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ABSTRACT

The work herein represents a study of the boron industry, boron
minerals and one aspect of laboratory processing: the solvent extraction

of borates.

A review is given of the reserves, technology, uses, marketing,
prices, recent developments and industrial prospects relevant to boron
minerals, with particular reference to the Turkish industry. The main
theme for laboratory study emerging from the review - control of borate

pollution from effluent slurries at production plants - is introduced.

The collection of ore samples and slurries from location in Turkey
and their detailed sampling, sample preparation and appraisal are des-
cribed. Similarly, methods of synthesis and assay are given: the organic
extractant 2-chloro-4-(1,1,3,3-tetramethylbutyl)-6-methylol-phenol
(CTMP) is synthesised from commercially available reagents and assayed
by a newly developed spectrophotometric method: and borates are assayed

by modified acid/base and colorimetric methods.

The design and oplera.tion are detailed of a mixer-settler and a
sieve-plate pulse column for carrying out laboratory solvent extraction
experiments with petroleum spirit solutions of CTMP and 2-ethyl-1,3-
hexanediol (EHD). Comparison in operation with conventional shake-

flask equipment is made.

The shake-flask technique has been used in conjunction with the

diol solutions mentioned to determine the extraction characteristics of

2+ 2+
a

+
aqueous borates in the presence (variously) of the ions Na , C , Mg



(ii)

and C1 , all of which were found to be transferred in part across the
interface dependent upon the contact time, pH, and concentrations of
reagents. Equilibrium, % extraction against pH, and continuous vari-
ation curves indicated the existence of a synergistic effect between CTMP
and EHD which appeared to involve a 1:1:1 ratio of the solvent and borate

species.

Experiments employing optimized pulse column conditions in open-
circuit have been cgrried out to assess the possibilities of extracting
borates from both synthetic and industrial samples of aqueous slurry by
solvent-in-pulp operation. The main solids considered are bentonite.
quartz and calcite. Over 90% extraction was found to occur in a single
stage without serious difficulties with phase separation, under these
conditions at pH 9.2, 5% solids and 500 ppm B using 0.5 M 1:1 CTMP/EHD.
Several successive extractions in partial closed-circuit could be used to
reduce boron levels in the aqueous phase to less than 5 ppm while leaving
over 99 - 99.9% of the solids unaffected. Calcite interacts strongly with
the solvent but does not result in the serious formation of crud at the

interface.

A preliminary industrial flowsheet has been developed on the basis
of above-mentioned experimental work suitably upscaled. This is dis-
cussed in terms of selective removal of boron from alkaline plant-end
slurries in Turkey, and also in terms of the solvent losses estimated to
be incurred by dissolution, adsorption and entrainment in the aqueous

phase.
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CHAPTER 1

INTRODUCTION



1 INTRODUCTION

1.1 The borate industry

The average boron content of the earth's crust is of the
order of 0.0003-0.001% 1-3. Thus the element is scarce and there are
few known commercially attractive borate deposits2 '4. The formation
of such deposits has been the subject of various publications and it is
clear that there are three major mineralised belts in the World5 from
which borates are currently produced. These geological belts are:
the Mojave desert area of California, USA; the Alpine Himalaya plat-

eau extending from Turkey through the USSR to Tibet and China; and

the high plateau region of the Andes in South America (Fig. 1. 1).

Fig. 1.1. Borate minerals occurrences in the world.



The earth's major borate concentrations are formed where
magmatic action carries large tonnages of boric acid and borates to the
surface by way of volcanoes, geysers, and hot springss’ 6. Three
essential conditions seem to have governed the formation of rich deposits;
the provision of a suitable magmatic source and hydrothermal means of
transport; the passage of solutions or vapours through cool or arid
regions in which crystallisation is favoured; and the situation of the
original deposits in arid or enclosed environments which protect them
from dispersion by the elements. In certain cases brines have been
formed and have evaporated over geological time to produce interlayered
marine sediments containing borates and clays (as in Turkey and Boron,

USA7 8

). Elsewhere evaporation has led to the formation of concentrated
brinesé’9 containing up to 1.7% borax (as in California, USA). A pot-

ential source of boron is seawater which contains about 0. 0005% of the

element.

Today's borate industry is dominated by five major companies
operating in three countries: the USA, Turkey and Argentina. In the
USA the major companies are the U.S. Borax and Chemical Corporation
(a part of the British RTZ Group), the Kerr-McGee Chemical Corpora-
tion, the Stauffer Chemical Corporation, and the Tenneco Oil Company.
Argentinian production is 90% controlled by Boroquimica SAMICAF
(another RTZ subsidiary) and in Turkey the state-owned organisation

Etibank produces most of the country's output.

1.1.1 Reserves of borates

5,10
World borate reserves have been quoted as about



7
8 x 10 tonne of boron content but there is increasing evidence that
many times this quantity will become available. Thus in Turkey
11

9
alone a recent estimate gives potential reserves of 10" tonne of ore.

Table 1.1 shows an updated estimate of reserves country by country.

TABLE 1.1. ESTIMATED BORON RESERVES

Country ?gési:):z:/ Apprgjgmoate grade/
2 3
Argentina 3 . 35
Chile 3 33
Turkey 12,()=:= 40-50
USA 36 ' 25-45
USSR 15 35
Others - 3 35
Total 180
- Estimate based on the potential reserves given by
Guney 1

Argentina has extensive boron mineralisation in desert
'lagunas' in the NW of the country with deposits extending into adjacent
territories (Fig. 1.2). Important beds consist of highly deformed
sequences of clays and borates containing borax (Naz}_’>407 . IOHZO)»

i . i .TH_O), inderit
kernite (Na2B4O7 4HZO), ezcurrite (Na4B10017 7 2‘O) inderite

- - [N . . > 1-
(Mg.zBéoll. 15H,0 monoclinic), ulexite (NaCaB509 SHZO) and tinca
12-14 .

conite (Na2B4O7. SHZO) as the main values ." The beds underlie

the Andes and occur in Chile as ulexite deposits in the Tarapaca region

near Bolivian border.
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The Turkish deposits have yet to be extensively explored
but it seems clear that the majority (about 70%1 5) of the world's high
grade reserves are in that country. The deposits vary widely in min-
eralogical detail but the majority host rocks are commonly shales,
marl, bentonite, tuffs, and limestone, and the mode of formation is

chemical precipitation for the boron minerals and sedimentation for



the gangue. These details are considered in more depth in the next
section.

Almost all the borate reserves of the United States are in
the California desert (Fig. 1.3). The most important deposits are those
at Boron in eastern Kern County, at Furnace Creek in Inyo County and
at Searles Lake in San Bernardino County in the Mojave desert. The
deposits at Boron8’16 are thought to have been formed in an early-
middle Miocene Lake which was probably fed in part by thermal streams.
Borax was deposited in alternating sequences together with montmori-
llonitic clays and siltstone. The deposits at Searles Lake()’9 consist

of voids permeated by saturated brines containing hydrated cations

+ 2+ 2+

+. - - 2~
(Na ,K. , Mg~ , Ca” etc.) and anions [/ B(OH), , Cl , CO, etc. 7

4 3

in association with halite (NaCl), trona (Na2603 . Na.HCO3 . ZHZO)’

borax, burkite (ZNaZCO 3NaZSO etc. The mineralisation here is

3° 4)’

thought to have formed in Pleistocene times by progressive evaporation
of brines in a large catchment area of which the present Searles Lake

formed a small part. The Furnace Creek deposits contain ulexite as

the primary mineral and colemonite (Ca2B6011 . SHZO) as the second-

ary mineral (thought to have been formed by leaching of the sodium

17,18

ions from the ulexite ). Massive geological faults occur in the

area and these have resulted in very irregular mineralisation.

The borate deposits of the USSR are in the Inder Lake dis-
trict (north of the Caspian Sea); in Kazaklistan; in the Caucasus; and
near Lake Baikal. The borate deposits of the Inder Lake district con-

tain ulexite, kurnakovite (MgZB ISHZO - triclinic), hydro-

6°11
boracite (Ca.MgB()Oll . 6H20)’ colemanite, szaibelyite CMg(BOZ)(OH)j
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19 s
2B6011 - 13H20), etc. . In addition to the borate

inderite, inyoite (Ca
deposits which are thought to have formed in Permian times, the satu-
rated brine permeating the salt bed of the Inder Lake contains small
but recoverablé amounts of borate together with other salts. Small
amounts of borate minerals such as boracite (MgSB

2

5 6H20 0_7 are recovered from the

14026 . MgClZ) and
Luneburgite [ Mg3B2(OH)6(PO4)
potash mines such as those of Volga-Ural-Emba Permian salt deposits21

2,23

The datolite (2Ca0O. H_O . B_O_ . 25i0_) ores of the Ca.u.ca.su.s2

2 273 2)
and turmaline (Al, Mg, Fell, Mn, Ca, Na, K, Li, H, F, B, Si, O)
deposits of eastern Siberia are of no importance commercially as boron
sources.

