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AT

SYNOPSIS

Metal cyamide complexes are a toxic pollutant in wastewater originating from vardous industrial and mining activities.
The removgl/retrieval of cyanide and metal cyanide complexes has been studied by researches for mauy vears, leading
fo the establishment of a vaniety of patents. The mechanisms used by these patents vary from purely chemical
technidques to those using ion exchange resins.

Int this thesis, the feasibility of the recovery of metal cyanide complexes by using a strong base macroreticular resin, in
a fluidized bed configuration, has been investigated The resin in question is presently used in the sugar industry
where its main application is the recovery of large organic molecules similar in nature to metal cyanides.

The selected resin was contacted with synthetic solutions of varnious metal qanide_ complexes, for the purposes of
gvalnating performance in the adsorpticn thereof. It was found that potyvalent metal cyanide molecules were adsorbed
efficiently, while divalent metal cyanide molecules were adsorbed satisfactorily.

The loaded resin was alse evaluated for the ease with which the metal cyanides conld be removed. It was discovered
that a brine solution of pH 7, could effectively semove all metal cyanide complexes. This test-work was of particular
importance as it is well known that the removal of metal cyanides from strong base metals is not easily achieved.

To distinguish the flindization characteristics of the selected resin (or any resin for that matter), a method of
modelling the expansion of a fuidized resin bed was proposed, that takes into account the difficulties associated with
the hydrodymarmic characteristics of a macroporous resin of this nature. The technique is based on the Serial Afode!
which 1s a discretised application of the Zaki and Richardson equation. From the interpretation of the results of a
matrix of fluidization tests, it was found that the algorithm proposed cowdd effectvely model the expansion of a
flurdized bed of ion exchange resin, independently of the dimensions of the accomodating receptical,

Finally. it was shown that the change in the fividization characteristics of the selected resin, between its chloride and
metal cyanide states, could clearly be modelled by the technique referred to above.
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INTRODUCTION

SOUTH AFRICA, THE ENVIRONMENTAL ISSUE AND CYANIDE

The environmental issue in South Africa has developed somewhat differently to international
trends. Local legislation concerning the disposal of effluent into the environment has been sluggist
in following the world trend towards greater stringency[56]. The politics of the last four decades
has been polarised around issues of social aspirations and security, to such an extent, that the
national depate on the "green issue” seemed altogether feeble by comparison. The pre 1994 South
Affican government may have rationalised that the added cost of effective environmental
management, in terms of industrial development, would have strained an economy already
suffering the effects of legislation bome out of the policy of increased national security and
sanctions. A further short-fall of South Affican environmental policy is the ineffective mechanisms,
within existing legislation, for dealing with gross offenders. One example of this is the imposition
of fines so disproportionately small when compared to the cash flow of an offending industrial
plant that it becomes more cost effective for the organisation to simply budget for this fine rather
than actually do something about the problem. A pertinert example of this is the 1989 spill of soap
skimmings and black liquor into the Ngodwana river from the local Sappi plant, causing the death
of thousands of fish as a result of the increased oxygen demand to the system. For this violation

Sappt was fined R2000.00.

One can be certain however that the environmental issue will grow in South Aftica and given the
importants that the post-1994 government attaches to the rights of the individual, there will almost
certamly be a move towards legislation designed to encourage stricter environmental management.

The topical example of the proposed 1.8.C.O.R. plant at Saldana bay which had to be relocated to



accommodate the vagaries of a public becoming more aware of environmental issues, i1s proof of
the gfeater importance that will be placed on environmental issues in the future. It is notable that,
only a few shgzt years ago, the public outcry over the announcement of the construction of the
Richards Bay Minerals project, on the Northern Natal coast in the middle of a wild life sanctuary,
in very little[57). Neither the government nor the project planners were moved to change perceived

images of industry slowly encroaching into a nature reserve.[57]

Cyanzde plays a role in many industnies. Without cyanide the refining of minerals, a process upon
which the South African economy depends heavily for its prosperity and development, would be
enormously expensive. In the same way standard processes used in the galvanising and metal
plating industries would also be far more costly. What is clear at this stage is that if the
environment is to be protected, legislation controlling cyanide emissions needs to be revised and
improved. When this happens mdustry will be forced to spend money in researching techniques to
either destroy or recover cyanide from industrial effluent. The recovery of cyanide, clearly more

desirable than destruction, is the subject of this thesis.



CHAPTER ONE
CYANIDE USEFUL AND DANGEROUS

1.1.1 Introduction

The chemistry of cyanide is such that it is able to bond with many different elements. Ford-
Smuth[1] has shown that at least twenty-eight elements are capable of forming complexes with
cyanide wrch seventy-two metal cyanide complexes being possible. This characteristic makes
cyanide a useful facilitator for the mass transport of those metals upon which the successfill

development of modern national economies depend.

112 Cyanide and the mineral processing industry.

In 1898[2] the cyanydation process for the extraction of gold from ore was first used in New
Zealand and South Affica. So efficient was this process that it is still in use to this day and no
doubt will remain an integral part of extraction metalturgy for many years to come. The principal
reasons for the prominent place of cyanide in gold ore processing include its availability and the
strength and solubility of its gold cyanide complex.

Elsner's equation effectively describes the reversible reaction by which gold is extracted from its

Oore:

4Au+8NaCN +0, +2H,0 = 4NaAu(CN ), + 4NaOH

Analogies can be drawn between this reaction which specifically features gold as the transition
metal reacting with cyanide and reactions that feature other transition metals, e.g. silver, copper,
zinc and nickel. Although it is during the leaching process that cyanide plays its major role, cyanide
is also used in the carbon in pulp gold concentration process and in certain base metal flotation

processes.



113 Leaching

The use of cyanide as a facilitator in the leaching of minerals is generally recognised. However,
despite the completion of extensive test-work throughout the world, the mechanism of chemical
leaching by cyanidation is not well understood. Nevertheless, technology acquired through
empirical test-work, together with extensive practical application, have established this technique in

mineral processing.

A typical leaching operation(pachuca) would consist of a mechanical or gas agitated mineral slurry,
at contrc;lled pH, having free cyanide added to it at a predetermined rate. To achieve this n
practice a cyanided shurry, of high pH, would be passed through a train of leach tanks, their size
being dictated by the required residence time and slurry through-put rate. As indicated by Elsner's
equation oxygen plays a vital role in the leach reaction explaining the uncommon use of far more

costly, yet chemically more efficient, air sparged pachucas at certain installations.

1.14 Carbon In Pulp

The Carbon In Pulp process {C.LP.}, which generally takes place after, or sometimes during the
leach (Carbon-In-Leach/C 1.L.), is well established as the most effective technique for the
concentration of the leached gold for the purposes of further refining. Initially, gold is adsorbed as
the gold cyanide complex onto coconut shell activated carbon at ambient temperatures and high
pH's. This is followed by the removal or elution of the complexes from the carbon, achieved in the
presence of an excess amount of cyanide at high pressures and temperatures. The coconut carbon
can, after regeneration, be reused a number of imes making the Carbon-In- Pulp process surtable
for continuous operation in a closed circuit. Carbon-In-Pulp is well understood and is presently in
service at mineral processing installafions throughout the world. Economic realities and the capital
cost of plant modification, despite the recent technological advances m artificial substrates ie.

resin, will ensure that it remains in use for many years to come.

In the application of Carbon-In-Pulp "run of leach train” shurry is passed in series through an
"adsorption train” of agitated vessels. Broadly speaking the activated carbon passes through the



same train in a counter current fashion before being separated from the slurry by screening. Afier
separation from the adsorption train the carbon is eluted under pressure and in the presence of

excess cyanide, before being retumed to the adsorption circuit.

1.1.5 Cyanide in flotation

Another established, yet relatively uncommon process, uses cyanide as a depressant in the flotation
of base metal sulphide ores. This leads to the formation of a vaniety of base metal cyanide

complexes e.g. copper and iron cyanide.

1.1.6 The effluent of mineral processing plants

Several different waste-water streams may be produced at a mining/mineral processing operation
resulting from run-off, acidic mine water generation, or metallurgical processing. These waste-
waters exhibit different charactenstics and may require different treatment approaches. However,
for the purposes of this literature survey, we take a more general approach to describe the effluent
makeup of waste streams. Run-off from the mill site is generally directed to the tailings pond which
is the most common method of disposing of cyanide-containing waste in the mineral processing
industry. The dumping of (cyanide in) plant tailings and waste streams containing cyanide is
minimized by plant managment policy which seeks to improve cost efficiency and to a lesser extent
for environmental reasons. Unfortunately, there is always an excess of "free” cyanide in the tailings
of mineral processing plants accompanied by a variety of metal cyanide complexes. A further factor
to consider is that dilutions with sasonal fluctuation in rainfall, alters the impact the effluent will
have on the immediate environment. Fluctuation in effluent concentrations, present in tailing
ponds, in tune with locat seasonal cycles, is a recognizable phenomenon. Table 1 is a list of ions
and their range of concentrations, together with other characteristics of mineral processing plant
waste, collated from the results of a global survey.



PARAMETER RANGE OF CONCENTRATIONS (mg/l)
Arsenic <0.02-100
Cadmium <0.005 -0.02
Chromium <0.02-0.1
Copper 0.1 -400.0
Iron 0.50 - 40.0
Lead <0.01-0.1
Manganése 0.1-20.0
Mercury <0.0001 - 0,05
Nickel 0.02-10.0
Selenium <0.02-60
Sitver <0.005-2.0
Zinc 0.05 - 100.0
Total Cyanide 0.5-1000.0
Weak Acid Dissociable (Wad) Cyanide 0.5-650.0
Free Cyanide <001 -200.0
Ammonia-N <0.1-50.0
Thiocyanate <1.0 -2000.0
PH (in pH umits) 20-115
Hardness (as ppm CaCOs) 200 - 1500
Sulphate 5 - 20000
Temperature (in degC) 0-35

Table 1[{2] Chemical Composition of Barren Decant/seepage solutions

It can be seen from Table 1 that cyanide concentrations in waste streams can reach as much as

1000ppm while copper, nickel, zinc and iron are generally the most prevalent transition metals.



Should there be an excess of free cyanide these transition metals will tend to form the assoctated

cyanide metal complexes:
[culen),]™ [culem),]7 [culem) ] | Niten) | [ znem) |

These metal cyanide complexes are termed "Weak Acid Dissociable Cyanides” or WAD cyanide.
The copper presented here is assumed to be in the cuprous state, and generally speaking, the
copper cyanide complex formed is a function of the availability of cyanide in solution.

»

In the presence of excess cyanide free iron tends to form:

[Fe(CN),| ™ for IRON of the valency [11] state

[Fe(CN),]” for IRON of the valency [111] state

These cyanide complexes are more strongly bonded and are termed "Moderately Strong Cyanide
Complexes" or “MSCC”.

It is also clear from Table 1 that in addition to cyanide and metals, metallurgical solutions contain a
variety of other compounds of secondary concern, including thiocyanate, ammonnia, sulphate,
nitrate and cyanate.

Internationally, the imposition of more stringent legislation governing cyanide effluent has come
about partly as a result of political and social pressures, and as a result of numerous monitoring
campaigns which have shown that the chemistry of cyanidation processes impacts on the

charactenistics of waste-water sources.

1.2 Cyanide in the electroplating/galvanizing indastry

Another consumer of industrial cyanide is the galvanizing and electroplating industry. Zinc,
generally consumed as the zinc cyanide ion, offers sacrificial protection of ferrous metals. Zinc's



high electro-negativity ensures that 1t will be anodic to the substrate, offering protection while there

is still zinc remaining in contact with the substrate.

Until recently the cyanide bath for the plating of both zinc and cadmium was almost exclusively
used for general plating, and will no doubt be in existence for many years to come. The "Alkaline
Zinc Bath", the general term for this process equipment, usually contains a number of chemicals i.e.
NaCN, NaQOH, NaCO, and zinc, with the ratic of NaCN/Zn being 1:1.8 on average.
Unfortunately, the electroplating process results in the production of highly poisonous byproducts,
one of w,hich is zinc cyamide. In countries where legislation governing effluent is strict, some effort
is made to destroy or recycle zinc cyanide. Many novel techniques have been proposed mostly in
the form of patents for the removal/retrieval/destruction of the zinc cyanide. It is notable that the
chemistry of this particular type of cyanide complex is simpler than that of other transition metals.
The removal of this complex by ion exchange resin or selective membranes, has been investigated
by a number of authors[3, 4].

1.3.1 Dangers of cyanide

Despite the obvious advantages cyanide has in industrial application it is one of the most poisonous
substances known to man due to it’s asphyxiating properties. The mean lethal dosage for free
cyanide for humans ranges from 50 to 200 mg, with death occurring within one hour{5].

By definition[6] a toxicant is a chemical, physical or biological agent which acts upon a living
organism producing an undesirable of harmful effect. The level of toxicity measured is dependent
upon the organism affected, and the dosage and form of the toxicant. Cyanide sits high on the list
of environmentally unfriendly substances. Just as the chemistry of cyanide is complicated so to is
the understanding of it's toxicity.

Hydrogen cyanide, a gaseous form prevalent in cyanide systems of low pH, is rapidly absorbed by
an organism through ingestion or nhalation and carried into the plasma. It binds strongly to iron,
copper and sulphur, the key constituents of many enzymes and proteins important to life processes.
The principal compound affected is cytochrome oxidase, an enzyme contained within the cells of



the body and essential for the utilization of oxygen. Its inactivation leads to cellular asphyxiation
and tissue death. Since the central nervous system of higher animals has the greatest oxygen
requirement, it is they that are the most strongly affected. Suppression of the mechanism for
oxygen transfer between cells leads to suspension of all vital functions and death of the organism.
The evolution of hydrogen cyanide (gas) occurs when the pH of a system containing cyanide
compounds drops. All process systems which contain some form of cyanide therefore are
maintained at a high pH, preferably in excess of 10.

CN~(soln)+ H* — HCN(gas)
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CHAPTER TWO
THE CHEMISTRY OF CYANIDE

21 "~ Cyanide has a complex chemistry.

The chemistry of cyanide is extremely complex The most recognisable form of cyanide is that of

the carbon and nitrogen polyatomic anion containing a triple bond thus;
—-C=N

Cyanide is rarely found in this form, preferring to form complexes with transition metals, or ionic
bonds with alkalh metals and alkali earths. To bring some order to this seemingly vast array of

possible combinations, researchers have categorised inorganic compounds of cyanide into subsets

partitioned on the basis of similar chemical characteristics:

* Free cyanide

* Simple cyanide compounds

* Weak acid dissociable (W.A.D.) cyanides
* Moderately strong cyanide complexes

In addition to these subsets, it should be noted that cyanide can also attach to hydrocarbon chains
resulting in 2 number of organic molecular combinations.

22 Free cyanide.

In its stmplest form cyanide can be referred to as "free cyanide”. Free cyanide has only two

molecular forms or species,

(HCv,eN- )
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The hydrocyanic molecule or hydrogen cyanide and the anionic cyanide molecule. Free cyanide is
defined as the forms of molecular and ionic cyanide released into aqueous solutions by the

dissolution and dissociation of cyanide compounds and complexes. e.g. the potassium salt
ECN+H, 0= K'+CN~ pK, =~
The reaction between cyanide ion and water is expressed by the following equation:
CN™+H,0= HCN +0H" pK,=203E~10

Hydrocyanic "gas" 1s only slightly soluble in water and readily dissociates into hydrogen and
anionic cyanide at low pHs. The relationship describing the dissociation of hydrocyanic acid vs pH
is well known and 1s displayed in Figure 1. Note how at low pH's the tendency 1s towards the
formation of hydrocyanic gas. As a general rule cyamde solutions should be maintained at a high
pH so as to prevent the evolvement of hydrocyanic gas. In industrial practice plant operators,
aware of the toxicity of hydrocyanic gas, are ever vigilant of the dangers of falling pH in cyanide
solutions. It is also notable that the phenomenon of hydrocyanic gas evolvement at low pH's is
used in many processes for the removal of cyanide from solution by acidification / volatilization.
Hydrocyanic gas is colourless and has a distinctive almond smell which is readily detected when
present in low quantities. However, at high concentrations a persons sense of smell becomes

numbed to its presence resulting in a potentially dangerous situation.
23 _ Simple cyanide compounds
These are ionicaly bonded compounds of the cyanide polyatomic anion and alkali earth/metals.

They are electrically neutral and are consequently capable of existing in solid form. When placed in
an agueous environmert they dissociate into the alkali earth/metal and free cyanide. e.g.

NaCN => Na" +CN~

Ca(CN), = Ca** + 2CN-
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Cyanide produced for industrial purposes is normally supplied as a simple cyanide compound.

100
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_g 59'
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Figure 1]7]  Relationship between HCN and CN with pH
24 Weak acid dissociable (W.A.D.) cyanides

As the name suggests these complex metal cyanides are discernable from others by their tendeﬁcy
10 break down (into free cyanide and transition metal} when exposed 1o a weak acid environment.
Examples of these shown in Table 2. Wet chemistry analytical methods for W.A.D. cyanide agree
that these metal cyanide complexes are susceptible to breakdown when continuously refluxed for
one hour with a pH buffer at 4.5[9]. It is also of note that the analytical techniques referred to
inchude free cyanide in the W.A D cyanide determination. To obtain an accurate value, the free
cyanide should be determined separately and subtracted from the W.A D. cyanide value obtained.
The tendency of these metal cyanide complexes to dissoicate in the environment, readily producing
toxic "free cyanide”, indicates the degree of danger these complexes present. It is for this reason
that W.A D. cyanide content in a solution is considered to be a reasonable indicator of the

toxicologically important complexed cyanides present.



NAME FORMULA DISSOCIATION CONST
Tricyanocuprate [Cu(CN):T? 5.0x 10%
Tetracyanonickelate [NI(CN).]? 1.0x 1072
Dicyanosilverate [Ag(CN),T! 1.0x 107
Tetracyanocadminate [CAHCN)T? 1.4x 10"
Tetracyanozincate ' [Zn(CN),]* 1.3x 10"

Table 2[8] Weak acid discernable metal cyanide complexes formulas and dissociation
constants

25 Moderately strong cyanide complexes

These metal cyanide complexes have higher dissociation constants than those of the weak acid
discernable cyanides. Examples are the cyanide complexes of iron, mercury and cobalt (Table 3).
These metal cyanides tend to be particularly stable in the absence of light. To analyze for these
complexes, dissociation has to be achieved by lowering the pH of solution down to pH 1 and afier
a suitable reflux time, analysing the quantity of free cyanide produced. This presupposes
quantitative knowledge of all W A D. and free cyanide present in solution.

NAME FORMULA DISSOCIATION CONS
Hecacyanoferrate(IH) or [Fe(CN)s]” 1.0x10™%
Ferricyanide
Hexacyanoferrate(IT) or [Fe(CN)s]* 1.0x 10V
Ferrocyanide
Tetracyanomercurate [Hg(CN).J? 40x% 10772
@

Table 3[8] Strong cyanide complexes formulas and dissociation constants
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2.5.1 The chemistry of iron cyanide complexes

The above-average iron content(Table 1) in mining effluent together with the singular stability of
the iron cyanide complex, presents a sound motivation for in-depth examination of iron cyanide

chemistry.

As Table 3 indicates there are two possible iron cyanide metal complexes that can form, differing
only in the valency state of the iron. Hexacyanoferrate(II) can be manufactured in the Iaboratory by
addition of a soluble ferrous salt or freshly prepared ferrous hydroxide to a solution containing free
cyanide. In practice, the reaction appears to be imited to the pH below about 9. The formation of
hexacyanoferrate(lIl) normally occurs as a result of the further oxidation of iron in
hexacyanoferrate(TI).

Hexacyanoferrates are classified as "inert" complexes, in that therr chemical stabilities result from
extremely slow rates of dissociation. However, in the presence of ultraviolet light photolysis and
hydrolysis occurs, in which a water molecule displaces one of the cyanide moieties in the complex.
On prolonged exposure, hexacyanoferrate(Il) and (II) have been shown to release up to 85% and
49% respectively of their cyanide respectively[10]. This in effect means that waste-waters
containing ferrous or ferric cyanide ions that are exposed to UV light could very well evolve

hydrocyanic gas, which in the event of bad ventilation could reach toxic levels,

The driving force for breakdown is the energy in ultraviolet radiation, although visible radiation
contributes to the photolysis of iron cyanides to a minor degree. Only 6% of the total
electromagnetic spectrum reaching the earth is ultraviolet and in reality the portion of this radiation
which penetrates a water surface, in which iron complexed cyanides may be present, is limited. The
limiting factors are reported to be attenuation of the UV at the water air interface aid the degree of
turbulence present[11]. Only in controlled condinions, where strong solutions of ferrous, or ferric
cyanide were subjected to intense amounts of UV radiation, have toxic concentrations of HCN

been measured, and then only under circumstances where ventilation was kept to a minimumf{12].
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2.6 Cyanide bonding and cyanide as a pseudo-halogen[13]

As has already been stated, the cyanide ion is an anion which comprises one atom of carbon and
one of nitrogen. It has one sigma bond, two pi bonds and two empty bonding orbitals. The first
two orbitals in its structure are filled with the maximum number of electrons, the other orbitals are

empty.

