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ABSTRACT

Flotation is the most effective and most popular method of dealing with fine-grained minerals. Examples of common
flotation equipment include flotation machines and flotation columns. Flotation columns are more widely used than
flotation machinesin fine mineral processing. At present, column flotation technology is applied not only in mineral
processing but also in wastewater treatment, pulp deinking, oil-water separation, and other processes. As the
industry develops, column flotation technology is also diversified into multiple mineralization regimes. This study
provides an overview of the literature on the development of column flotation technology from single to multiple
mineralization regimes, including the traditional countercurrent, cyclone, and pipe flows. The cyclone-static
micro-bubble flotation column is more compelling than other flotation columns, because it integrates these three
mineralization regimes.
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INTRODUCTION

Froth flotation is a surface chemistry-based precdseparating fine solids; it takes advantagdiftérences in the
wettability of the surfaces of solid particles. #rdlotation is widely used in mineral-processimglistries, such as
coal, iron ore, and other minerals, and has alsmdoapplications in non-mineral industries, suchsawage
treatment, water purification, paper deinking, gotastic and food processing. Unlike conventionachamically
agitated flotation cells that tend to use shall@etangular tanks, column flotation uses tall vess€br an
equivalent volumetric capacity, the cross-secticguaa of the column is significantly smaller thdmatt of the
conventional cell. This reduced area promotes fetdibility and facilitates the formation of veryegefroth beds.
The flotation equipment designed by Town and Flymt919 represents a prototype of the flotatiorunwoi[1], as
shown in Fig. 1. The pre-treated pulp is fed ifte middle of the device, air is introduced from #parger, and the
height of the foam layer is adjusted through th&doo tailings valve. In the mid-1960s, the Canadi&outin and
Tremblay developed a representative of the eastation column.
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Fig. 1: Flotation column designed by Town and Flynn
(2) cylinder, (2) sparger, and (3) tailings tube

The various classification criteria for the flotati column include the relative motion directiontbé pulp and
bubble, number of columns, height of column, bulg@eerator location, presence or absence of filineglium, and
et al [2]. Based on the difference between thetivelanovement of the particles and air bubblesuwwi flotation
technologies are classified in the present study three types: countercurrent colliding mineraiaa (180°),
cyclone separation (90°), and jet mineralizatio?).(Countercurrent mineralization is an outstandiafure of the
flotation column. The jet flow mineralization regénshares some similarities with the impeller amitatof the
mechanical flotation machine. The collision reginoédubble and particle affect the adhesion efficig but their
intensity and frequency also directly affect thigcegncy of flotation mineralization.

Single mineralization regime

Countercurrent Separation

Some experts and scholars have proposed dynamétidio models for countercurrent separation becdbse
particles return from the foam layer to the pulp, shown in Fig. 2. Based on this process, Finch Rodby
proposed the following expression to describe gwevery of the flotation column.

»Rch
Foam zone
Re(1-Ry) A
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Feeding = Recovery zone
= 1-R¢

Fig. 2: Interaction between froth and collection zone
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RR

RTITR+RR

(1)

where R, is the collection zone recovery (%), arfd; is the foam zone recovery (%).

The representative countercurrent flotation colwmnsists mainly of the Boutin flotation column (F8), Canadian
Process Technologies Inc. (CPT) flotation columig.(B), countercurrent contact flotation (CCF) anh[3], and
MTU-filled flotation column[4]. The height of coumtcurrent flotation columns is usually more thamiOrhe CPT
flotation column is a Canadian product; the CCF dasigned by the Changsha Engineering and Reskwestitute

Ltd. of Nonferrous Metallurgy; and the MTU flotati@olumn was invented by Professor Yang Jinloniylichigan

Technological University. The main difference betwethe CPT and Bourin flotation columns is theiblble

generator. The CPT flotation column adopts the dismable SlamJet® gas dispersion device. The MBtatilbn

column adds a specific filling medium in the traafial flotation column. This approach solves sonfiethe

problems in the conventional flotation column, sashthe easy bubble coalescence and the easy poodat a

strong turbulence flow.
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Fig. 3: Boutin flotation column
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Fig. 4. CPT flotation column

The external inflation system is the power sourt¢he countercurrent flotation column. Given thatezovery
process for the middlings is lacking, the sepamatdfect is improved by expanding the gas flow ratel by
increasing the column height. This effect leadsigmificant advantages in treating metalliferoud aon-metallic
ore because of their low yields; however, for laygeds, for example for fine-coal flotation, thevantages are not
quite obvious.
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Cyclone Separation

The cyclone is one of the most basic applicatidnsyolone separation technology that has beenduoted in the
mineral flotation process. The cyclone separatigncjple is shown in Fig. 5. Some cyclone separatiteories
have been studied by previous scholars.