Of lesser importance at present are occurrences in South-
central mainland China.24 and northern Tibet which contain a number of
semi-dry, boron bearing 'playa’ lakes containing moderate amounts of
borates; in the Pugga Valley in the Ladakh district of India where
there are small deposits recently discovered; in Tuscanyzs, Italy,
where stream vents (soffioni) containing boric acid (H3BO3) are found
and have been exploited for centuries; and in Germany which has small

amounts of borates, boracite, hydroboracite, and szaibelyite (ascharite)

recovered from the Stassfurt-type marine potash beds.

1.1.2 Technology_

Nowadays the majority of borate production is from open
pit mines dealing with solid minerals and/or brines. As most boron
minerals are more or less water-soluble most processing methods

involve the separation procedures characteristic of solution chemistry.



In some cases sparingly soluble minerals such as colemanite are con-
centrated by froth flotation. The principal plant flowsheets of the six
major American and Turkish companies are briefly explained below

(Fig. 1.1),

The U.S. Borax Corporation mines its Kramer ore body at
. 26,27 )
Beron by open pit methods , having converted from underground
extraction in 1957. The crushed ore is conveyed to the nearby 80 acre
refining plant; leached by water at about 100°C; thickened to remove
the bulk of the insoluble material; filtered and precii.aitated in vacuum
crystallisers. Refined decahydrate, pentahydrate and anhydrous borax

of various grades, totalling about 4,500 tonne (BZO content) daily, are

3
produced by repeated recrystallisation, drying, and dehydration pro-

cesses. High-purity and speciality products are produced at Wilmington,

California, and also at Burlington, Lowa.

The Kerr McGee Chemical Corporation employs the
evaporative or 'Trona’ process at its Trona plant on the shore of Searles
Lakezs. Potash, borax, di-lithium sodium phosphate, soda ash and
sodium sulphate, are separated in sequential stages through crystalli-
sation based upon complex phase-rule chemistry. Some soda ash is
recovered through the carbonation process (see below). Solid sodium
chloride and waste brines are sent back to the lake. Kerr McGee has
a daily B203 capacity of 300 to 400 tonne (including 150 tonne of

anhydrous borax and 80 tonne of boric acid) and processes7.5 rn3 per

second of brine pumped from a series of wells.

Stauffer Chemicals'zg West End plant (a2 subsidiary of
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Kerr McGee since 1974) employs the carbonation process whereby
carbon dioxide (from calcining limestone) is used to remove sodium
hydrogen carbonate and soda ash. The filtrate is blended with the
additional raw brine and sent to vacuum crystallisers to obtain borax
decahydrate, borax pentahydrate and anhydrous borax. Brine intake

is about 3 m3 per second. Daily capacities are 350 tonne of soda ash,
200 tonne of equivalent decahydrates, 450 tonne of sodium sulphate.

0,
American Potash and Chemical Corpora.tion3 31 has dev-

eloped a method in which soluble borate in brines or weak plant-end
liquors is recovered as a boron-organic complex. The solution of
borate is first treated with a kerosene solution of a special polyol,
which sequesters (complexes) the borate, later to be released as boric

acid on stripping with sulphuric acid (see Section 1. 3).

Tenneco Oil Company's colemanite-ulexite open pits at
1
Ryan O, California, supply colemanite ore to a calcining plant near
Death Valley Junction, and ulexite to a mill at Dunn for upgrading to

26 - 28% BZO Colemanite is calcined to raise the BZO content from

3’ 3

about 22% to 48%.
The Hisarcik open pit colemanite mine in the Emet district
of Turkey was recently converted from a hand-sorting to a more modern

mode of operation. The new washing and screening plant is rated at

660,000 tonne per year of feed (28% BZO and 330,000 tonne' per year

5)

of product (43% BZO Mining is partly mechanized.

3)'
The open pit borax deposits at Kirka (Eskisehir province

of Turkey) are being developed in a systematic manner to provide 26
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to 27% BZOS ore for a washing plant rated at 440,000 tonne per year
of upgraded concentrate. KEtibank is constructing a refinery at Kirka
designed to accept a feed from this washing plant containing 35% B203.
The plant which is similar to the U.S. Borax refinery at Boron, will
produce annually 200,000 tonne of crude pentahydrate borax, 55,000
tonne of crude anhydrous borax, and 11,000 tonne of refined anhydrous
borax. Presently the washed ore is trucked to a smaller refinery at

Bandirma (on the Marmara Sea) which has a yearly capacity of 60,000

tonne of borax and 28,000 tonne of boric acid.

Elemental boron 0.32 may be produced by several processes
including reduction of boric oxide by magnesium metal, fusion with
metal salts, vacuum fusion, vapour phase reduction of a volatile boron
compound, or high temperature reduction of boron trichloride by hydro-
gen. The latter is receiving great attention and it may replace the

industrial methods presently used to produce elemental boron.

Most of the beneficiation methods presently used to evaluate
borate ores are conventional but as new industrial uses of borate
minerals are developed, and hence the consumption increased, there will
be.a need to recover boron from plant-end liquors, natural brines, etc.
and thus more sophisticated methods of treating boron minerals, such
as solvent extraction, will emerge to replace the conventional ones.
Moreover, when pollution is taken into account chemical treatment of

the plant-end liquors will dominate the technology.
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1.1.3 Uses

The commercial uses of borates and their derivatives are
both wide and varied, and these materials have been described as the
most versatile intermediate chemicals in the manufacturing industry'3.
Depending upon the form and quantity in which boron minerals are used
a wide diversity of properties may be exhibited and put to use. For
example, specific borates can be used both for explosives and flame-
proofing, and both as fertilizers and as herbicides. Figure 1.4

summarises the industrial uses of borates and their derivatives.

The main consumer of borates, on a quantity basis, is the
glass industry. Anhydrous borax is used in 'Pyrex' glass and in glass-
fibre, the latter becoming increasingly important as an insulating
material as the need to conserve energy increases worldwide. Glass
fibre is also of increasing importance as a reinforcing material (in the
textile industry) and as a strong lightweight construction material.
Borax, decahydrate, is a commonly used flux for glazes on ceramic
bodies and is also widely used in enamels and as a water 'sweetner’.
Sodium perborates are employed as water softeners in domestic wash-

ing powders.,

To a varying degree boron is an essential nutrient to many
plants butis toxic at concentrations greater “han about 5 ppm depending
. 3,34 .
upon the species . Boron minerals are employed therefore both
in commercial growth regulators (fertilizers) and in inhibitors

5 .
(herbicides)3 . Borates are also of value in photography, as insecticides

in starch pastes, as fire-retardants, as fluxes for brazing and welding,
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Fluxes and glazes
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—
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Fig. 1.4. Industrial uses of boron compounds.
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in the manufacture of paint and paper, as a buffer in plastics manufact-

ure, in leather processing, in cosmetics and pharmaceuticals, etc.

The four simple compounds borax, boric acid, calcium
borate, and sodium perborate account for at least 80% of total con-
sumption, but other materials are becoming of increasing importance.
The utilization of the special properties of elemental boron and certain
of its compounds have been extensively studied by the military and
. 36 37 . .
industry . Elemental boron~ has the unique property of absorbing
neutrons produced by nuclear reactions without the emission of second-

L . : 10 .
ary gamma radiation, and is used for this purpose (the B isotope)
to protect personnel from the harmful effects of nuclear reactors.
Ultrafine metallic boron finds applications in powder technology and in
steel-making to improve the effect of other hardening elements, such
as carbon. In the process known as 'boronising', boron gives steel
38,39 . co o :
a super-hard surface . DBoron {fibre is increasingly used to re-
inforce plastics and metals for the manufacture of products such as
. . . ., 38, .
aircraft wings and helicopter rotors. Boron carbide”  is the third hard-
est substance known and has an unusually high strength-to-weight ratio
which makes it ideal as a ceramic armour in aircraft and similar con-

1,4

4 2
structions. The even harder boron nitride has the ability to

resist chemical attack by molten metals. It is extensively used as a

high temperature electric insulator and as a thermal conductor.

During the last few years boron, in the form of boron

3,44

hydrides4 , such as diborane (BZHé)’ pentaborane (BSH?), and

decaborane (B10H14) has become an important additive in rocket

fuels.
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Borates are listed as important strategic minerals for
their newly developed use as organoboron compounds in anti-knoclk
agents for petrol. Because metallic oxides are soluble in molten borax,
it has been tested as a substitute for flourspar fluxes in steel making
processes, especially in basic oxygen furnaces. New and diversified
applications of boron compounds are being developed every year by
research organisations such as Borax Consolidated UK Ltd. (Chessington,

Surrey) and it is clear that demand will increase.