As all the "s" and "p" (i.e. 1 + 2) orbitals are filled with electrons the polyatomic ion tends to
behave like a halogen (i.e. fluorine, chlorine, bromine and iodine). This behaviour can be seen in

the similarity in chemical characteristics between sodium chloride and sodium cyanide.

However, the empty anti-bonding orbitals on the cyanide ion can form bonds with either partially
or wholly filled "d" orbitals of transition series metals, which is where cyanide differs from halogen
behaviour. The contribution of an electron pair, either from the cyanide ion to the metal or vice

versa, is known as "back bonding” and explains the stability of the cyanide metal complexes.

The triple bond of cyanide makes cyanide a relatively reactive compound as these bonds are easily
broken. It is the prominence and availability of the pi bond electrons which orbit outwards in a

wide arc from the carbon and nitrogen nucleuses that account for its reactivity.
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CHAPTER THREE
EXISTING PROCESSES FOR THE
RECOVERY/DESTRUCTION OF CYANIDE

3.1 Philosophy behind cyanide retrieval/destruction]14]

Presently there are a number of processes which have been developed for the destruction /
recovery of cyanides, some of which have operated industrially. Broadly speaking the current
philosophy behind these processes is to retain as much cyanide as possible at minimal treatment
cost per ton, by minimizing water consumption and maximizing water recycle and reuse. In

addition reagent consumption, if any, should be kept to a mimmum.

311 Processes for the destruction of cyanide

Here are a few examples of process which do not consider the recovery of cyanide but merely their
destruction. These are described as processes which, despite being unable to recover cyanide for

reuse, could prove economically viable.

3.1.2 Natural attenunation

In the late 1970's, attention was directed towards developing this process for primary treatment of
cyanides containing tailings sturmes and barren waters. Natural attenuation is a legrtimate way of
disposal which should be cautiously considered because of the disastrous consequences of
misjudgment / mismanagement. It is the most economical method of cyanide destruction especially
if tailings impoundment is already employed. Data acquisition, at existing tailing ponds world wide,
have proved that cyanide and metal cyanide complexes undergo systematic decomposition when
left exposed to the elements]15]. However, the major mechanism in the process of natural cyanide
degradation in ponds is volatilization of HCNJ16]. The pH of the pond is lowered by the natural
uptake of carbon dioxide from the air and by the addition of low pH rainwater that is relatively
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saturated with carbon dioxide. This drop in the pH induces a change in the CN/HCN balance
increasing HCN cornicentration which then volatilizes.

Variables which affect cyanide decomposition are[15]:

* P H,
* temperature,

* UV irradiation,

* geration,

* initial cyanide concentration,
* metal content

* surface area’depth ratio.

Temperature and aeration have the most significant effect on the volatilization rate of free cyanide
in the hydrocyanic form. Data, recorded by Schmidt et al[15], indicates that cyanide decays
irrespective of pond depth, although a greater decay time is needed for deep ponds. Smith er al[17]
also report that surface effects contribute largely to cyanide loss in tailings systems in South Affica.
Simovic et al[16] also discovered that ultra violet radiation has an effect on the stability and

degradation of iron cyanide complexes in surface ponds.

Natural attenuation of cyanides present in tailings and decant waters is in extensive use in South .

African mineral processing plants.

The advantages of natural degradation of cyanides are:

* The relatively inexpensive capital cost,
* the nonformation of any known toxic by-products, during the degradation process
* and it's simplicity and versatility.

It should be bomne in mind that although cyanide and some cyanide complexes decompose readily
in the environment, certain cyanide complexes are resistant to natural attenuation or take an

extremely long time to decompose and are able to exist for years in the environment e.g. iron and
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cobalt cyanides. If such a cyanide complex were to remain dormant for many years it might, after
temporary exposure to an oxidizing medium, decompose releasing highly toxic free cyanide into
the environment. (e.g. the decomposition of ferricyanide into free cyanide and tron when exposed
to UV.) In principle and practice however, present day wisdom holds natural attenuation to be a

viable and cost-effective process for removal of free and complexed cyanides.

313 Alkaline Chlorination[14, 18}

Alkaline chlorination is the oldest and most widely recognized cyanide destruction process, based
upon operational experience and engineering expertise. It is a chemical process involving the
oxidation and destruction of free and W.A.D. forms of cyanide under alkaline conditions. The
chlorine is administered as a solution or as a solid sodium or calcium hypochlorite. The first stage
of destruction sees the formation of cyanogen chioride (CNCi) which is then rapidly hydrolysed to
cyanate (CNO) assisted by the alkaline conditions. In the case of Cloride gas addition to sodium
cyanide sohution, the following reaction represents the first stage:

Na(CN) + Cl, = (CN)CI + NaCl

Further hydrolysis of the cyanogen chloride (stage 2) to cyanate is represented by the following: -

(CN)C1 + 2NaOH = NaCNQ + NaCl + H.O0
Finally, the cyanate 1s hydrolised of the cyanate to ammonia and carbonate:

2NaCNQ + 4H,0 = (NH,.),CO; + Na:CO;

If excess chlorne is used the ammonia will react further through the process of breakpoint
chlormation to yield nitrogen gas thus:

(NH,),C0, + 3C1, + 6NaOH + 6NaOH + Na,C0, => N, + 6NaCl + 2NaHCO, + 6H,0
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Exceeding breakpoint is not desirable, as an inefficient excess of chlorine is consumed.

The disadvantage of the alkaline chlorination process is that it is only effective on free cyanide and
weak metal cyanide complexes. To effectively achieve the destruction of more stable metal cyanide
compounds i.e. cobalt and ferric cyanide, addition of ultra violet light and/or an increase in
temperature is necessary. As this is impractical in large operations, the alkaline chlorination process
is said to be effective only on cyanide waste waters which have a low iron and cobalt content. The

process has however been used at eight mining operations in the United States and Canada[55].
3.1.4 Copper Catalysed Hydrogen Peroxide Process[20]

This process was patented by DuPont in 1974 and involves the contacting of the waste solution
with a 41% solution of hydrogen peroxide containing a few parts per million of formaldehyde and
copper. A second, very similar, process was developed by Degussa Corporation which uses
hydrogen peroxide and a few parts per million of copper sulphate. In essence the hydrogen
peroxide oxidizes the cyanide in the W.A D. metal cyanide complexes and free cyanide, in the
presence of copper, to cyanate. In the case of the W.A D metal cyanides the released metals are
precipitated as hydroxides. The ferrous cyanide compounds combine with the free copper in

solution to form an insoluble complex.

Oxidation of the cyanide to cyanate:
CN + H;0, = OCN + H.0 (copper)
Oxidation of the W.AD. cyanide complexes:
M(CN)? + 4H.0, + 20H => M(OH ),({) + 40CN" + 4H,0

where M is cadmium, copper, nickel or zinc
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Reactions of the iron cyanides:

2Cu™ + Fe(CN); = Cu;Fe(CN ), ()

Drtto the cyanate

OCN + 2H.0 = CO7 + NH.

This type of process is at present in operation at vartous installations throughout the world and has
shown, through extensive toxicity testing, to yield environmentally acceptable effluents in the
country on application.
The advantages of this process are;

* Simpliciyy,

* Jow capital cost,

* the existence of an extensive body of knowledge, as a result of a number of operating

plants, coupled with available technical support from Dupont and Degussa.

The disadvantages of this process are
* Excessive reagent costs, i.e. copper sulphate and hydrogen peroxide.
* cvanide is not recovered but merely destroyed while ammonia, thiocyanate and
precipitated metals may require further treatment to satisfy environmental standards in

the country of application..

3.1.5 Sulphur Dioxide/air eyanide destruction process (INCO process){19]

The "INCO" process is based upon conversion of W.A.D. cyanide to cyanate using mixtures of

sulphur dioxide and oxygen in air, in the presence of elevated copper concentrations and in a

controlled pH range.
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This reaction is postulated to be:
CN + S0, + O0: + H;O = CNO" + H:50, ({(copper)

The iron complexed cyanides are reduced to the ferrous state and continuously precipitated as
insoluble metal ferrocyanide salts of the general formuta M,Fe(CN), where M can be copper,

nickel of zinc.
Reduction:
2Fe" + 80; + 2H,0=2Fe”™ + 4H  + SO7
or
2Fe(CN )7 + SO. + 2H,0 = 2Fe(CN); + 4H* + SO7
Precipitation:
2M* + Fe(CN); + H,0 = M,Fe(CN),. _H_,O(U

where (M is copper, nickel, or zinc)

The residual metals iberated from the cyanide complexes are precipitated as their hydroxides.
Developed thiocyanate can be removed as well, but only after cyanide has been removed although
this requires greater retention times and reagent usage. The sulphuric acid produced by this process

1s neutralized using ime or caustic.

The advantages of this process are:
* Jts proven success in treating pulps, clarified barren and decant solutions and heap
leach rinse solutions,
* the availability of technical support from INCO personnel and its effectiveness at
removal of all cyanides plus heavy metals by precipitation.

The di ges of this process are;
p
* The reagent costs,
* non recoverability of cyanide,
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* éxces.sfve production of gypsum,
" * requirement of a detailed study of the chemistry for any one particular application,
* royalty payments as a result of the world wide patent established by INCO on the

process.

Thus process can be closely compared to alkaline chlorination and the copper catalysed hydrogen
peroxide processes. These three processes represent the preferred and most studied chemical

treatment options.

3.1.6 Biological Treatment of cyanide wastes

Biological processes have been proven effective for treatment of solutions containing relatively
high concentrations of free cyanide, it is only recently that they have been utilized in the treatment
of mining effluents, containing metal cyanides[21]. Biological treatment of cyanide tailings result in
the total removal of all cyanides including W.A D. and stable metal cyanides. Cyanides and metal
cyanide complexes are removed through a combination of oxidation and sorption into the biofilm.
The metals present in the waste-water are removed through a combination of coagulant addition
and adsorption onto the biofilm. Ammonia is converted to nitrate by the nitrification process. The
organisms responsible for cyanide breakdown have been identified as various species of
Pseudomonas which, during the course of many decades, have adapted to the elevated _
concentration of cyanides and thiocyanate they have been exposed to. The Biological process for
the breakdown of metal and free cyanides involves the oxidative breakdown of cyanides and
thiocyanate, and subsequent adsorption/precipitation of the free metals into the biofilm in a more
general form thus;

1
ﬁIxCN; + 2H30 + 502 = M-biﬂﬁlm + HC03 + NH;

where M = iron, copper, nickel or zinc

28CN° +4H.O0 + 50, = 2807 + 2HCO; + 2NH,
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The second step of the assimilation converts ammonia to nitrate through conventional nitrification
thus;

2NH, +30, = 2NO: + 4H + 2H,0

2ZNO; + 0: = 2NO;

The advantages of Biological cyanide degradation are:
* The simplicity of the design,
* the environmentally acceptableness of the process,

* the relatively low cost of reagent consumption.

The disadvantages are:
* The higher capital costs,
* the lack of application in industry,

* that cyanide is not recovered.
It should also be borne in mind that, unlike other chemical treatment processes, biological

processes tend to be adversely affected by cold temperatures making biological treatment unwieldy

in areas where ambient temperaturesare subject to large seasonal or even daily changes.

3.2 A chemical process for the recovery of cyanide

Metal cyanides characteristic breakdown on exposure to an acidic medium, followed by the
volatilization of free cyanide makes total recovery possible.
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321 Acidification, Volatilization and Re-adsorption (A.V,R.) [22]

The characteristic of cyanide and some metal cyanide complexes to decompose in an acid
environment is used effectively in this process. The acidification of cyanide waters results in the
generation of HCN which volatilizes off as a gas assisted by heating or air sparging. The volatility
of free molecular cyanide (HCN) is related to its Henry's Law constant, which is affected by
several factors including liquid medium viscosity, hydrogen bonding, pH and temperature. After
volatilizing, the gas can be reabsorbed in an alkaline medium i.e. caustic or mitk of lime spray.
The acidification reaction for free and ionic cyamde is:

Ca(CN ), + H,80, = 2HCN + CaS0,

and for metal cyanides (W.A.D.) 1s:

M(CN ), + H,S0, = 2HCN + M” 507

The volatilization of free cyanide proceeds thus:

HCN /H;0 = HCN / Air

There are several factors which affect the rate and extent of HCN removal from slumies or

solutions through air stripping these are:

The pH of the solution

The form of cyanide

The concentration of cyaride

The temperature of the slurry or solution

The pressure maintained within the recovery system

The air-to-liquid ratio
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The mechanical dispersion equipment
The viscosity of the solution or slurry
The liquid-to-air contact period

The absorption reaction proceeds thus:

1 1
HCN + NaOH/'z—Ca(OH)z = NaCN/-z-Ca(CN)_, + H,0

Precipitation / re-neutralization as hydroxide, with respect to all W.AD. cyanide metal groups is as

follows:

M + 20H = M(OH ),

Precipitation of iron complexes is as follows:
Na,Fe(CN ), + 2CuS0, = Cu:Fe(CN ), + 2Na. S50,

The process saw extensive (50 years) use at the Flin Flon Mine operated by the Hudson Bay
Smelting and Mining Company where it was used to recover cyanide from barren clarified
solutions for economic reasons rather than environmental. Here the process was known by its
original name i.e. the Mills Crow process[23]. The preferred reagents, because of the ease of
procurement, were sulphuric acid for the acidification and me for the adsorption.

One of the major faults of this process is the excessive build-up of mainly gypsum as well as copper
and thiocyanate precipitates. This was observed during operations at Flin Flon mine which resulted
in the generation of yet another environmental hiability. The build up of precipitates within the plant
workings required the Flin Flon plant to shut down every 2 10 4 months for manual cleaning.

Although, in the twenty years leading up to 1985, the process had been extensively studied and
improved upon, researchers had not attempted to adapt the technology to the processing of
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mineral slurries thereby effectively preventing application of the process in the mineral processing
mndustry.

The Cyanisorb Process, which is loosely based on the Mille Crows process or A V.R. and was
invented m the years following 1985, claims that A.'V.R_ can be used on mineral slurries. Smith e?
all 14] report a number of successful pilot plant campaigns and that the first commercial full scale
cyarisorb plant was due to come into operation at the Golden Cross Mine in New Zealand in
1991. The patent for the Cyanisorb Process is held by Cyprus Minerals of New Zealand[24].

-

The advantages of this process are:

* Its efficiency in recovering all W.A.D. cyanide complexes and free cyanide for reuse,
* consumption of easily obtainable reagents,
* its robusmess i.e. not effected by input variable fluctuations and able to process slurries

as well as decant waters.
The disadvantages are:

* The hazards associated with the presence of hydrocyanic gas,

* high capital outlay,
* inability to remove stable metal cyanides.

3.3.1 The recovery of cyanides using ion exchange resin

Many processes using ion exchange resins for the recovery of cyanide/cyanide metal complexes
from unclarified/clarified solutions have been developed. Some of which have seen large scale
industrial application especially in the plating and galvanizing industry. Some of these are described
in the following sections which also contain pertinent comment.

The overall advantage of ion exchange processes is the ability of the resin to adsorb tons, such as
cyanides that are present in small concentrations, quickly, thus facilitating the concentration
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thereof. Another advantage is that, unlike with chemical techniques for the recovery of cyanides,
there are no solution based toxic intermediaries produced e.g. cyanate and thiocyanate.

Concentration of cyanides 1s a necessity if the waste solution being processed 1s of a large flowrate
and/or contains only a very small, yet toxic, quantity of cyanides. Chemical techniques are at a
distinct disadvantage in this regard requiring excessive quantities of reagent to process an effluent

of this nature.

3.3.2.1 Carlson process (pat. 1982){4]

The Carlson process is a complicated process designed to remove toxic metals and cyanides from
waste waters, especially the effluent of plating baths, by passing the contaminated liquid upward
through three separate resin layers in succession. The physical characteristics of each resin group is
such that clasification is easily achieved by hydrodynamic forces. The inventors suggest that the
proportions of each of these resins will be dictated by the nature and quantitative character of the
undesirables in the effluent.

The three resin types, in order of contact with the feed solution, are;
* A strong base anion exchange resin,
* aweak acid cation exchange resin,
* a strong acid cation exchange resin.
The strong base resin should preferably be a Type I, with quaternary ammonium functional group:
R- N - (CH),

or

R - .Nr+ - (CH:: - CH3)3
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The weak acid resin is a carboxylic type:

R - COO

and the strong acid resin is the standard sulfonic type:
R - S0O;

The resins are regenerated in a two phase operation. Initially, a strong acid solution(i.e.
hydrochloric acid) is used to put the cation resins into the hydrogen form and the strong base resin
mto the chloride form. The second stage is a caustic wash, where caustic solution is passed
through at least a portion of the bed, converting the strong base resin to the hydroxyl form and the
weak acid resin to the sodium form. The strong acid resin is unaffected by this.

A further aspect of this patent is the acidification of the product of resin regeneration resulting in
the formation of hydrocyanic gas which in turn is contacted with a caustic solution in a gas liquid

contactor for cyanide recovery.

33.2.2 Comments

It is of interest to note that, in it's published examples of effluent treatment, the patent release
document concentrates on the effluent of plating baths rather than mining effluent and also gives no
indication of the number of regeneration cycles that could be undertaken before the active sites
become ineffective. This, combined with the reality that hydrochloric acid and caustic soda are
relatively expensive reagents, could make the cost of this process too high for use in larger
industrial installations, such as a large mineral processing plant. A number of authors have reported
that one of the realities of metal cyanide removal from solution by adsorption onto strong base
resin is that elution of the cyanide complex during the regeneration procedure is not easily
achieved[26]. The report describing the Carlson patent makes no comment on this nor is it clear
about how the strong acid resin is prevented from being converted to the sodium form during the
caustic wash. Possibly the regenerant is only passed through a section of the bed.
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333.1 Witteck Development (pat. 1986)[26]

This invention relates to the recovery of cyanide reagents for reuse, from waste solutions bearing
soluble metal complexes. More particularly, the invention is directed to the recovery of cyanide
from gold mill effluent solutions which contain a mixture of free cyanide and complex heavy metal

cyanides.

The effluent 1s passed through a bed of anion exchange resin which may be of the weak or streng
base type, but should have a macroporous structure and be m the sulphate form. The patent does
not stipulate any specific functional group. All cyanide metal complexes i.e. zinc, copper, iron and
nickel are readily absorbed, while free cyanide passes through the bed. The product of this ion
exchange process can, after spiking with free cyanide, be readily reused in the further leaching of
ores as it is devoid of most metal complexes and has some residual free cyamde in solution. The
inventor suggests that the process be semi-batch, in that resin beds alternate between the loading
and the regeneration stages, with the extent of resin loading being determined by monitoring for
breakthrough,

Regeneration of the resin is achieved by passing a dilute solution of sulphuric acid is passed up-
wards through the bed displacing the metal cyanide complexes and retumning the resin to the
sulphate form. The effluent of the regeneration process is then fed into a liquid-gas contactor,
where air is used to assist in the volatilization of all the hydrocyanic gas. The hydrocyanic gas-rich
air is then passed up-flow through a caustic scrubber, where the HCN is absorbed into solution.
The caustic feed to the scrubber could either be an independantly made up solution of caustic, or
more conveniently be the effiuent solution of the loading cycle.

An important aspect that characterises this patent, is the spiking of the regenerant solution with an
oxidant such as hydrogen peroxide, potassium peroxide, sodium peroxide, or ozone, so as to
facilitate the controlled oxidation of the metal ion of the metal cvanide complex adsorbed under
controlled oxidation conditions. The inventor also suggests that the regeneration process may be
more efficiently achieved and controlled by the introduction of an oxidant at a rate sufficient to
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maintain a redox potential of +500 mV (measured against a standard calomel electrode) in the
regenerant solution.

