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ABSTRACT

A laboratory investigation into foam separation
processés, as applied to kraft pulping and bleaching efflu-
ents is described. Two hethods, foam fractionation and ion~=
~flotation were tested in the laboratory.

The procedures developed concentrated primarily
on the removal of effluent colour because this property lent
~itself most readily to the available analytical methods, and
because effluent co}our removal presents one of the greatest
waste water treatment problems facing the industry today.

| 'The foam fractionation technique was not success-
ful. Substantial colour removals were obtained, but it was
subsequently shown that the mechanism of remova]lwas really
an ion flotation.

Positive results were obtained with the use of the
ion flotation process for removal of effluent colour. At
optimum conditions, the recovery of flotable material and
fhe correépOnding removal of effluent colour were in

- excess of 95 per cent. Variation of surfactant dosage
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showed that below a critical level no colour was removed.
As. concentrations increased above this value the amounf of
'co1our>removed increased rapid]y,vreaching a high removal
’léVeT_beyond which increases in surfactant concentration
Were of 1ittle value. The rate of flotation recovery was
found to be significant]y affected by the air sparge rate
and- the sparger pore size, both parameters which would de-
termine the area available for adsorption. The pH of the
flotation cell solution had a marked effeét on the systém.
Optimum pH was c]earTy defined as 5.1. Removal of material
other than just the chrombphoric fraction was apparent.
Biological oxygen demand data, while not extensive, demon-
strate a significant reduction in the bio-degradable portion
of thg eff]uent.

The possibTe future development of the process into

a viable candidate for industrial application is discussed.
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CHAPTER 1

INTRODUCT ION

Pulp and paper wastewater treatment, in its present
form, involves the removal of sett]eab]g solids and the
stabilization of the biodegradable organic fraction of the
m111 effluents. The methodo]ogy.for removing the settleable
solids and disposing of the voluminous sludge which is pro-
duced and for reducing the biologically available organics
“have now been developed to a substantial degree. Biological
treatment does not, however, significantly affect certain
'properties.such as effluent co]our.- This fact underlines
the need for at least a third step in the conventional
treatment scheme; é tertiary stage to remove, or partially
remove, the colour containing, relatively non-biodegradable
bqrtion of the effluent.

Historically [1], this fraction has been considered
to be relatively innocuous to aquatic life. Natural water,

it was argued, is usually coloured and turbid and dilution

is usually sufficiently high that the added méteria] would



not alter the natural state appreciably. However, recent
work [2] has shown that the reduced penetration and the
altered spectrum of the light, which does penetrate to a
certain depth, may affect aquatic growth.

The non-biodegradabie portion of the pulp mill
effluent is comprised primarily of wood extractives and
lignin degradation products which are formed during the
pulping and bleaching stages. A large portion of this
material is chromophoric. Because of the limitations and
relative complexities of the range of analytical procedures
involved, the purification techniques ultimately employed
were, for the most part, related to just the removal of this
chromophoric portion.

Foam fractionation has been used to remove soluble
organic compounds and individua]rcétidns and anions from
aqueous solution by complex formation with surfactants [3].
The technique makes use of the surface-active properties,
induced or natural, of the solute which cause it to accumulate
at gas-liquid interfaces. The material can then be raised
to the surface by introducing gas bubbles and can subsequently
be bo]]ected in a more concentrated form by drainage of the
foam.

Although kraft pulping wastes contain some natural

surface active components [30], these were not thought to



.be fe]ated to the bulk of the chromophoric substances. Thus,
removal of the surface active components would not necessarily
remove the chromophoric substances to any appreciable degree.
Available information [4] indicates that the chromophores
are largely lignin derived and in the degradation processes
quinonoid type compouhds are usually involved. This fact,
coupled with the fact that the effluent behaves, in a sense,
as a pH indicator, leads to the conclusion that, at Teast
under alkaline conditions, a substantia1‘portion of the
chromophoric»material possesses a negative charge. Based on
this conclusion the present research study was undertaken,
using the foam fractionation technique and a cationic sur-
factant as the foundation upon which to build.
Experimentation with the foam fractionation syétem
revealed that the presumed mechanisms were invalid and
further indicated that the research effort should be shifted
fo an ion flotation technique, again uéing a cationic sur-
factant. This technique proved to be successful. In itself,
this presented another problem. _wQqu it be better to inves-
tigate a few specific areas, in depth, or to explore the
technique as widely as possible? In a review of all considera-

tions, the latter course of action was chosen.



CHAPTER 2

BASIC BACKGROUND KNOWLEDGE OF THE PULPING,
BLEACHING, AND EFFLUENT SYSTEMS

General

In order to attempt to understand the mechanics
of any separation it is necessary to have as much information
as possible about the chemical and physical nature of ‘the
component which is to be removed and about the chemical and
physical nature of the environment from which it is to be
separated. For the chromophoric agents (colour producing
bodies) of the kraft pulping and bleaching processes, this

task is extremely complicated.

Kraft Pulping

No discussion of the kraft pulping and bleaching
wastes can develop without some attention to the basic char-
acteristics of the pulping process. The kraft pulping process

normally employs a strongly alkaline sodium hydroxide and



sodium sulfide cooking so]ution'or “Tiquor." The sodium
hydroxide attacks all components of the wood, including
cellulose, to varying degrees. The sodium sulfide increases
the rate of attack on the lignin, while buffering the effect
of the sodium hydroxide on the cellulose [5]. According to
Hagglund [6], 1lignin first takes up sulfur in the solid
phase, followed by molecular splitting which forms additional
free hydroxyl groups, thereby producing soluble lignin
fragments. Sulfidization of the reactive groups in the
lignin molecule reduces or prevents the tendency to repoly-
merize, thus promoting and retaining solubility. Because
kraft pulping is a topochemical reaction (i.e. proceeding

in successive steps in different areas of the wood substance)
the innermost layer of lignin, the Tignin of the cell wall

is attacked last and very slowly. THe technical cook, there-
fore, yields in a soluble form, lignin which has undergone

a degree of degradation ranging from a little to a great deal.

Lignin, the Colour Producer

Lignin is, then, the major constituent of the wood
which the process transforms into a soluble form, along with
varying amounts of carbohydrates and other extractives.

Lignin and/or its degradation products are responsible for
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most of the colour in the pulping and bleaching eff]uents [(7]..
"Lignin is a highly branched or cross-linked, highly reactive,
polymer with a subunit of a molecular weight of approximately
840. Two of the reactions which lignin will undergo, reac-
tions which are particularly important with respect to the
pulping process itself, sulfonation and hydro]yéis, have

been discussed. Other reactions include those 1mportaﬁt -
in bleaching and, ultimately, in the final determination

of the characteristics of the effluents, namely halogenation
and oxidation. A1l these reactions, then, are the means by .
which the structural units which determine the effluent
colour are produced. Despite the considerable amount of

quk which has been performed with the intention of identi-
fying the specific chromophoric groups responsible for
colour, the matter has not yet been compietely resolved.

For .the most part, irrespective of Tiquor origin (i.e. pu]p;
ing or the various bleach stages), structures producing
colour consist of aromatic and guinonoid nuclei and carbonyl

and ethylenic groups [5].

Chromophores Derived from the Pulping Process

Hartler et ql. [7] 1ist a number of Tignin derived
chromophores which have been isolated from effluents of the

pulping operation. These include,



aliphatic double bonds conjugated .
with the aromatic ring, quinonemethides,
quinones, chalcone structures, and heavy
metal complexes with catechol structures.
The structures shown in Figure 1 are illustrative of these
types. These structures, it must be noted, could be present

in the forms shown or as components of larger structures.

Chromophores Derived from the Bleaching Process

When pulp is bleached the lignin or its degradation
products are further degraded, but under conditions which
are much less harsh than those of the pulping operation.
Therefore, the colour imparted to bleach plant effluents is
a combination of pre-existing chromophores and additional,
perhaps different, chromophoric groups which have been created
in the bleaching process itself.

Studies [8] conducted at the State University of
New York College of Forestry indicate that the colour of
chlorination stage effluents can be traced to the formation
of o-benzoquinoid units, probably as intermediaries. Studies
[8] with model compounds have shown that the condensation
product of such an intermediary is the corresponding catechol
(1, 2-dihydroxybenzene) derivative. Other reactions, in

addition to a condensation, are possible. In fact, some
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. FIGURE 1 General Types of Chromophoric Structures
Present in Kraft Pulping Wastes



oXxidations resulting in rupture of the quinone ring would
be expected to yield low molecular weight, colourless
fragments [9,10].
| A large body of evidence [11,12,13,14] indicates
that what is probably true of the chlorination stage is also
true, in general, of the other bleach stages. Sarkanen et al.
[11,12], in a two-part study, suggested that chlorine dioxide
and sodium chlorite in their oxidative reactions with
~guaiacy]l type compounds cause, (a) some ring opening, and
also (b) formation of p-benzoquinone structures. Other,
not identified, oxidative reactions were also said to occur.
The formation of the p-benzoquinone derivatives was observed
in bleach liquor reactions of -lignin model compounds con-
taining a wide vériety of side chains, leading to the con-
clusion that an extrapolation to lignin itself could be
made. Figure 2 details the possible sites of degradative
attack by C10, and CJZ on lignin. Figure 3 illustrates the
formation of an o¥benzoquinonoid unit during chlorination
and the alternate reaction. Bai]gy and Dence [13] report
that alkaline hydrogen peroxide oxidizes the various side
chain substituents of lignin very actively, resulting in the
formation of methoxyhydroquinone and subsequently p-benzo-

quinone.



10

Electrophilic
displacement Demethylation
(Cl,) / (CI10,, Clp)

\CH3 | ,
~ O Ring opening(ClO,)

N\

Quinone
formation (CI03)

o——o—o- -

Dealkylation
(C|02,012)

FIGURE 2 Possible Sites of Degradative Attack by ClO, and
~ Clyon Lignin



1

\o“ Coloured material of

| £ unknown structure
% @V
@D Clp~HpO

Oéf/o,,
Colourless aliphatic

Softwood lignin o- Benzoqumonord unit (non-cyclic) fragments
Unit (Coloured).