1.1.4 Marketing

The three major boron producing countries in the western
world, the USA, Turkey and Argentina, export a large proportion of
their production (Fig. 1.5 ).Exports from Argentina are confined to
the LAFTA (Latin America Free Trade Area) countriesl3, particularly
Brazil, Which also imports large tonnages of borates and boric acid
from the USA. The bulk of exports from the USA45 enters Europe via
Rotterdam, where spec'ial port facilities have been constructed for the
efficient handling of these products. Rotterdam acts as a mediator port
in distributing borates throughout Europe. The larger share of this
trade goes to West Germany, France and the UK which together take
nearly 60% of the total, with Italy, Belgium and Luxemburg taking a
further 20%. US exports, other than to Europe, are mainly confined to
Japan, Canada and South America. Japan takes about 30% of the US
exports of boric acid and over a quarter of the sodium borates. Canada
and Mexico together take about an eighth of the refined borates and just

under a quarter of the boric acid.
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A number of consumers in Europe have direct links with
Turkey which supply them with boron productsls. In 1972, Italy took
85,000 tonne of borates from Turkey and 20,000 tonne from the USA,
France imported 43,000 tonme from Turkey and 61,000 tonne from the
USA, and West Germany took 64,000 tonne from Turkey and 97,000
tonne from the USA. The output of the borax and boric acid plant
at Bandirma (which is run by the Etibank Co.) is mainly shipped to
European markets, but new markets are opening up in the Near and Far
East, especially in Pakistan, India, Japan and China. Turkey also
supplies European markets with colemanite, ulexite and boron raw

materials to be used in fibre-glass, steel and other industries.

1.1.5 Prices

From 1954 to 1973 world production and consumtpion of
borates nearly tripled, whereas real prices were cut by roughly 50%10,
owing in part to steady improvements in plant operating efficiencies.
However, in 1974, the price of anhydrous products rose by about 85%
and the prices for hydrated products rose by about 23%46. These
prices reflect steep rises in energy costs, inflation and strong demand.
The sharper rise in the costs of anhydrous products, compared with
hydrated products may be explained by the more intensive use of
energy in producing the former. This fact has also caused producers
to shift part of their anhydrous production to hydrated products. From
the end of 1975 onwards the production of borates has become firmer,

prices have remained almost steady, and demand has steadily increased.
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1.1.6 Future of the borate industry

The increased use of borates in the glass industry for con-
structional and insulation purposes (the likely average growth rate is
5.7% per year to the year 200010), will probably tend to push borate
demand to a higher level, because the glass industry accounts for about
3 of the total demand for borates. Also the use of boron-containing
specialised materials in fuels should expand at a high rate. On the
other hand, growth in demand may be reduced by the fact that some
degree of substitution of borates by other metals may be possible in

the detergent and agricultural industries

Continued growth in demand should be assisted since
borates may be used as substitutes for a number of conventional
minerals, for example, they can be used in place of flourspar in steel-
making. Despite the limited number of known commercial deposits,

. 5 .
reserves (estimated at 80 m tonne™ ) appear to be adequate to fulfil the

likely demands well into the next century.

1.2 Turkish boron industry

‘Little has appeared in the English languag;erecently con-
cerned with reviewing in detail the Turkish boron industry. Part of the
survey below results from two extended visits to Turkey during 1976/

1977.

All the known borate deposits of Turkey are situated in
Western Anatolia (Fig. 1.6). The first exploration and authenticated

working of boron minerals was begun in Sultancayir  district (B alikesir)
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in 1965 by the French Campagnie Industrielle de Ma.zures15 , although
there is some evidence of Roman workings in that area. Pricerite, the
main mineral in Sultancayir, remained the most important source of
boron until the deposits became exhausted in 1954. In the early 1950's,
other deposits were discovered which were to lay the foundation of

the modern Turkish industry. These included large beds of colemanite
at Bigadic (1950), Bursa (1952) and Emet (1956). In the late 1960's,
Maden Tetkik ve Arama Enstitusu - M. T. A, (The Mining Research

and Exploration Institute of Turkey) working on behalf of the Etibank
Corporation (a2 government owned mining company) carried out an
extensive explcration programme in the Sarayk oy(Kirka) locality
which blocked-out a large potential borax deposit7. These finds and

48

the results of more recent intensive exploration indicate that some 70%

of the known world boron reserves are situated in Turkey.

1.2.1 Geology and formation of the deposits

As with most borate deposits, those in Turkey are essent-
ially volcanic/evaporite in origin, the most commonly occurring
minerals being pricerite (Sultancayir), colemanite (Bigadic, Kestelek
and Emet) and borax (Kirka). It seems clear that the deposits were all
formed from similar volcanic sources at almost the same geological

. 49-51 . T s
time . Thus the mineralisation is generally classified as occurr-

ing in Lacustrine facies of the Upper Tertiary period (65 m. years ago)

and is usually associated with interlayered tuffs and clay/marl series.

The precise locations of the volcanic sources are not known
but as the five major deposits are all at least 40 km apart, the simplest

assumption is that there were five separate volcanic sources. To give
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a simplified picture, the following geochemical processes can be en-

visaged to have occurred:

(1) Magmatic/hydrothermal transport to the surface of boron
rich material such as boric acid.

(2) Water transport to an inland depression where evaporation,
sedimentation and crystallisation could occur.

(3) Phase zoning according to the relative solubilities of the
chemical species present, both as a result of incoming solutions/
suspensions and in situ hydrolysis of any pyroclastic material.

(4) Burial of the beds under younger sediments and partial
alteration of the original formations to give secondary (metamorphic)

series.

The most closely studied Turkish deposit is that at Kirka,
and it is believed to have been formed more or less as suggested above.
The predominant species present originally being sodium ions and borate

ions (Fig. 1.7). A detailed geological study of this region has been

25 A
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Fig. 1.7. A schematic section through the Kirka deposirt,
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2
undertaken5 and the interlayering of minerals found (Fig. 1. 8)52' >3

explained in terms of a semi-quantitative phase diagram discussed in

Chapter 2.

The other deposits are predominantly calcium borates and
although they do not contain a large proportion of borax, their mode of
formation is likely to have been similar to that at Kirka. The major

. . . . 2 2+ +
discriminating factors seem to have been the ratio of Ca % Mg :Na

and B4O72- : CO3 in the primordial solutions. It is reasonable
to assume that calcium carbonate would precipitate preferentially as
this compound has the lowest solubility product, and that the pro-
portions of other ions would thereby increase in such a way that in-
yoite, inderite, ulexite and borax would tend to precipitate sequentially
thereafter. As the solid minerals found first will be highly hydrated,
it is expected that burial and marginal heating will cause dehydration,
recrystallisation and even leaching out of soluble sodium ions to give

a series of secondary minerals. These ideas are explained in a

Turkish paper by Baysa153.

With the exception of that at Kirka, the Turkish deposits
contain mostly secondary minerals such as pricerite and colemanite.
It should be noted however, that the number of possible phases con-
taining boron is véry large and that some 15 such minerals have been

identified in the Anatolia region.

1.2.2 Turkish mine sites

As described briefly and illustrated earlier (Fig. 1. 6), there
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are five borate mining districts in Turkey: Sultancayir, Bigadic,
Bursa, Emet and Kirka. The first three are rather small privately-
owned operations engaged mainly in mining and selling ore with little
or no processing or concentration, and marketing their products
directly in Europe. Until 1969, Borax Consolidated (UK) Ltd. had a
controlling interest in several of these mines but following expro-
priation in that year their holdings were greatly reduced. Typically,
Bigadic region supports twelve mines operated by five companies
namely, Turk Boraks Madencilik Company, Mortas/Bortas Group,
Rasih and Thsan Corporation, Ali Sayakci and Yakal Borasit Ltd. and
Kemad Corporation, which have total reserves of at least 8 million
tonne (40% B203)54 and are worked on such a small scale (400 -
40,000 tonne per annum) that mining can continue into the foreseeable

future. There is little tendency to develop or expand operations here,

but it is likely that the companies will be nationalised in due course.

Emet and Kirka mines are both state-owned (Etibank Cor-
poration) and are operated on a much larger scale. In the former case,
some 40 million tonne (40% BZOS) of colemanite is available in the
form of nodules of 10-40 cm. diameter, associated with small quantities
of other minerals such as soft tuffs and clays, calcite and arsenic
sulfides (Realgar: A5252 , and Orniment: As 253). Both open pit and
underground methods are used and until 1973 the processing method was
hand-combing. In that year construction of a new concentrator was
completed designed to process 600,000 tonne per annum of 26% B2Q3

ore. The ore is processed in two sections relying on the softness of

the gangue constituents. In the first crushing and screening produces
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a coarse dry concentrate and a finer clay-rich fraction, while in the
second a fine-sized concentrate is produced by water scrubbing the

clay-rich fraction.

At Kirka the total ore reserves (mainly borax) suitable for
open pit operation are estimated to be 500 million tonne . The
average overburden is about 60 m. thickss. The plant employs a wet-
concentration method (Fig. 1.9) and operates as a washery on 100 tonne
per hour dry feed with an average head grade of 26-27% BZO . It

3

produces concentrate at an average grade of 34% BZO3 at the rate of
67 tonne per hour. This flowsheet is considered in more detail in

Chapter 2.