3332 Comments

What is not pointed out by the inventors of this patent is the importance that should be attributed
to the controlled rate of injection of oxidants into the regenerant solution, as an excess of oxidant
could well result irr damage to the amines, of the active sites on the base resin, through chemical
oxidation thereof. In addition there is no mention, in any of the listed examples of trial runs, of
how many cycles a single quantity of resin can experience before permanent chemical degradation

renders the resin useless.

3.3.4.1 The GM-IX process 1987[3]

This process advocates the use of an jon exchange resin in conjunction with a gas membrane

- module to selectively recover cyanide from the spent regenerant solution. The process is
predominantly concerned with the recovery of cyanide from a solution where the cyanide is
complexed with zinc. This effluent is found to be the by-product of a variety of industries such as,
iron and steel manufacturing, photographic bleaching and metal plating and finishing, all of which
generate substantial volumes of cyanide-bearing waste-water.

The waste-water solution is passed through a bed of strong base resin which is in the sulphate
form. The anionic zinc cyanide complex and the free cyanide are readily adsorbed by the active
sites on the resin, producing an effluent free of zinc cyanide complexes and free cyanide. The
regeneration process is accomplished by continually circulating a dilute solution of sulphuric acid
through the resin bed over a long period of time, a necessity, given the slow kinetics of desorption.

To remove the developed hydrocyanic acid from the desorption circuit, the acid 1s passed over a
gas permeable membrane which has a solution of caustic soda circulating on the oppostte side.
Forces of diffusion cause the hydrocyanic gas to pass through the membrane, be readily absorbed



31

by the caustic and, with time, completely removed from the acid circuit. Once adsorbed in the

caustic circuit the free cyanide can potentially be reused as sodium cyanide solution.

The authors give no indication of the type and nature of the active functional group to be used,
although, according to the AMBERLITE GENERAL PRODUCT DATA SHEET, the resin used
m the published example has the "tri-methyl ammonium” functional group.

3.3.42 Comments

Although being a highly efficient and novel technique for the removal of cyanide, a disadvantage of
this process is the slow rate of elution kinetics. This is borne out by figures given in an example{3]
which uses a strong base gel type resin IRA400. The researchers also limited their test-work to the
zinc cyanide complex found in effluents produced by the listed industries. The mineral processing
industry however, produces effluents with a great number of different metal cyanide complexes
(i.e. Table 1). It is reasonable to assume that the outcome of further test-work may prove this
process to be effective in the removal of metal cyamde complexes other than zinc. Further
mvestigation into the type of resin and functional group will play a large role in defining potential

possibilities for this process.

3.3.51 The Coltinari Process 1985[27]
This process uses a weak base anion exchange resin to remove cyanide metal complexes from
dilute cyanide solution while the free cyanide is allowed to pass through and can ether be reused in

the process, or sold as a useful by product. Although the author gives no indication of the

functional group it is assumed that a di-methyl or -methy ammonium group is used:

R-N-(CH), or

R-N-(CH, - CH;),
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The inventor moots the idea that if it is desirable to remove the free cyanide, the feed to the resin
bed could be spiked by some metal salt so as to generate further metal complexes which in turn
will be adsorbed. After adsorption onto the resin the cyanide complexes are then eluted from the
resin using a milk- of-lime solution, producing a cyanide-rich eluate. Complete elution is
accomplished by recycling the eluting fiuid past a bed of solid calcium hydroxide, so as to maintain
the eluting fluid in calcium hydroxide saturation. The recycling results in a high concentration of
cyanide being attained in the eluate. This eluate is then subjected to an acidification / volatilization
process, with acidification being achieved preferably with sulphuric acid. The inventer points out
that those more stable cyanide complexes such as ferro- and cobaltocyanide will not be susceptible
to acidification and despite not being recoverable will at least be concentrated in the acidified eluate
for disposal. The hydrocyanic gas product of the acidification / volatilization step is effectively
removed from solution by heating and air-sparging. The author does not indicate how the
hydrocyanic-rich off- gas is to be further processed. However, it is assumed that it could be
contacted with some sort of alkali solution in a hquid-gas contactor to facilitate the cyanide
realizing a more useful form. -

3.3.52 Comments

The inventor does not make any comment on how one is to dispose of the large quantities of
gypsum that will be generated during the acidification process, that is if the suggested sulphuric
acid is to be used. Further concerns could be voiced on heating large quantities of acidic solution.
Even if utility steam were available, such action would represent a massive energy consumption
seriously affecting the economic feasibility of this patent. In addition the author gives no indication
about how to treat the iron cyanide complexes prevalent in the waste streams of mineral processing
plants that will clearly not be removed by this process.



3.4.1 A short history of research into ion exchange technology for the recovery of

cyanides from mining effluents

The use of anion exchange resins for the removal of free and complexed cyanides from solution
was first scientifically investigated in detail in 1959(28]. Industrial trends in the seventies, towards
more stringent effluent regulations, resulted in renewed interest in the treating of Canadian gold
mining cyanide effluent[29]. It is well understood that the affinity of a resin for a specific ion
increases with increasing charge on the resin and the anion being adsorbed. As a result, the di- and
tn-valent negative metal cyanide complexes are removed in preference to free cyanide. Early
investigations[28] found researchers removing cyanide by converting free cyanide into the copper
cyanide complex by the addition of elemental copper and then adsorbing it onto strong base resin

m this form.

Since the middle seventies most of the work done[4, 31, 32] on the recovery of metal cyanides has
been performed using strong base quaternary amine resins in the Duolite and Amberlite range.
However, a weak base resin has also been investigated[30].

‘The results of a substantial test program undertaken at the Homestake Mining Company from
1980 to 1983 demonstrate that strong base resins were by far the most effective for the removal of
metal cyanides[35]. These tests also indicated problems with resin regeneration and with the
evident trend of rapid loss in adsorption capacity with continuous loading and regeneration cycles.
A further problem encountered was with competitive adsorption between thiocyanate and the
metal cyanides. Despite these problems ion exchange was considered a good polishing process for

the treatment of metal complex cyanides present at concentrations of only a few ppm but not for
any greater ion exchange duties.
342 More recent developments

The last five years have seen a number of researchers studying the recovery of metal cyanide using
strong base ion exchange resins such as IRA958[34], and GT-73 (Mudder unpublished data[35]).



34

3.4.2.1 The work of Smith and Mudder

Mudder et alf35] reported that IRA958 was ineffective in both metals and cyanide removal
especially in the presence of high concentrations of sulphate and thiocyanate i.e. 1500 and 30 ppm
correspondingly. Mudder reported GT-73 to perform excellently when exposed to the identical
conditions. The results of this test work are given in Table 4. Further test work on regeneratability

and possible potsoning trends were not done.

effluent parameters influent conc. effluent conc. effluent conc.
{mg/) after 48Hours after 96Hours
total cyanide 1.7 0.19 0.49
WAD cyanide 12 0.19 0.11
Cu dissolved 0.39 0.01 0.01
Hg dissolved 0.014 <0.005 <0.005
Ag dissolved 0.9 0.01 0.01
Zn dissolved 0.09 0.02 0.04
Ammonia as N 18.6 —_— 16.7
Table 4[35] Results of the ion exchange experiments
employing ion exchange resin GT-73
3.422 Results of work by this author

The test which forms the nucleus of this thesis, has shown IRA958 to be very effective in the

adsorption of Polyvalent valent metal cyanide complexes even in the presence of a large

concentration of sulphate i.e. 1000ppm. Effective regeneration was found to be straight forward
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and could be achieved by a simple brine solution where the major solute component is industrial

sodium chloride.

3.4.3.1 The Cy-tech exchange system[35]

This system is the most recent cyanide recovery process involving ion exchange. The company that
operates this system is Cy-tech and to date only a single plant has been commussioned. This is 2
recovery unit in Quebec Canadaf35] the capacity of which is five cubic meters of effluent per hour.
No indication of the concentration of dissolved cyamides is given.
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Figure 2[35] Cy-Tech system for ion exchange recovery of cyanide

Not much has been published about this system but a diagram of the plant is available which
features an ion adsorption section, through which the treatable effluent passes, followed by a

regeneration/elution section in which acid is used to remove the cyanide complexes.



The resin used 1s a strong base ion exchange resin which readily adsorbs the metal cyanides thus:

2(Resin® X') + M(CN )7 = (Resin’ ),M(CN )} + 2X

Regeneration/elution with dilute sulphuric acid proceeds thus:

(Resin" ),M(CN ),, + 2H,SO. = (Resin’),S0; + 4HCN + MSO,

The spent regenerant is treated in a stnipping column producing a hydrocyanic-rich off gas which is

then absorbed by a caustic solution in an absorber umit.

3.4.3.2 Comment

It is difficult to comment mainly due to lack of detailed information about the process. However
Mudder et al[35] report that a company has been established which eamns it keep directly from the
profitability of this process.
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CHAPTER 4
ION EXCHANGE TEST-WORK ON IRA958

4.1 Introduction to the jion exchange study

The rate of Ton exchange between solid and liquid phase, 1n 2 resin in solution application, is
controlled by a number of factors:

* Diffusion of ions through the liquid film surrounding the particle.

* Diffusion of ions through the pores of the polymeric matrix of the resin.

* Attachment to the functional groups on the resin matrix.

In most instances one of the resistances above offers much greater resistance than the others, and
hence becomes the rate controliing, or rate limiting step. There are standard techniques to discover
which is the controlling step, for any particular set of circumstances:
* Altered levels of agitation in the vicinity of the solid phase, (will increase/decrease film
controlling resistance)
* The interruption test. (will indicate pore diffusion controlling resistance)

In the initial stages of a kinetic study, the lamunar layer 1s rate controlling and hence it is at this
point that its resistance can be determined. In addition when convection in the solution is slight
and/or the degree of polymer cross-linking within the resin structure is low 1., large interstitial
spaces(pores) In resin structure, the main resistance to mass transfer could also be in the laminar
layer. Resin IRA958, the subject of this thesis, has very large interstitial spaces. So we expect low
capacities and maximum allowance for large strongly negative molecules. The AMBERLITE
GENERAL PRODUCT DATA SHEET reports the following for IRA938:

Capacity 0.50 eg/l (per litre of resin)

Density 1.08 kg/l (per litre of resin)



4.2 The history and development of resin IRA958

A strong base resin IRA958 was mnitially developed by Rohm and Haas specifically for the
recovery of the iron cyanide complex[36], although there have been some reports of poor
performance[35]. One of the existing problems with strong base resins, in the adsorption of iron
cyanides, was the difficulty associated with the slow kinetics of desorption. To overcome this
problem greater emphasis was placed on the size of the resin's pore structure and to the overall
strength of the matrix. The sheer size of the iron cyanide molecule and the strength of its ionic
charge requires attention to these charactenistics of the resin. A further development was that
sodium chlonde was found to be an excellent elution reagent whereby the chloride ion with its

strong electro-negativity effectively displaces the iron cyanide complex[36].

4.3.1 The porosity of TRA958 resin

IR A958 is a strong-base, macroporous resin which has a crosstinked acrylic copolymer matrix(very
large pore sizes). Currently, it sees application in sugar refining plants, where its chief function is
the adsorption of large organic molecules, similar in size and nature to metal cyanide complexes.
As TRA958 presently has a confined application its production is limited. The active site of the

IRA958 is the tri-methyl ammonium group.

4.3.2 Functional group of IRA958 resin

There is evidence that by varying the functional group of the adsorbent resin, selectivity can be
achieved on the basis of ionic valency[37]. Resins with tri-ethyl ammontum groups (Figure 3) have
been shown to be more selective towards the mono- and bi- valent metal cyanides. e.g. Au(CN),"
and Ni{CN);~, while, the tri-methyl ammonia functional group (Figure 4) tends to attract the multi-
valent metal cyanide complexes e.g. Fe{CN)s”, Cu{CN);~. Based on this it is reasonable to assume
that TRA958 will have a greater affinity for the polyvalent metal cyamdes than the mono- and bi-
valent cyanides. As these complexes contain the greater quantity of cyanide molecules, there can



be no doubt that tri-methyl ammonia group is the more desirable for the purposes of cyanide

TECOVETY.

/CH2 = CH3
N+—ﬁ— CH2 = CH3
~ CH, - CH,

Figure 3. Tri-ethyl ammenium group

CH,

N*——— CH,
™ CH,

Figure 4. Tri-methyl ammeonium group

4.4 The metal cyanides used for adsorption and desorption test-work

It was decided to evaluate the adsorption and desorption characteristics of strong base resin

TRA958 by contacting the resin with solutions of specifically chosen metal cyanides in a contantly
stirred batch reactor. The disappearance {in adsorption) and appearance (in regeneration) of these

complexes would be observed for the purposes of evaluating the performance of IRA9358. Four

metal cyanide complexes were selected to represent the bulk of metal cyanides shown to be

prevalent in the waste of mineral processing plants(Table 1). These were the cyanide complexes of

mickel, iron, copper and cobalt.



40

4.4.1 Iron and copper

Iron and copper were chosen chiefly because of thetr reported above-average concentrations in the
effluent of mineral processing plants and for their polyvalent character. It is also notable that iron
cyanide solution has a distinctive yellow/green colour that alters in intensity with changing
concentration. This phenomenon makes for easy visual qualitative evaluation. The iron and copper
cyamde complex solutions are also relatively easy to obtain. The iron cyanide complex is acquirable
as ferricyanide from potassium hexacyanoferrate(IIT), thus:

K;Fe(lI)(CN ), o 3K + | Fe@cN ), |

while the copper cyanide complex is manufactured from copper(I)cyanide and the addition of a
stoichiometric quantity of potassium cyanide, thus:

Cu-(CN), + 6KCN < 6K + 2Cu(CN )y

4.4.2 Nickel

The nicke! cyanide complex was chosen because of its prevalence in mineral processing waste and
its divalency. Its divalency, it was expected, would result in the observation of the reported lesser
affinity of IRA938 for this complex, as a result of the ti-methyl ammonium group active sites[37].
The nickel cyanide complex solution was also easily obtained by the dissolution of potassium
tetracyanonicklate(Il) hydrate, forming the tetracyanonickelate(Il) complex, thus:

K,Ni(CN ),.H,0 < 2K* + Ni(CN )7
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443 Cobalt

The cobalt cyanide complex was chosen because of a reported polymernization tendency, at pH
below nine, once adsorbed onto strong base resin[38]. Such a phenomenon would sericusly
impede any regeneration of the resin, rendering it useless for further adsorption. It was postulated
that, as a solution of brine / sodium chloride would be used for regeneration having a pH of not
less than seven, the polymerization tendency may well not be severe. The preperation of the
cobaltic-cyanide complex was achievéd by reacting cobaltosulphate at room temperature with

potassium cyanide in-solution thereby producing the cobaltic hexacyanide complex, thus:

6CN + CoS0, <& SO+ Co(CN )y

4.5 Adsorption test-work

The cyanide complexes of nickel, iron, copper and cobalt were adsorbed separately onto IRA958
in stirred batch reactors and in the presence of excess cyanide. The transition metal concentrations
used in each test were similar to the average concentrations found in the effluent of mineral
processing plants throughout the world and the amount of resin used was sufficient to adsorb
approximately two thirds of the metal cyanides present. The reason for this was so that the kinetics
at resin saturation could be observed. The four synthesised metal cyanided solutions described
above were used in separate batch adsorption tests carried out a 1,5 Iitre baffled beakers, agitated
by a magnetic stirrer. As the kinetics of adsorption for each of these complexes are compared,
special attention was given to ensuring that the geometric configuration and agitation power input
per unit volume, for each test, was identical. This was achieved by completing each test separately
at identical stirring speed and temperature.

The adsorption test was started by adding a quantity of resin in the chloride form to each beaker
calculated to adsorb two thirds of the metal cyanide present in solution at saturation. Eight grab
samples were then taken at increasing time intervals, while a ninth sample extracted at twenty four
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hours was concidered to give an equilibrium value, despite there being no percivable change in

concentration at the 8 hours.

4.5.1 Adsorption in the presence of sulphate

All tests were then repeated under identical conditions with the addition of 2.22g sodium sulphate,
SO as to attain a concentration of 1000ppm sulphate in solution. Sulphate, like the metal cyanide
complexes, is a polyatomic anion and according to data published by Smith and Mudder{2](Table
1), is present in high concentrations in mineral processing effluent. It was therefore considered
pertinant to carry out this test as evidence of interference, during the adsorption of metal cyanides,
caused by the presence of the sulphate ion, would be notable.

452 Results of adsorption test-work

The results of the first set of adsorption tests(Figure 5), where no competing anions were present,
indicated that all of the cyanide complexes tested, are readily adsorbed onto IRA958. The second
set of adsorption tests(Figure 6) demonstrated that even in the presence of a large excess of
sulphate(1000ppm), all four metal cyanides were still found to be preferentially adsorbed. In both
sets of tests rapid kinetics were observed while the equilibrium value of the Ni(CN),? complex
appeared to be affected by the presence of sulphate. This situation could be attributed to the
bivalent state of the nickel cyanide complex for which the tri-methyl ammonium group has a lower
affinity{See 4.3.2). It is interesting to note that almost 90% of equilibrium value is attained within

one hour of the commencement of adsorption.
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4.6 Desorption test-work

A further matrix of tests were conducted in which analytical grade sodium chloride and brine
solution were separately tested as regeneration agents. These tests were carried out in batch
reactors of the same dimensions as those used in the adsorption tests. Standard sokutions of sodium
chloride were contacted with four separate quantities of resir, each saturated with one of the four
metal cyanides. The saturated resin was achieved by submersing in an agitated soultion containing
an excess of the applicable metal cyanide for 40 hours. Thereafter the resin was removed and
washed with deiomzed water before preceeding with the test. These tests were conducted in the
same manner as those of the adsorption tests, with samples being extracted from the batch reactor

at increasing time intervals and an equilibrium value being taken at twenty four hours.

4.6.1 Desorption results and discussion

The results of the desorption tests are shown in Figure 7. The regeneration tests were repeated
with brine solution of approximately the same ionic strength. The results are given in Figure 8. It is
reasonable to assert that the results shown in Figures 7, 8 are satisfactory, if one considers that they
were achieved after only a single "batch” contact with the regenerant. The tendency for the nickel
cyanide complex to be easily dislodged from the resin, can once again be explained by the lower
affinity the tri-methyl ammonium finctional group has for this bivalent complex (See 4.3.2). Asin
the adsorption tests, the kinetics of resin regeneration are rapid, with ninety percent of the
equilibrium valies being reached within one hour. From Figure 8 it can be deduced that the quality
of regeneration in brine solution is similar to that of analytical grade sodium chloride solution, with
marginal improvements being observed in the removal of the iron and nickel cyanide complexes.
An explanation for this is that impurities in the brine solution (anions) may be preferetially taken up
by the resmm in place of cloride. Futher test-work would shed light on this phenomenon.
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CHAPTER FIVE
LITERATURE SURVEY AND BACK GROUND STUDY
INTO FLUIDIZATION TECHNOLOGY

51 Why the fluidized bed approach

The advantages of the fluidized bed route are the more efficient use of resin hold-up (as the
fluidized bed concept loans itself to the possibilities of the plug flow reactor) and the typically
lower pressure drop to that of a fixed bed of equivalent ion exchange duty. It is also notable that
the fluidized bed configuration offers the means to employ 2 continuous process. The second part
of this study constituted the development of a technique for the better understanding of the
fluidization characteristics of ion exchange resin.

5.2 Fluidization and ion exchange resin

Since their development pseudo-continuous fluidized bed ion exchange reactors such as the
Cloete/ Streat[39] and NIMCIX columns have been used in many industrial ion exchange
appﬁcaﬁons. However, a difficulty is encountered in designing fluidized bed ion exchange
equipment, in the context of resin compartment dimensions optomizatior, when bed expansion is
poorly predicted. Particularly in the instance where the difference between resin and fluidization
solution density is small, and / or the inventary of resin in service at any one time is large. Not only
do the recepticals dimensions affect the capital cost of construction, they also stricture the volume

of resin in service at any one time which ultimately dictates plant capacity and performance.