1 N /2

/N

Fig. 5: Separation principle of the hydrocyclone
(2) feeding tube; (2) overflow tube; (3) cylinder, (4) cone; and (5) sediment export

In a gravitational field, the intensity of the ferield is expressed by the acceleration due toityrg, whereas in a
centrifugal field, it is expressed by the centrdlgcceleration:

a=Vv/r )

whereais the centrifugal acceleration in f/sv is the line speed of the radius of gyration in,ratsd I is the
gyration radius of the material point m.

The ratio ofato g is called the centrifugal intensity and is reprasd byE.

E=V"/(rg) ®3)

The E of the conventional cyclone separation equipmemt i@ach above 10 or even 100, and the precisidn an
efficiency of the separation increase accordingpéodensity. The centrifugal intensity is easilparbed by adjusting
the feed pressure, but such adjustment cannothievad in the gravitational field.

The effect of the centrifugal field on the flotatioolumn is mainly shown in the following aspects:

@ Improving flotation rate

The flotation rate constant[5] in the centrifugald can be expressed as

k=38R RU Nsed’ (3t /R, (4)
whereR, is the bubble radiuss is the particle radiud), is the relative velocity between the particle duthble,N
is the number of bubbleg, is the flotation induction time, anfl is the ratio of collision efficiency to adhesion

efficiency.

In the centrifugal field, when the bubble moves aodvthe center of the cylinder along the radiaédion, the
magnitude of velocity is given by

v, =’ rR /1 9u (5)
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When mineral particles move outward, the magnitfdeelocity is given by

Vv, = w'rd’Ap/18u (6)
When the particles move in opposite directions rétative velocity is given by

U, =a)2r(d2A,0+2F?b2)/18/1 )

wherew is the angular velocity of rotation in radfsjs the rotation radius in m, andis the pulp viscosity in
kg/(m-s).

The induction time is calculated as follows,
(= MRIR) PPl @)
U, (2+ ()
R +Re

whereP is the constant related to the flotation prob&bsgi

Based on the above equations, induction time isrgely proportional t&J,, andE is proportional tos. Therefore,
increasingE can help improve the relative velocity between plagticles and bubbles, reduce the induction time
between them, and improve the flotation rate.

@Reducing the lower limit of the flotation particle

The inertia of fine particles is often ignored Imetgravitational field because of their small ma&ier the
centrifugal force changes the equilibrium of foraeding on fine particles, the probability of budbbarticle
collision is improved. The lower limit of the padiié size[6] is

9 Yn
d. = 9)
J12\ BpgR,

where? is the kinematic viscosity of particle and bubbiechf/s,  is the viscosity of water in g/(cm-s), and is
the density difference between mineral particled water in g/cri

Given their insufficient inertia, particles whoseesis less thad, deviate from the bubble boundary streamline and
do not collide with bubbles.

®lImproving the flotation selectivity

The centrifugal force field expands the densityfeddnce between mineral-laden bubbles and fine mud;
mineral-laden bubbles move toward the center asalta the rough sections, and the entrained highvegerial is
then cleaned continuously.

Typical cyclone flotation columns include the girasged hydrocyclone (ASH), centrifugal flotationl g€€FC),
float-hydrocyclone (FH) flotation column, and citaucentrifugal flotation cell.