Etibank's boric acid plant at Bandirma started production
in 1969 with the relatively small capacity of only 6,000 tonne per annum
boric acid and 20,000 tonne of refined borax, but with improvements
in the processing plant at Emet and the start of the processing plant
at Kirka (1974), the capacity was increased in 1975 to 28,000 tonne
per annum boric acid and 60,000 tonne of refined borax. Etibank has
announced (1978) that it is to construct a boric acid plant of 100,000
tonne per annum at Bandirma with a completion date in 1979. Further-
more, a new plant is under construction at Kirka designed to produce
200,000 tonne of crude pentahydrate borax, 55,000 tonne of crude
anhydrous borax, 11,000 tonne of refined anhydrous borax and 15,500
tonne of refined decahydrate borax annually. The company is expanding
its storage and handling facilities at the port at Bandirma through which

most of its products are exported.



vy CHalNDING WASLUIUR Y
a——Db\
}/I/N? é\
N \EEERENG
AN Bt
PN 3s

CONCENTI:ATIY

% CONCIt,
CoUSTANG-5SCRITNNG 5 OCE i’——_"-ﬁ =F

‘l Ail._ojf‘d\ '

Plani-end Slurry

i oos. Hlowsbheet ol Kiv: a uperation.



27

The output of boron minerals from both state and private
enterprises exceeded one million tonne in 1976. Production of boron

minerals in Turkey between 1970 and 1976 is outlined in Table 1. 246’47 .

TABLE 1.2. TURKISH BORATE MINERALS PRODUCTION

Year Annual Production in Tonne
1970 522,930
1971 - 609,200
1972 622,400
1973 625,600
1974 1,080,500
1975 970,900
1976 1,040,000

As can be seen, there was a significant increase in 1974
resulting from the impact of the start up at Kirka, and similar

increases are expected in the next few years.

1.2.3 Markets and future outlook

Turkey supplies about 40% of the world requirement for
borate minerals15 , and in view of the large reserves (Table 1.3) this
situation can be maintained indefinitely providing the markets are not
lost. In fact it is expected that Turkey's share of the market will

steadily increase.
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Internal consumption, however, is less than 5% of the out-

The main borate minerals consuming industries in Turkey are

these producing washing powders, enamels and pharmaceuticals,

which the cosmetic and glass industries consume

smaller quantities.

TABLE 1.3. ESTIMATED BORATE RESERVES IN TURKE Y1 >
District Known Res/| Potential Res/{ Total Res/{Av. CGrade|Res. B O3
1strict |4 tonne 104 tonne 10 *tonne. %BZO3 Content/tonne
Bigadic 470 31 780 40 3120
Bursa 5 0.8 13 40 52
Emet 1514 225 3764 40 15056
Kirka 1211 4020 41411 30 124233
Total 3200 42768 45958 142461
1.3 Recent developments
Four areas require consideration in this context: new

deposits or other sources of the element; new processing methods;

new uses; and improved environmental control.

Development of new

sources of boron is less important than hitherto because of the large

discoveries made in recent years.

. 5
reserves are adequate for world needs well into the next century .

Various estimates show that present

New

uses of boron commodities are constantly being sought and some of

these have been discussed in Section 1.1.3. Thus considerations here

are restricted to the newer processing methods and prospects for
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better environmental control. In common with much development work
in metallurgy, the main emphasis is placed on careful integration of

unit operations and reduction in the impact of obnoxious effluents.

Processing methods for boron ores are dominated by the
ready solubility of most of the minerals of interest, and thus the major
developments in the past have been in the field of solution chemistry.
There has been relatively little work concerned with conventional
physical and flotation concentration methods which at present are
rarely used in the industry. A number of papers have appeared
recently however: thus, a Soviet 1'eport56 considered the possibility
of neutron activation of liberated boron-silicate minerals (such as
datolites, 2CaO HZO' BZO3' ZSiOZ) followed by separation on a 1-channel
band separator; and several workers reports investigations aimed at
beneficiating boric acid and colemanite by flota.tion'r’?-59 using petrol-

eum sulphanates - replacement of 2 hydrogen atom by sulphonic acid

SO3H - (R-825 and R-840) and Pale oil sulphonate as flotation reagents.

The dissolution of boron minerals in water or dilute mine-
ral acids is relatively straightforward and rates and extents of solution

b

.6
have been known for a long period of time Nevertheless, reports
occasionally appear concerned with alternative methods, one example

being that concerned with leaching datolite ores with carbonic acid

solutions

Major recent developments have shown the way to producing
purer commodities, particularly through ion-exchange and solvent

extraction techniques. Use of these techniques has the considerable
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advantage of avoiding the more traditional and tedious procedures of
fractional crystallisation. Various reports in the literature describe
so-called boron specific anion exchange resins although they are not

yet used commercially. A patent covering the use of such resins (cross-
linked copolymers of styrene and divynlbenzene having attached to their

H_(OH)

Hg ) has

aromatic nuclei groups of the structure —CHZN(CH3) C 5
6
been published 3. It is assumed that an equilibrium of the following

type is involved in the exchange:

Res-CH, _ (CHOH)_CH,(s) + B(OH);(aq.)‘_—,Res—CHZ\ CH - gH—-

N 57773
C|H cl \ /
3 H3 \
) OH
(CHOH)3 CH3(S)+OH (aq.)+2H20(1) O S |

Rohm and Haas (UK Ltd.) market a boron specific resin
(Amberlite XE-243)64 which is assumed to have similar chemistry.
Other published work includes studies by Grekovich and Materova65
on the absorbtion of boric acid by anion exchangers saturated with
the anions of certain hydroxy-acids, and absorption of various sugars
onto anion exchangers in the borate-form. Despite these developments,
solvent extraction is of far more importance industrially at the pre-

sent time.

In 1963 the American Potash and Chemical Corporation
constructed a plant for concentrating boron species from brines at
Searles Lake (California) by means of solvent extraction into kerosene

.. . 31, 66,176 177 ' .' .
containing proprietary polyols . Arnold has given some

_ o 6T
process control details of this plant and @& Tepresentative fowsheet
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is given in Fig. 1.10. In general terms, the plant is operated as
follows. Brines from the lake (containing only 1.7% sodium borates)
together with plant-end liquors from the evaporation-crystallisation
process are contacted with a kerosene solution of a polyol (the name is
not disclosed) in multistage counter current mixer -settlers. Boron is
released from the loaded organic phase by stripping with dilute sul-
phuric acid in similar equipment. Carbon treatment of the strip liquor
to remove organic materials is undertaken in 2 semi-continuous column,
and the resulting clarified acidic solution is sent to two evaporator-
crystallisers. The first of these separates boric acid, and the second
a mixture of sodium and potassium sulphates, according to the

respective solubilities. Boric acid of about 99. 9% purity is produced.

The method is successful in selectively removing borate and
boric acid from the complex solutions of different ions which exist in
the brine because of the tendency of the former species alone to form

stable complexes with 1,2 and 1,3 organic diols. Reactions of the type

outlined in equations 1.2-1.4 may be taken as _repcesentativeés’ 69.
— o -
- / N / N
B(OH)4 + ZR(OH)2 p— R| + 4HZO .. 1.
\ / \ /
- o _
— o -
NSO\ .
B(OH)_ + 2R(OH) R B R| +3H. 0+ H"..
3 2 s~ L N y / 2
o) o _

7
R

\
B — OH +2H20... 1.
N /

B(OH), + R(OH),
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In these equations R is meant to be an aromatic and/or aliphatic hydro-
carbon chain. Depending upon the nature of this chain, the boron-organic

complexes formed contain either 5 or 6 membered rings.

Boron can cause an environmental hazard. Although at': low
concentrations, it is an essential plant nutrient as mentioned earlier, the
element is toxic to many plants at concentrations above 4-5 ppm dep-

33-35
ending upon species . Attempts are therefore being made to
reduce any hazard to agriculture likely to result from boron containing
mine or plant effluents. This problem is beginning to reach significant
proportions in Turkey where there is a danger at least of three large
scale operations of causing severe pollutionin the not too distant
future. Thus, at the Bandirma boric acid plant, effluent averaging
14% BZO3 is discharged directly into the Marmara Sea (Fig. 1.11) at
the rate of almost 30,000 tonne per annum, and must be causing a
significant build-up of the boron concentration in that enclosed volume
of water7o. Additionally, the effluent contains suspended fine clay and
gypsum particles. Work at the Marmara Arastirma Enstitusu - MAE
(Marmar Research Institute) in Gebze-Kocaeli, forty miles from
Istanbul, is in progress in an attempt to develop processes firstly for

removing particulate matter and secondly for reducing the boron content

71
(by solvent extraction) in the clarified solutions from the plant

At the Emet colemanite mine serious pollution is possible
from the boron and arsenic-rich effluents from the washeries, which
contain about 16% B203 and 25-30% solids72. The mine and tailings

facility is situated on a steeply sloping site overlooking extensive
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Fig. 1.11. Point of discharge of boron-rich effluent from boric
acid plant (Bandirma) to Marmara Sea.

agricultural land, and the tailings pond is currently too small to permit
full production rates without allowing effluent to escape into the local
irrigation system. Thus production must be restricted while the pond
is extended. Although pollution does not yet cause serious problems

at the Kirka plant, the situation could easily deteriorate as at Emet,
and clearly deserves careful planning as soon as possible. This matter

73
is under consideration by the Etibank Company

Further south at Saraykoy-Denizli, wells have been drilled
to produce steam to run a pilot 20 MW power station (Fig. 1.12). A
problem arises, however, because the run-off water contains high
levels of boron and other minerals which also find their way into nearby
irrigation channels. No solution has yet been found which will permit

an environmentally safe full-scale station to be constructed, but



reinjection has been considered as a possibility by the operating

74
company (MTA) .