Cl, denotes chlorine substituents at unspecified positions
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In summary, the chemicals used in bleaching have
been shown to convert lignin to o- or p-quinonoid type struc-
tures which can then undergo further reactiohs. Figure 4
is a generalized picture of this procedure. Again, as noted
previously for the case of the chromophofic_groups produced
during the pulping operation, the end products of the above
reactions could be present in the forms shown or incorporated

into Targer molecular fragments.

Properties of the Various Chromophores

The colour producing fragments were once commonly
regarded aé being in the collodial state. Recently, published
data for the chlorination stage effluent [8] and for the’
caustic extraction effluent [4] have tended to dispute this
supposition, proposing insteéd that the fragments are com-
posed of material of avvery wide range of molecular weight,
but are completely soluble. The average molecular weight
for material in the chlorination effluent has been reported
to be about 1500 [8]. The mo]ecular.weight of the.ether
extractable material in this effiuent (approximately one-
third, by weight) is roughly one-tenth of the value giveh
for the total residue. Loras [16]5 in gel permeation studies,

found two principal fractions with average molecular weights
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greater and smaller than 5000. The results for acidified
black liquor yielded average molecular weights of 1600 [4,8].
Reported results [4] for caustic extraction stage effluent
again showed two fractions; the first an average molecular
weight of 500, the second an average of 200.

Clarke and Davis [15], in their coagulation studies
of chlorination stage wastes, indicate that some colloids
are involved. Although the dispute as to whether or not
colloidal materials are present is not fully resolved, it
could well be derived from a difference in classification.
Some of the Iafger macromolecules could well have a molecular
weight of 50,000, for which Rezanowich, Yean, and Goring [17]
have calculated a diameter of 50 R, an estimate which has
been afforded some experimental verification. A particle of
this size woh]d be visible under an electron microscope and
is classified by some investigators as colloidal [41].

The chromophores, or at least a significant portion
of them, show a markedly different absorbance in different
hydrogen ion concentrations. The absorbance of the effluent
increases with increasing pH, a not too surprising result
considering the existence of structural fragments of the
quinone-methide type. This fact also leads to the conclusion
that negatively charged sites exfst, at the very least, under

alkaline conditions.
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Summary

In summary, the chromophoric fraction of the total
mill effluent consfsts of a complex mixture of soluble lignin-
derived fragments with structures similar to those detailed
previously and which, at least under restricted pH conditions,

carry a negative charge.



CHAPTER 3

MILL EFFLUENT COLOUR REMOVAL TECHNOLOGY

The Relative Dominance of Hydrated Lime

Most early efforts at removing colour from kraft
mill wastes were simply adaptations of methods known to bé
successful in removing colour from natural waters. The
National Council of the Paper Industry for Air and Stream
Improvement has published a large quantity of material re-
lated to these investigations. In all more than 30 coagulants
and adsorbents were screened. The National Council deter-
mined that hydrated‘lime offered the best prospect for a
commercially viable process for three reasons [18,19]:

1l. It was readilly available and relatively
cheap.

2. Recovery techniques were highly developed,
in fact, they were available at virtually
every mill.

3: Kraft mill operating personnel possessed
the background and knowledge necessary
to operate the overall process.

15
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A variety of problems have plagued adaption of the hydrated
lime processes and despite some cOnsiderab]e‘progress [1,4,8]
the industry is still not willing to accept it as the only
answer. Early difficu}ties [18,19] involved problems en-
countered in dewatering the gelatinous, lime-organic sludge
produced by the "minimum dose" process. An attembt at using
a hydrated lime precoat on a vacuum filter failed because )
of filter precoat cracking problems [22,23]. The use of a
massive dose of lime to reduce the influence of organic
matter on sludge dewaterability, coupled with the fact that
the sludge remains reactive as an alkaline reagent led to a
scheme for incorporating the colour removal process into

the recéusticizing stage of liquor recovery. Laboratory

| studies and mill pf]ot‘plant trials have proven, generally,
-td be favourable [24]; colour removals of about 90 per cent

were obtained.

Other Alternatives

Activated Carbon

Research and pilot plant efforts are present1y con-
tinuing in the various adaptations of the lime process, as well
as in other areas. The attractiveness of activated carbon

decolourization has been enhanced by improved regeneration
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techniques and by the development of markets for by-products

[25].

Aluminium and Iron Salts

Although efforts to remove colour from pulp mill
wastes using alum as the primary coagulant have been reported
[2,18] to be non-competitive for commercial application,
there has been renewed interest in this area. Clarke and
Davis [15] have reported on recent work in which aluminium
and ferric salts were investigated for the removal of colour
and total organic carbon from chlorination stage'waste
liquors. They point ouf that for optimum removal, dosage
and pH must be rigidly controlled. Silica and organic poly-
electrolyte additives were not found to have any significant
effect on removal, although they tended to promote better
flocculation.

Smith and Christman [20] have investigated alum
and ferric chloride coagulation of unspecified kraft and
su]fite mill wastes. In addition to pH and dosage data, the
results of sedimentation studies, at optimum conditions,
were reported for both the alum and ferric chloride-kraft

wastewater systems.
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Tejera and Davis [21] have investigated the use
of»aluminium and ferric salts for the removal of colour
and total organic carbon from kraft mill caustic extraction
wastes. They noted that both coagulants are about twelve
times more effective for this waste than for the chlorination
wastes studied earlier [15]. 1In the three cases cited above,
the sludge resulting from the coagulation process has been
listed as voluminous and, in some cases, slow-settling.
More work is definitely needed in order to determine an

efficient means of circumventing this problem.

The Grenoble Process

Recently, the Pulp and Paper Institute of Canada
has published information [26] concerning their progress in
developing the French "Grenoble" process [42] into a com-
mercially viable alternative. }In this process, high molecular
weight amines are dissolved in an organic solvent (e.g. iso-
octane, paraffin oil, or kerosene) and agitated with the
colour-bearing effluent. The two phases are separated and
the colour extract stream is regenerated with a strongly
alkaline solution. The method has been shown to be capable
of 90 to 99% removal of colour and 30 to 75% removal ‘of BOD

and COD, in a single stage. The major problem encountered
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" has been the formation of relatively stable dilute emulsions
of the amine-solvent phase in the purified aqueous underflow,
resulting in many cases, in high chemical losses. Figure 5

is a schematic representation of the process. -

Summary

Despite the promise shown by the various available
methods; no one method can be said to have achieved a level
of performance which precludes fesearch effort into others.
Each method has advantages and disadvantages ang even with
further development the over-riding importance of individual
situation economics is likely to leave scope for new methods.
In fact, the possibility of process change, especially in
the bleach sequence, and the desirability of increased re-
cycling of process waters to cut down on the overall cost
of effluent treatment ensure the maintenance of th%s

assumption.
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CHAPTER 4

ADSORPTIVE BUBBLE SEPARATION METHODS

General

Interest in bubble separation techniques and, hence
the body of literature on the subject, has grown tremendously
in the last 10 to 15 years. It was not until recently,
however, that an effort was made to standardize the rather
chaotic proliferation of terminology [27]. Because two
rather different and often misnamed techniques are to be
considered in this work, brief coverage of the methods and

the nomenclature is necessary.

The Classification System

The proposed system of c1a§sification [28] is out-
lined in Figure 6. Adsorptivé Bubble Separation Methods is
the genefic name given for all the techniques. Those methods
which involve a foam or a froth are referred to as foam

separation methods. Those methods which, in the absence of
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foam,vachieve a separation by virtue of the surface activity
of the constituents are termed, quite appropriately, non-
foaming adsorptive bubble separation methods. Just as all
separation techniques are based on differences in properties,
so also are the bubble separation methods. In this case,
the différence is surface activity. Thus surface-active,
or surface-inactive substances where éurface activity has
been induced by an appropriate additive,Acan be separated
from solution, or from one another, on this basis.

The collection of a solute at the gas-liquid inter-
face, under equilibrium conditions, can be described by the

Gibbs equation [29].

dy; = -RT § T d(In ay) (1)

th

where y; is the surface tension of the i component; a.

5
is its activity; R is the gas constant; T is the absolute
temperature; and I is the surface excess concentration of
compound i at the interface, in units of mass per unit
area. |

The rendering of a surface-inactive component sur-

face active, by addition of a suitable chemical, can be
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-achieved in a number of ways [30]: by chelation, by hydrogen
bonding, and by various physical attractions, including
ionic attraction, electrostatic attraction, and physical

adsorption.

Foam Fractionation

Foém fractionation is based on the selective ad-
sorption of one or more solutes oh the surface of gas bubbles
which rise through a solution. The bubbles then form a foam
on top of the main body of liquid. Since the foam is rela-
tively richer in the adsorbed material, rémova] of the over-
head foam results in a partial separation of the components.
The bubbles can be produced by agitation or by release of
dissolved gas but it is more usual to produce them by delib-
erate sparging. The process can be operated batchwise or
continuously, in the simple mode or in a number of higher
modes. Theoretical treatment, which is analagous to the
distillation methods, can be deve]opéd [28,31,32]. Figure 7
illustrates four modes for continuous foam fractionation.

In general [30], the operation is affected by the gas-to-
1iquid feed ratio,.residence time of the foam and the liquid
in the process, the amount of reflux (internal and external)

and its position, feed positibn;lbubb]e size, and temperature.
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Froth Flotation

Ore Flotation

Froth flotation, as shown in Figure 6 involves a
large number of subdivisions. Ore flotation is a solid-solid
separation. Ore particles are separated from gangue particles
through selective attachment at the surface of rising bubbles
[34]. A very well developed and specialized body of litera-
ture exists. In fact, this branch of the technology is

still, probably, much ahead of the other techniques.