A typical resin bead is a spherical porous structure which undergoes a slight change in volume, and
a more substantial change in skeletal density, during the ion exchange process. Despite there being
an abundance of information describing the particulate fluidization characteristics of particulate
substances on the basis of physical characteristics all of which is based on the behaviour of solid
spherical particls, the porous nature of ion exchange resin as an aqueously fluidized solid, makes

applicability questionable.
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Published mathematical correlations{40], for the prediction of expansion of a fluidized bed of
particles require a particle density which, depending on its value can have a great effect on the final
expansion prediction. Being of a porous nature, it might be more correct to refer to a resin bead's
‘apparent density’ of fluidization, a property which will only be significant when the resinisin a
turbulent suspension, with the continuous phase intruding into the porous resin. It is evident
therefore, that the physical characteristics of the continuous phase will play a substantial role in
dictating the apparent density of a resin bead, clearly a difficult constant to measure gravimetrically.
Akapo et alf41] have advocated the reverse notion suggesting that particle density of porous
aeratable powders could be measured by observing the expansion characteristics of the solid, while
Nicollella ez al[42] apply the theory through to liquid fluidized beds.

A further problem is the poly-sized nature of manufactured resin, which in itself, and in its
alteration as a result of minor adjustments in the resin manufacturing process, plays a significant
role in the fluidization behaviour of the resin. Only recently have certain resin manufactures
developed a process for manufacturing a mono-sized 1on exchange resin, and this only for the most
commonly consumed resins. Hartman ef a/[43] and Foscole e alf44] both reported that a wide
range of particle size distribution, amongst other phenomenon, has a substantial effect on
fluidization behaviour. Consider that there is approximately a four-fold difference in diameter from
the smallest to the largest resin bead as supplied by most resin manufacturers, and that the particle

size distribution between, varies some what from batch to batch.

Finally, empirical relationships which describe the expansion of a fluidized bed always correlate
voidage to fluid velocity, and hence require the free wet settled voidage as a necessary base
constant from which an expanded voidage, and hence a bed expansion, can be calculated. The free
wet settled voidage, just as the apparent density of fluidization, will also be a difficult quantity to
measure when using a porous discontinuous phase such as ion exchange resin. Another
observation is that this value 1s not necessarily constant and depends chiefly on the manner in
which the bed is allowed to settle.

In this study we attempt to see if existing fluidized bed technology, which requires these difficult to
attain values for expansion prediction purposes, can be adapted and utilized for a bed of fluidized
resin. It is suggested that given the particle size distribution, an adapted version of the serial or



incremental model can be fitted to measured expansion data by searching for, resin apparent
density, and bed free wet settled voidage.
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CHAPTER SIX
A FURTHER DEVELOPMENT OF THE "SERIAL"” MODEL
A LOGICAL PROGRESSION

6.1 The Mono-sized particle bed

The Levenspiel critericn[45](i.e. small difference between density of discontinous and contionus
phase) for determining fluidization stability, suggests that resin beads fluidized in an aqueous
medium will tend to exhibit particulate or smooth fluidization over a large range of fluidization
velocities. Particulate fluidization is defined as being a sttuation in which the bed continues to
expand with increasing fluid velocity and maintaines its uniform character, with the amount of
agitation of the particles increasing progressively. Under this circumstance one would expect the
well established Richardson and Zaki[40) equation to satisfactorily dictate the relationship
between voidage, and fluidization velocity for a fluidized, mono-sized bed of resin.

v=U,-¢e" 21
' wﬁere:

n= [5.5 +23 %}Ga*’-”” (21 <Ga < 24E4) 2

3 —_
Ga = dp g(p;z PL)PL 3

To calculate the actual bed expansion (E), based on the change in voidage from the free wet settled
condition, the following relationship can be used:
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6.1.1 The poly-sized particle bed

Two theories have been presented, regarding the effective prediction of expansion, of constant
density poly-sized particulafely fluidized beds. The averaging model[46, 47], which assumes a
single particle diameter to be representative of the entire bed, has been demonstrated by Epstein et
al{48] to be inadequate at high voidages where the expansion contribution of the smaller sized
particles tend to dominate. The averaging approach has also been proposed by Wen et al[47] for
beds with a largest to smallest particle size ratio of not greater that 1.3, another limitation which
effectively discounts this approximation technique as a possibility for resin beads, as on average
there is a four-fold increase in particle size from smallest to largest size i.e. 300 - 1200 microns.
The short comings of the averaging model seem to outweigh the advantageous lack of excessive

calculation.

The serial or incremental model 1s proposed by a number of authors [40, 49] and assumes that the
overall expansion of a particulately fluidized bed of particles is simply the sum of the individual
expansions that each species would display, if fluidized separately, by the same parameters. The
classification of particles in the axial dimension, a phenomenon which has been measured by
Garside et al] 50] has shown that the variaticn of local voidage can be predicted by assuming the
bed to be totally classified even in the regions where classification is absent. This loans credence to
the serial model as a semi-fiindamental representation of the real condition which may be described
as one in which each particle exerts a certain voidage envelope around itself dictated by its physical
characteristics and that of the continuous phase. A three dimensional, more complicated approach
to understanding fluidization characteristics, along these Iines, is attempted by Patwardhan ez
al[51) in their cell model, for particulately fluidized beds. If the serial model is applied to 2 poly-
sized fluidized bed, the overall bed expansion component should be equal to the sum of the
individual expansion component's advanced by the various size fractions, thus:

@,
E:=[2Vi(Ei - 1)]""1 o5
&,



If one accepts the volume fraction(¥), and terminal velocity (1), to be a function of particle
size{dp) thus:

V =G(dp) -6

U, = F(dp) 7

then combining equations 1, 4, 6 and 7, and integrating for the entire bed in the domain of resin

bead size, results in the following:

E 1+dPJ=-G(d)( - 1)dd 8
e T p. I/n - p h
omo N 1U 7 F(dp)

If the serial model is valid, equation 8 should effectively predict the expansion factor of a liquid
fluidized bed of constant density poly-sized particles, such as resin.

6.1.2 Particle size distribution

It is clear that the relationship signified by equation 6 could take on any form, the only prerequisite
being that each particle size has a singular volume fraction value. It is also reasonable to assume
that in most applications, the particle size distribution of resin, will be a continuous function of
particle size within two distinct particle diameters and above zero. For the purposes of this study a
continuous finctional relationship was developed by the application of an adapted spline routine
algorithm to raw data. This adaption compensated for the unrealistic negative values reported by
the developed spline function when the processing of raw particle size distribution data resulted in
a spline curve that intersected the zero volume line (X axis) at high differential within the particle
size domain. All sets of raw distribution data were normalized, before the adapted spline routine
was applied, 2 process which is described, thus,

If V; is the volume fraction of the resin in the ith of the in rotal N inter screen intervals,



and L; is the extent of this interval in particle diameters then calculation of the size

Jfraction is achieved thus:

V:/ L
N
Sv./ L
i=1

i

The arithmetic mean of the screen fraction limits of the ith fraction was then paired with the
calculated normalized volume fraction of the ith interval, before being "splined” for development

mto an algorithm based continuous function.

6.2 Terminal velocity

There are a number of published models (equation 7) describing terminal velocity of spherical
particles in a continuous medium and as ion exchange resin beads can be assumed to have a near
perfect spherical shape, the accuracy of these models could easily be tested. The apparent density
of the resin beads applicable to the terminal velocity models was assumed to be the same as that in
the Zaki and Richardson relationship (equation 1).

6.2.1 Terminal velocity model of Shiller e a/
Ga = 18.Re, + 2,7. Rel™ .10
Where:
dp U
Re, = 2= W11
U

Note that the terminal velocity variable is present in both the nght hand side terms which are each
raised to different "real indices", requiring the use of a complicated iterative procedure(e.g. Rapson
Newton) to solve for terminal velocity given all the other physical characteristics of the system.
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6.2.2 Terminal velocity model of Hartman ef af
log ,Re, = P(4) + log, R(A) .12
Where:
PA) =
13
[(0.0017795.4 - 0,0573).A + 1,0315]. A - 1,26222
R(4) =
.14
0,99947 + 0,01853. SIN(1,848. 4 - 3,14}
A = log,,Ga .15
6.2.3 The Ladenburg correction factor
Correctior. Factor = [I + 2.4(dp / D)] .16

The Ladenburg correction factor gives the empirical relationship between, the ratio of partical
diameter at terminal velocity to the radial dimentions of the finite medium, and the factor by which
the terminal velocity of the particle wiil be altered as a result of it being in a finite medium.



6.2.4 Testing the terminal velocity models

The terminal velocities, of a number of randomly sized beads of the same resin in an identical
chemical matrix solution, were measured in the laboratory. The diameters of these beads varied
from 400 to 1000 microns with measurement being obtained as accurately as possible by using a
micrometer. As the apparent density of the resin, a requirement of the termina! velocity models,
could not be measured an iterative technique was used to check for parity between the measured
terminal velocities and those predicted by the Hartman er a/ model[53]. The iterative technique
proceeds as follows:

Each measured resin diameter is individually put into the Hartman model together with
the other required and easily measurable characteristics of the continuous phase i.e.
density and viscosity. The resin "apparent density” is located by iteration by performing
the calculation for various assumed resin "apparent densities” until the measured
terminal velocity of for that bead size is predicted by the model. The average density of
the resin beads is then calculated. The calculated average apparent density is then used in
both the Hartman and Shiller models to predict the terminal velocities for each resin

diameter measured.

The preceeding paragraph gives some indication of the importance of “apparent density” in
predicting terminal velocity and also the difficulty sorrounding its accurate measurement.

A comparson of the Shiller ef a/[52] and Hartman e? a/[53] models in the apphicable particle

Reynolds No. range and their correspondence to the measured data are shown in Figure 9. The
Ladenburg correction[54] facter was used to correct the model predictions for a finite medium.

6.2.5 Comment on the model fits

From Figure 9 it can be deduced that in the field of interest the models vary only marginally in their
predictions, also of note is that the particle density achieved by iteration, is plausible. Given these



57

two observations, it was condoned that these results were sufficiently indicative to assume, with

reasonable confidence, the accuracy of the models in predicting the terminal velocity of the resin.

Given these observations, and the fact that the model of Shiller ez @/, requires an iterative search
when solving for terminal velocity for a stipulated resin density, it was decided to use the model of
Hartman et al, in all fluidization calculations.
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CHAPTER SEVEN
STUDY OF FLUIDIZATION
CHARACTERISTICS OF ION EXCHANGE RESIN.

71 Introduction

To prove the effectiveness of the model presented in equation 8, it was decided to conduct a
matrix of expansion tesfs using two different resins, four columns and four system temperatures.

The resins chosen where:

C26
* A relatively dense, strong acid resin with a macroporous, styrene di-vinyl-benzene, co-

polymer matrix and a sulphonic active site.(fluidized in the hydrogen form)

IRA958
* 4 relatively low density strong base resin with a macroporous crosslinked acrylic di-

vinyl-benzene, copolymer matrix structure and an active site consisting of tri-methy!

ammonium groups.(fluidized in the chloride form)

The columns used had diameters of 30, 40, 50, and 60 mm. The temperatures used were between
11 and 26 degrees centigrade. The particle size distribution together with the expansion data were
stored on computer disk using Turbo Pascal programs "PSDINPUT" and "EXPANINPUT" which
are listed in appendixes A and B respectively. Once the data was stored on disk the Turbo Pascal
program "HOOKJEEVESOPTOMIZER "(appendix C) was used to fit the proposed model in
equation 8 to the data. The logic followed by the "HOOKJEEVESOPTOMIZER" program in
calculating the overall expansion of the resin bed is displayed in Figure 10. On completion the
program reported, the sum of square differences between data and model prediction, the average
resin "apparent density” and the free wet settled voidage.
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""Hookjeevesoptomizer" program

7.2 Termina! velocity test-work

All terminal velocity tests were carried out in a two meter high glass tube with an internal diameter
of about 40mm. The diameters of the resin beads were measured by micrometer. The fall speed
was calculated by measuring the time taken for the bead to cover a predetermined vertical distance.
To ensure there were no adverse effects due to surface proximity, only the terminal velocity of
beads maintaining a preset distance from the side of the tube throughout therr fall, were recorded.
Calculation of the terminal velocity by using the model of Hartman er al was attempted by
algebraic manipulation followed by substitution of the physical characteristics of the system.
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Calculating the terminal velocity by means of the Shiller model required the use of a differential
seek technique(Newtons method). The results of this test-work are shown graphically in Figure 9.

7.3 Expansion testwork

The columns used to measure the expansion of the flindized beds of resin at various fluidization
rates, were constructed of glass with an overall length of 1 meter, closed off at the bottom by a
sintered glass fluid distrbutor with an average pore size of about 17 - 40 microns. Into these glass
tubes varying quantities of each type of resin were placed and their fluidization characteristics
observed. A turbulence settling zone was mcluded below the sintered glass so as to allow for the
calming of eddies created in the fluidizing liquid by the nozzle effect of the inlet, before reaching
the sintered glass. In the larger diameter columns it was considered necessary to further reduce the
jet action of the inlet by introducing solid baffles designed to distribute the nozzle effects of the

incoming liquid.

To acquire raw, expansion vs specific liquid velocity data, distilled water was fed via a controlling
gate valve to the bottom of the column from a header tank, so as to preclude any vibration.
Deionized water leaving the top of the column ran into a reservoir from where it was pumped back
to the header tank by a peristaltic pump in a closed loop. The temperature in both the header tank
and the reservoir was maintained at constant temperature by a system of temperature controllers.

The level of deionized water in the header tank was kept constant by a feed back controller which
controlled the pumping rate of the peristaltic pump.

A vacuum breaker was installed at the fluid outlet of the column, so as to prevent siphoning action
from causing a variation in the vertical pressure drop across the bed. A diagram of the test rig is

displayed in Figure 11.
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expansion characteristics of resin

Each resin was fluidized at various flow-rates tailored to elicit resin bed expansions of between 10

and 150 percent.

a doubling in size”

"100 percent

a trebling in size"”

I

"200 percent

Wet sieve analysis was used to measure the particle size distributions. The density and viscosity of
the deionized water was calculated from the temperature, using equations 17 and 18 respectively,
where temperature (Temp) is in degrees centigrade, liquid density in kilograms per cubic meter and
liquid viscosity in pascal seconds.
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water density =
.17
~4,604E - 3.(Temp )’ - 9,783E - 3.(Temp) + 1E3
water viscosity =
.18

5,894E - 7.(Temp )® - 5,467E - 5.(Temp) + 1,801F - 3

*

7.4 Wet sieve analysis

As required by the model all resin had to be subjected to a wet screen analysis for the purposes of
developing a particle size distribution. Delonized water was used for all sieving work so as to
prevent any ion exchange activity which might very well have lead to resin expansion or matrix

density alternation.
The following 20 centimetre diameter screens were used for the screening analysts:
* 300, 355, 425, 500, 600, 710, 850, 1000, 1180 (microns)

This geometric progression grows by a factor more or less equivalent to the fourth root of two.
The reason for using such a progression is to decrease the effect of the exponential increase in the

volume of particles retained in €ach successive screen thus improving accuracy.

All resin beads passing the 300 micron screen were assumed to be nonspherical fragments of larger
beads and hence were discarded. It was also assumed that all resin beads unable to pass the 1180
micron screen were smaller than 1200 microns. The resin manufacturer assured the author that ali
resin particles are in the size range of 300 to 1200 microns. All samples of resin were examined

under a microscope 5o as to ensure that broken or partially fractured beads were kept to a

- .



7.5 Fitting the model equation

Despite most of the parameters/variables in equation 8 being easily measurable, as previously
explained the free wet settled voidage and apparent density still remained an effective obstacle in.
the application of the equation. To overcome this problem a technique was used, which comprised
of fitting the Serial model to expansion vs linear velocity data, by searching for free wet settled
voidage and apparent resin density, for an optimal sum of squares. The search technique used was
that of Hook & Jeeves(appendix E). This particular search routine requires a large number of
iterations to obtain its final optimum but this is compensated for by its intrinsic stability.

7.5.1 The nonlinear problem

An early observation, with respect to the model fitting, was that a proportional change, based on
preset boundaries, of apparent density resulted in a far greater change n the sum of square errors
than was the case when the identical change was made to free wet settled voidage. The
optimization was therefore assumed to be of a highly nonlinear nature for which compensation was
applied by adjusting the size of the Hook & Jeeves tentative increments for free wet settled
voidage in relation to resin apparent density. Various ratios were experimented with until multiples
were located that resulted in the "rate of change of the sum of squares" being similar in magnitude
for an identical amplitude of tentative search in the each of the two variables.

The factors found to be suitable in the search algorithm were: a 1/10000 for the apparent density
variable and 10 for the voidage.

7.6 Resulis and interpretations of fluidization testwork

The "Hookjeveesoptimizer”" program took about 15 to 30 minutes to locate 2 global minimum

when used on a "SAMPO" 486 66 MHz DX40 personal computer. The emulation mode was not
used, ensuring the firll use of the maths co-processor. The initial estimates of the "free wet settled
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voidage” and "apparent density” were given as 0.5 and 1300 kg.m" respectively. Figure 12 shows
examples of the meésured particles size distributions of the two resins used in the fluidization
testwork and Figures 13 and 14 show the expansion data for the stipulated conditions together
with the fitted model and parameters.

All apparent densities obtained by the program, for each of the two resins under the different
circumstances were in good agreement, displaying effective independence from variation to system
temperature and alteration in column diameter. All values obtained were also exceedingly plausible
with all resin "apparent densities" being located in the 1050 kg.m™ to the 1200 kg.m” range
(Figures 15, 17) and voidages in the 0.3 to 0.4 range (Figures 16, 18).

1t was concluded by the author that the facts presented in the previous paragraph
constituted excellent circumstantial evidence, vindicating the argument on the effectiveness
of the application of the resin fluidization characterisation technique described in this

thesis,

Note that calculated apparent density and free wet settled voidage from data gleaned from the
operations involving the smallest diameter column (30mm) (appendix F) were characterised by a
greater scatter in the final values. This is attributed to the lack of a turbulence settler zone (section
7.3) below the sintered glass of this particular column. In addition this particular column was far
older than the larger columns and hence the sintered glass was considered to be partially blocked

resulting in channelling.