E—"ﬁ i

It is evident that solvent extraction and/or ion-exchange
could be of importance in overcoming these problems in fature years,

provided the necessary research and development work is undertaken.
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1.4 Aims of the present work

The foregoing discussion has shown that an environmental
hazard is likely to develop from boron containing effluents and that
purification of plant-end liquors by either solid or liquid ion-exchange
offers a possible means to counteract this situation. Such a means
must be particularly constrained economically because the borate de-
posits are high grade and large, and therefore little or no significant
revenue can be expected from the marginal extra production obtained
by reducing boron levels in effluents. It is therefore ve'ry necessary
to investigate all ways of reducing likely costs. Probably the most
obvious way to overcome the problem (other than by permanant con-
tainment) is to contact effluents directly with a solid or liquid ion

exchanger and to discharge barren pulps to the drainage system.

There isno informaticnavailable in the literature at present
on resin-in-pulp or solvent extraction-in-pulp methods for borate liquors,
and the main aim of the present work is to carry out fundamental studies
in this area with particular reference to the problems arising in Turkey.
Subsidiary aims fall naturally into four groups. The first of these is to
present a general review of borates as commodities (Chapter 1). An
in-depth study of the mineralogy and/or chemistry of relevant ores,
effluents and reagents forms the second group (Chapters 2 and 3). The
third group deals with the elucidation of the chemistry of exchange
reactions on clear 'synthetic'solutions - that is without the presence of
interfering effects from particulate matter (Chapter 4) and the fourth

group deals with analogous processes on pulps (Chapter 5).
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In order to make the best use of available time and resources
it was necessary to make a choice between solid and liquid ion-exchange
for the study. The choice was not clearcut because both the methods
have a series of merits and disadvantages in their applications to
aqueous processing generally, and each is the subject of considerable
uncertainty in the literature, particx;tlarly ‘when aqueous pulps are involved.
Thus, it is stated that resin ion-exchange is more appropriate for pulps
but less selective than solvent extraction in its reactions with exchange

75

ions . The method is less easily adapted to continuous operation (for
large scale applications) than solvent extraction, but can deal with both
dilute and concentrated liquor 575. This topic is reviewed in more detail
in Chapter 4, but with the uncertainty existing in treating pulps by either
method, it was decided rather arbitrarily to base the work on solvent
extraction and to use for this purpose reagents of a type already proved
industrially for use in the treatment of clear boron liquors. The re-

agents considered in detail herein are 2-ethyl-1,3-hexane-diol (EHD)

and 2-chloro-4-(1,1,3,3 -tetramethyl-butyl) -6-methyl-phenol (CTMP).

It has been the objective of the present work to study the
behaviour of both "pure'' mineral phases from a variety of sources and
also for purposes of comparison, an ore and also effluents obtained (for
convenience) from the Etibank Kirka Boraks Isletrresi (Kirka Borax Plant

- Etibank) Eskisehir/Turkey.
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CHAPTER 2

SAMPLING AND MINERAL APPRAISAL
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2 SAMPLING AND MINERAL APPRAISAL

Part of the work in this thesis concerns experiments carried
out on natural mineral aggregates. In order to ensure adequate pre-
cision in such experiments, it is necessary to have regard to the pro-
perties of relevant minerals and to collect and appraise samples of
them according to carefully controlled procedures. This chapter there-
fore hasthreemain considerations: the properties of the minerals,
sampling, and determination of the characteristics of the mineral

phases.

2.1 Boron minerals

More than 200 boron minerals have been identified but only
. i1 s 2 . .
a few of them are of major commercial importance . An abridged list
showing the more abundant members is given in Table 2.1 for reference
and some seventeen of these are considered again in Table 2.2 together
. . s . . 76 77
with some of their definitive properties compiled from Dana and Read .
Figure 2.1 shows the phase composition relationships between the dif-
ferent 'oxides' making up the members (once again for reference). As-
can be seen, boron minerals have a fundamental similarity to each other
and in general form mechanically soft, complex, structures having a
low density and relatively high solubility in aqueous media. The position
of boron near the beginning of the periodic table ensures that its com-
pounds contain anionic boron covalently bound in a wide variety of com-

plex crystal structures, often containing polymeric species (based on

tetrahedral and/or trigonal planar units), and belonging to almost any
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BORON MINERALS

(Ca,Fe )3A12BO3 / 514012

Name Chemical Formula BZO3/%
Paternoite MgBSO1 3" 4H20 71.26
Boracite Mg5B14026. MgCl, 62.31
Ezcurite Na4B1 0017. 7H20 61.92
Sassolite H?’BO3 56.31
Tunnelite SrBéoIO' 4H20 53.70

 Colemanite Ca2B601 1 SHZO 51.00

" Kernite (Rasorite) Na2B4O7 . 4H20 50,96
Hydroboracite Ga.MgBéO1 1 6HZO 50.53
Priceite (Pandermite) Ca4B1 0019. 7H20 49. 84
Probertite (Kramerite NaCaB509. SHZO 49.56
Mevyerhofferite Ca.ZBéO11 . 7H20 46.72
Ulexite NaCaBSOg. 8HZO 46.30
Pinnoite MgB,0, . 3H,0 42. 47
Inderborite CaMgB6011 . llHZO 41.50
Szaibelyite Mg(BOZ) (OH) 41. 38
Inyoite Ca2B6oll' 13HZO 37.78
Inderite (Kurnakovite) MgZBéO11 ) ISHZO 37.55
Tincalconite Na2B4O7 . SHZO 47. 80
Borax (tincal) NaZB4O7 . IOHZO 36.10
Howlite Ca.‘;:Si.ZB1 0023 . SHZO 44. 47
Veatchite SrB601 0" ZHZO 59.93
Frolovite Ca2B408' 7HZO 38.52
Kahborite (Hemztite) KMg3311 . 020. 9H20 49. 49
Larderellite (NH,),B, (.0, . 4H,0 72.50
Nobleite CaB 6010' 4HZO 61.98
Gowerite Ca.BéO1 0 SHZO 58. 84
Luneburgite MgSBZ(OH)6(PO4)2. 6H20 -
Datolite 2Ca0. HZO. BZOS. ZSiOZ 21.75
Turmaline Al,Mg,Fer’ ,Mn,Ca,Na.,K,Li,H,F,B_,Si,O -
Bandylite CuBZO4. CuC 12 . 4HZO 19. 88
Teepleite NaZBZO4' 2NaC1.4HZO 21.72
Hambergite BeZ(BO?,)(OH) -
Axinite 2+ / OH -
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TABLE 2.2. PROPERTIES OF SOME BORATE MINERALS
Name Crystall Optical| Refractive indices 5y hard4 Sp.
System| Sign nx ny nz ness |gravity
Sassolite Tr - — — 1 1.48
Borax M B(-) |1.4466,1.4687,1.4717 [39°58' |1.7 |2-2.5
Kernite M B(-) |1.454, 1.472, 1.488 |80° 1.95 |3
Colemanite M B(+) |1.5863,1.5920,1. 6140 |55° 2.42 [4-4.5
Ulexite Tr B(+) |1.491, 1.504, 1.520 |73°%1° 1.9 |1
Boracite c,T | B(+) |1.6622,1.6670,1.6730(82%° [2.95|7
Priceite Tr B(-) {1.572, 1.591, 1.594 |42°56' |2.42 (3-3.5
Probertite M B(+) |1.514, 1.524, 1.543 [73° 2.14 3.5
Tincalconite | H,R U(+) |1.461, - 1.474 |- 1.89 |-
Hydroboracite | M B(+) |1.520, 1.534, 1.569 [60°-66°|2.1673
Inderborite M B(-) |1.483, 1.512, 1.530 |80°-86°|2.003.5
Meyerhofferite] Tr B(-) |1.500 1.535, 1.560 |78° 2.12 ]2
Inyoite M B(-) |1.495, 1.51, 1520 |70° 1.875|2
Kurnakovite M B(-) |1.489, 1.510, 1.525 |80° 1.85]3
+
Inderite Tr B(-) |1.488, 1.508, 1.515 |63°23° |1.863
Howlite M B(-) |1.586, 1.598, 1.605 |large |2.5343.5
2.59
Tunnelite M - 1.519, 1.534, 1.569 | - 2.40{2.5
Abbreviations
Monoclinic: M Rhombohedral: R
Triclinic: Tr Tetrahedral: T
Hexagonal: H Biaxial: B
Cubic C Uniaxial: U
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one of the seven crystal systems. A typical example is the monoclinic
78
structure given by Wells for potassium pentaborate tetrahydrate

(KBSO . 4H20) which is illustrated in Fig. 2.2.

