 17.76 0.923 51.30 624.54
IS min #2 3961 2717 17.87 1.006 51.13 629.68
Average 3889 2667.5 17.82 0.964 51.22 627.11
15 min
30 min #1 3602 2471 17.39 0.859 51.89 587.92
30 min #2 3453 2368 18.01 0.966 51.75 595.19
Average 3527.5 2419.5 17.7 0.912 51.82 591.56
30 min
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Table C3. RUB 3 Resulu

Speck # Speck Average % Brightness ERIC
#/cm2 Speck Coverage

Diameter
(J!m)

BF#1 9092 6236 22.24 3.512 57.48 548.75
BF#2 8832 6058 22.28 3.467 57.67 539.94
Average 8962 6147 22.26 3.4895 57.58 544.34
BF
5 min #1 3398 2331 18.86 0.873 62.69 288.76
5 min #2 3095 2123 18.97 0.829 62.69 287.83
Average 3246.5 2227 18.915 0.851 62.69 288.30
5 min
15 min #1 1241 851 17.52 0.293 64.95 202.59
15 min #2 1193 818 17.56 0.294 65.06 199.45
Average 1217 834.5 17.54 0.294 65.00 201.02
15 min
30 min #1 888 609 17.27 0.205 66.05 167.61
30 min #2 860 590 16.96 0.185 65.90 170.03
Average 874 599.5 17.117 0.195 65.98 168.82
30mîn

Table C4. RUB 4 Resulu

Speck # Speck Average % Brightness ERIC
#/cm2 Speck Coverage

Diameter
(flm)

BF#1 9623 6600 21.55 3.462 57.38 552.13
BF#2 8862 5941 21.28 3.029 57.74 534.47
Average 9242.5 6270.5 21.42 3.2455 57.56 543.30
BF
5 min #1 3176 2178 19.27 0.899 62.64 286.37
5 min #2 3211 2202 19.30 0.889 62.88 284.14
Average 3193.5 2190 19.285 0.894 62.76 285.26
5 min
15 min #1 1152 790 17.49 0.267 65.11 198.55
15 min #2 1114 798 17.49 0.272 65.19 196.67
Average 1158 794 17.49 0.2695 65.15 197.61
15 min
30 min #1 808 554 17.50 0.188 66.09 170.55
30 min #2 889 610 17.08 0.195 66.13 170.73
Average 848.5 582 17.29 0.192 66.11 170.64
30 min
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Table CS. RUB S Results

Speck# Speck Average % Brightness ERIC
#/cm2 Speck Coverage

Diameter
(J.UD)

BF#l 11422 7834 21.30 3.988 56.33 617.95
BF#2 10866 7453 21.29 3.814 56.68 603.43
Average 11144 7643.5 21.30 3.901 56.50 610.69
BF
5 min #1 1537 1054 16.51 0.306 64.64 209.19
5 min #2 1545 1060 16.41 0.296 64.87 203.99
Average 1541 1057 16.46 0.301 64.75 206.59
5 min
15 min #1 708 486 16.47 0.139 66.13 152.78
15 min #2 754 517 16.26 0.141 66.86 145.52
Average 731 501.5 16.36 0.140 66.50 149.15
15 min
30 min #1 682 468 16.16 0.125 67.36 129.94
30 min #2 719 493 16.95 0.164 67.37 128.91
Average 700.5 480.5 16.56 0.1445 67.36 129.43
30 min

Table C6. RUB 6 Results

Speck # Speck Average % Brightness ERIC
#/cm2 Speck Coverage

Diameter
(~rn)

BF#1 10862 7450 21.64 3.844 56.64 605.68
BF#2 10289 7057 21.75 3.699 56.90 589.92
Average 10575.5 7253.5 21.70 3.772 56.77 597.80
BF
5 min #1 1487 1020 17.33 0.331 64.79 210.40
5 min #2 1461 1002 17.00 0.297 64.85 208.07
Average 1474 1011 17.16 0.314 64.82 209.24
5 min
15 min #1 821 563 16.36 0.164 66.56 157.39
15 min #2 803 551 16.58 0.164 66.48 156.84
Average 812 557 16.47 0.164 66.52 157.12
15 min
30 min #1 724 497 17.13 0.161 67.37 137.61
30 min #2 719 493 16.54 0.140 67.13 139.50
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