Low Gas-flow-rate Methods

More important, for this study, are the new foam
separation techniques for removal of low concentrations of
surface inactive materials from aqueous dispersions. In
contrast [35] to ore flotation and foam fractionation,
these methods utilize lower rates of gas flow and produce
smaller volumes of foam without tall columns or violent agita-
tion of the continuous phase. The separation occurs only at
the gas-liquid interface and not in the fbam phase. Ion

flotation and precipitate flotation are two such techniques.
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'Ion F]otation_

Sebba introduced the first of the low gas-flow-rate
foam separation techniques in 1959 [36]. Sebba's ion flota-
tion is based, in part, on work by Langmuir and Schaefer [37]
which described the adsorption of metal ions onto an insoluble
monolayer of stearic acid. In ion flotation a surfactant
ion, or collector, of opposite charge to the ion to be re-
moved is added to the latter in stoichiometric amounts and
in such a way that it exists as a simple ion and not as a
micelle. The collector reacts with the inorganic [36] or
organic [38] ion to form an insoluble soap, which is raised
to the surface to form a froth which collapses into an

insoluble scum.

Precipitate Flotation

Baarson and Ray were among the earliest investigatérs
to report on the precipitate flotation technique [39]. This
technique involves precipitating the material which is to be
removed before addition of the cd]iector. While this is
usually accomplished by pH adjustment, the process is not so
restricted. (Other techniques have been used, including the
use of two hydrophi]fc ions which_precipitate to form a

solid with a hydrophobic surfacé [42].) Since the condensed
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phase'is a flocculent material, the overall charge on the
material to bé\removed is reduéed, thereby requiring surfac-
tant to react only with ions on the outermost layer to pro-
duce the hydrophobic surface. The net result is that much
less than the stoichiometric amounts of collector are required.
A detailed study, in which several of the variables of both
ion and precipitate flotation are compared, has been pub-
lished by Rubin et alZ. [35]. Additional information is

available in a later publication [40].

Other Froth Flotation Methods

Other subdivisions of froth flotation [28] include
macroflotation, the removal of macroscopic particles; micro-
flotation, the removal of microscopic particles, especially
micro-organisms orvco1101ds; molecular flotation, the removal
of surface inactive molecules through the use of a surfactant
which yields an insoluble product and adsorbing colloid
flotation, the removal of dissolved substances that are first

adsorbed on colloidal particles.

Reported Separations

A wide diversity of systems are separable by the

adsorptive bubble methods. In 1962 Rubin and Gaden [3]



29

compiied a list which included 18 metals, 14 dyes, 4 organic
anions, 21 fatty acids and detergents, 22 proteins and
enzymes, and some miscellaneous inorganic and organic sub-
stances. In ]968 Lemlich [28] compiled a 1list of applications
which were reported in the time between his and Rubin's com-
pilation. A partial summary of the types of systems detailed
in Lemlich's paper would include: the separation from water
of various surfactants; the removal of various inorganic

ions such as orthophosphate, fluorozirconate, dichromate etc.;
the removal of phenol and various other phenolic compounds;
the removal of various pH indicators and dyes; the removal
and, in some cases, separations of various trace radioactive
metal cations, such as Cs+, Sr2*, Ce?*; the removal of a

wide variety of other metals from solution, e.g. ferrous

iron, ferric iron, silver, lead and copper; the separation

of a variety of heavy metal ions; the analytic tests developed
by utilizing the various techpijques; the removal of various
proteins from solution; the separation and removal of various
enzymes; the concentration of various microorganisms; the
removal of various inorganié colloids such as ferric oxide,
stannic oxide, kaolin clay, and ferrocyanide complexes; the
removal of detergents from municipal wastewater; the removal
of a wide variety of organic and metallic pollutants from
industrial wastewater; and the removal of tall oil from

kraft black liquor.
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Summary

That the foam separation methods offer promise for
removal, particularly for small amounts, of material from
11quid is very evident from the foregoing. The methods, in
such instances, often provide a means of separation which
might be impossibly difficult by the more conventional tech-
niques. In any case, the adsorptive bubble separation
methods have gained enough stature to prevent their being
neglected in the solution of most separation, concentration,

or purification problems.



CHAPTER 5

ION FLOTATION

Introduction

Despite the fact that the téchnique which was ulti-
mately used in this work is more correctly a specialized case
of precipitate flotation, it is usual to include it under
the ion flotation classification [42]. The specification is
really quite arbitrary and although Pinfold [42], in a recent
publication would seem to prefer to call the present tech-
nique precipitate flotation of the "third" type, he remains
consistent with the earlier convention [28].

As méntioned previously, ion flotation was first
introduced by Sebba in 1959 [36] and involves, in its simplest
form, the addition, in stoichiometric amounts, of a surfac-
tant ion of opposite charge to the ion that is to be concen-
trated, and subsequent passage of gas through the solution.
(It is possible for the surfactant (collector) to be uncharged
and to attach itself to the surface-inactive ion (colligend)

by co-ordination.) The froth formed by the passage of gas
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subsequently collapses to produce a scum which contains the
collected ion in a concentrated form. This collector-colligend
product is known as a sublate. Nofma]]y, the flotation is
'pékfdrﬁed in very dilute solutions (as low as 10~° moles per
1fter in collector or colligend). Rising concentrations

can, however, lead to precipitationAof the sublate before
the—paésage of gas through the solution; and, hence, to the
overlap of nomenclature with precipitate flotation. The

ion flotation process; indeed all the adsdrptive bubble
separation methods, depends on that‘property of a molecule

known as surface activity.

Surface Activity

Ion flotation involves the liquid-gas interface,
wifh the Tiquid of principal interest being water. Water,
a hjgh]y polar substance, is an exceptionallyvgood solvent
for a salt-like or polar solute. When é surface active
molecule such as dodecanol, C;2H250H, which is insoluble or
hydrophobic at one end, but polar or hydrophilic at the other
is placed in water it tends to orient itself so as to be
more stable thermodynamically. One of the two possibilities
for this condition is for the hydrophilic group to be accepted
into the water and the hydrophobic group to b; squeezed out,

into the air. In fact, this property is shown by a fairly
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~extensive group of substances and the ability to concentrate
at the air-water interface is the basis for what is re-
ferred to as "surface activity." The non-polar part of

the molecule is usually an alkyl or alkylaryl chain. It
need not be so restricted, however, and fluorocarbons or
other substituted hydrocarbons could also form part of the
non-polar structure. It must be of sufficient size so that
it cannot be drawn into and accommodated by the water
structure. The polar part of the molecule can be derived
from a wide range of groups; the more common ones are
hydroxyl; carboxylic, sulphonic, phosphoric, or other acid
groups; the thiol or mercaptan group; primary, secondary,
or tertiary amines; and the quaternary ammonium ion.

For a complete discussion of surface activfty any
one of a number of excel]eﬁt texts on surface chemistry
could be consulted [43,44]. The present discussion will be
‘terminated with mention of the original findings of Langmuir
and Schaefer [37], upon which ion flotation was, in part,
based. Stearic acid was spread on water containing as Tlittle
as 5 x 10°% moles per liter of cbbper or 2 x 10°% moles per
lTiter of aluminium ions. Upon compressing the monolayers
of surfactant between floating barriers, characteristic
"crumple patterns” developed. The resulting scum was shown
to contain the heavy metal sa]t;'iThis property of the rela-

tively fixed monolayer of surfattant to attract oppositely
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charged ions, or counterions, was reported with interest, but
it was not until over twenty years had passed before the
observation was converted from a laboratory curiosity into

-a workable process.

Micelles

The second way in which surfactant ions can attai;
a thermodynamiéa]]y more stable state,'prqviding the concen-
tration is sufficiént]y high, is by grouping together so
that the hydrocarbon chains are close together and thus
directed away from the water and the charged hydrophilic ends
are in contact with it. Such a grouping is called a micelle.
A fundamental and detailed treatment of the subject can be
obtained by referring to the work of Shinoda [45].

Sebba repeatedly states [46] that micelles have a
dgtrimenta] effect on ion flotation because single ions of
surfactant are required in order that the amphipathic nature
of the ion can be utilized. In addition, he states that
sihg]e ions are needed to produce a froth of the required
stability. Recently, Rubin et qZ. [35] have questioned
Sebba's stress on the absence of micelles. They have noted
that aged collector solutions, which contained micelles, gave
the same removals as others which had been freshly prepared.

Pinfold [42] has suggested that the only deleterious effect

of micelles is an increased requirement for collector.
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The key to the matter is probably the relative rates
at which the micelles are formed or dispersed. Although few
specific data are available, Sebba [46] suggests that the
rate of formatfon is a relatively slow process. Others
[42] have shown that micelles disintegrate very rapidly.
These facts will prove to be of some importance in discussing
the results of the present work.

Notwithstanding the present dispute on the impor-
tance of micelles, it is still considered prudent to take
precautions to ensure their absence. Sebba [46] suggests
that the simplest way in which to prepare the surfactant for
ion flotation is to dissolve the material in a slightly
polar solvent; such as one of the lower alcohols — methyl,
ethyl or propyl alcohol, or in ketones such.as acetone.
Because ion flotation is very rapid the surfactant ions
will have been removed to the surface before micelle forma-

tion can take place.

Other Parameters Affecting Ion Flotation

Stability of the Froth

In jon flotation, persistent froths are a handicap,
and the object of the technique is to produce a froth that

will, at the same time provide support for the sublate and
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'break relatively easily. A detai]ed treatment of the subject
of froth stability can be gained by consulting the general
references [43,44]. Some of the factors which affect froth
stability are: the type of collector; the concentration

of the collector and the sublate; femperature; flotation cell

characteristics; and -.the pH of the solution.

The Collector-Colligend Ratio

Although the establishment of the collector-colligend
ratio is impossible for the present work because of lack of
knowledge of the composition and molecular weight, or rather,
the distribution of molecular weights of the colligend, this
factor is worth noting. Genera]Ty, since the sublate formed
in ion flotation is a ﬁhemica] compound, the ratio of collector
and colligend must be at least a stoichiometric one. 1In a
concentrated system such as the one studied in this work,
in which the colligend is precipitated before flotation,
this ratio can be expected to be c]oée]y adhered to. If,
for a more dilute system, the mode of collection depends on
the surfactant and colligend ion§ meeting at a bubble sur-
face, the residence time must be sufficient to allow this.

In practice, excess collector will probably be needed.