7.7 How ion exchange affects fluidization

In a further test to establish what effect the loading of resin IRA958 would have on it's fluidization
characteristics, A quantity of this resin was initially fluidized in the chlorine form for the purposes
of ascertaining an expansion curve and then loaded with hexacyanoferrate(IIl) ions after which a
second expansion curve was assessed. The loading ion was formed from the dissolution of

| potassium hexacyanoferrate(III).
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The hexacyanoferrate(IIl) ion was chosen as the loading ion, primarily because of its abundance in
effluents (Table 1) and secondly because of the ease with which its presence can be determined on
the basis of solution colour. Furthermore, it has a higher mass per equivalent than tricyanocuprate,
the other most abundant metal cyanide, which means that during loading the expected larger
density change would result in greater vaniations to the fluidization characteristics of the resin.
Figure 19 presents the results of the expansion behaviour of IRA958 in the chlorine and the
hexacyanoferrate(IIT) forms, including the fitted Serial model. As can be predicted, there is a large
difference in the curves mainly as a result of altered density and free wet settled voidage.
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CHAPTER EIGHT
CONCLUSION

It is clear from the study presented in the thesis, that if the ion exchange route for the removal
and/or recovery of metal cyanide ions is to be pursued, the use of "Amberlite” IRA958 resin may
well be a feasible alternative. It is envisaged that a mineral plant effluent, preceded by semi-
clanification (e.g. bank of hydro-cyclones), might then be contacted with IRA958 resin in a semi-
continuous fluidized bed application, before disposal on the slimes dam, or tailing pond. Figure 20

is a tentative/ broad deschiption of a possible cyanide recovery plant.
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Figure 20 A proposed cyanide recovery plant
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Greek symbols

fe 8
Fs
)

NOMENCLATURE

empty fluidization tube diameter
particle diameter

particle size of the ith component
largest diameter bead in sample
smallest diameter bead in sample
expansion factor (1 = 6%, 2 = 100%)
expansion factor of the ith component
total expansion factor

voidage

free wet settled voidage

gravitational constant (9.81 m.s?)
Galeleo number

integer

82

extent of inter screen interval (micron size of larger aperture screen less the micron

size of smaller aperture screen)
number of interscreen intervals
Richardson and Zaki expansion indices

Reynolds number

normalized volume fraction of the ith screen interval

superficial tube vertical liquid velocity
terminal velocity
volume fraction

volume fraction of ith component of resin

density of hquid
apparent density of resin
hiquid viscosity



APPENDIX A

The following describes a data input program written in Turbo Pascal version 7. This program
records particle size distributions (PSD's) collected as quantity of resin (volumetric) not passing
stated resin screen size X (microns). The program normalizes the data and then stores it as an
ASCH data file which has the general name "psd __dat” the structure of which is as follows:

DATAFILE
eg
6 | (number of screens)
350 0.010 | (diameter microns)  (normalized resin vol)
450 0.020 | (diameter microns)  (normalized resin vol)
600 0.015 I (diameter microns)  (normalized resin vol)
800 0.015 | (diameter microns)  (normalized resin vol)
10000010 | (diameter microns)  (normalized resin vol)
11500010 | (diameter microns)  (normalized resin vol)
PROGRAM

program psdinput;
uses

Crt:
const

Maxa = 20,
var

q, prefix, suffix, dat, psd:string;
datpoipsd,i : integer;
F: text;



begin

screen, resvol : Array [1..maxi] of real,

CleScr;

{the following section sets up the data input }

writeln('THIS PROGRAM IS FOR STORING PARTICLE SIZE DISTRIBUTION
DATA;

writeln(’ D

writeln(Remember the file will automatically’);

writeln(get the prefix "psd", and the suffix ".dat"’),

writeln(hence the outcome will be')' ''psd  .dat’);

writeln(® Y

writeln(*what do you what the file to be called, (5 digits only)");

readin(q);

prefix = 'psd’;

suffix = dat’;

q = (prefix} +(q) + (suffix);

clrscr;

writeln (g);

writeln(how many data points are there(NUMBER OF SCREENS)');
readin(datpoipsd);

fori:= 1 to datpoipsd do begin
clrser;
writeln{'during input of screen and resin volume
data’),
writeln('remember to put the screen aperture size first, in microns’);
writeln('followed by the volume of resin found there on in ccm or mis’);
writeln('start with the lowest screen size, and remember this");
writeln('program assumes that there is nothing larger than 1200microns’);

writeln;



end;
clrscr;

writeln('enter the data like this.."),

writeln('screen aperture size data point No.1  <enter>");
writein('volume of resin found there on data point No.1 <enter>');
writein('screen aperture size data point No.2  <enter>'};
writeln(*volume of resin found there on data point No.2 <enter>');

z

writeln(etc, etc....");

writeln('input screen aperture size','''data point',' ',1);
read(screen(i});
writeln(volume of resint,' ', 'data point',' ' i);

read(resvol[i]);

screen[datpoipsd + 1] = 1200;
{The following section normalizes the data.}
writeln(No. of data points’,’ ,datpoipsd);

end;

fori =1 to (datpoipsd} do begin
resvol[i] = (resvol[il)/(screenfi+1] - screenfi]);
screenfi] = (screenfi+1] - screen{i})/2 + screen[i];

writeln(screen[i}:0:0,' ' resvol[1]:0:3);

{The following section stores the data under file name given.}

end,
close(F),

Assign(F, q);

rewrite(F),

writeln(F, datpoipsd),

for1:= 1 to datpoipsd do begin
writeln(F, screen{i]:0:0,' ‘resvol[i]:0:3};

writeln(‘file is now closed and;’);
writein('stored on current drive as:'\,q);

&5



delay(3000);

end.
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APPENDIX B

The following describes a data input program written in Turbo Pascal version 7. This program

records all parameters surrounding a fluidization expeniment, including a set of superficial liquid

velocities vs resin bed expansions. The recorded parameters are; fluid temperature, resin bed
diameter and free wet settled resin bed hight(fivsh). The superficial fhuid velocity is calculated from
inputed volumetric flowrates. The data is stored as an ASCH data file with the general name

"exp_ _.dat” the structure of which 1s as follows:

eg
5
2.0000000E+0001
40
1.0000000E+0002
9.9999999E-0004 449
1.9999997E-0003 B86.3
3.0000002E-0003 133.8
3.9999994E-0003 198.2
4.9999999E-0003 316.6

program expaninput;

uses

Crt,

const

maxexpansions = 20,

DATAFILE

(number of fluidization velocities)
(temp of flnd, degC)

(diameter of bed, mm)

(fwsh of resin, mm)

(liquid velocity)(expansion %5)
(liquid velocity)(expansion %)
(liquid veloctty){expansion %)
(liquid velocity)(expansion %)
(liquid velocity)(expansion %)

PROGRAM



begin
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q, suffix, prefix, dat, exp : string;

expansions, diameter, 1 : integer;

fwsh, temp : real;

F : text;

volflow, velflow, expan: Array [1..maxexpansions] of real;

clrser;
{this part of the program inputs the mnitial input}
writeln('THIS PROGRAM WILL TAKE IN THE RECORDED EXPANSION

DATAY),
writeln(AND WILL THEN STORE THIS DATA IN A FILE);
writeln(’ %

writeln(remember the file will automatically’);

writeln('get the prefix "exp”, and the suffix ".dat™};

writeln(hence the outcome will be')’ Vexp ~ .dat));

wiriteln( D,

writeln(*what is the name of the data?, (5 digits only)’);

readin(q);

prefix :=='exp’;

suffix ="' dat’,

q = (prefix) + (q) + (sufid);

clrser;

writeln (q);

writeln('what is the diameter of the column in mm please?);
readin{diameter);

writeln('what is the temperature of the solution in the column in degC please?);
readin(temp);

writeln(excluding zero flows how many expansion were measured?’);

readin({expansions},




wiiteln(‘what was the free wet settled height of the bed, in mm 77,
readIn(fwsh);
fori:= 1 to expansions do begin
clrser;
writeln('THIS WILL BE FOR FILE"' ' q);
wrtteln('column diameter’,’ *)(,diameter,' mm)");

writeln(‘temperature of solution’,’ V(,temp:0:1,'degC));
writeln('free wet settled height of bed') L'(,fwsh:0:2 'mm)Y);
writeln('number of expansions excluding 0 flow’, "'(,expansions,’
', expansions)’);

writeln;

writeln:

writeln('enter the flowrates, and expansions’);
writeln(enter the data like this..");
writeln(*volflow in ml/min data point No.1 <enter>'),

writeln(height of resin bed i mm data poimnt No. 1 <enter>');
writeln('volflow in ml/min data point No.2 <enter>');
writeln('height of resin bed in mm data point No.2 <enter>');

writeln('etc, etc....");
writeln;
writeln(START WITH THE LOWEST FLOWRATE");,
writeln(’ ",
writeln(input volflow','*,'data point’,' " i),
read(volflowdi]);
writeln(‘height of resin bed',’ *,'data point’,' ',1);
read(expanfi]);
end,

{This section calculates liquid velocities and % expansions.}

for i == | to expansions do begin
velflow[i] =  (volflow[il)/(((diameter/20)*
(diameter/20))*3.14159) * (1/6000);



| expan[i] := ((expan[i}/fwsh)-1)*100

end;

{This section of the program prints out the file information.}
clrscr,
writeln{' THIS WILL BE FOR FILE"' " q);
writeln;
wrteln;
writeln;
writeln('column diameter’’ ','(’,diameter,'mm)',
writeln(‘temperature of solution',' L( temnp:0:1,'degC));
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writeln{'free wet settled height of bed’, \(,fvsh:0:2,'mmy)');
writeln('number of expansions excluding 0 flow",' \'(,expansions,' ' 'expansions)');
wteln;
writeln;
fori:= 1 to expansions do begin
writeln('data point No.\1,’’,'velocity’,’ Lvelflowfi]:0:5,' " M/sec'",
"expansion’,’ ' expanfi]:0:1,'%6");
end;

{The next part of the program stores the expansion data in a file.}

Assign(F, g);

rewrite(F);

writeln(F, expansions);

writeln(F, temp);

wrteln(F, diameter);

writeln(F, fwsh),
fori = 1 to expansions do begin
writeln(F, velflow{i]," ‘expan(i]:0:1);
end,

close(F);



writeln;

writeln;

writeln,

writeln('file is now closed and'),
writeln(’stored on current drive as:',q);

delay(3000);

end.

%1
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APPENDIX C

The following uncompiled computer software, written in Turbo Pascal version 7, simulates
particulatly fluidized beds for a continuous medium of water i.e. resin fluidized by an aqueous
medium. The program requires a particle size distribution to be stored in an ASCH file structured
in the manner described in appendix A This file can be generated manually by an editor, or can be
generated by running the program described in appendix A. The program also requires some
general inputs such as; temperature of the continuous medium (water temperature), free wet
settled voidage, discontinuous medium density (resin density) and fluidized bed dimensions in the
horizontal plane(fluidization tube diameter). Having processed these data and establishing the
fluidization parameters the program then requires superficial vertical velocities of the continucus
medium for which 1t then predicts a bed expansion. The program operator may input as many
velocities as he requires. The program assumes the fluidized bed to be perfectly circular in the
radial dimension i.e. at right angles to the average motion of fluidization liquid.

PROGRAM

program expansions;

USES

Cr

const
MaxN = 500,

var
qpsd, ex, dat, suffix, prefix : string;
F,e, ELUTRIATION, FINE : text,
i, datapoi, incno, q, j, number, check : integer;
o, totfrac, temp, Ut, fvoidage, V, N, expan, expantot, fivsh,



perexpan, diameter, dp, ga, liqvis, ligdens, Re,
rdensity : real;

dps : Amay[0. 20] of integer;

vols : Array[0..20] of real;

d, u, w, p,inc, dx, dy, k, t, s: Amray [0..maxn] of real;
a: Array[0..50, 0..50] of real;

Procedure vizdensity; ,
{This procedure need's a "temp" in memory.}

begin
ligvis == (temp*temp*6.894e-7)-(temp*5.467e-5)+(0.001801);,
ligdens := (-temp*temp*0.004604)~(temp*9.783e-3)}+(1000);

end;

Procedure termvel;

{This procedure requires a particle diameter dp, resin
density rdensity, liquid viscosity liqvis.}

var

termvel, A, P, R : real;
begin

Ga = ((dp/1000000)*(dp/1000000)*(dp/1000000)*5.81*
(rdensity-ligdens)*liqdens)/(ligvis*liqvis);
A = In(ga)/In(10};
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P = (((0.0017795 * A - 0.0573)*a + 1.0315)*a - 1.26222);
R = In(0.99947 + 0.01853*sin(1.848 *a - 3.14))/In(10);
RE = EXP(LN(10)*(P +R));

Ut =Re * iqvis/(liqdens*(dp/1000000));

end;

begin
clrscr,

{This part of the program obtains the previously stored psd information.}
writeln('THIS PROGRAM WILL GIVE YOU EXPANSIONS FOR ANY SET OF
GIVEN PARAMETERS);
writeln(* ),
witteln('What 1s the name of the particle size distribution data?),
writeln((only the four letter code is important)’);
readIn(gpsd);
clrscr;
prefix :="PSD";
suffix ='DAT,
qpsd = (prefix) + (qpsd) + (suffix);

Assign(F, qpsd),
reset(F);
readin(F, datapoi);
fori:= 0 to datapoi~1 do begin
readin(f, dpsfi], vols[i]);
end;
writeln{datapo);
close(f),

{The next part of the program attempts to fit a spline to psd/volumes data the variables are:
datapoi, number of data points; dps, particle sizes; vols, volumes attached to these sizes.}



ClrSer;

{This section determines the dps values which are going to be
determined.} '

incno = 500;

o = (dps{datapoi-1]-dps[0D/(ineno+1); {o=inc)
inc{1] =dps[0] +o; -

for g == 2 to incno do begin

inc[q] :=inc[g-1] + o;

end,

{This part of the program calculates dx, dy, d values.}

for i=1 to datapoi-1 do begin
dx[i] == dps[i} - dpsfi-1];
dyli}:=vols[i}-vols[i-1];
dfiJ:=dy[i)/dx[i];

end;
{This part of the program determines zspl values.}

AlL1]=2;
Afdatapoi datapoi] = 2;
fori:=2 to datapoi-1 do
AfL{] = 2*(dx[i-1]+dx[i]);

{The next part of the program determines the w vectors.}

All,datapoi+1] = d[1]*3;
Aldatapoi, datapoi+1] == d[datapoi-1]*3;



fori =2 to datapoi-1 do
afrdatapoit+]] = (dfi-1]*dx[i+d[i]*dx[i-1])*3;

{Next part of program determines u values.}

a[1,2] =1,
a[datapoi,datapoi-1} = 1;

fori1 =2 to datapoi-1 do begin
afLi+1] =dx[3-1], .

alii-1] = dx[il;

end;

{The following part of the program solves the matrix for the k values.}

fori =1 to datapoi-1 do begin
a[i+1,datapoi+1] = afi+1,datapoi+1}-afi,datapoi+1]*afi+1,1}/a[Li];
a[i+1,i+1] = afit+1 i+1]-a[,r+11*ai+1,1)/a[L1];

end;

-4

J = datapoi+1;

repeat

J=i

k[j-1] = (afj datapoi+1]-afij+1]*k[]Vafijl;
until j=1;

{The next part of this program determines the applicable t value for each value of inc[i]
chosen, the program calculates a t value.}

totfrac =0,
for q =1 to incno do begin

I=-1,
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repeat
=i+1;
unti! inc[q] <= dps[i+1];
tiq} = (ncfq}-dps{i])/ax[i+1];

{This part of the program determines the corresponding vols value for dps.}

s{q} = t{ql*vols[i+1}+(1-t[q])*vols[i}+dx[i+1]*
((fiT-dfi+ 1) *t[qT* (1Alq)*(1-tlal k(i 1
DI+ 1]y*(tigD*tqD*(1-tlqD);

{writeln(inc[q]," ',s[q]);}

TOTFRAC = totfrac + s{q];

end;

for q =1 to incno do begin

s{q] = s[q}/totfrac;

end;

{At this point the psd data has been splined, and has been sorted out into 500 bits of data,

the resin diameters are constituted as "inc" array, and the proportion of each size is stored

as an array "'s" i.e. sum of all s = 1.}

{The next part of the program takes in parameters that can be used to calculate expansions

from estimated resin density and free wet settled voidage.}

clrsr;

writeln(THESE EXPANSIONS ARE FOR DATA STORED INFILE ' "' QPSD,'""):;
writeln;

write('What is the diameter of the column, in mm please?, ')

read{diameter);



diameter = diameter/1000;
write('What 1s the temperature of the fluidizing liquidin =~ degC?, ),
read(tempy),
wnte('Estimated resin density in kg/cubic meter 7, ),
read(rdensity);
write(Estimated free wet settled voidage?, ');
read(Fvoidage);
write{'How many liquid velocities do you want?, "),
read(number);
writeln(’ Y%
Fori =1 to number do begin
check =1;
writeln('give the',' No.'i,' velocity’);
read(V);
expantot =0,

For q := 1 to incno do begin
dp = inc[q];

{Ccalling on the calculation of liquid density and viscosity procedure.}

vizdensity;

{Calling on the calculation of terminal velocity procedure.}

termvel;

{Calculating Richardson and Zaki N parameter of fluidization.}

n = (5.5+23*((dp/1000000)/diameter))
*exp(In(Ga)*(-0.075));

{Calculating individual expansions and adding.}
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expan :=(((1-fvoidage)/(1-exp(ln(V/Ut)*(1/N)))-1)*s[ql);

if expan < O then

begin

check = 2;

end

else

begin

expantot = expantot + expan,
end;

end,

if check = 2 then

begin

writeln('an error has been detected’);
end

else
begin
perexpan ;= expantot*100;

{At this point the expansion is given for the inputed superficial velocity.}

writeln(perexpan:0:1,' % expansion’;
ena;
end;

end,
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APPENDIX D

The following uncompiled software, written in Turbo Pascal version 7, locates the apparent density
of the discontinuous medium and voidage for a particularly fluidized bed of which the, particle size
distribution, expanston parameters and all other characteristics are known. The particle size
distribution data is retrieved from an ASCII data file structured as that described i appendix A.
The fluidization parameters and superficial vertical continuous medium velocity vs expansion data
is retrieved from a file as that described in appendix B. Both of these data files can be generated by
an editor, or created by using the software described in appendix A or B respectively.

PROGRAM

program hookjeevesoptomizer;

uses

Crt;

const
MaxN = 500,
var
F e, exf text;
prefix, suffix, qpsd, dat, qexp : string;
7 72z, b k, zfi, zb, o, totfrac, temp, fwsh, ligvis, ligdens, Re, Ga, dp, rdensity, aterm,
pterm, rterm, Ut, expan, expantot, perexpar, N, diameter : SINGLE;
incno, fe, par, i, j, flag, datapoi, q, js, expansions : integer,
X, , b, p, xmin, xmax, d, inc, dx, dz, dy, ks, t, s : Amay [0..maxn] of SINGLE;
dps : array[0..15] of integer;
vols, velflow, expans : array[0..15] of SINGLE,;
a : array[0..50, 0..50] of SINGLE;
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label
200, 280, 290, 360, 420, 490, 540, 700, 3200;

Procedure vizdensity;

{This procedure need's a ""temp’’ in memory.}

begin
liqvis = (temp *temp*6.894e-7)-(temp*5 467e-5)+0.001801);
ligdens = (-temp*temp*0.004604)-(temp*9.783e-3 }+(1000);

end;

Procedure termvel;

{This procedure requires a particle diameter dp, resin density X[1], liquid viscosity ligvis.}

begin
x[1] =x[1] * 10000;
Ga = ((dp / 1000G00) * (dp / 1000000) * (dp / 1000000} *  9.81 * (x[1]-ligdens) *
ligdens) / (liqvis * ligvis),
atermn = In(ga}/ In(10);
pterm = (((0.0017795 * aterm - 0.0573) * aterm -+ 1.0515) * aterm - 1.26222);
rterm ;= 1n(0.99947 + 0.01853 * sin(1.848 * aterm - 3.14)In(10);
re = exp(In{10) * (pterm + rterm));
Ut == Re * liqvis / (ligdens * (dp / 10000005),
x[1] == x[1}/10000;
end,

procedure display;
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{This procedure simply displays the variables during the search procedure and also the sum

squares as it alters.}

begin
ClrSer;
gotoXY(40,11);
writeln('q = ',2z:0:14);
gotoXY(40,12);
writeln(X[1] =" X[1]:0: 14);
gotoXY(40,13);
writeln('X[2} = ',X[2]:0:14);
end;

procedure detsumsqu;
{This procedure does two things; supplies a zz value which is the

sum of squared differences between calculated velocities, and recorded velocities and also

supplies an fe value which simply increments by 1 every time this procedure is called up.}

begin
zz =0,

Fori = 0 to expansions-1 do begin
expantot ;= 0;
For q == 1 to incno do begin

{Each resin diameter now to be referred te as dp.}

dp := incfq];

{Calling on the procedure that calculates the liquid density and viscosity.}



{Calling on the procedure that calculates the particle terminal velocity.}

termvel;

{Calculating the Richardson and Zaki N parameter for fluidization.}

N := (5.5+23*((dp/1000000)/(diameter/1000)))
*exp(In(Ga)*(-0.075));

{Calculating individual expansions and adding.}

x[2] == x{2]10,

expan =(((1-X[2])/(1-exp(n(velflow[i/Uty*(1/N))-1) * s[q]);

x[2] =x[2]*10;
expantot ;= expantot + expan,

end;
perexpan ;= expantot*100,
z = {perexpan - expans|i]) * (perexpan - expans{i]);
z =ZZ+Z,
end; -

fe=fe+1;

end;
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procedure eatheror;
{This procedure enforces the search boundaries.}

label 3200;

if x[j] > xmax[j] then begin
x[i] = xmaxj];
goto 3200,
end,
if x[j] < xminj] then x[j} = xminfil;
3200:
end;

{START OF MAIN PROGRANM]}

begin
ClrScr;
writeln('optimization algorithm for the location of best fit parameters');

writeln(' method of Hooke & Jeeves");
{"par" is the number of variables}

par =2,

{The first search parameter is the resin apparent density, the second search parameter is

the free wet settled voidage.}

{At this point the psd data is retrieved.}
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writeln('What is the name of the particle size distribution data?);
wrtteln('(only the name 1s important)’);

readln(qpsd);

CirSer;

prefix ==PSD";

suffix =" DAT;

qpsd = (prefix) + (qpsd) + (suffix),

assign(F, gpsd);

reset(F);

readin(F, datapot);

fori := 0 to datapoi-1 do begin

readin(f, dpsfi}, vols[i]);

end;

close(f),

{The next part of the program attempts to fit a spline to PSD/VOLUME data the variables
are : "datapoi", number of data points; "dps", particles sizes; "vols", volume of attached

Sizes.}
ClrScr;

{This section determines the dp values which are going to be determined.}
meno = 500,

o = (dps{datapoi-1]-dps[0])(incno+1);
inc[1] =dps[0] + o;

for g = 2 to incno do begin

mnc[g] =incfg-1] +o;



end;

{This part of the program calculates dx,dy,d values.}
for i:=1 to datapoi-] do begin
dx{i} -=dpsfi] - dpsfi-1];
dy[i}:=vols[i]-vols[i-1];
dz{i]-=dy[i}/dx[i};
end;

{This part of the program determines zspl values.}

AlL1]1=2;
A[datapoi datapoi] = 2;

for i = 2 to datapoi-1 do
ALLT] = 2*(dxfi-1 i)

{The next part of the program determines the w vectors.}

A[l,datapoi+1] = dz{1]*3;
Aldatapoi datapoi+1] ;= dz[datapoi-1]*3;

fori =2 to datapoi-1 do
a[i datapoi+1] = (dzfi-1]*dx[i}+dzfi]*dx[i-1])*3;

{Next part of program determines u values and puts them into the matrix.}

a[l,2] =1,
a[datapoi,datapoi-1] == 1;

for i = 2 to datapoi-1 do begn
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a[ii+1] = daxfi-1];
afi,i-1] = dxi];
end,

{The following part of the program solves the matrix for the ks values.}

fori =1 to datapoi-1 do begin

afi+1,dataport1] = a[i+1,datapoi+1]-a[idatapoi+1]*a[i+1,1)/a[i,i];
afi+1,i+1] = afi+Li+1]-a[Li+1]*afi+1,i)alii];

end;

js = datapoit1;

repeat

Js =js-1;

ks[js-1] == (a[js,datapoi+1]-aljs,js+11*ksfjs])/aljsjs];
untiljs=1;

{The next part of this program determines the applicable value for each value of inc]i}
chesen, the program calculates a t value.}

totfrac =0;

for ¢ == 1 to incno do begin

I=-1;
repeat
I1=1+1;

urtil inc{q] <= dps[i+1],
t[q] = (inclq]-dps[ily/dx[i+1];

{This part of the program determines the corresponding vols value for dps.}
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sfq] = t{q]*vols[i+1]H{1-t{q])*vols[i+dx[i+1]*
((ksfi}-dz[i+1]y*tlql*(1-t{qD)*(1-t{qD-(ks[i+1]-
Dz[t+1])*(t[aD*(tiaD*(1-tlqD));

totfrac = totfrac + s[q];

end;

for g := 1 to incno do begin
s{q} = s{ql/totfrac;

end;

{At this point the psd data has been splined, and has been sorted out into 500 bits of data,
the resin diameters are constituted as "inc" array, and the proportion of each size is stored

as an array "'s".