8

Fig. 2.2. Projection of the structure of Potassium pentaborate

78
tetrahydrate /__KHZ(H3O)2 Bsoloj.

The abundant members in Table 2.2 are all minerals of Na.
Ca, and/or Mg and often exist as well-formed phenocrysts of a glassy-

white appearance showing clearly developed anisotropic features. The
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calcium members are seen to be generally harder and less soluble than
the others and they also tend to have higher refractive indices. Despite
these differences, however, unambiguous identification is rarely straight-
forward because of the lability of different phases and their general sim-
ilarity. Thus, a wide range of techniques is necessary to accumulate
complementary data for mineralogical appraisal. These include ele-
mental assay (see also Chapter 3), general appearance, petrological
microscopy, Geoscan, X-ray diffraction (XRD), thermogravimetric
analysis (TGA), differential thermogravimetric analysis (DTA) and

solubility.

With regard to general appearance, several minerals are

illustrated in Fig. 2.3. While these are museum specimens they are

TR

N : ':"F'-r.'“ e r;;:_(‘- Irﬂ:-.ﬁ':'r_ 2
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Fig. 2.3. Boron minerals: (A) Colemanite, (B) Kurnakovite,

(C) Borax, (D) Ulexite, (E) Tunnelite, (F) Kernite.
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not essentially atypical of the well-formed crystals which result from
geochemical crystallisation. Borax is prismatic and readily effloresces
in air with the formation of a white powdery layer of tincalconite;
ulexite is needle-like, and colemanite has a characteristic ''cauliflower"

79

structure. Figure 2.4 shows typical diagrams representing XRD 7,

79

DTA °, and solubility data4 for some boron minerals.

The first two of these can be used for identification and
fingerprinting, while the latter gives information on the relative solu-
bility of phases at various temperatures and has a bearing on the forma-

tion of secondary from primary minerals in nature (equations 2.1 -

2.3).

5Na_B O_ . 10H.O + 4Ca’T __. 4NaCaB O _.8H O + 6Na' + 28" +17H.0..2.1
2 47 2 prm— 5°9° 2 2

Borax Ulexite

6NaCaB,O_.8H_O + 4Ca’T —.5Ca_B,0,,5H.0 + 6Na'’ + 21’ + 2280 -+ -+ 2.2
*"s 9 "2 — 276 117 2 .
Ulexite Colemanite
B O .15H.0 +Calt_. CaMgB O . .11H O +Mg°t +4H 0 ........ 2.3

Mg,BC11- 108, — 6°11 2 2

Kurnakovite Inderborite
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2.2 Sampling and assay

2.2.1 Head sampling

While the composition of feed to a typical industrial process-
ing plant must be expected to vary somewhat from day to day, it is
valuable to ensure as far as possible that mineral samples taken from
that plant are representative. For this purpose, it is necessary firstly
to understand the full flowsheet so that sampling can be undertaken at
the most appropriate points, and secondly, to take the samples in an
acceptably precise manner.

The operation at Kirka (Figs. 1.9 and 2.5), which provided

Fig. 2.5. Photographs of the Kirka operation: (1) the washery
showing the spirals, hydrocyclones and scrubbers;
(2) the open pit showing 3 m benches .
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samples (in 1976) for the present work, has been outlined in Chapter 1.
In more detail, crude ore from the open pit is reduced to -25 mm. in
a series of crushing, screening and conveying operations involving
impact and (closed circuit) hammer mills. The resulting material is
further crushed in closed circuit to -6 mm by means of rolls, and
scrubbed with saturated borax solution to remove clays in a series of
six rotating disc scrubbers. The scrubbed material is screened at

]l mm using fresh water sprays with the oversize going directly to
Racklet continuous centrifuges and the undersize being deslimed in
cyclones and spiral classifiers, the coarser split joining the main stream
to the centrifuges. The cyclone and classifier overflows are pumped
to two thickeners operating with superfloc 215 as flocculant. The thick-
ener overflow is recycled to the plant for scrubbing operations and the
underflow containing only 4-5% solids goes to the tailings pond. The
latter has a total capacity of 4 x 106 m3 and receives roughly 103 m3 of
effluent per day. As the major constituents other than water are mont-
morillinite-type clays, the subsequent settling rate is very slow and

gives rise to the potential pollution problem mentioned previously.

For the present work, samples were taken from the short
conveyor (Fig. 1.9) immediately after the grizzly and also from the
pulp outflowing from the thickeners underflow discharge pump box. The
purpose was to obtain reasonably representative samples of the ore and
of the tailings effluent. In the first case, it was concluded that a truly
representative sample could not be taken because of the great difference

in particle size between the major borax and clay constituents, bearing
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in mind that the product samples had to be restricted in bulk for shipp-
ing. Approximate calculations using Gy's formulaso showed that 5-10
tonne of sample should have been taken to avoid significant errors in
sampling - this despite the helpful routine practice undertaken by the
company of blending the ore before it reaches the crushing section. The
alternative of sampling further along the line was difficult because even
the s imple process of screening leads to partial separation of the min-
eral phases for such soft and variable materials. A compromise was
used in which -20 cm chunks of ore were selected from the conveyor

belt to give a total sample over several days of 176 kg.

In the second case (tailings) such problems did not arise
owing to the much smaller average particle size, although it was neces-
sary to ensure a fully mixed product. Suitable conditions were found in
the vigorously agitated pulp (plant-end slurry) emerging from the thick-
eners. It was found to be difficult if not impossible to sample the tail-
ings pond directly because of restricted access and inefficient settling.

Results for these sampling operations are given below.

Experimental

The coarse sampling was achieved by selecting specimens by
hand at short time intervals for several shifts. In order to prevent any
decrepitation the bulked samples were carefully sealed at the earliest
opportunity. For the slurry sampling a standard device81 was con.
structed and filled by rapid insertion into the slurry so as to cut the whole
stream momentarily. In these operations only one sample of about 500

cm3 was taken per shift for 10 days and the samples bulked together and
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sealed. No attempt was made to assess the precision of these sampling
operations. Table 2.3 shows some of the data obtained, and these will

be discussed later.

TABLE 2.3. ANALYSIS OF SAMPLES FROM THE KIRKA

OPERATION

Sample (day) No. Feed/%BZO3 Concentrate/%B203 Tail’mg/%B203

1 20.8 29.2 1.89

2 25.6 33.1 1.41

3 24.4 31.2 1.21

4 26. 6 32.7 1.91

5 27.2 32.0 1.97

6 25.4 33.2 1.57

7 24.6 33.4 1.65

8 24.5 31.9 1.45

9 25.3 32.6 1.93

10 26.6 32.9 1.84

Mean i 25.1 32.2 1.68
Standard deviatioln( ) 1.70 1.20 0.26
Variance ( 62) 2.89 1.43 0.07
Error/% 7 4 15
Average concentration factor: 1.28
Average recovery/% (for 100 tonne per hour of feed and 67 tonne

of concentrate) : 86
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2.2.2 Sub-gampling and sample preparation

Although the head sample is unlikely to be closely represent-
ative of plant feed over an extended period it may be assumed to be
sufficiently so for present purposes. Sub-sampling can be made with
much improved precision. Figure 2.6 shows the scheme used together
with the minimum fundamental errors likely to be incurred, calculated

80
according to the revised method of Gy

The scheme was devised to keep the random errors of
sampling within about 3% and assumed that systematic errors would be
smaller than this. No purpose would seem to be achieved by working

80
to a closer tclerance. According to Gy the relative variance of funda-

mental error ( o’FZ,'E ) of sampling of broken ores for assay is given by:
2 1 3
dFE = ( ) Jm.l.f.g.d. . . ... ... 2.4
Mg My,

where M.s and M.L are the weights (g) of the sample and total population

respectively; m is the mineralogical index (g cm’ ) expresses as:
2
1 -a
m=( L) Jo T (L -2ap) Fg
a

L

and for which a; is the mineral content as (a fraction) of the population

-3
/v is the density (g cm ~) of the valuable mineral and / _ the correspond-
I

ing density of the gangue; 1 is the liberation factor which takes a value

between 0 and 1 in accordance with the tabulation

cl/clo <1 1-4 4-10 10-40 40-100 100-400 > 400

1 1 0.8 0.4 0.2 0.1 0.05 0.02
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Sample taken/kg Scheme of operation Sampling error/%

176 Sample from Kirka

l

Jaw crusher (2')

41 Samplmg (Quadron method) 1.75
Symons cone
crusher (1)
11 Samphng (Quadron method) 1.18
, Jaw crusher (3')
6 Samplmg (Jones riffle) 0.63

g
Jaw crusher (5')
\
1.5

Sampling ( Jones riffle);
the whole lot was divided into 0.57
4 samples OVERALL: 2.25

Fig. 2.6. Sampling scheme used in preparing the sample from
Kirka operation
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d being the actual size (cm) of the largest particles (strictly, that screen
size retaining 5% by weight of the sample) and d, the estimated liberation
size; f is the shape factor which for all common ores takes a value of

0.5; and g is the size distribution factor commonly taken to be 0.25.