37

Introduction of Surfactant

The introduction of-thé surfactant to the system
can be made in one dose or by a series of small doses during
the course of the experiment. Various results have been
reported for the two.methods, ranging from little change
[47] to a marked improvement [48] in the flotation. The
results are probably compatible because for fwo different
systems the improved stoichiometric efficiency and the pos-
sibility of insufficient froth production and hence redisper-
sion of the sublate could be expected to be of different

magnitudes.

Choice of a Collector

The choice of collector is one of the most diffi-
cult problems involved in the ion flotation technique, usually
because of insufficient knowledge as to the exact nature of
the colligend ion in the solution. Generally the collector

should be chosen according to the following guidelines:

(i) the collector must, usually, be of
opposite charge to the colligend ilon;

(ii) the final sublate should be insoluble
or only slightly soluble in water;

(iii) because. of the undesirability of the
presence of micelles, the shortest
chain collector should be preferred;
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(iv) the collector must be inexpensive or
'~ at least compatible with a recovery
stage if the process is to be a com-
mercial application;

(v) since the collector will be wasted
from the process, in at least small
concentrations, the effluent concen-
tration should have no deleterious
effects on the environment.

Bubble Size and Characteristics

Theré is 1ittle useful information on this parameter
in the literature. It is clear however, that the smallest
bubble size is desirable, and thus a sparger of the finest
porosity should be used. The practical constraint, of course,
is the work required to produce the smaller bubble. Although
actual bubble size is re]atéd to the pore diameter of the
diffuser, other complicating factors prevent direct calcula-
tion of bubble areas. Two such parameters are the fact that
the diffuser contains a distribution of pore sizes and that
the solution usually contains a number of components, a fact
which will affect surface tension and hence the bubble size.
Photographic techniques are required [42] if the correlation

~is to be of moderate sophistication.

Air Sparge Rate

In general, the published work on the ion flotation

"technique is divided into two schools of thought; Sebba et al.
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have used very small bubbles, slow gas flow rates, ahd have
produced small volumes of foam; Grieves et al. have used
coarser bubbles, higher flow rates, and have produced cor-
respondingly greater volumes of foam. While the larger
volume of foam would have the advantage of supporting the
sublate more effectively and preventing redispersion, the
separétion would not be as good, nor the power or other ®
operating costs as attractive. The determining factor, of
course, would be the re-entry of the sublate into the bulk
of the solution. The optimum rate, therefore, would seem

to be that rate at which the bubbles just break through

- the surface quietly, reducing re-entry to a minimum. It

would also be logical to assume that this criterion would

be better met by Sebba's regime.

pH

The nature of both the collector and the colligend
can change markedly with pH. Therefore, this parameter would
seem to be one of the most important ones that must be con-
trolled. Sebba [46] 1ists a number of effects which might

occur due to a change in pH:

(i) the charge of the colligend ion, or
for that matter, the surfactant ion
might be altered;
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(1ii) the nature of the process, and hence
the stolchiometric efficiency, might
be changed;

(1iii) the stability of the froth, which
supports the sublate, might be
changed;
(iv) the adjustment of pH to extreme
values and, hence, the large altera-
tion of the ionic strength might
suppress flotation; and
(v) the solubility of the sublate might
be affected.
Sebba [46] concludes that control of pH within a narrower
range than is the normal practice in industry is often

required.

Ionic Strength

The presence of neutral salts affects the process
in a number of ways; they can Tower the critical micelle
concentration; they can result in the formation of complexes
with the colligend ion; and they can provide the colligend

with competition for the available collector.

Concentration of Colligend

The colligend concentration range most effective
for ion flotation has been reported [42] to be about 10~°

to 10°° moles per liter. This range has been suggested as
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an area of practical application because below 10°° moles
per liter the solution is so dilute that a stable foam might
not develop and above 107° moles per liter the amount of
sublate to be handled and the possibility of complexes form-
ing may make operation difficult. Sebba [46] suggests that
if flotation is not proceeding well in a concentrated solu-

tion that a dilution can often have a beneficial effect.

Temperature

Temperature effects have been almost completely
ignored in the literature. Although study of this parameter
is probably warranted, no attempt will be made to do so in

the present work.

The Kinetics of Ion Flotation

Kinetic studies of the process have been largely
neglected. Grieves et aql. [48] have published the results
of the kinetics of the flotation, in a cell with a coarse-
porosity frit, of FeFe(CN)sz"ioné, using a cationic
collector.

Rubin et al. [35] found that the foam fractiona-

tion of Cu®* jons, in a cell with-a fine-porosity frit using
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sodium- dodecylsulfate as a collector could be represented

as a reversible first order reaction, viz.
]n[(M'-R')/M] = Kt/M (2)

where R' and M' are fractions of colligend removed at
time t and under steady state conditions, respectively.

Rubin [53] has used the equation,

log(M-R) = logA - mlogt (3)

where m and A are constants and R and M are the frac-
tions removed at time t and ultimately, respectively,in

the kinetic study of a precipitate flotation system.

Summary

Ion flotation systems are still relatively novel
and the research effort can hardly be classed as large;
most of the available theoretical considerations have been
derived from relatively few individuals. However, a number
of aspects have been identified as important and gradually
the process is proceeding into a stage where increasing

activity can be expected to yield a workable technology.



CHAPTER 6

EXPERIMENTAL APPARATUS

Foam Fractionation Apparatus

The foam fractionation trials were conducted in
a plastic three inch (ID) four foot high cylindrical column,
as shown schematically in Figure 8. The system was designed
for use in all modes, batch and continuous, of foam fraction-
ation. The liquid level was maintained by means of a simple
hydrostatic head, overflow column. Three one-inch diameter
foam removal ports were provided at 15 inches, 27 inches,
and 39 inches from the bottom flange of the column. Two
liquid feed positions were located 6pposite to the first
two foam removal ports and one was placed four inches from
the column bottom. Regulated laboratory air was dried and
split into two streams; the first sffeam provided pressure
on top of the waste and surfactaht'storage tanks; the second
stream passed through a rotameter and was introduced to the
column through a sparger. The sparger consisted of a suit-

ably constructed fine (200 mesh)‘screen. The pressurized
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wasté and surfactant tanks delivered their contents via
rotameters to a mix-tank - head tank and subsequently to

the column. Additionally, the waste line included an inline
filter upstream of the rotameter;

The foam removal system consisted of a squirrel
cage fan air blower which drew the foam from the column with
a vacuum assist. Collapsed foam flowed into a seven inch
diameter cylindrical vessel, from which a DCL-Micro Pump
boosted it to a head tank. The reflux portion of the col-
lapsed foam flowed through a rotameter to a three pronged
liquid distributor atop the column. A1l liquid streams
were measured by rotameters, as mentioned; provision also
existed for timed sample collection.

The system was quite versatile with a wide adjust-
ment of 1iquid height, foam height, and hence retention time,
within the limits of the four foot column. The rotameters
were ranged so that gas flux rates from 0.2 scfm/sqft to
3.4 scfm/sqft and liquid flux rates from 0.2 gpm/sqft to
1.5 gpm/sqft were attainable. These values allowed gas-to-
liquid flow ratios from 0.13 to 17.0 scf/gal and liquid.
retention times up to 120 minutes to be studied. According
to Rose and Sebald [31] these levels would cover the range

of practical value.
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Ion Flotation Apparatus

The flotation system, shown schematically in Figure
9, consisted of a suitably regulated, dried and measured
air stream connected to a flotation cell. The flotation
cell consisted of a large pyrex glass bottle from which the
bottom had been removed. The cell was about 16 centimeters
in diameter at.the top and held a volume of 2.5 liters,
with room for a two and one-half centimeter froth bed.

The diffuser was held in place by means of a rubber
bung. The diffuser consisted of a 5.4 centimeter diameter
Corning fritted glass filter of known pore size. Two dif—
ferent diffusers were available; one with a nominal-maximum
porosity of 10-15 microns,’the other with a nominal-maximum
porosity of 4 - 5.5 microns. The diffuser was positioned
11.5 centimeters from the top of the vessel. Gas rates of
from 0.5 to 20 ml/sec of air were attainable.

The excess foam was removed with a vacuum arrange-
ment. Provision for initial stirring:of the surfactant, or
pH-adjustment chemicals, was available in the form of a
G.K. Heller Co. Laboratory stirrer and controller. Provision
for pH measurement was also made, A1l experiments were of

a batch nature, using an experimental volume of 2.5 liters.
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CHAPTER 7

EXPERIMENTAL PROCEDURES

Foam Fractionation - Batch Operation

The object of the batch operation was to evaluate
whether or not the foam fractionation process was feasible
before construction of a continuous flow system was under-
taken. Experiments were performed using Canadian Forest
Products Ltd. - Port Mellon first caustic extraction stage
liquor as a feed so]ufion and either one of two Tong chain
amines as the surfactant.

Because colour removal-was the property of prime
interest, the standard colour test [49] was investigated
and modified. An account of this modified test procedure
is included in Appendix A.

Prior to an experimental run, the column was washed
out with raw effluent. Two liters of raw effluent were then
poured into the column. A portion of the raw effluent was
held back for the colour test. The pH of the batch runs

was not adjusted. The resulting liquid height was simply
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recorded, and remained the same for all runs. A foam height
of 12 inches was selected and was also held constant. The
air was adjusted to a pre-determined rate and the surfactant
was injected. This event was recognized as time zero.
Following the buildup of the 12 inch head of foam, the air
was adjusted to a value which produced a reasonably dry
foam, with minimal internal coalescence. As the surfactant
was removed from the solution the air flowrate was increased
in order to maintain the required head of foam. Samples of
the foamate were collected periodically for colour analyses.
The apparatus was shut down when a maximum air rate would
produce no further foam. Samples of the residual liquid
were then withdrawn.

Colour analyses were performed and per cent colour
reduction, based on the bottoms or residual Tiquid, was

computed.