{The next part of the program will retrieve the expansion data.}

writeln(What is the name of the expansion vs flow file?’),
writeln('(only the name is important)’);
readin(gexp);

CirSer;

prefix == 'exp);

qexp = (prefix) + (qexp) * (suffix);
Assign(exf, qexp);

reset(exf);

readin{exf, expansions);

readin(exf, temp);

readin(exf, diameter);

readin(exf, fivsh);

fori ;= 0 to expansions - 1 do begin
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readin(exf, velflow[i], expans{i));

end;

{The expansion data has been stored as a few data points called velflow and expans, other
parameters are the column diameter, temp, fwsh.}

{ }
{At this point the search algorithm starts}

- {In the following section we define the boundaries of the parameters which are to be

searched for.}

xmin[1] = 0.1040;
xmax[1] = 0.1300;
xminf2] = 1.0000,
xmax[2] = 4.5000;

{fThis next section determines starting parameter values for the algorithm.}
X[1] =0.1300;
X[2] =5.0;
fori =1 to par do begin
yli} = x[i;
pli} =x[1J;
bfi] =x(i};
end,

{"H" is the starting approach increment which will diminish with iteration.}

{The programming style that follows from here on is not strictly similar to what has gone
before. This is because it is an adaption from a Turbe basic module}

H =0.001;



200: x[i) =yl +k;

eatheror;

detsumsqu;

if zz < fi then goto 280,

] =ylj]-k

eatheror;

detsumsqu;

if zz < zfi then goto 280;

x0] =i},
goto 290;

280 y[j1 = x[il;

display,
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if j = par then goto 360,
j=ith
goto 200,

360: if i < (b - 9.99999995999999%2-30) then goto 540;
if flag = 0 then goto 420,

goto 490;

420: for j =1 to par do begin

pO1 = b01;
yb1 = bfjl;
x[1} :=b[k
eatheror;
end;

detsumsqy,

flag = 1;

A =zz,

zh = zz;

j=L

goto 200;

400k =k/25;
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if k < 9.999999999993999¢-38 then goto 700;

=y

goto 200;
540: forj =1 to par do begin
o[} =2 * il - bl
b0l = ylik;
x[il = plik
eatheror;
il =x[]
end;

detsumsqu;

zih = 7fi;

flag = 0;

zft = zz;

=1

goto 200,

{End of adapted module.}

{At this point the final values obtained are printed.}

700: ClrScr,
writeln{’results’);
forl =1 to par do
writeln(xopt 1,=, p[i]:0:4);
writeln{'function optimum : Qopt =',zfb:0:14);
writeln('number of iterations: iter =', fe);



ii3

writeln{'end program now'),
readin;
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APPENDIX E

The following is a mathematical description of the various algorithms used in this thesis.

SPLINE ROUTINE

This algorithm was used to develop a continuous relationship between resin bead diameter and the
volume fraction to the whole resin bed, at such resin bead diameter. Such a continuous relationship
was necessary for the purposes of performing the product integration in the resin bead "diameter”
domain with respect to bead terminal velocity and diameter volume fraction to the whole fluidized

bed.

The ordinates of y; are given at x;(i = 1,....,n), respectively.
Where x denotes resin bead diameter and y denotes volume fraction to the whole resin bed.

h = X ~ X

denote the mesh point spacing.

Let y(x) be an interpolation curve through these points and define y’; and y"; as the first and second

derivatives, respectively, of
yx)atx = x;

Let y(x) be expressed in piece-wise fashion as

yx) = f,0)forx; Sx < xi0y; i = Lueoyn = 2

_V(X) = fi(x)forxn-.! =2x < Xy i= n -1



with the following conditions on function value and first and second derivatives:

fi{x:) = y,; conditionl i = 1,...,n - 1

fi{x:)) = y;; condiion2 i = 2,...,n
Fi(x) = f.{x); condition3 i = 2,...n-1
Sii(x) = fux); conditiond i = 2,..,n -1

The individual cubic polynomial f(x) can be expressed using the interval values y;, yi.; and erther
¥ Vien, O Y, Vg tO rep}esent the cubic coefficients.
Assuming y"(x) = constant each interval means that y"(x) is linear, we get

Xiet =X, o, XX
hi i+ rf h,’

fio = ¥l )

Integrating twice more and selecting the constant of integration such that the conditions 1 and 2
are satisfied yields:

£i69 = 2 4y (Y
1‘(x) }; h,‘ J’,‘+1 hi
h,z Xis; -~ X Xi+y =~ X 3
- 6 J','-[ h,- = ( hi ) ]
L Y
s YTy k

which identically satisfies the continuity condition on the second derivative{condition 4).
Expanding the LHS and the RHS of the third condition equation by differentiating the above
equation and evaluating yields, respectively,
Y i+1 - y,’ h i
—_— . —2y.. + V.

hi 6 ( -1 y i +I)

- Vi hi-:
+
h;_; 6

f,"(xi) =

5,
fi--J(xi) = (yi'-} + 2-}'1'-)

115
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which, when equated, produce the condition;

hi-J!y,---g +2(hi-1)y;- + hi.v,q.; - 6(yx'+1h' Y; _ yi; yi-])
i i-1

i=2,..,n-1

which must be satisfied at n - 2 points by the n unknown quantities y*. Two more conditions are
required on the v, and these are obtained by specifying one end condition at each end.

Specifying the end second derivatives y" and y," leaves n - 2 unknowns, which can be obtained by
solving the n - 2 equation of the above equation. The coefficient matrix 1s tri-diagonal, with the

diagonal term being dominant.

The spline is described as a global curve, 1.€. altening a single y; or end condition affects the spline
throughout [x;, 5], the dominant diagonal term causes such effects to become small rapidly as the
distance from the altered point increases, virtually eliminating round-off problerns.

NEWTON'S METHOD
A DIFFERENTIAL SEARCH TECHNIQUE

This routine was used to solve for terminal velocity in the Shiller Nauman empirical model The
terminal velocity variable is incorporated in the Reynolds Number. which appears twice in the
equation. As each Reynolds Number. is raised to a different indices an iterative search method such

as "Newton's method" has to be used to locate the terminal velocity given all other variables.

Newton's method of iteration uses extrapolation based on 2 line that is a tangent to the curve at a
point. In essence the method is an analytical substitution of the local tangent line for the function

and then the use of the zero of this line as the next approximation to the zero of the function.



117

The method is developed from a Taylor's expansion of the form:

[+ 1) = fl52) + Bf(x) + T [Tx0) %

The h’ and higher order terms are dropped, and x, + h=xX,., is used. It is assumed that the step
from x, 10 X1 moves the function valve close to a root so that f{x, +h) = 0. Then:

 f(x)
ftx.)

X+l = Xn

The value x,.; is equivalent to the point where the curve tangent at x,, passes through the x-axis.
Since the curve f{x) is Iikely not a straight line, the functional value {x,-1) is likely not to be exactly
zero. For this reason the process is repeated using X, = X,+; as a new base point. When the value of

f(Xa1) is sufficiently small, the process is terminated.

HOOK & JEEVES OPTIMIZATION, (THE METHOD OF)

To locate the free wet settled voidage of the resin bed and the apparent density of the resin, an
iterative optimization locative algorithm is required. As the search domain in this particular
application is characterised by extreme peaks, large gradients and localized minima. It was decided
to use a stable, relatively simple technique such as the Hook & Jeeves optimization algorithm.

The method is based on the assumption of unimodality and is used to find the minimum of 2 multi-

variable, unconstrained fimction of the form:

MERIT = F(x1, Xz eererXn)-
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The algorithm proceeds as follows. First, a base point in the feasible design space is chosen along
the exploration step sizes. Next, an exploration is performed at given increment along each of the
independent varable directions following the logic shown in Figure 21.

When ever a functional improvement is obtained, a new temporary base point is established. Once
this exploration is complete, a new base point is established, and a "pattern move" takes place. This
paftern move consists of an extrapolation along a line between the new base point and the previous
base potnt.

The distance moved beyond the best base point is somewhat larger than the distance between the

two base points. Mathematically, this extrapolation is:

i+ k+1 k+1 k
Xio = X +a[i "xi]

where x,," becomes a new temporary base point or "head". In this expression, "i" is the variable
index, "k" is the stage index, and "alpha” 1s an acceleration factor that is greater than or equal to
1.0. Once the new temporary base poiitt has been found, an exploration about this poinf is nstituted
to see if a better base point can be found. This exploration also uses the logic of Fig.22, [ If the
temporary head or any of its neighbouring points are a better base, the pattern process repeats
using successive pattern extrapolation becomes bolder and bolder until the process oversteps the
peak or a ridge. At this point the previous "best base” is recalled, the local exploration step size is
decreased, and the pattern-building process begins again. Once the step size is decreased below a

predetermined value and still no substantial change in the merit value can be achieved, the

procedure terminates.



119
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Figure 21. The Hook & Jevees pattern search algorithm
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APPENDIX F
RAW DATA OF FLUIDIZATION TESTWORK
RESIN C26

121

A relatively dense, strong acid resin with a macroporous, styrene di-vinyl-benzene, co-polymer

matrix and a sulphonic active site fluidized in the hydrogen form.

Particle size distribution
screen mesh sizing volume in ml retained
{microns) 12degC 15/18/21/25degC
300 0.6 1.9
355 44 0.6
425 5.0 45
500 255 5.0
600 6.0 255
710 28 6.0
850 32 28
1000 1.9 3.2
1180 12 1.6
30mm column diameter
Expansions
12degC 15degC 18degC
ml/mim % ml/min % ml/min
365 119 305 104 300
575 299 62.5 3238 62.5
88.5 522 95.7 53.7 94.5
1127 82.1 1329 77.6 126.6
145.6 1328 175.1 113.4 161.9
202.8 1311 193.06 141.8
density 1109 density 1153 density 1124

30mm diameter column

%
14.9
32.8
56.7
80.6
110.4
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voidage 0.45 voidage 0.377 voidage 0.388
SS 156.96 S8 23.66 SS 17.39
21degC 25degC

mb/min % ml/min %

30.5 14.9 385 16.4

64.2 343 81.8 358

109.9 582 1221 397

1499 80.6 . 160.9 85.1

192.6 109.0 1913 11.9

226 8 135.8 226.0 132.8

density 1161 density 1135

voidage 0.339 voidage 0.375

SS 11.69 SS 55.88

40mm column diameter

Particle size distribution
screen mesh sizing volume in mi retained
sizing (microns) 12/15/18/21/25degC

300 2.1
355 10.6
425 13.0
500 65.7
600 284
710 73
850 8.9
1000 5.0

1180 4.1



Expansions

12degC 15degC

ml/mmn % mi/min %
60.0 19.9 63.0 20.2
1188 45.6 1225 447
1706 68.1 1906 702
2563 1093 2585 106.1
2849 125.0 2091 246
3142 1428 331.1 147.4
density 1158 density 1151
voidage 0.378 voidage 0.381
SS 57.0 SS 17.76 SS
21degC 25degC

ml/min % mY/min %
69.6 211 73.2 202
137.9 46.5 145.7 447
2114 71.1 2239 70.2
2959 106.1 3084 106.1
339.6 1246 2593 122.8
3622 147.4 381.9 145.6
density 1151 density 1148
voidage 0.367 voidage 0365
SS 72.6 SS 73.69

50mm column diameter

Particle size distributions
screen mesh sizing volume in mi retained
sizing (microns} 12/15/18/21/25degC
300 7.8
355 13.7

425 169

18degC
ml/min

67.5

132.6

199.9

2812

3127

3438
density 1147
voirdage

31.97

%
21.1
45.6
71.1
1053
1246
146.5

0.382



12degC
mi/min
87.5
184.9
266.1
3322
396.0
446:1
density
voidage
§S

2ldegC

o1.5
2109
309.2
396.0
4473
5189
density
voidage

500

600

710

850

1000

1180
%
19.82
48.65
73.87
100.90
120.72
145.05

1140
0.381
1593
Y
207
505
75.7
101.8
121.6
142.3

1142
0.342

124

80.8

45.6

10.4

10.5

78

53

Expansions

15degC 18degC
ml/min % ml/min %
885 216 88.2 19.8
187.5 49.6 209.9 514
2826 75.7 2975 73.9
366.1 103.6 385.1 101.8
4184 122.5 4522 120.7
455.0 146.0 488.5 144.1
density 1133 density 1147
voidage 0.376 voidage 0.382
S8 44 42 SS 31.97
25degC
ml/min %
100.6 216
2213 48.7
3327 76.6
4248 101.8
5189 122.5
5372 1423
density 1143
voidage 0337



SS 17.36
screen mesh sizing
sizing (microns)

300

355

425

500

600

710

850

1000

1180
12degC
ml/min %
138.7 205
2797 474
4246 76.9
566.7 111.5
651.5 132.1
722.9 150.0
density 1158
voidage 0.366
§S 13.43

SS

98.78

6§0mm column diameter

Particle size distributions
volume in ml retained
12/15/18/21/25degC

7.8
13.7
16.9
80.8
456
10.4
10.5
7.8
53
Expansions
15degC
ml/min %
149.6 20.5
284.5 43.6
4497 74.4
5455 101.3
651.9 123.1
7278 148.7
density 1142
voidage 0.389
sS 2634

0372
13.99

125
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21degC 25degC

ml/min % mi/min Yo

174.5 218 198.0 21.8

333.0 47 4 © 3323 43.6

496.0 73.1 5326 73.1

633.7 100.0 65388 100.0

7314 123.1 815.2 1256

3311 147.4 0149 1462

density 1148 density 1154

voidage 0.369 voidage 0.352

S8 6.80 SS 31.68

Summary of density

temp —> 12degC 15degC 18degC 21degC 25degC
column

30mm 1109* 1153 1124 1161 1135*
40mm 1158* 1151 1147 1151* 1148*
50mm 1140 1135 1140* 1142 1143*
60mm 1158 1142 1153 1148 1154

* denotes poor fits ("Sum of Squares” in excess of 50)

average = 1147,

standard deviation=9.712



Summary of voidage

temp —> | 12deeC | 15degC 18deeC 21degC 25deaC
colurmnd

30mm 0.45* 0377 0388 0.339 0.375*
40mm 0.378* 0.381] 0382 0.367* 0.365*
50mm 0.381 0376 0.363* 0.327 0.325*
60mm 0.366 0.389 0372 0.369 0.352

* denotes poor fits ("Sum of Squares” in excess of 50)
average = 0.369,
standard deviation = 0.0182
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IRAS58
A relatively low densify strong base resin with a macroporous crossiinked acrylic di-vinyl-benzene,
copolymer matrix structure and an active site consisting of tri-methyl ammonium groups. Fluidized
mainly in the chiorine form.

30mm diameter column

Particle size distribution
screen mesh sizing . volume in mls retained
(microns) 12/15/18/21/25degC

360 0

355 0

425 1.2

500 2.0

600 45

710 19.5

850 15.2

1000 50

1180 1.7

Expansions

12degC 15degC 18degC
ml/min % mi/min % mi/min %
220 17.9 25.6 81.0 259 19.4
54.4 403 56.9 96.0 56.8 418
86.5 76.1 894 115.0 1023 73.1
129.9 102.9 131.8 135.0 1385 101.5
148.6 1239 160.3 1510 166.2 1239
177.1 144 8 180.3 163.0 1845 1463

density 1092 density 1089 density 1084



voidage
SS

21degC
ml/min
270
56.9
1115
146.5
179.9
1923
density 1085
voidage
SS

tw
A
s

%
154
41.8
71.6
100.0
1254
1448

0.330
83.80

screen mesh sizing

sizing (microns)
300
355
425
500
600
710
850
1600
1180

voidage
SS

25degC
m{/min
274
596
112.4
150.1
184.3
1974
density 1081
voidage
Ss

129

0.333 voldage 0335
22.66 SS 2577

%
194
40.3
68.7
101.5
1239
1403

0.327
59.36

40mm column diameter

Particle size distribution

volume in ml retained
12/15/18/21/25degC

0.3
0.5
23
29
10.7
545
330
19.9
4.1



12degC
ml/min
495
98.0
164.6
2177
2574
279.3
density 1090
voidage
S8

21degC
ml/min
508.
112.9
172.4
231.6
2752
295.1
density 1074
voidage
SS

%
195.0
42.0
76.1
104.0
123.0
146.0

0.321
40.65

Yo
20.0
450
72.0
105.0
124.0
143.0

0.328
51.64

Expansions

15degC
ml/min
532
105.2
166.5
2209
2612
2843
density 1084
voidage
SS

25degC
mi/min
612
111.3
193.5
2383
280.4
310.2
density 1071
voidage
SS

%o
20.0
43.0
74.0
108.0
125.0
146.0

0317
1043

%
18.0
41.0
74.0
103.0
123.0
145.0

0.325
100.45

18degC
m/min
57.2
108.1
166.2
2242
265.1
2925
density 1080
voidage
SS

%
13.0
44.0
71.0
101.0
123.0
145.0

0323
71.82



screen mesh sizing
sizing (microns)

300

355

4325

500

600

710

850

1000

1180
12degC
ml/min %
69.5 203
121.4 407
2113 72.8
2825 101.9
3252 124.3
396.0 147.6
density 1088
voidage 0.308
SS 120.0
21degC
ml/min %
75.7 184
1482 456

S0mm column diameter

Particle size distribution
volume in ml retained
12/15/18/21/25degC

0.9
22
5.5
10.9
208
70.2
393
113
49
Expansions
15degC
ml/min %
69.8 18.4
128.9 45.6
2298 73.8
298.5 100.0
331.2 1214
428.9 1447
density 1092
voidage 0.283
SS 2217
25degC
mi/min %
78.3 194
1535 447

18degC
ml/min
70.8
136.1
2298
3163
3529
465.8
density 1098
voidage
SS

%
17.5
45.6
738
160.0
1223

144.7

0.258
2782



2328 70.9
3329 101.0
389.6 1214
4719 141.7
density 1074
voidage 0.328
SS 51.64
screen mesh sizing
sizing (microns)