The results of calculations using equation 2.4 are commonly
expressed in terms of percent error which is the same as relative error

(%). Thus,

a pha 2

2

6¢ =

200
where ¢ is the standard deviation, ¢ is the variance, a is the grade (%)
of valuable mineral and a2 is the relative error (%) of 2% at the 95%

confidence limit; and

from which the desired quantities may be calculated.

The normal practice of obtaining samples for assay and
mineral appraisal involves a number of stages of communition and
sampling. Each sampling stage will have its own associated errors which
must be correctly summed to give an estimate of the overall error. For
this purpose, the additive property of variance 82 is used and the total

relative error deduced.

Experimental

All operations were carried out as quickly as possible -
within two days - to avoid unnecessary dehydration of the minerals. The
ore (176 kg ) was first crushed to -2'" by means of a 12" Blake Jaw

crusher and the resulting mixture coned and quartered according to
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standard practice 83. A quarter (44 kg ) of the product was crushed to
-1" (with intermediate screening) by means of a standard Symons cone
crusher and similarly conedand quartered to give an 11 kg sample.
The latter was further crushed in two stages in a small 6" Blake Jaw
crusher, firstly with a jaw setting of %” and secondly with I The

final product was divided into two using a Jones ri.ffleg3 , and then one of
the halves (6 kg ) was further split into the working lots A - D referred

to in Fig. 2.7.

6 kg. sample at - ' (6350 pm)

4 way division by Jones riffle

A B C D
\j \ Y Y
Size distribution Chemical analysis Retained Retained
analysis and and Geoscan
mineralogical
analysis

Fig. 2.7 Use of crushed samples.

The estimated overall sampling error at this stage was 2.25%.
Particle size distribution, obtained with the aid of stacks of Endecotts
. . 84 .
(test sieves) screens in the standard manner ~, are reported in Table

2.4.
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TABLE 2.4, SIZE DISTRIBUTIONS

Screen Size (um) Sample A Sample B (after grinding)
wt/g | wt/% | =wt/% wt/g wt/% swt/%
-6350 +2360 720 53.7 100.0 - - -
-2360 +1180 230 17.2 46.3 - - -
-1180 +425 211 13.7 26.1 - - -
-425 +212 78 5.7 13.4 - - -
-212 +150 25 1.9 7.7 - - -
-150 +106 24 1.8 5.8 17.8 17.8 100.0
-106 +75 16 1.2 4.0 27.2 27.2 82.2
-75 +53 14 1.0 2.8 23.7 23.7 55.0
-53 24 1.8 1.8 31.3 31.3 31.3
TOTAL 1342 100.0 - 100.0 100.0 -

Sample B was prepared for assay by grinding in a 8%'" diameter
disc pulversator, giving a final sample of 10 g of homogeneous material
at -150um. Further testwork carried out on samples A and B and also

on the slurry is described below.

2.2.3 Assay

Chemical assay and X-ray fluorescence (XRF) analysis
were undertaken by Analytical Services (Imperial College) on three
samples: (1) that taken from sample B (Fig. 2.7) - E, (2) a sample

taken from the slurry and centrifuged and dried - K1 (see section 2.3.2 ),
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(3) 2 sample taken from the slurry (see section 2.3.2 ), evaporated

and dried - K_.

2

cussed later.

The results are given in Tables 2.5 and 2. é and dis-

TABLE 2.5. RESULTS OF CHEMICAL ANALYSIS

Constituents F1 K2 K 1
Ore sample/% Slurry sample| Slurry sample
evaporated/% Centrifuged}) b
510, 2.33 18.98 12. 65
ALO, 0.53 2.89 1.65
Fe,O, 0.14 0.53 0.35
TiO, 0.02 0.08 0.06
CaO 3.35 16. 40 11.05
MgO 2.33 15.25 14.20
SrO 0.40 1.10 0.70
Na,O(Na) 12.36 1.50 10.73
K,0(K) ;, 0.52" 1.35 1.20"
Li,O (Li) 0.038" 0.160 0.120°
i
f . 19.12 .
B,0, 33.43 9 8.20
co, ; 3.94 22.05 15. 65
H,O £ 30.56 4.12 8. 63
TOTAL 94.39 104.5 89.31

(* Flame emmision)

"
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TABLE 2.6. RESULTS OF X-RAY FLUORESCENCE (XRTF)
Sample Inter Minor Trace Major
Fl Na Mg, Al, Ca Cl, K, Ti’ -
Fe, Sr, Cs
K2 Ca Mg, Al, Si, Ti, Mn, Cs -
K, Fe, Sr
Kl Ca Mg, Al, Si, Ti, Cs, K -
Fe, Sr, K
(%) 5-0.5 0.5 - 0.05 <0.05 >5
Note: While dissolving the samples, it was found that F_ was
highly carbonated, K2 was next in order and Kl was least.
2.3 Mineralogical appraisal

Examination of hand specimens from the sample taken from

Kirka-Eskisehir show that boron mineral crystals up to 2 cm. in size

are present.

white.

minerals as breccia and layers.

The appearance varies from glassy-colourless to greyish-

clay minerals but some carbonates are also present.

The ore is in the form of compact,aggregates of clay and boron
The gangue matrix consists mostly of

As expected

dehydration occurred in the atmosphere and it was observed that clear

glassy crystals became opaque within 2 - 3 days under these conditions,

with the formation of tincalconite.

Typical hand specimens consisted of almost monomineralic

borax zoned and interlayered with clays and invariably subject to partial

alteration to tincalconite on exposed surfaces.
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Detailed studies centred on optical microscopy of thin
sections and on examination using a Geoscan electron probe micro-

analyses of suspensions of crushed material cemented in araldite.

2.3.1 Thin sections

Thin sections were prepared from several selected hand
specimens. This presented problems owing to the solubility of the
minerals in water and in organic solvents, but the use of borax-

saturated water resolved this difficulty.

Experimental

The main criteria employed were refractive index (n), inter-
+
ference figures (-) and the angle between the two optical axes in biaxial

minerals (2V).

Thin sections were prepared by cutting a rock specimen with
the aid of a 'Cutrock' diamond wheel, grinding on a similar wheel to

about %"

thickness, polishing on one side successively with carbo-
randum (220C - 600C), 3-6 um diamond paste, and | um diamond paste
on 'Struers' wheels and then Aralditing this side to a glass slide. The

other side was treated similarly until the thickness was 30 ym and

finally this second side was sealed with 'Trycolac' liquid cover glass.

Microscopic examination (Vickers Polarising Microscope)
of the sections at 100X and 400X showed the gross mineralogical features
to be consistent with those observed in the original hand specimens. The

determinative method was as follows:
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(1) The slide was placed under the microscope and a comparative
estimate was made of refractive indices of adjacent phases by means of

8
the movement of the Beckeline

(2) The optical sign of the selected mineral phases was measured

with the aid of an accessory quartz wedge, under crossed nicols.

(3) The angles between crystallographic axes (2V) were esti-
mated for the biaxial members (all phases considered to be biaxial with
the exception of tincalconite), by viewing the shapes of the isogyres
appearing under crossed nicols. Values were classified as low (up to

40%) moderate (40-70%and high (70-90°).

Combined application of 1 - 3 above permitted positive
identification of borax, colemanite, tincalconite, ulexite, kurnakovite,

kernite, inyoite and tunnelite.

It was apparent from examination of both slides and hand
specimens that although many grains were almost pure borax, there
were regions in which the mineral was fine grained and interlayered with
clay minerals. In these, fine inclusions of unidentified matter caused
colour changes to light-pink, yellow and grey. Tincalconite and kernite
appeared to be exclusively the alteration products of decomposition of
borax, with kernite being mainly in clay matrices and tincalconite at the
boundaries of borax minerals. Ulexite occurred in the shape of white/
grey 'cotton balls' (having a silky luster) at the borax-clay boundaries;
inyoite was observed as colourless microcrystalline aggregates;
colemanite was found interbanded with clay in association with inyoite and

ulexite; kurnakovite and tunnelite were observed in the clay matrix as
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individual microcrystals; and meyerhofferite appeared to be in close

association with other calcium borates.

2.3.2 Geoscan studies

Electron probe X-ray micro-analysis was carried out using
a Cambridge Geoscan instrument to estimate semi-quantitatively the

relative proportions of minerals present in the samples.