Foam Fractionation - Continuous Operation

Following construction-and testing of the continuous
flow system, a study was commenced with an objective of
establishing the effect of the primary variables; liquid flow
rate, air flow rate, and foam héight on colour removal. The

first two experiments were performed using the caustic
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extraction stage liquor used in the previously described
runs. Subseqdent]y it was decided to shift emphasis to the
combined or total mill effluent and a sample was obtained
from MacMillan-Bloedel Limited's Harmac Division. Because
of the possibi]ity of biological acfion, the effluent was
stored at a temperature of 4° centigrade.

Surfactant solution was prepared to the required
concentration by dissolving weighed quantities of the sur-
factant in distilled water. Rotameter settings were adjusted
to the pre-selected vaTues, 1iquid height was set, the foam
drawoff port (and hence foam height) was selected, and the
system was started up. The system was allowed about six
residence times to come to a steady state before the first
set of samples was taken from the raw effluent, the under-
flow, and the foamate streams. A1l flows were checked by
timing a measured volume and a liquid balance was performed.
A second set of samples was taken and the system was shut
down.

Colour analyses were performed and concentration
changes were expressed as enrichment, XT/XF, and as bottoms
concentration reduction, XB/XF . The fractional colour re-
moval from the feed stream was [1 - B/F - XB/XF] . The

meaning of the symbols is outlined in the Nomenclature.
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Ion Flotation - General

A1l ion flotation experiments were performed as
batch runs in the simple apparatus detailed in Chapter 6.
The wastewater used, in all but the first three runs, was
Canadian Forest Products Limited - Port Mellon Division
combined mill effluent. The waste was stored in a refrig-
erated room which was maintained at a temperature of 4°
centigrade. Two lots of about 100 Titers were used over
the course of the four month study. Prior to each experi-
mental run, the temperature of the effluent was adjusted
to 22° centigrade,Athen 2.45 liters were poured into the
flotation cell. The stirrer was controlled at a speed of
200 rpm and pH adjustment, if necessary, was made.

The collector solution (unless otherwise stated)
was prepared by dissolving a weighed quantity of didode-
cyldimethylammonium bromide (obtained from Eastman Kodak
Co.) in 50 ml of low water content (0.10%) methanol. The
collector solution was added, slowly, to the stirred effluent.
Mixing was continued for a predetermined length of time,
the expiry of which signalled the removal of the stirrer, the
release of flotation air into the cell, and time zero.

A series of 29 flotation runs was performed in

order to evaluate both filtered colour removal and total
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floatable solids recovery under a wide variety of conditions.

Parameters studied included:

(i) surfactant or collector dosage,
(ii) pH,

(iii) sparger porosity and hence, in-
directly, bubble size,

(iv) surfactant premix time,
(v) air sparge rate, and
(vi) ionic strength and colligend-
collector charge.
In addition, a number of other areas of interest were briefly

surveyed. These included:

(vii) biological oxygen demand removal,
(viii) foam volume,
(ix) collector micelle formation,
(x) the effect of methanol,
(xi) effluent aging, and the

(xii) kinetics of the flotation recovery.

Time and scope of the project did not permit study of the

following:

(i) temperature effects,
(1i) choice of collector, or

(iii) froth stability.
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Analytical Tests and Procedures

Colour Determination

As mentioned, the modified colour procedure is

fully covered in Appendix A, so it need not be reported here.

Biological Oxygen Demand

The BODs tests were performed at the British
Columbia Research Council and their test procedure was used,
without modification. The Council's procedures follow a
standard BODs test procedure [49].

An acclimatized kraft mill seed is maintained by

the Council, and it was used in both series of tests.

pH Measurement and Calibration

The pH measurements and adjustments were performed
with a Corning Model 10, pH meter. Buffer solutions of pH
4.00, 7.00, and 10.0 were used in the ranges 1.5 to 5.5,

5.5 to 8.5, and 8.5 to 12.0 respectively. The instrument
was standardized before a set of readings was taken; drift

was negligible.
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Stirrer Speed Calibration

The Heller motor controller was calibrated using
a Jones Motrola Corp. hand tachometer. Repeated tests
showed that the calibration was accurate and reproducible

to within 5 to 10 per cent.

Floatable Solids Determination

The solids tests performed on the system were
done according to the standard test for "Residue on Evapora-
tion" [49]. Total floatable solids was taken to be, for a
system in which dosage was stoichiometric, the difference
between the "Residue on Evaporation" of the solution at
time zero minus 15 seconds (when the initial sample was taken
in all cases) and the "Residue on Evaporation” of a filtered
sample which was taken after the run was completed. In all
cases, the completion of the flotation run was signalled
by the fact that a stable froth could no longer be produced.
The filters used were Corning, Gooch Type with a "Fine"
fritted disc and were capable of removing, completely, the
turbidity of the solution, partial removals of floatable
solids were judged on the same basis.

Tests were performed with 50 ml aliquots of solu-

tion in order to get a sufficient amount of solids for an
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accurate weight. Weights were taken on a Sartorius Model

2603 balance and were accurate to the nearest 0.4 mg.

Cleaning Procedures

The éxtreme]y_greasy, fine precipitate produced
in the process necessitated specialized flotation cell,
glassware, and fritted ware cleaning procedures. Following
a flotation run, the flotation cell and the associated
equipment were scoured with methanol and rinsed with water.
Laboratory glassware was scoured twice with methanol, then
washed in a soap-water solution, followed by rinsing with
large volumes of water. Glassware, used in weighing, was
additionally dried by cloth, placed in a 205° F oven for
15 minutes, then allowed to cool for 30 minutes in a
dessicator. Fritted ware, the diffusers and the filters,
were soaked overnight in a chromic acid-sulfuric acid

solution and then backwashed to Whitenéss with tap water.

Electrophoretic Mobi]fty and/or Zeta Potential

Measurement

Electrophoretic mobility was measured with a Zeta-
Meter. Procedures are outlined in the operating manual of

the manufacturer, Zeta-Meter Iné; The system consists of an
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illuminator, an e]ectrophoresjs cell, and an electrical
control unit. A binocular microscope was used for observa-
tion of the particles. Additional information and the

procedure can be gained by consulting the manual [50].

Rotameter Calibration

The manufacturer's calibration curves were checked
for Tiquid service by timing a measured volume of the fluid
in question. Since a number of checks yielded no departure
from the supplied éurves, no further calibration was under-
taken.

Since calibration curves were unavailable for air
service they were prepared, as needed, using a Wet Test
Meter manufactured by Precision Scientific Co., Chicago,

U.S.A.



CHAPTER 8

RESULTS AND DISCUSSION

General - the Effluent

Previously, it was mentioned that the effluent
behaves, in a sense, as a pH indicator because its colour
changes with pH. Figures 10 and 11 illustrate this property
for a first caustic extraction stage and a total or combined
mill effluent. Note that the familiar "S" shape of the
colour versus pH curve is much more noticeable for the more
dilute, total mill effluent.

In Chapter 7, it was noted that the effluent was
stored at a temperature of 4° centigrade. This precaution
was necessary because the effluent, particularly the total
mill variety, is very active biologically, at room tempera-
ture. Appreciable biological actioh was observed in samples
which were left at room temperatufe in about 5 to 6 days.

In addition, although it proved to be a much slower process,
some lightening in colour wés noted in samples stored at

room temperature. Test results revealed no such colour

57
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‘change and no appreciable biological action in the effluent

which had been stored at 4° centigrade.

Foam Fractijonation (Batch) Results

Table 1 illustrates the results of typical batch
operation. Note that in the first run no surfactant was
used. With maximum aeration, a foam height of only three
inches was obtained. This result is to be expected because
the caustic extraction effluent has 1ittle natural surface
activity compared with the total mill effluent, which con-
tains the resin acids from the pulping operation. No colour
removal is reported because the foam could not be made to
rise to the removal port.

With a dosage of 1 x 10-2 moles per liter of n-
octylamine hydrochloride colour reductions of 22 and 35 per
cent were realized. Note that the highest reduction was
obtained at an increased air sparge rate and a longer foam-
ing time.

The results of the batch runs, while not spectacular,
seemed to indicate that the construction of.a continuous
flow system was warranted. As noted, all batch runs were

made with first caustic extraction stage effluent. This fact
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~ Typical Batch Operation Foam Fractionation Data

RUN NO, 1 2 3
' ' 1st Caustic 1st Caustic 1st Caustic™
Efi]ugnt Extraction Extraction Extraction
YpP Stage Stage Stage
Original pH 11.15 11.15 11.15
Column pH 11.15 11.15 11.15
Surfactant None n-oamine HCL* n-oaminesHCL*
Concentration — 1 x 10°% M 1 x 10°° M
Liquid |
Volume 1950 ml 1950 1950
Liquid . . .
Height 13 inches 13 inches 13 inches
Foam . . .
Height 3 inches 12 inches 12 inches
Foaming . . | .
Time 25 min. 70 min. 150 min.

Air Sparge Rate

start
finish

102.5 cucm/sec
102.5 cucm/sec

13.3 cm®/sec
61.5 cm3/sec

22.7 cm¥/sec
71.2 cm®/sec

*
aged surfactant n-octylamine hydrochloride

(CONTINUED)




Table 1 (continued)
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RUN NO, 1 2 3
Feed Colour
Bottoms Colour
(Pt-Co Units) - 10,500 8,500
% reduction in -
Bottoms Colour - 22% 35%
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is especially significant in view of later results concerning

the actual mechanism of the removal process.