300

355

425

- 500

600

710

850

1000

1180
12degC
ml/min %
988 21.1
182.5 433
280.9 722
3724 100.0
4516 1222

255.8

346.8

413.7

4878
density 1084
vordage

SS

71.8
99.0
124.3
142.7

0.286
100.45

60mm column diameter

Particle size distribution

volume in mi retained
12/15/18/21/25degC

32

52

83

18.8

31.0

83.5

47.9

18.2

6.7

Expansions

15degC 18degC
ml/min Yo mi/min %
109.5 18.9 115.7 222
191.9 42.2 1992 41.1
312.7 B33 3301 73.3
3976 1022 4235 100.0
4378 120.0 | 4998 121.1



5285 147.8 565.1 i46.7 602.0 148.9

density 1086 density 1085 density 1084

voidage 0.316 voidage 0319 voidage 0310

SS 598 SS 114.6 - 8§ 71.2

21degC 25degC

ml/min % mi/min %

1204 211 1283 222

2128 41.1 226.2 422

348.7 73.3 369.6 74.4

456.9 101.1 487.1 1022

5282 1222 554.5 123.3

638.2 147.8 666.7 144.4

density 1083 density 1082

voidage 0.307 voidage 0.295

SS 93.55 SS 112.0

Summary of density
temp — 12degC 15degC 18degC 21degC 25degC
columnl
30mm 1092 1089 1084 1085* 1081
40mm 1090 1084* 1030 1074 1071*
50mm 1088+ 1092* 1098* 1091* 1084
60mm 1086 1085* 1084 1083* 1082*

* denotes poor fits {"Sum of Squares" in excess of 80)

average = 1085,

standard deviation = 6.036




Summary of voidage

temp — 12degC 15degC 18degC 21degC 25degC
columny

30mm 0.335 G334 0.335 0.330* 0327
40mm 0.321 0.317* 0.323 0.328 0.325*
50mm 0.308 0.283 0.256 0.277 0.286
60mm 0316 0.319 0.310 0.307 0.295

* Denotes poor fits ("Sum of Squares"” in excess of 80)

average = 0.313,

standard deviation = 0.0227

APPENDIX G
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Adsorption tests

: four synthesised metal cyanide solutions
wibed above, were used in separate batch
aption tests carried out in 1,5 litre baffled
iers, each agitated by a magnetic stirrer. As the
zics of adsorption for each of these complexes
: compared, special attention was given to
sing that the geometric configuration, and
auon power input per unit volume, for each
tker were identical.
Te adsorption test was started by adding a
amuty of resin in the chlorine form to each
=er, which was calculated to adsorb two thirds
‘the metal cyanide present in solution at
wratton.  Eight samples were then taken at
weasing time intervals, while a2 nineth sample
macted at twenty four hours gave an eghilibrium
e, All tests were then repeated under identical
nditions with the addition of 2.22g Na,S0,, so as
‘azin a concentration of 1000 ppm sulphate in
whon,
The results of the first set of adsorption tests
fgure 1), where no compeling anions were
=sent, indicated that all of the cyanide complexes
Sed, are readily and rapidly adsorbed onto
14-958.  The second set of adsorption tests
‘igure 2) demonstrated that even in the presence of
sarge excess of sulphate (1000ppm), all four metal
Janides were still found to be preferentially
Gorbed. In both sets of tests rapid kinetics were
“erved while the equilibrium value of Ni(CN),”
“reared to be marginally affected by the presence
Tsulphate. This situation could be attributed to the
valent state of the nickel cyanide complex, which
:5 1ot favoured by the tri-methyl ammonium group.
“ 13 interesting to note that almost 90% of
Zuilibrium value is attained with in one hour of the
“mmencement of adsorption.

32 Desorption tests

* further matrix of tests were conducted in which
Yaiytical grade NaCl and brine solution were
fharately tested as regeneration agents. These tests
e carried out in batch reactors of the same
‘mensions as those used in the adsorption tests.
Wndard solutions of NaCl were contacted with four
“Darate quantities of resin, each saturated with one
% the four metal cyanides. These tests were
“nducted in the same manner as those of the
“Usorption tests, with samples being extracted from
be batch reactor at increasing time intervals, and an
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equiitbrium value being taken at twenty four hours.
The results of this batch of tests are shown in
Figure 3.

The regeneration tests were repeated with brine
solution of approximately the same ionic strength
and the results thereof are given in Figure 4.

It is reasonable to assert that the results in
Figures 3 and 4 are good, if one considers that they
were achieved after only a single "baich" contact
with the regenerant. The tendency for the nickel
cyanide complex to be easily dislodged from the
resin, can be explained by the theory of lower
affinity for which the tri-methyl ammonium
functional group has for this bivalent complex. As
in the adsorption tests, the kinetics of resin
regeneration are discerned to be rapid, with ninety
percent of the equilibrium values being reached
within one hour.

From Figure 4 it can be deduced that the quality
of regeneration in brine soiution is on a parity with
that of analytical grade NaCl solution, with
marginal 1mprovements being observed In the
removal of the iron and nickel cyanide complexes.

4 FLUIDIZATION CHARACTERISTICS

The second part of this study consttuted the
development of a technique for the beter
understanding of the fluidization characteristics of
a bed of IRA-958 undergoing ion exchange. The
design of a receptacle in which adsorption might
occur in this manner, could only be attempted if
there is a thorough knowledge of the expansion of
the resin bed during the loading or regeneration
operation. [t 1s also reasonable to assume that
expansion coefficients are likely to change during
the ion exchange process, in view of the expected
increase or decrease in resin particle size and
density. In the case of the former only a moderate
change is envisaged, as IRA-958 is a macroporous
resin with a macroreticular structure, which
displays only a slight change in resin bead diameter
during loading or regeneration. In the instance of
resin density a large change is expected as the
adsorption and desorption cycie entails the acrive
sites exchanging CI ions for metal cyanide ions,
which have a relatively higher mass number per
equivaient.

The Levenspiel criterion®®, for determining
fluidization stability suggests that resin beads
fluidized by an aqueous medium will tend to exhibit
particulate or smooth fluidization. Therefore, by
definition it could be expected that the resin bed
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will expand progressively with increasing liguid = determination of the constraints of the lnear
vetocity, while maintaining its uniform character. fluidizauon velocity, A flow would have to be B
The agitation of individual resin beads could also be established ar 2 velocity not exceeding she rerminal .
expecred to increase with increasing liguid velocity, velocity of the smailest resin bead in the [zast dense g
which in wrm could enhance mass transfer and state, and not less than the minimum fluidization ”
ultimarely result in improved kinetics of adsorption. velocity of the largest bead.

The design and construction of 2 fluidized bed
reactor would require optimization, Cr at ieast,
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*: The Serial model

~

% Seriaf modef describes the ru**;on,nio petwesnt
“% 2xpansion of a multl species fuidized bed, and
¢ lnear Hquid velocipy, eiven the pavsical

“ODerdes of the selid paricies and the fluidization
“dlum. It assumes thay the overall expansion of
‘ DNeterogenous particulgmly fuidized bed of
#“Ucles is simply the sum of the individual
Cc.nslons that each Species would display,
idized separately, by the same parameters.
?mn Serial mode! is based on e Richardson and
Xi equation (1) which descrites the expansion

if

RONG BASE RESIN
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charactaristics of a mono-species, homogenacusi
fluidized bed, and Tom which the 2x ars.on
component, for 2 given lnear jiguid veloct v ¥, may
be calculated using equanon (7).
_E = eu‘ (
u
where:
u = empty tube lingar flui
velocity{z=1) fm/sj
. = particie erminal velocity (m/s]
= voidage



n = an empirical parameter which is
___. . _function of particle Galileo No.
1-
BF = — @
1-e.
where:
EF = expansion component (1 = no expansion)
(2 = 100% expansion)
Bns = [ree wet seitled voidage

If the theory on which the serial model is based is
applied to resin, the overall bed expansion
component should be equal to the sum of the
individual expansion component’s advanced by the
various resin size fractions. Thus:

1=dp,
EF =[Y V.(EF-D]-1 | )

i=dp,

where:

V. = the volume fraction of the ith parucle
_ size,

dpy = “the largest particle size, {m}

dp, = the smallest particie size, [m)

EFr, = total bed expansion,

EF, = the expansion component of the ith

resin Size.

The terminal velocity and n value for the individual
resin sizes, both of which are required by equation
(1}, can be calculated from the following published
empirical relationships:

Ga = 18Re, + 2,7.Re/™ (3.6<Ge<10%) ()™

n = {5,5.—23‘13363*‘”5 (21<Ga<24E4) (O)©
1

where:
Ga - d’g(p,~p)p
2
i
pdv
Re, = -
B
Re, = particte Reynolds No. at terminal
velocity
o, = apparent density of resin e m]
p = density of fluidizing fluid  [kg.m”]
d = diameter of bead {m]

d = diameter of containing vessel{m]

il = viscosity of fluidizing fluid
[kg.m's"]

v, = terminal velocity of bead  [m.s"]

e = gravitational acceleration [m.s%

With the exception of resin density and free wet-
setiled voidage, all of the parameters listed are
easily measurable. As the resin has a
macroreticular structure (sponge), where the liquid
phase is continuous throughout the pores of the
individual beads, 1t i1s impossible to use 2
gravimetnic approach to detlermine the true wel-
settled density of the resin or the voudage of the
bed. However, to over come this problem, a
echinique was used, which comprised of fitting the
Serial mode! to expansion vs linear velociry dara,
by searching for free wet sexied voidage and
apperent resin density, for an optimal sum of
sguares. The method of Hook and Jesves was used
to locate the best fit parameters.

Other datz required by the serial model zre the
particle size disuibution, measured by multipie
creen analysis. while the density and viscosity of
the fluidizing medium can be calcuiated from liquid
temperzture. Figure 5 is the iogic diagram of that
section of the algonthm which covers the iterative
check uulized by the Hook Jesves routne to
determine best direction for parameter
improvement.

4.2 Fiuidization testwork

The apparatus used for the fluidization testwork
consisiec of a2 40 mm diameter glass tube of about
1 metre in length, closed off at the botom by 2
sintered glass distributer with an average pore size
of zbout |7 - 40 microns. For loading purposes.
meta! cyanice solution containing the reguired
number of ecuivalents wes pumped by z peristaliic
pump, from a one litre container 1o the botiom of
the column. and then returned from the top of the
column back to the contziner in a ciosed circuit.
To acquire raw, expansion vs specific liquid
velocity data, distilled water was fed at various
different filow rates into the botiom of the columa
from & header tank, so as to preclude any
vibration.

The Fe(III}{CN)? metal cyanide ion was chasen
as the loading ion, primarily because of 1ts
abundance in effluents, and secondly because of the
ease with which its presence can be determined on
the basis of solution colour. Furthermors, it has a
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higher mass per equivalent than Cu(CN)?,
other most zbundant mewl cyanide, which means
that during loading the expected larger density
change would result in greater variations 1o the
fluidization charactenistics of the resin,

Figure 6 presents the resuits of the expansion
behaviour of IRA-938 in the (1" and Fe(II[}(CN),*?
forms, including the fitted Serial model. As can be
predicted, there is 2 large difference in the curves
mainly as a result of altered density and fres wet-
seuled voidage.

5 CONCLUSION

It 1s clear from the swdy presented in this paper,

thzt if the ion exchange route for the removal
and/or very of ¢yvanide 1 0 b

o

1w

rora ]
Liiw

pursued, the use of "Amberiiie" IRA-938 resin may

well be 2 feasibie zlternanive. 1i1s envisaged that 2
mineral  plant  effluenr, precadsd by semi-

cizrfication_(e.g. bank of hydrocyvciones), mught
then de contacted with IRA-%‘SS resin in 2 Semi-

conunvous fluidized bed appliceuon (Clozte, Steat

column)!, before disposal on tha siimas dam, or

wiling pond.
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ABSTRACT
A commearst L.U. avallable sirong base ion-gxchange resin [RA %R was used
10 recover polyvalent metal cyvanids complexes i : 1
ra fuidi

<
metkod for mode'u; g the expansicn 0

(%}

%

Q)

(6}

Q

A

o

0 L
1

INTRODUCTION
The recovery of metal cyanides from the effivent of mineral processing
plants has been of interest 1o en gl ger for many years. Cvanide, which
has besn used for the leaching of gold for most of this cenrurv, has the

preference 10 combine with many tran51 10N met ak forming mono-, di-,
and polvvalent metal cyamde complexes. Although cyanide is poisonous
to all iife forms, its natural attenuation in the environment is well undet-
stood znd normally follows a predictabie mechanism. Free cvanide is rap-
idly destroved in the presence of ultraviolet light, while weak complexes,
e.g., Zn(CN)3~ and Cd(CNj}5 , tend to destruct relatively quickly. Moder-
ately strong to strong complexes, such as Cu(CN)I~, ColCN):~, Ni
(CN)3~, and Fe{CN)Z~, which form readilv under suitable conditions and

2979
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are found in great abundance in the effluent of mineral processing plants,
can exist in the environment for up to 3 vears. Smith and Mudder. {1}
published the average concentrations of transition metals in the effluent
of mineral processing piants throughout the world, and from their data it
is clear that copper and iron are responsible for the holdup of free cvanide.
This conclusion 1s reached when cyanide holcup is defined on the basis
of the product of their {copper, iron) average giobal concentrations in the
effluent, and the sioichiomerric number of cyanide molecules which will
attach when an excess of fres cyanide is present.

As the pH of any cyanide-bearing mineral slurry has 10 be elevated 10
prevent the formation of HCN, only strong-tase resins can be considered
for the removal of metal cyanides. Research carried out in recent vears
(2) has shown that it is possible to selectively adsorb metal cyamdes onio
strong-base resins on the basis of polyatomic valency. The triethvi-ammo-
nitm functional group has a greater affinity for the mono- and divalent
metal cvanides, while the trimethyl-ammomum functional group tends 1o
adsorb the polyvalent metal cyanides more readily. As iron and copper
form polyvalent metal cyanides in the presence of an excess of free cva-
nide, it is clear that only a resin with the immethyi-ammonium functional
group should be considered.

The poor desorption performance of metal cyanides from sirong-base
resins has been an obstacle to the commercial use of the ion-exchange
route for cvanide retrieval. However, it was evident from initial tests that
IRA953 str'ong-base resin, which has an acrviic matrix and a macroreticu-
lar pore structure, is able to adsorb and desort these polvvalent meral
cyaﬁides fairly easily. [IRA938 currently sees application in sugar refining
plants, where its chief function is the adsorption of large orgaric molecules
{de-ashing) similar in size and nature to metal cyvamde complexes.

ttempting adsorption in a fluidized bed has the advantages of improved
Kinetics and a SeMIiCONIINUOUS process operation (e.g., Streai~Cloete col-
umn) (3). Being abie to predict the expansion of a fluidized bed of resin
is esseptial for the purposes of designing a receptacle to hold the resin
and for determining the jon-exchange duty that can be expected from such
a fluidized bed. Despite a profusicn of literature on the modeling of the
expansion of a fluidized bed of particles, two characteristics of a fluidized
bed of resin are not clearly addressed. The reticular nature of the resin
bead would imply that the resin bead should primanly display an apparent
density under fluidizing conditions, which would be impossible to measure
using standard gravimetric means, and secondly would result in difficuity
with the determination of the free wet-settled voidage. Both of these val-
ues are essential for the application of the Serial mode! (4) and for predict-
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ing the bed expansion of any fluidized particles, which have the tendency
to display particulate or smooth {luidization.

ADSORPTION

The cyvamde compiexes of nickel, wron, copper. and cobalt were ad-
sorbed separately onto IRAS3IE in batch stirred 1ank reactors and in the
presence of excess cvanide. The transition me:al concentrations used
were stmilar to the average concentrations found in the effluent of mineral
processing plants throughout the world, and the amount of resin used was
sufficient to adsorb approximarely 669 of the metal cvanides present. The
metzal cyanides of iron and nickel were manufactured by the di soh.uo*l
of their cvanide salts, while the solutions of cobalt and copper ¢vanide
complexes were the result of the dissolurion of their potassium salts in
the presence of excess cveanide.

The adsorpuion process was repeated in the presence of 1000 ppm sul-
fate. Sulfare. like the metal cyanide complexes. 1S a polvatomic zanion,
and according to data published by Smith and Mudder (1), (s present in
high concentranions 1n muneral processing effinent. It is clear from Fig. |
that all the poiyvalent metal cyanides are readilv and guickly adsorbed.

fracticn of ccmplex remaining N scin. {%)

100% :
w
%
ani T pcint gt which resin is
o T cglcuietad 10 be sawrated H
! : |
jf a - y :.
4G % . |
¢ oo -2, -3 at !
Pl = FeU){CN)] = NifIhy{CNJ; X Cuff)(CN), = CO(”U(CNL,- 1
Pl i )
OL
0 50 100 150 260 250 300 330 400 450 300

time {rmin)

FIG. 1 Adsorption profiles of mertzl cyanides onto [RA 938. Initial concentration of Fe =
108.1 ppm, Ni = 91.52 ppm, Co = 138.4 ppm, Cu = 383.1 ppm; volume of wet-sertled
resin = 2 mi.; volume of reactor = 1.5 L.
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fraction of complex remaining in scin. (%)

100% -
. |
< |
80 % 1
|
i = . ) i
60?’*’ + point at which resin ig |
i el H
bos ’""IC"IGT:'G 1o be szfurated ‘;
! = N i
i o ~ I
4GE ¥ e z ~ S_—
R B - %
f *
|
Pos Feil ,.;'“n- = NIIHCNY, % Cull(ONJ, ® Ca(I){CN); - |
Oi N o
a 53 100 180 200 230 G802 350 440 430 340
time {mn)
FI1(. 2 Adscrption profiles of metai cyanides onto IRA 938 in the prasence of 1000 pom
suifare. Inmitizi concantradon of Fe = (03, Q opm. Ni = 96.3% spm. Co = 1354 zom. Cu
= 373.5 ppm: volume of wet-seuled resin = 2 ml: vomme of raactor = 13 L

The observation can 2lsc be made that the divalent nickel cvamde complex

is not adsorbed quite as easily, which !s in line with the previousiy siated
affinity characterist 1c< of the tnme*‘w -ammonium group. From Fig. 21t
is apparent that the addition of ZDOO ppm sulfate oniv marginailv arfects
the adsorption process. hence one may concliude that despite the presence
of large amounts of sulfate in solution, IRAS38 could suil be used 10 adsort
metal cyanides.

DESORPTION

The loaded resins were regenerated separately in the same stirred tenk

ctors used for.the adsorption process. Unlike other general pumose
strong-base resins, 1.e., IRA220, and IRA%00, most of the metal ¢ de
complexes were readlly and ramdly removed from IRAGIE. ngre 3
shows the desorption of the nickel, copper, cobalt, and iron cyanide com-
plexes, with analytical grade 2 M sodium chionde solution used as
eluapt. It is significant that this level of regeneration is achieved after only
a single batch contact with the eluant. The regeneration exercise was
repeated (Fig. 4). However, on this occasion a 2 M brine solution was
used. Once again, most cyanide complexes were rapidly and readily re-
moved, verifying that in normal industrial operation IRA933 could be
safely and cheaply regenerated.
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fraction of total absarbed, removed (%)

100( i
8GI |
st !
lwx X * }
g0 - ]
? = [} -]
40%."’ -
Lc ]
208 - - P
g ” = -
]t FE(IRCN) + Ni{CN), X Cu(i)(m} coment )
A 4 i
0 ;

0 =) 100 150 200 25C 300 380 4C0 450 500
fime {min)
FI1G. 3 Desorption profiles of metal cyvanides from IR A 338 using Na(lian 9_1‘ ncal Zrada),

Loading of resin; F2 = 0.001 mole. Ni = (.0008 mo 1e. Co = 0.301 mole, Cu UO’ mola:
volume of wei-sertled resin = 3 mL; volume of reacior = 1.5 L.

fracticn of wtel abscrbed, removed (56)

100, 7 ;
N 1"
80'_;_ i
i
601 e " o j
L. %
FX x  x :
PYCR
u
;- -3, . 2 . -3 al
?L- Fe(IHCNY. + Ni) (CNJ, X Cu()(CNy, * Co(li[)(CN)iJ

0 50 100 180 200 250 3C0 350 400 450 s2Q
time (min)
FIG. 4 Descrption profites of metaf cyamdes from [RA 938 using brine. Loading of resin:

Fe = (0.00128 moie, Ni = 0.0008 mole, Co = 0.0008 mcie, Cu = 0.000% mole; volume of
wet-sertled resin = 4.3 ml; volume of reactor = 1.5 L.
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FLUIDIZATION CHARACTERISTICS

The Levenspiel criterion (5) for determining fluidization stability sug-
gests that resin beads flwidized by an aqueous medium wiil tend 1o exhibit
particulate or smooth fluidization. The design and construction of 2 fiuid-
zed-bed reactor would require oplimization, or at least determination. of
the constraints of the lipear fluidization velocity. A flow would have 0
be ssiablished at a velocily not excesding the terminal velocity of the
smellest resin bead mn the least dense state, and not less than the minimum
fluidization velocity of the largast bead.