The ASH flotation cyclone (Fig. 6) was invented Professor Miller of the University of Utah [7]. this flotation
column, the pulp is fed into the upper sectionhef tylinder at a certain pressure along the tamaetitection; air
is forced from the porous wall into the column; dhd strong shear of the high-speed rotating finitlices the gas
to break away from the porous wall to form tiny blds. After the pulp is fed along the tangentiaédiion, a layer
of vortex with a usual thickness of approximatebp 8 12% of that of the inner wall forms on thetdat The
thickness affects the flow distribution and floteti efficiency. The bubbles and particles are fortedollide,
thereby significantly improving the collision prdibty, unlike in the case of the sliding contaotthe common
flotation process. Such method of mineralization ey improves mineralization efficiency but aleduces the
lower limit of particle size. By coupling gravityith centrifugal force, the complex stress fieldtabie for sorting
fine particles is formed.
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The CFC was invented by Clean Earth Technologiesa$ previously applied in oil-water separatiod avas later
extended to froth flotation, particularly in hightr coal sorting. In the flotation column, the peller on the
central axis mixes the slurry, and the spirals lom wall slow down the movement of the pyrite pé&sc The
mineral-laden bubbles whose density is small mowveatd the center and rise to the foam layer. Bytresh the
pyrite particles whose density is relatively greairl along the column wall and are captured byadgj until they
are finally transported to the bottom of the cyénd

The circular centrifugal flotation cell was devedopby the Heilongjiang University of Science anafirelogy; its

structure is shown in Fig. 7. The flotation machimenainly composed of three parts: the bubble g#ag sorting

cell, and tailings[8]. The pulp is distributed wnifnly across multiple external bubble generatosthen enters the
cyclone section along the tangential directionthescyclone force field of gas, liquid, and soldformed. Under
the combined action of centrifugal force and bua@yathe mineral-laden bubbles spiral and form athetly stable

foam layer; flotation tailings rotate downward aaré discharged from the tailings discharge device[9

1
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Fig. 6: ASH flotation cyclone
(1) overflow; (2) feeding; (3) aeration; (4) underflow

5

Fig. 7. Circular centrifugal flotation machine
(2) bubble generator; (2) concentrate tube; (3) tailings discharge device; (4) feeding; (5) concentrate; (6) tailings

Jet Mineralization
Jet mineralization refers to the process by whidhenal particles and bubbles achieve efficientisimh and
adhesion in a narrow circular pipe. A jet flotatgerction consists of two parts: the bubble genegsatd jet segment.
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Jet mineralization creates a high-turbulence enwivent for bubble—particle contact, provides therg@nsource for
the entire flotation column, determines the enestpte of the flotation column, and also provides Highest
turbulent kinetic energy. A highly turbulent enviroent is beneficial for diffusing and mixing pulpdaimproving
the recovery of fine minerals.

Typical jet flotation columns include the Jameslotettion column, jet flotation column, and contaetl.

The Jameson cell was developed by Professor @mksbn of the University of Newcastle in 1987[18]its first

industrial application in 1989, the Jameson cek wsed as an alternative to the conventional coliamhase metal
flotation by Mount Isa Mines in Australia. The sass of this application paved the way for studiascoal

applications[11]. The height of the industrial #ton column is only 1 m. It can be divided intoeh sections.
Although it has a simple structure, the Jamesohisel high-intensity and high-efficiency flotatiatevice. In this
technology, air is aspirated into the downcomepubh the influence of the jet action caused by tighly

pressurized pulp. This innovative flotation devican produce very fine bubbles without a compressoan

impeller mechanism.

Compared with conventional cells, the main advasdagf the Jameson cell are its high production dgpa
excellent separation ability, long mechanical lifexible cell design, low capital, and low openaficost. A number
of jet flow flotation columns inspired by this teadlogy have subsequently emerged.

The KYZ flotation column was developed by the BajjiGeneral Research Institute of Mining and Metgilults
working principle is similar to that of the Jamesmil. A difference of the KYZ flotation column fnothe Jameson
cell is that the former has a reflected false bottt the base of the flotation column, which insesaturbulent
mineralization.

The jet flotation column, which was designed andettgped by Dr. Jiang Z. W.[12,13], is mainly compdf three
parts: the mixing tube, distributor, and separatimk, as shown in Fig. 8. Its structure is simtarthat of the
Jameson cell; however, unlike the Jameson cellptteom of its mixing tube is equipped with a disttor that
ensures the even distribution of the mixed flow.