Foam Fractionation (Continuous) Results

Despite some considerable effbrt in perfecting
the equipment from a process standpoint, the study of the
continuous flow system never really got past the initial
stages. Table 2 illustrates four typical continuous mode
experimental runs. The early runs (No.'s 1 & 2) were per-
formed with first caustic extraction stage effluent and aged
surfactant solutions (in that they had been made up, in water,
some time previously) of n-dodecylamine hydrochloride. Be-
cause of the rather low colour removals and the difficulty in
observing what was happening in this highly concentrated
solution, a sample of total mill effluent was obtained.
Originally, it was anticipated that the less concentrated
solution might lead to a better performance, a fact which
is quite often cited in the ]iteratufe [46]. What actually
happened proved to be much more dramatic. The first two
trials (No.'s 3 and 4 - Table 2), with a n-octylamine dosage
of 1 x 10”3 moles per liter, revealed a much better separa-
tion, compared with the prevfous results. A third trial, with

a didodecyldimethyl ammonium bromide dosage of 1 x 10°3 moles



Typical Continuous Operation Foam Fractionation Data

Table 2

RUN NO., 1 2 3 4
Port Mellon Port Mellon Harmac Harmac
Effluent Type 1st C.E. 1st. C.E. total total
Stage stage mill mill
Column pH 11.2 11.2 4.8 4.8
Surfactant n-ddamine HCL™ n-ddamine HCL™ Octylamine. HCL Octylamine HCL
Concentration 1 x 107 M 1 x 10°* M 10 x 107* M 0 x 10°% M
Aerated Liquid .
Volume 2.04 2 2.04 2 2.04 2 2.04 ¢
Foam Height 12 inches 12 inches 12 inches 24 inches
Combined Feed . . . .
Flow (F) 55 ml/min 27.5 ml/min 105 m1/min 58 ml/min
*aged surfactant n-dodecylamine hydrochloride (CONTINUED)
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Table 2 (continued)

RUN NO, 1 2 3 it
Residence Time 37 min 74 min 19 min 35 min
Bottoms Flow (B) 49 mi/min 25 m1/min 61.5 m1/min 46 ml1/min
Recycle (R) - - - 2 m1/min

Air Flow

Colour (Pt-Co)

42.6 cm®/sec

57.6 cm®/sec

44 .2 cm®/sec

27.9 cm®/min

Combined Feed 10,100 10,100 2,100 2,100
(Xp)
Colour (Pt-Co)
Bottoms (X) 9,600 9,200 1,170 1,040
(CONTINUED)
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Table 2 (continued)

RUN NO. 1 2 3 4
Removal
B . s
1 -%=x +|100% 16% 18 % 68 % 61 %
F XF
Remarks Some coalescence Coalescence Large part of Note smaller

of foam (i.e.
internal reflux
at this air rate)

minimal notice
a precipitate

(?? adhering to
walls of column
at top of foam

removal just
due to bulk re-
moval of liquid

foam
volume

99
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per liter, resulted in a virtually colourless solution. The
removal process was not, however, a result of the presumed
foam fractionafion technique. It was very clearly a coagu-
lation, with the quaternary ammonium surfactant acting as
the coagulating chemical. In retrospecf, it became clear
thaf the foam fractionation technique probably never had -
operated. The intense colour of the more highly concentrated
caustic extraction effluent had masked the actual mechanism.
In fact, a precipitate had been noticed in the earlier runs
but its significance had not been appreciated (see run 2 -
Table 2). This precipitate had been observed adhering to
the walls of the column near the foam removal port. At that
time, it was assumed to be very fine particulate material
which was derived from the raw effluent.

Thus, the initial results of the continuous foam
fractionation revealed, without a doubt, that the mechanism
was not as supposed. As a direct consequence of these re-

sults, the research effort was shifted to the ion flotation

technique.

Ion Flotation Results

General
Preliminary trials established the mechanism of the

removal process as ion flotation, or as previously mentioned,
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precipitate flotation of the third type. The sublate or
collector-colligend product was formed immediately following
the addition of the collector to the flotation cell. With
the passage of air through the solution and the subsequent
froth formation and its partial collapse, the insoluble

scum was buoyed to the surface and removed. The sublate
particles were, in most cases, not visible ih the froth
until it collapsed. Figure 12 is a diagrammatic representa-
tion of this phenomenon. Appendix B provides a summary of
the ion flotation experiments. Runs 1 through to 3 were
performed with Harmac total mill effluent. Runs 4 through
to 29 were performed with Port Mellon total mill effluent.
The surfactant used, in all cases, was didodecyldimethyl
ammonium bromide. It is rather an unfortunate choice in
that an alkyl 14-carbon mo]ecu]e”would likely have been

more suitable. However, the extremely poor chemical supply
situation and the fact that the surfactant was available as
a result of the earlier foam fractionation experiments made
it the only choice. In all but three experimental runs,
runs 4, 5, and 6, the surfactant was dissolved in 50 ml of
methanol. Combined with 2.45 liters of effluent, the solution
was approximately 2.5 mole per cent methanol, a value well

below that which would produce solubilisation effects [51].
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The Collector-Colligend Ratio

The unknown composition and molecular weight, or
rather the unknown distribution of molecular weights, of
the colligend make calculation of the collector-colligend
mole ratio impossib]é. However, since all runs were per-
formed with total mill effluent, the colligend concentration
can be considered tp have been approximately constant and
the collector dosage divided by the effluent colour removed
can be used as an approximate equivalent ratio. Figure 13
is a plot of per cent colour removal versus surfactant
dosage. As illustrated, a dosage of about 6 x 107" moles
per liter of surfactant was sufficient to affect virtﬁa]]y
complete removal of the chromophoric material. The original
effluent colour was about 2100 ppm on the Pt-Co scale or
2100 units of colour per Titer. Thus a collector-colligend
ratio of about 2.8 x 10~° moles of surfactant per 100 units
of effluent colour is required.

The data used in plotting Figure 13 were extracted
from experimental runs in which all parameters except dosage
were maintained constant. The fact that even at the very
low surfactant dosage of 1.0 x 10™* moles per liter a stable,
loaded foam was produced, indicates that the sublate probably

remains surface active. This deduction is supported by the
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assumption that the dosage is very much below what could be
considered a stoichiometric one and therefore uncombined
surfactant molecules probably do not exist. Since the colour
test, by definition, involves filtration of the samples to
remove all traces of the turbidity or the sublate, the
flotation recovery i§ perhaps a more valid measurement of
how well the process works. Accordingly, Figure 14 shows
the per cent flotation recovery as a function of surfactant
dosage. Note that a maximum recovery is reached at a dosage
of 6.0 x 10°* moles per liter and that an increase in sur-
factant concentration to 8.0 x 10™* moles per liter actually
causes a decreased recovery. A complete summary of the
flotation recovery results is contained in Appendix C.

That the presence of excess collector will often inhibit
flotation has been widely reported [51,48]. Pinfold [42]
explains this phenomenon by suggesting that the sublate

particles

probably become coated with a layer
of surfactant as the concentration of the
latter is raised. As this layer will be
arranged with the long-chain groups of the
collector in contact with the hydrophobic
surface of the precipitate and the tonic
groups oriented towards the water, the
arrangement renders the particles more
hydrophilic, and they float less easily.
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In addition, the increased amount of collector could lead
to a competition between the sublate and the surfactant ions
for a place on the bubble surface, thereby further impairing

the flotation efficiency.

Collector Micelle Formation

As noted, micelle formation was inhibited in the
standard way, by dissolving the surfactant in methanol.
Three runs, numbers 4, 5, and 6, were performed in which no
methanol was used. Except for the fact that a much longer
pre-mix time (up to 30 minutes) was required in order to
dissolve the surfactant, the runs were not noticeably dif-
ferent from other equivalent ones in which methanol was
used.

Based on Shinoda's data [45] the critical micelle
concentration (CMC) for didodecyldimethyl ammonium chloride
is 1.8 x 10°* moles per Titer. Since the effect of a dif-
ferent hydrophilic group is not large, the CMC of the sur-
factant used, didodecyldimethyl ammonium bromide, can be
expected to be very nearly 1.8 x 10°* moles per liter. A
number of factors might, however, bring about a change in
the CMC; added salts such as NaCl would lower the CMC and
added methanol would tend to raise the CMC of the surfactant

in question.
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Based on the results of the three experimental
runs described above and upon the fact that the sublate is
formed immediately, and the free surfactant concentration
therefore greatly reduced in a matter of less than a second,
collector micelle formation was not considered to be a factor.
This is thought to bé true despite the fact that the dosages
used would ordinarily result in micelle formation in an
aqueous solution.

The queétion of micelle formation in the sublate
has not been satisfactorily resolved. Perhaps the g]ight]y
less than complete flotation recovery was due to some sort
of sublate micelle formation and a corresponding reduction

in the surface activity of the precipitate.

pH

As noted, pH can have a marked effect on the flo-
tation system because of the large number of ways in which
it can affect the nature of both the collector and the
colligend. On the basis of co]oﬁf‘remova1, i.e. sublate
precipitated and either removed by the flotation process or
by the subsequent filtering of the analytical test procedure,
pH appears to be unimportant., Figure 15 illustrates this.

However, on the basis of f]otat{bn recovery of the sublate,
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pH control prbved to be very critical. Figure 16 illustrates
this point. Note that the best recovery is obtained at a
pH of 5.1. The recovery at 4.5, while ultimately reaching
.a sihi]ar level has a considerably slower rate of removal.
At pH 5.6 recovery is also significaﬁt]y worse, Note that
these experimental runs were performed with a'suffactant
do§age of 8.0 x 10-* moles per lfter, a dosage slightly
higher than the optimum. Flotation was found to be almost
totally suppressed when the pH was adjusted to extreme
values (refer to experimenfa] runs 9 and 10, Appendix B).
The interpretation of the previous results is very
likely related to the charge which the colligend possesses.
While it might be possible to measure the electrophoretic
mobility of the 1afger molecular fragments wh%ch make up
the chromophoric fraction wfth the help of Taser optics, it
was not possible to do so with the available equipment.
The zeta potential was measured, however, as a function of
pH, for various flotation cell solutions. A1l solutions
were derived from experimental runs performed at a surfactant
dosage of 8 x 10~"* moles per liter. Figure 17 details the
results of such measurements. Thus, assuming that the addi-
tion of the same concentration of cationic surfactant would

alter the particle charge by a similar amount, at least in
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the region of pH 4 to pH 10, then the original zeta potential
might be expected to have been more negative by a constant
increment. Thus, in the_regionvof optimum f]oiation, the
colligend needs less surfactant to satisfy electrical neu-
trality. Therefore the quantity of surfactant required would
be less and precisely the right amount of surfactant would
be available to produce a stable froth and so prevent re- =
dispersion of the sublate. 1In the lower pH range excess
available surfactant could also have a deleterious effect.
The recovery rate curves of Figure 16 tend to support this
explanation. The lower than optimum pH curve (pH 4.5) has
a slower initié] rate, during which time the excess surfac-
tant is wastefully removed. The higher than optimum pH
cufve (pH 5.6), while it maintains the same initial rate as
the optimum, has a lower ultimate recovery because a froth
of the required stability cannot be maintained.