,

The Serig! Mcde!

The Serial model descnibes the relationship berween the expansion of
a multi-species ﬂuzmz d-be danc the linear liquid velocity .g venthe phy
cal properties of the selid particies and the fluidization medium. It assumes

thar the overall expansicn of a heterogenous particulately %:n, dizzd-bed
of particies is simply the sum of the individual expansions :het each spe-
y

cles would display, if luidized separatelv. by the same perameters
Equation (1) is based on Richardson and Zaki's approach (6) and de-
scribes the expansion characteristics of a mono-species. omo geqeoualj

fluidized-bed. and from which the expansion component for 2 given linear
liguid veiocity may be calculated by Eq. (2).

iel

H.’:.’.g = & ;L)
where © = empty tube linear fluid velocity {2 = 1) [nvs]
4, = partcle terminal velocity [m/s]

e = voldage
n = an empirical parameter which 1s function of partcle Gailleo
number

where £F = expansicn component (I = no expansion: 2 = 100% =x-
pansion)
erws = free wet settled voidage

If the theory on which the Serial mode! is based is applied to resin.
the overall bed expansion component should be equal to the sum of the
individual expansion components advanced by the various resin size frac-
tions, thus:
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i=dp

.
FF, = [ > VAEF; — 1)! + 1

i=dp, J

where V; = the volume fraction of the ith particie size
dp, = the largest paricle size
aps
EF,
EF;

the smallest particie size
total bed expansion
the expansion compenent of the ith resin size
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The terminal velocity and n value for the individua! resin sizes, both
of which are required bv Eq. (1), can be caiculated from the following
published empirical relarionships (6, 7):

-where Re, = particle Revnolds number at terminal velocity

Ga = 18Re, + 2.7Re/ %7 (3.6 < Ga< 107)

Ga ~0-073 21 < Ga<24 x {09
d°2{ps —
Ca = L300 - plp
e
dv
Re, = pave
i

p, = apparent density of resin (Kg/m’]

£ F AR

an

= density of fluidizing fluid (kg/m’}
diameter of sead [m]

diameter of containing vessel [m]
viscosity of fluidizing fluid {kg/ms]
rerminai velocity of bead {m/s]
graviiational acceleration [m/s®)

Ga = Galileo number

(4)

D

With the exception of resin densiry and free wer-sertled voidage, all of
the parameters listed are easily measurable. As the resin has 2 macroretic-
ular structure (sponge) where the liquid phase is continuous throughout
the pores of the individual beads, it is impossible 10 use a gravimetric
approach to determine the true wet density of the resin or the voidage of
the settled bed. To overcome this problem, a technique was used which
comprised of fitting the Serial mode! to expansion versus linear velocity
data by searching for the free wet-settled voidage and apparent resin den-
sity for an optimal sum of squares. The method of Hook and Jeeves was
used to locate the best fit parameters.

[%'g
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Ouer data required by the Serial model are the particie size distribution,
measured by multipie screen analysis, while the density and viscosity of
the fluidizing medium can be calculated from liquid temperature. Figure
5 is the logic diagram of that section of the algorithm which covers the
iterative check utilized by the Hook Jeeves routine io determine best
directicn {or parameter improvement.

Fluidization Testwork

IRAS38 resin was fluidized in a 40-mm diameter column of abour 1000
mm in lengrh, the bottom of which was ciosed off bv a sintersd glass of
about 17-20 gm in diameter. For [oading and fluidizing purposes, a solu-
tion of Fe{III){(CN)E~ was pumped by a peristaltic pump from 2 1-L reser-
voir to the bottom of the column, and then returned from the top of the
column back to the reservoir in & closed circuit. To acquire raw expansion
versus flow-rate data at a specific loading, 2 measured amount of Fe{II)
(CN)Ei~ was added to the reservoir and the solution aflowsd to circuiate
through the resin bed for 20 hours to ensure that 2] the metzal cvanide
is adsorbed by the resmm. With the liquid and solid phases in dvnamic
equilibrium, accurate expansion versus linear verucal liguid velocitv data
could be acquired.

inrtial value estimate Grﬁ]i = .New parsm. Hook,;
int o ity T H : P deeves zigorith .

resing gensity, Twswv. | spline aigo——PS0] i Jeeves zigonihm

A — fram psd. |

i tdp, = dp, |

H H

! ﬁj ;cale. Ga. ol

1 T VTS T N

? czaic. term. vefl [calc. N garam.

; idp, 1o entire beaf ASS i i =

i h 4 T

I —x {calc. expan. of dp.i

! | [calc. expan, f=ct. dp, | | cale. expa P

; | —— for given linear vel]

; las product of vol frac —_— 3

! 1 i

iof 1otal : - 9

F —T hl
COMPpOUnC expan.;
| each dp, size frac:

to no = —_—
! {CF [raw data]
l ig. vel.
[Choose next,_ yes/é? term vei |
b olig. vel. | l

—v determme s/s|

[renort to Hook
fJ—:-veec aigerithm ;

F_IG. 3 Logic diagram.
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bed expansion (%) *tree wert sertled voidage
200, .
i {
L . N I . 9
;rn:n. fluigization vel. max. fluidization vei. }
j ! ! /
; \. | ; A/ i

1501 / é

%appafenr resin density = 10€8aA 'r
OOE Fhysy = 0,400 / ‘
oo \ / i

EG / zpparent resin density = 1148g/!
g *hwsvy =0.377 |
; . i
% i
Q H -

C 0007 0002 C002 004 Q.05 Q008 0.007
finear jiguid velocity im.s")
Fe{IHCN]? FORM #* C! FORM —— Serizi mods!

FIG. A Expansion versus liguid vslocity.

The Fe(lII}(CNY2~ meral cyanide ion was chosen as the loading ion,
primaniy because of its abundance in the effiuent and secondly because
of the ease with which iis presence can be determined on the basis of
solution color. Furthermore, it has a higher mass per eguivalent than Cu
(CN)2~, the other most abundant metai cyanide, which means that during
loading the expected larger density change would resuit in {
uons to the fluidization charactensiics of the resin. Figure

density and fres wei-settled voidage.
CONCLUSION

It is clear from the study presented in this paper that if the ion-exchange
route for the removal and/or recovery of metal cyanide jons is to be pur-
sued, the use of Amberlite IRA-938 resin may well be a feasibie zlterna-
tive. It is envisaged that a mineral plen: effluent, after undergoing semi-
clarification (e.g., bank of hyvdrocyclones), might be contacted with IRA-
958 resin in a semicontinuous fluidized-bed application before disposal on
the slimes dam or tailing pond.
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Abstract

A novel method for quaniifying the fluidizztion characteristics of icnexchange resin
by using a simple integral - optimizarion technigue based on the serial mocde!, /s
proposed. This method /s suftzble for use in an algorithm For the optimization of
g fluidized, jon exchange resin bed, récepiacle design. ThHe serisl mode! theory is
shown to represent e ex_oans;on of & poly-sized fluidized bed oFf resin
sstsfacrorily.

Introduction
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Since their development, semi-ccnitinuous fluidized bedicn 2xchange rezciors
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A typiczl resin bead is 2 spherical porous structure which undergoes g slight
change in volume, and a mere substantial change in skeletal density during the ion
exchange process. Published mathemaeticai correlations (2] for the prediction of
expansion of a fluidized bed of particles require a particle density which, denending
an its value, can have 2 great effect on the final expansicn prediction. Being of &
parous nature, it might bg more correct to refer to a resin bead’s "apparent density’
of fluidizetion, & property which wili only be significant when the resin is in a
turbufent suspension, with the continuous phase intruding inte the porous resin.
Therefore it is evident that the physical characteristics of the continucus phase will
play a substantial role in dictating the apparent density of & resin bead, which is &



difficult constant to measure gravimetrically. Akapo et a/ [3] has advocated the
reverse notion suggesting that particie density of parous aeratable powders could
he measured by observing the expansion characteristics of the solid, while

Ntcoifeﬂc et al [4] aophes the theory through to liguid fluidized beds.
G a\f

A further problem is the poly-sized nature of manufaciured resin, which in itsself,
and in its alteration as a result of minor adjustments in the resin manufacturing
process, plays a significant roie in the fluigizaticn behaviour of the resin. Only
recently have certain resin manufacturers developed a process for manufacturing

2z moeno-sized ion exchange resin, and this only for the most commonly censumed
resinsg. Hartman et a/ [5] and rcscolo et af (6] both repeort that 2 wide range of
particie size distribution, amongst gther phenomena, Nas a substantial 2ifzct on

fluidization behaviour. However, there is approximartely a four foid difterence in
dizmeter from the smallesy 1¢ the iargest resin bead as supplied by most resin
manufacturers, and the particie size distributicn varies greatly from bzich tc batlc

Empirical relaticnships which describe the expansicn of a fluidized ned ziways
correlate voicdage 1o fluid velocity, and hence require the free wet-settled voida
as & necassary base conat nt r’rom which an expanded veidage, and nence 2 b
gxpansion, can be caiculat The freg wet-settlec vcidage, [uSt 2s e appérent
density of fluidization, wu% a!so be g ifficult gquanuty 10 measure when using a
porous discontinuous shese suc! N 8Xchange resin. Anoiher gbDsarvaiion is
that this value is not necessarily constant eand depends poignantly on the m

in which the bed is silowed 10 settie

C}(’J

m
Eh

't is the objective of this study to establish wheiher existing fluidized bed
technoiogy, can be adapted and utilized for g bed of fluidized resin. Furthermers,
T wilt be shown that given the particle size distribution, an adapted version of the
serial or jntegral/ mode! czn be fitted 10 measured expansion deta by searching feor
resin gppzarent density and bed free wet-setied veidage

Theagry
The Mcno-sized particle bed
The Levenspie! criterion [7] for determining fluidization stability sugges:ts that rasin
beads fluidized in an sauscus medium will tend to exhibit partic ule.t: or smooth

C
fluidization over a large range of fluidization velocities. Under these circumsrtanceas
it will be expected that the well sstablished Richardson and Zaki esgustion will
describe the relationship between voidage and fiuidization velocity for a mono-sized
bed of fluidized resin satisfactorily,

o
il
3
]
Hi3

where;
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Tc calcuiste the actual bed expansicn, based an the change in voldage fron
free wet-settled condition, the follcwing relationship can be used:

T -

i

— Sws L2l
- = i

H)

The multi-sized particle bed

Two theorigs have besn presenisd regarding the sffsctive oredicticn of expansion
of constant density poly-sized gparticulately fivicized beds. The sversging mods! [3-
31, which assumes z singie pearticle diametar ic be represeniative of the 2ntire had,
£ ' inedequate 21 Nigh veideges

i ler sized ¢ -

has been demonstrated by
where e expansicn conitr

T‘ne averaging approach hes alsc ceen pro er al Gr Ceds with g

argest to smaliast particle size ratic of not greater thet 7.3. The s Qricemings of
‘ne averaging model seem 1o outweigh the advantageous igack of computationat
cealisthenics, especially when ons censiders what vast :omcu»:afj /8 QCwers zre

rezdily available.

The serizl or incrementa/ mcode! is propesed By a number of zutners (2, 170 ang
assumes that the gverzil expansion o g particulately fluidized —ed of sartcizs is
simpiy the sum of the ingividus! expeansions that each specizs would dispiay, if
flvicized separarely by the same ua Emeters. ‘;'h-»:— clessificaticn of parzicies in the
zxiai dimensicn, a phencmencn which ured by Carsige et af{" 2] has

A
shown that the variaticn of OCcl Y Qi Gag
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credence to ine seris/ madel as a semi-fundementat re
condition, which may be described as ong inwhnich gachp
voidage envelop around itseif dice by its ghysi
continucus phase.

if the serizl medel is applied to 3 poly-sized fluidized bed, the cverall bed expansicn
compaonent should be egual ¢ the sum of the individual expansion components
advanced by the various size fracticns. Thus:
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if one accepts the volume fraction (V,), and terminal velocity (u.), 10 be & function
of particie size {d) thus,

W

V. = G{(2) i
- - =3
U= £ ST
an integrated combingtion of quations 1, 2, 4 and 5, for the sntire bed, rassuls in
the following.
.= -l cid T = Zfus R o
= - .." YT L., e - T T

It the serial model is veiid, Eguation
factor of z liguid fiuidized bed of ¢o

resims,

Farticle size distribution

it 15 clear that ths re ationship symbelised Dy Equation £ couig Take on any orm,
the only prerequisiie being that each pa icle size 19;4;-;_3 singular velume fracuon
value. It is also reascnable 1o assume that in Most & "HCEIiOﬂS the pearticle size

ihn functior of discontinuous neture, and thersiors

distribution aof resin wil
for the purpeses of i
functionzl relationship.
spline routine was E-‘.pCilGCf.

2
udy a spline routing was uss 1o dev
3 of raw distribution data were normaealized,

T X is the volume fracticn of the resin in the fh o7 the forsl N inter screen
intervals, and L, is the zxtent of this interval in pariicie ai ; ‘ i

iclg digmerters, then the sizz
fraction (5] is given by:
X.‘,’I.‘::
5. = —= 71

The arithmetic mean of ©
with the calculated normalized vl
spiined for development into an &

Terminal velocity

There are a number of published mocdels (Bquation 3} for termingl velocity of
spherical particles, and as ion exchange resin beads can 0e assumed to have an
perfect spherical shape, the correspendence of these models could sasily be tes



The terminal velocities of different diameter beads of the same resin in an identical
chemical matrix solution were measured in the iaboratory. A middie sized bead of
896 microns was then usad in the Hartman modei [Equation 91, and the particle
density input slowly increased above that of water until the measured termina!
velccity was predictad. The obtained density was then used 10 predict the terminal
velgcities of the entire range of particle sizes by both the Hartman and the Shiller
modeis [Equation &]. The Ladenburg correction factor{12] was used to correct the
model predictions for a finite medium,

Model of Shiiler 2t a/ [13]

1.587 -S
Gz = 18.Re_ -+ 2,7.8s."°%
with ’
im  T7
. ps-Zz.V.
a8 =
§ i
Model of Hartmzan ora/ [14]
log,.Re. = P(A) - lcg. . R{2) )
with:
FlAY = [(0,0027785.2 ~ 0,05723y .2+ 1,0315} 4 - 1,262z22
R{AY = {,52547 + (0,01853.3in{1,842.2 - 3,4
L = log,,Ga
The Ladenburg correction factor
T
Corrscticn Factor = [1 + 2.4{cn/dc) ] T

From Figure 1 it can be deduced that in the field of interest the modeis vary only
marginally in their predictions. In vievw of the above, and the fact that the made!
of Shilier et af [13] reguires an iterative search when salving for terminal velocity,
it was decided to use the model of Hartman er a/ {14] in all calculstions.



Test work
Tarminal velocities

All termingl velocity tests were carried out in 2 Two meter high glass tube with an
internal diameter of ebout 40 mm. The diamezefof the resin beads were measured
oy micrometer. The fall speed was celculated by measuring the time taken for ["’lc
bead to cover a predetermined vertcal distance. To ensure sccuracy, oniy t
terminal velocity of beads which mazintained a preset distancs from the side of th
tube were recorded.

(D

Expansion daia

The apparatus usec for e resin gxpension testwoerk consisteg of 2 48 mm

diametsr glass tube of sbbur T meter in iength, closed off at

intered glas ’iuid distributar N:’ih an sverage pore size of about 1
. .

C

{I)

Varying quantities of di ."' rent typas of resin were placed |
their ﬂumzzctr n characteristics observed.

To acguire raw axpansion versus specific licuid veloci ty data, di uLnIeH Water wWas
fed viaz 2 controlling gats valve 10 the botiem of the coiumn from 2 header tank s¢
zclude any vibration. Deicnized water ieaving the cp of the column ran
servaoir from whers it was pumped tack 10 the header 1 o ' i
pump in a2 closed locop. The iemperature in coth the heager
were maintained at constant teMmpersiure by a system of emp

g5 to pr

inio &

=

-.__’___._-;_._‘_‘_
The levei of the deignized weater in the headsar ank v

back controller which canirclled the pumping rates of -:he parisialtic
vacuum breaker was installed at the fiuid outiet of the coiumn s2 85 [0 prevent
siphoning action from causing a vearigticn in the vertical gr
bDed. Figure 2 presents (N€ £Xpansicn 18St apparstus.
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Thres types of resin werg tested i.2., 3 C&l Iype SIreng 2Cic resin, 2 MaCroporous
streng acid resin, and & r“ac"“ glicular strcng DaEse resin. Each wers fluidize
various flowrates spanning from the esumated mintmum fluidi I8
near glutriation of the smzilest beads. Wet sieve eneiysis weas
particie size distributions. The viscgosity and density OF the dsicnized wale
celcutated fram the temnperaiurs.

Results and discussian

The narmelized particle size distributions of the macroparous sirong acid rasin wes
found to be discontinuous, and hence the spling Titting sigornithm had @ be
adapted. These particle size distributions are depicted in Figure 3



Fitting the mode/

Despite mast of the parameters of Equation 8 being easily measuracle, as formally

explained, the free wet settled voidage and apparent density still remain an

sffective obstaclie in the application of this equation. However, (o overcome this

oroblem & technique was used which comprised of fitting the serfal model o

expansion versus linear velocity data, by searching for fres wet settied voidage and

apparent resin density for an Gptimaf sum of squares. These resuits are presentsd
~

in Figure 4 {gel resin), Figure 3 (macroporous resin) and Figure 8 {macrcreticular
resin).
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of free wei-settled voidage resuled in a far great r change 'n e sum of squsars
errors than an apperent density change of @ similar groportion. it wes thersicrs
assumed that the problem may be oT 3 highly noniinear naturs. —owever, peicrs
aeneral search algorithm was selecisd the topograpny of a fevw searcn aress weTg
evaiuated, and found 1o take on & general form for 2l of the resins tesizad.
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2

The maost striking faature
weugh running diageonatly across the search ar
Furtnermeoere, it was abserved that the use ¢f smailer increments | e gr
precass did not dramesu ”Hy imcrove accurecy. A stuCy of ihe ggumizaucn
fopocraohy showed that the larger the integrating increment, the mare jz h
cptimization contour ilines, which could lead tc unnscessary Gigressior
search algorithm. Examination ¢of the residuals showed 2 goorsr fit
expansicns, g phencmencn which could possibly be attributed o di
characreristics. Iniense mixing was observed 1n the area dirsclly ebave ns
sintered glass disiributer.

Ne cptumizaticn topcgaraphy i clearly the narrow

Conciusion

The zigorithm presented in this paper can be used

expansion of a fluidized bed of ion exchange resin, and theretcres could De used i
optimize the dimensicns of an accommodating receptacie. From the scosarvatsns
made in this paper, it weuid seem that the serig/ model is 2bie 10 effecuvely portray

the fluidization sxpansion of fluidized resin.

List of symbols

e vatdage
Bs  TTEE wverl seitled voidage
d resin bead diameter {m).
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Gy,
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largest resin bead diameter (m).

smeallest resin bead diametar {m).

diameter of fluidization vessel {(m}.

expansion component (1 = no expansion}
{2 = 100% sxpansicn)

expansion component of the ith resin fraction.

total bed expansicn factaor

Gatiiea No.

gravitational accelgration constant im.s?).

size, in particle diameters of ith intarval.{im).

gempirical parameter of the Zaki ‘equation

particie Reyncigs No. at termingl velccity

normasalized voiume fraction of the ith screen fracrion

empty tube linear fluid ve%oc"y(” =1) im.s’")

narticle terminal velocity im.s™).

bed volume fraction of the :’H. part.c!e Sizs
non normalized voiume fraction of the ith size fraction
letters
apparsnt particle density (kg.m™).
‘IQU‘” dens :y {kg.m™).

quic viscosity {Fa.s)
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