In 1992, the Canadian Roger Amelunxen inventedctmact flotation column (contact cell) shown ig.F9. The
flotation contact cell is a slurry aeration devibat consists of two non-moving parts: the contaad separation
chambers. The slurry and air are fed into the airthamber at a certain pressure, and the thresemlarry flows
into the separation chamber. The mineral-laden lesbbise and form foam, while non-mineralized a8 are
discharged from the bottom. Its particle-bubbletaon (mineralization) and separation chambers areptetely

separate, whereas those of other flotation coluamescombined. However, the contact cell and otlaatfon

columns all achieve the static separation of treafoThe particle-bubble contact and separationtwoebasic
flotation processes, and each requires a diffeflait environment. The particle—bubble contact lieggi strong
turbulence, whereas the particle-bubble separaéiquires a static environment; these two processesompleted
in the reactor and separator, respectively. Iftthe processes are achieved in one device, theudhiee is not
conducive to their respective advantages. The contember is a powerful bubble—particle contasiae and the
turbulence of a separation chamber is small. ThgEgh not only improves the flotation rate but aleduces the
cylinder height.

< Feedin
Air - &

»
Concentrate

Y
Tailing

Fig. 8: Jet flotation column
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Fig 9: Contact cell

Multiple mineralization regimes
Countercurrent and Jet Flow
The representative flotation columns include theR¥atic, Microcel, LHJ, and other flotation colusan

The FXZ static flotation column was developed by @hina University of Mining and Technology (Beg)iiL4].
This flotation column can be divided from top tatbon into different separation zones: cleaningdieg, recovery,
inflating, and tailings zones. Each zone serve#fardnt sorting function. The bubble generator pidaa cascaded
form of Venturi tube and static mixers, and aiinisoduced through the high-speed jet flow[15,16].

The Microcel flotation column was developed in tHaited States, and it can be divided into thredsuthat
roughen, clean, and scavenge. Between the feedlagdnd the bubble generator is the collectingezamhich
roughens. The mineralized bubbles rise to the fogmaione, which serves a cleaning function and remdhe
mixed gangue particles. When the circulating pldpvé through the bubble generator, air is adveraspjirated, and
the uncollected hydrophobic particles come intotactwith the bubbles again in a process calledestging.

Developed by the University of Science and Techgwlin Beijing, the LHJ flotation column is based dre
Jameson flotation column[17]. It is a new typeafljet flotation column; its structure is shownHFig. 10.

Circular Middlings
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vy T Y vV Feeding
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Concentrate v

Ajp Tailing

Fig. 10: LHJ flotation column

Countercurrent, Cyclone, and Jet Flow

After nearly three decades of development, thearyctstatic micro-bubble flotation column (FCSMCishbeen
widely used in various fields, such as maceral isjmn, mineral separation (e.g., nickel ore, gotd, fluorite,
molybdenite, magnet ore, bauxite, copper, hemadite, lead—zinc ore, oil-water separation, papep peinking,
and waste water treatment. Based on traditionahteocurrent collision mineralization, FCSMC intregs the
cyclone and jet flow; its separation principle own in Fig. 11. Multiple mineralization steps améegrated in a
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column; the column consists of the column flotatioyclone separation, and pipe flow zones. Thermalflotation

zone is packed with sieve plates and vertical tulmeprovide the necessary low-turbulence envirortnfen

roughening and cleaning. The cyclone separatiore zerlocated below the flotation zone, where thetrdegal

force field is strong. The pipe flow mineralizatiaone is connected to the cyclone separation zdorg aa
tangential direction. The circulation system, whatmsists of externally circulating pumps, proviéegrgy for the
operation of the entire device.

A TN e e
* o Al

Feeding . .+ Concentrate
Column
flotation
zone
Pipe flow
mineralization
e zone
! o ™
. Air
Cyclone . e
separation -
zone
Taillings

o
Fig. 11: Separation principle of the FCSMC

The above-mentioned flotation columns represent dlassic regimes. New regimes of columns have been
developed, such as the mechanical flotation colummti-stage flotation column, column flotation fogproduct
re-cleaning, and other flotation columns, all ofiethare improved versions of the classic flotatotumns.

CONCLUSION

In summary, the various methods of mineralizatieadl to different sorting effects. The contact modéshe

particles and bubbles affect mineral flotation shemrrying capacity, and energy consumption. Aedént stages
of the flotation process, mineral particles haviedént floatability; different recovery methodsosid therefore be
adopted. Generally, when the feeds have relativetier floatable mineral particles, a static enwinent should be
adopted. As mineral floatability gradually worsenslatively stronger energy should be used to fdecyaluable
minerals. Thus, compounding force fields and insirgasorting methods are the directions that magtirsued in
developing future flotation columns.
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