While the above explanation would seem to be
possible, much more work is needed before it can be accepted

as fact.

Bubble Size

In experimental runs 11 through to 29 two spargers

of known nominal, maximum pore diameter, were used. The
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per cent flotation recovery rate curves are compared at two
different pH values, at the optimum of 5.1 and at a lower

pH of 4.5, for the two spargers, in Figures 18 and 19 re-
spectively. In each case, the finer sparger and, hence,
smaller bubble size affected an improved recovery rate. This
result is not surpriéing because the smaller bubble size
yields an increased area for adsorption of the surface active

material.

Air Sparge Rate

A second parameter determining the area available
for adsorption is the air sparge rate. Increasing the
volume of air would also be expected to increase the rate
of recovery. Figure 20 would seem to illustrate that this
is not the case. However, an air éparge rate of slightly
lower than 1.5 ml per sec was not sufficient to cause
flotation. Thus, the air requirements reach a maximum or
optimum value very rapidly and furtﬁer increases in air
sparge rates caused re-dispersibh’of the sublate. The fact
that the material being floated is already a solid might
cause this amplification of a commonly reported effect [42].

Also related to the air sparge rate is the volume of foam
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produced. Increasing the air rate, at a constant surfactant
dosage, greatly increases the amount of foam produced as
Figure 21 illustrates.

This property of the system would be of industrial
importance because, at an optimum rate of removal, it would
be desirable to miniﬁize foam production and aeration powef
requirements. Note that the original flotation cell volume
was the usual 2.5 liters. Thus, at the optimum air sparge
rate, the volume of foam produced represents about 2.6 per
cent of the original solution. This figure can be contrasted
to the 10 to 20 per cent,and even higher, foam production of
the foam fractionation runs.

Foam production is also related to the dosage of
surfactant. Figure 22 is a plot of fbam volume as a func-
tion of surfactant dosage. Generally,as surfactant dosage
decreases, so too does the volume of foam produced. The
slight minima at a surfactant dosage of between 4 x 10-*
and 5 x 10°" moles per liter can be rationalized by the

observations of the next section. -

Collector Pre-mix Time

Normally, following the addition of the surfactant

solution to the effluent the flotation cell solution was
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stirred for two minutes. In a number of experimental runs
an additional three minutes was allowed. This additional
time appeared to have marked effect over a narrow surfactant
dosage range (3 x 10~* to 6 x 10™" moles per liter). In
this range the formation of larger than normal particles
was observed, possibly by a simple coagulation mechanism.
In addition, the rate of removal was much faster and the
characteristics of the froth were markedly different. As
mentioned, in normal operation the froth became visibly
loaded with sublate upon its partial collapse. In the co-
agulation régime, the floated material became, almost at
once, a dense black, oily scum. No sure explanation can

be offered for the existence of this régime, although it is
certainly related, in some way, to the charge possessed by
the precipitate.

The coagulation, also, probably results in a net
decrease in surface active material in the solution. The
minima in the foam volume versus surfactant dosage curve,
referred to in the preceding section, is probably a result

of this decrease.

BODs Removal

As mentioned previously, a number of runs were per-

formed in which no methanol was used to dissolve the surfactant.
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A]though these experiments were conducted primarily to eval-
uate the effects of methanol on the system, the absence of
methanol provided a chance to test BODs removal.

BODs removal in the presence of methanol would not
have been particularly meaningful because of the large BODs
of the methanol itself. Table 3 details the operating par-
ameters of two flotation runs and the results of the BODs
tests. BODs removal, for the identical conditions, was 18
and 30 per cent. Whether or not the BODs removal is totally
related to the ion flotation itself or occurred simply
because the effluent was aerated and the resulting foam
removed is a matter of some doubt. Previous work at Rome,
Goergia [30], using no surfactants, indicates that the
naturally surface active, BODs producing fraction can account
fqr 12 per cent of the total BODs. Removals of 6 per cent
were reported and were related to a 50% reduction in the
tall o0il content of the effluent. Thus, it is likely that
the removals experienced were a consequence of the natura}
surface activity and the ion flotation technique.

Identification of additional types of materials
which were removed in the course of the flotation process was
beyond the scope of the work, as outlined previously. How-
ever, the absorbance versus wavelength spectra produced as a
result of the colour test put forward an interesting area

for speculation. As shown in Figure 23, a tracing of such a



Table 3

Biological Oxygen Demand Removal Data
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RUN NO, 4 b
Surfactant
Concentration 10 x 10-* 10 x 107"%~
(moles/liter)
Ar ohenge e 7.9 7.9
Pre-Mix Time (min) 23 29
f]otation Removal (%) 99 99
Colour Redugtion (%)  96 97
pH 5.1 5.1
Foam Volume (ml) -- 510
BODs Waste 200 220
BODs Cell Residual Solution 140 180
BODs Reduction 30% 18%
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scan for flotation run number 3, a large quantity of material
which absorbs in the ultraviolet region (< 400 nm) is removed.
Admittedly, some of the molecules which absorb in the visible
region will also absorb in the‘ultraviolet. However, the
large reduction in absorbance cannot be due to just this

fraction alone.

Kinetics of the Flotation Recovery

An attempt was made to fit flotation data to a
reversible, first order reaction. The equation used was
described in Chapter 5 and was used by Rubin et al. [35].
Min [(M-R)/M] was plotted versus time in Figure 24 for the
data of flotation runs numbers 16 and 20. R and M were
taken to be the fraction of the sublate removed at time t
and ultimately, respectively. These data were selected
because they were illustrative of runs in which parameters
affecting the rate of removal were studied. The reversible
first order reaction equation did ndt fit the data very well,
even as an approximation. A plot of log(M-R) versus log
time (Figure 25) was also performed for runs 16 and 20.

These data satisfy the equation:

log(M-R) = logA - mlogt (3)
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fairly well, but because it is a logarithmetic relationship
and relatively insensitive to changes, this may not be sig-
nificant. Because remova}s are rapid and virtually complete
within a few minutes, it was concluded that better techniques

would be required in order to get meaningful kinetic data.

The Ion Flotation System as Part of

an Industrial Treatment Process

The collector recovery step of the "Grengble Process,”
described in Chapter 3, and presented in Figure 5, is par-
tially applicable to the ion flotation system. A proposed
ion flotation treatment process for the purification of
pulp mill wastes is presented in Figure 26. In the process,
collector from the recovery stage is mixed with the effluent
and recycled to the flotation cell. The purified underflow
is taken off to sewer or for recycle. In either case, further
treatment will probably be necessary. The collapsed froth
is directed to the collector recovery system. An organic
solvent of sufficient chain length that it is insoluble in
water (iso-octane or parafin oil) is added to the collapsed
froth, followed by the addition of a concentrated caustic
solution, likely white Tiquor from the pulp mill chemical

recovery system. The resulting two phases are separated; the
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surfactant containing organic phase is retained for further
processing and the highly coloured caustic solution is re-
turned to the mill recovery sysfem. The surfactant is
separated from the organic solvent and produced in a form
suitable for recycle.

The proposed system has a number of advantages:

a. a dilute oil-in-water emulsion is not wasted
with the purified underflow as in the

Grenoble Process,

b. no troublesome sludge requires dewatering

and disposal,

¢c. some credit for aeration is gained for

the subsequent BODs removal system,

d. all chemicals used are part of closed
loop systems; only make-up amounts are

required,
e. horsepower requirements will be gquite small,

f. only small volumes of collapsed froth need
be handled, making recovery system tankage

requirements modest.
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-Clear1y, before the proposed system is ready for application
or even for a pilot plant trial, much further work will

have to be performed.



CHAPTER 9

CONCLUSIONS

a. The mechanism of removal was established as
ion flotation or perhaps, more logically, precipitate flo-

tation of the third [42] type.

b. Flotation recovery and colour removal were

found to be in excess of 95 per cent, at optimum conditions.

c. The flotation system was found to be sensitive
to pH, bubble size, air sparge rate, collector dosage, and

collector pre-mix time.

d. An attempt at relating the ion flotation rate
of recovery data to a reversible, first order reaction was
not successful. Rate of recovery data did fit an equation

of the form:

log(M-R) = Tog A - mlogt

99
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e. An ion flotation treatment process, with re-
covery of all process chemicals, was proposed for the

purification of kraft pulp mill effluents.



CHAPTER 10

RECOMMENDATIONS FOR FURTHER STUDY

There are many problems to be solved both in the
theory of the flotation process and in the application of
the theory to the kraft pulp mill effluent system. If the
present research has been useful, such usefulness will be
found in the definition of a convenient starting point for
further study. Because of the potential social importance
of the proposed purification system, the research effort
should be directed towards preparing the system for a pilot
plant evaluation.

The areas of most immediate interest, therefore,

are:

a. A fairly wide range oficationic surfactants
should be reviewed and the most suitable ones selected for
batch flotation trials. The surfactants ultimately selected
should be commercially available or readily produced by com-

mercial means.

101
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b. The possibility of modifying the process to
a true precipitate flotation should be considered. This
modification could enhance the desirability of the process
from an economic point of view, providing the precipitating
chemical is less expensive than the surfactant, which is
usually the case. This study would almost certainly involve
including the coagulation regime mentioned in the section on
Collector Pre-mix Time in Chapter 8. This régime was,
almost certainly, more a precipitate flotation than an ion

flotation.

c. A fundamental study of the charge carried by
the chromophoric molecular fragments in the raw effluent
should be attempted. While the success of this study cannot
be predicted, positive results would lay the basis for a
more thorough understanding of the flotation mechanisms.
Particle mobility measurements should also be used as a

routine test in the flotation trials.

d. A better method of following the kinetics of
flotation recovery must be developed. Perhaps the radioactive
tagging or even simple turbidity measurements would prove
to be more adequate. When the method is developed, study

of the kinetics of removal of the ion flotation or the true
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precipitate flotation system should be related to: bubble
size and air rate, temperature effects within the range
that could be applicable for an actual process, and the other

significant parameters.

e. Following adequate completion of the above
four items, a bench Taboratory scale continuous flotation
cell should be developed. After specification of the actual
unit operations of the surfactant regeneration stage, design
of a pilot plant system could be contemplated and preliminary

economic analysis performed.
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NOMENCLATURE

the ideal gas law constant.
the absolute temperature.

the activity of the ith component.

the surface excess concentration of the ith
component,

fraction of colligend removed at time t.
fraction of colligend removed at steady state.
time, in minutes.

constant defined in equation (2).

colour of the collapsed foam, or foamate.
colour of the bottoms.

volumetric flow rate of the feed stream.

volumetric flow rate of the bottoms stream.
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BODs
CMC

nm .

effluent:

110

volumetric flow of reflux stream.

the five day biological oxygen demand, defined
in reference [49]. '

critical micelle concentration, defined in
reference [45].

nanometer (10-° meters).

fraction of co]]igend-co]1ec£or_product removed
at time t.

fraction of colligend-collector product ultimately
removed.

constant, defined in equation (3).
constant, defined in equation (3).

refers to the applicable pulp mill waste
water stream.



APPENDIX A

THE MODIFIED COLOUR TEST

Absorbance spectra, for the visible region, are
similar for the acid, caustic, pulping, and, of course,
the total mill effluents. Figure Al shows that absorbance
of the caustic extraction effluent increases with decreas-
ing wavelength over the visible region. In the ultraviolet,
a dilution of about 50 reveals a pronounced shoulder between
250 and 275 nm.

In order to check the effluent's behaviour with
respect to Beer's Law, samples of caustic extraction
effluent were diluted by factors of 2.5, 5.0, 10.0, 20.0,
25.0, 35.7, and 50.0. Figure A2 illustrates the close
adherence to Beer's Law over the absorbance range 0.2 to
1.2.

Although there has been some work [52] on the
development of colour estimation procedures more directly
applicable to kraft pulp mill effluents, these methods have

not yet been fully demonstrated. Therefore, the colour
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standard selected was the widely used cobalt and platinum
salt solution. Figure A3 shows the absorbance spectra for
thrée concentrations of the stand&rd solution. Because
'meénfngful (i.e. the hue of the solution is roughly the
same as the standard) absorbance measurements of the kraft
mill effluent can be made at any waQe]ength between 450

and 550 nm, the precise wavelength of the first maxima of
the Pt-Co standard was chosen. This aneIength was estab-
lished as 455.7 nm. The choice of wavelength also proved
especially convenient for another reason; With a 40 mm path
length, a dilution of ten for the untreated caustic extrac-
tion effluent and a dilution of two for the total mill
effluent produced an absorbance in the desirable 0.5 to

1.1 range. Thus, the effluent colour procedure can now be

‘summarized.

Preparation of Colour Samples

1. The sample was filtered through a Corning,
Gooch Type fritted disc filter. The fritted disc was class-
“ified as 'Fine,' corresponding to a nominal, maximum pore
diameter of 4, 5.5 microns. The porous filters proved to
be capable of completely removing the turbidity of the solu-

tion and the use of filter aids was thérefore not necessary.
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2. If the samples required dilution, they were
next diluted followed by pH adjustment to pH 7.6 * 0.02

with either concentrated NaoH or NC1.

Colour Measurement

1. The Unicam SP.800B scanning spectophotometer
was set up to operate from 275 to 600 nm. The baseline
absorbance was set using a distilled water blank. Details

of operation can be found in the machine operating manual.

2. The absorbance spectrum of the sample was
produced, using a 50 mm 1light pathlength. Following comple-
tion of the colour sample scans, the applicable spectrum of
a holmium filter was run, in order to determine the wave-

length accurately.
3. The absorbance of the colour sample was deter-
mined at 456 nm and converted to Pt-Co units from the

calibration graph.

4. The dilution correction, if any, was made.



117

Preparation of the Calibration Graph

1. The 1000 colour unit standard was prepared
by dissolving 2.492 gm of potassium chloroplatinate
(K,Pt Cl¢) and 2.000 gm.of cobaltous chloride (Co Cl, « 6H,0)
in distilled water cdntaining 100 m1 of concentrated hydro-
chloric acid. The volume was adjusted to one liter. This
standard contained 1000 mg per liter as Pt, hence the common
convention of using the terms 'Pt-Co colour units' and

'ppm as Pt-Co' interchangeably.

2. Colour standards, at various concentrations

of Pt-Co, were prepared by volumetric dilution.

3. The absorbance of each standard was measured

against distilled water at 456 nm as in the preceding case.

4. An expanded version of Figure A4 was prepared

using the results of the previous measurement.



N B B E B B B B B 1
1.0 - _
’E\ — ]
S osk B
S
A B _
£
£ 061 —~
9 04t —
q
(48] - —
oz
2
m 02 — —
g
I A T N N I e |
0 200 400 600 800

COLOUR (Pt-Co UNITS OR PPM AS Pt)
FIGURE A4 Absorbance versus Colour Concentration |

8Ll




APPENDIX B

SUMMARY OF ION FLOTATION DATA

RUN Surfactangu Diffgsgr Pre-mix Air Sparge Co]our g}gig%?gn Foam
to, | MeOH | Conc X107 | Spectti- | et ) Hime | St | feduction | pecovery” | Yol
(percent)

1 v 5.0 NA 8.14 0.5 NA 94.3 " NA NA
2 v 10.0 NA 7.71 0.5 NA - 99.2 NA 177
3 v 10.0 NA - 7.7 0.5 NA 99.3 100 340
4 None 10.0 NA 5.1 23 7.9 95.9 99 NA
5 >None 5.0 NA 5.15 10 7.9 NA NA NA
6 None 10.0 NA 5.15 29 7.9 96.0 99 530
7 v 5.0 NA 5.15 7.0 7.9 96.0 57 NA
8 v 8.0 NA -1 5.15 2.0 7.9 97.2 98 185
9 v 8.0 ~NA 2.14 2.0 7.9 92.0 <10% NA
10 vV 8.0 NA 12.0 2.0 7.9 95.0 <50% NA
11 v 8.0 Med. 1.57 2.0 7.2 85.0 NA NA

(CONTINUED)

—
—
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APPENDIX B (Continued)

. . . Ultimate
Run | oo | conc, x 10°* | Specific | i | Time | Rate o |Reduction | Flotation | o7
(moles/1) cation (min) (cm3/sec) (percent) (percen{) (m1)
12 v 8.0 Med. 1 7.68 2.0 7.2 97 76 150
13 v 8.0 Med. 9.8 2.0 7.2 93 72 180
14 v 8.0 Med. 5.61 2.0 7.2 NA 77 120
15 v 8.0 Med. 4.51 2.0 .2 98 86 260
16 Y 8.0 Med. 5.1 2.0 7.2 98 91 140
17 4 10.0 Med. 5.1 2.0 7.2 NA NA NA
18 v 10.0 Med. | 5.1 2.0 7.2 NA 'NA 510
19 v 8. Fine 4.5 2.0 7.2 NA 91 330
20 v 8.0 Fine 5.14 2.0 7.2 NA 90 170
21 v 8.0 Fine 5.1 2.0 2.4 NA 91 90
22 v 8.0 Fine 5.1 2.0 1.5 NA 97 65
23 v 8.0 Fine 5.1 2.0 17.1 NA 89 245
(CONTINUED)

01




APPENDIX B (Continued)

Ultimate

I B B R s L s e I L R R
(moles/1) cation (min) (cm3/sec) (percent) (Sggzggi) (m1)
24 4 6.0 Fine 5.1 5.0 2.4 NA 93.5 75
25 v 4.0 Fine 5.1 5.0 2.4 NA 90 50
26 v 2.0 Fine " 5.13 5.0 2.4 56.4 <10% 100
27 v 8.0 Fine 5.10 5.0 2.4 97.5 90% 170
28 v 3.0 Fine 5.12 5.0 2.4 83 40% 80
29 4 1.0 Fine 5.11 5.0 2.4 30 NA 40

Lel




APPENDIX C

FLOTATION RECOVERY RESULTS

RUN NO. 3

Percent
Flotation
Recovery

Time
(minutes)

0.
25.
64.
84.
93.
96.
99.
99.
99.
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RUN NO. 4

Percent
Flotation
Recovery

Time
(minutes)
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RUN NO. 6

Percent
Flotation
Recovery

Time
(minutes)

0.
59.
82.
90.
97.
98.
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RUN NO. 8

Percent
Flotation
Recovery

Time
(minutes)
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RUN NO. 12

Percent
Flotation
Recovery

Time
(minutes)
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RUN NO. 13

Percent
Flotation
Recovery

Time
(minutes)
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RUN NO. 14

Percent
Flotation
Recovery

Time
(minutes)
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RUN NO. 15

Percent
Flotation
Recovery

Time
(minutes)

0.
10.
15.
30.
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86.
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RUN NO. 16
) Percent
Time i
| Filotation
(minutes) Recovery
0.0 0.0
31 30.0
5.0 36.8
10.0 59.6
23.1 75.6
31.5 84.0
75.0 90.5
RUN NO. 19
] Percent
Time i
! Flotation
(minutes) Recovery
0.0 0.0
5.0 18.8
11.0 45.9
24.0 76.8
54.3 89.0
65.0 89.2
RUN NO. 20
] Percent
Time i
| Flotation
(minutes) Recovery
0.0 0.0
2.2 47.3
5.0 68.]
11.5 81.0
20.1 87.9
55.0 92.1
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RUN NO. 21

Percent
Flotation
Recovery

Time
(minutes)

0.
34.
5 59.
87.
89.
91.

W N\ -

oI O
OMNO— OO
NDOoOMNNWO

RUN NO. 22

Percent
Flotation
Recovery

Time
(minutes)
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93.2
.15 97.7
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RUN NO. 23

Percent
Flotation
Recovery

Time
(minutes)
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