Experimental

Two types of material were considered : (1) sample B (Fig.

2.7) and (2) slurries (section 2.2.1 ).

(1) 10 g of sample B, after grinding to -150 um (section 2.2.2 )
was cemented in Araldite to form a tablet 1" in diameter and 0.5 cm
thick, (containing 15% 0.5 um graphite to improve the surface conduct-
vity),. and polished on both sides in a manner similar to that described

in section 2.3.1.

(2) A 50 cm3 aliquot of slurry was taken from the vigorously
mixed bulk sample by means of a wide-ended pipette, and centrifuged
to obtain the solid portion. This portion was separated by decantation.
and rapidly dried at about 40°C. The dry material was cemented in

Araldite as above.

The method of obtaining the relative proportions of the

minerals was briefly as follows:

(1) The spectrometers were set up to obtain characteristic

X-ray signals for the elements Na, Ca, Mg, Si and Sr and standardized
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against the purified materials NaCl, CaF_, Mg, SiO2 and Sr.

2
(2) The surface of the tablet was scanned (52 min ) at 2 constant
rate of 1200 pm per min. and at a constant chart speed of 80 mm per
min, and two parameters were simultaneously measured for the five
elements: the intensity of the X-ray signal (related to the proportion of
the five elements in the mineral phase being traversed), and the length
of traverse (related to the width of the mineral phase in the surface of

the tablet).

(3) The incidence of each mineral phase in the surface of the
tablet was deduced from the relative intensities of X-ray signals for the
different elements and their theoretical proportions in the various boron
minerals of interest. Thus for ulexite relevant percentages are 5.67%
Na and 9.98% Ca and the mineral is expected to give X-ray signal intens-

ities in this ratio after correction according to the standards.

(4) The relative proportions of each mineral were deduced by
summing the individual distances traversed and working out the ratio

(for mineral A):

%A = 100 L / L -

where LA is the length traversed (um) for a particular mineral phase

and LT is the corresponding total length traversed.

The results obtained are given in Table 2.7 and are discussed

in section 2. 4.
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TABLE 2.7. MINERALS AND THEIR PROPORTIONS IN SAMPLES
FROM KIRKA

Ore sample

Slurry sample

Minerals Chemical Formula Prop. /% Prop. /%
Borax Na.2 B4O7. lOHZO 15.7 -
Ulexite NaCaB 509. 8H20 12.4 0.5
Colemanite Ca2B6011.5H20 3.5 0.8
Kernite Na2B4O7 . 4HZO 8.1 -
Tincalconite Na.2B4O7 . 5HZO 9.1 -
Inderborite CaMgBéoll. llHZO 10.5 1.8
Hydroboracite CaMgBéOll . 6HZO 1.9 0.1
Inyoite Ca2B6011.13H20 5.8 1.2

i .1 . .
Kurna.%mva.te MgZBéol 1 SHZO 2.0 0.3
(Inderite)

Meyerhofferite Ca.ZB()Ol 1 7HZO 1.3 0.2
Tunnelite SrB6010. 4H20 A.0 0.9
Clay minerals (montmorillonite, hectorite, 11.5 52.3
illite)
Calcite Ca.CO3 3.4 14.1
Dolomite Ca.Mg(CO3)2 4.7 18.2
' Unknowns 4.1 9.2
TOTAL 100.0 100.0
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2.4 Discussion

If a new unit operation such as solvent extraction is to be
proposed for integration into a complex circuit, it is important to
assess not only the composition of the feed and effluent from that
operation but also the overall composition of the ore and how this
changes during the treatment steps86. It was therefore considered
necessary to study the ore itself in detail even though the main experi-
mental investigations primarily concerned the effluent slurries. The
work in this chapter has been aimed therefore at accumulating sufficient
basic data on both the ore and the slurries to facilitate solvent extra-
ction studies and viable recommendations for changes in existing plant

flowsheets.

The problem of representative sampling of primary raw
materials is normally severe80 because of large systematic and random
errors likely to be introduced in handling particles which are grossly
heterogeneous with respect both to size and mineralogical composition.
In the foregoing sections it was shown that a closely representative
sample of the Kirka ore could not be taken (although the slurries pre-
sented a much smaller problem). It was nonetheless considered
important to treat the head sample as representative and to sub-sample
this with good precision, if for no other reason, because this was the
only procedure which would permit consistent results to be obtained
in subsequent experimental work. A large quantity of this head sample
( >100 kg ) remains available for further work, and providing this is

itself carefully sampled, results should be directly comparable with

those given in later chapters of this thesis.
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Table 2.3 represents routine acid/base titrimetric assays of
plant feed and products taken on the days that the sampling was under-
taken. As can be seen, there are considerable day to day variations in
feed grade and this is reflected in the composition of both the concen-
trate and tailings. It seems reasonable to assume that the effluent will
contain about 1-2% B203. The proportion of clays present was not
measured day by day. The average concentration factor is 1.28, and
assuming a permissible tolerance of 5 ppm B the effluent concentrac"tion
(as water soluble boron) is about 1000 times that which is environ-
mentally non-destructive. It is evident that producéion shortfall due to
boron losses to the tailings is negligible, but that a potential pollutant

is being produced on a large scale.

Sub-sampling and sample preparation were carried out
according to established practices3 and an acceptable random error was
achieved (2.25%). It was not feasible to take close account of biases,
particularly those automatically incurred through mechanochemical
dehydration87 , and these had to be assumed to be small. As shown
in Fig. 2.6, errors decreased with decrease in particle size and gave
a total of 2.25%. This is slightly above the norm but in view of the
aforementioned constraints it was not considered worth working to
closer tolerances. Table 2.4 shows the degree of success achieved
in avoiding production of fines by means of intermediate screening.
Thus, for sample A, less than 8% of the material (nominally -Lu,

6350 um) was at -723#; 212 um.

Assays obtained are given in Table 2.5. The boron content
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of the ore is higher than that obtained at the plant (Table 2.3); no
clear reason can be given for this difference, except to state that
boron determination is particularly susceptible to systematic error
(see Chapter 3). The main difference evident between the ore and the
treated slurries are those expected: gangue constituents containing 5i,

Ca, Mg and carbonate increase while Na and B decrease markedly.

The similarity in the major boron minerals with respect to
transmittance of light and other properties makes a study of thin sections
by transmitted light more rewarding than a corresponding study of
individual grains under the binocular microscope. The latter method
was attempted with the aid of the determinative scheme of Jones and
Fleming88 but was relatively unhelpful. Thus, density, solubility and
general appearance were not generally sufficiently distinctive to give a
useful modal analysis. However, the refractive index of several
individual borax grains was measured and found to compare closely
with that given in Table 2.1. Conversely the careful comparison of
refractive indices, optical sign and 2V values permitted positive
identification of mineral phases in thin sections and this method was

therefore used extensively.

Quantitative measurement of the relative proportions of
minerals was carried out by Geoscan rather than by grain counting
for similar reasons. A highly precise measurement was neither pos-
sible nor necessary: in the first instance, it takes at least a week's
work to obtain results for scanning a single surface, and many surfaces

8
would need to be scanned to achieve results representative of the bulk 9;
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and in the second instance the inherent variability of the materials
reduces the value of high precision. The results obtained are shown

in Table 2.7, wherein the main divisions are into boron minerals
(76%), clays (12%) and carbonates (8%).for the ore, and similarly 6%,
52% and 32% for the dried slurry. The values are broadly consistent
with the chemical assays above and give the further information that
although borax is the major constituent the other boron minerals are
present in significant amounts together with clays and carbonates. It
was not feasible to distinguish individual clays by this method and,
indeed, these were only assumed present on the basis of silica content.
However, XRD scans on the same materials carried out(on Philips PW
1050/25 wide range goniometer in conjunction with a PW 1310 generator
fitted with a copper target and PW 1352 counter and scaler instrument)
by R. Shaw indicated clearly the presence of smectite-like clays
£3(001): 12-15(A°), 4(060): 1.49-1.54(A°) 7although even by this method
unambi guous identification and measurement was not feasible. It
should be noted that the proportion of boron minerals shown in the slurry
column (Table 2.7) relates to 'insoluble’' phases as the soluble minerals

were removed with the liquid phase during centrifuging.

Observation of the Kirka plant (and others in Turkey) soon
indicates that the main difficulty lies in effective thickening or settling
of tailings. At Kirka the thickeners have difficulty in coping with the
throughput without the use of a large dosage of flocculant. This has two
major consequences: (1) much needed clear water is not available for
recycling to the plant, and (2) the cloudy effluent is lost to the environ-

ment with its soluble and solid boron content. The need either for
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improved solid-liquid separation or for a means of removing the boron

content by solvent extraction or ion-exchange is evident.
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CHAPTER 3

REAGENTS AND ANALYTICAL TECHNIQUES
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3 REAGENTS AND ANALYTICAL TECHNIQUES

There are two main considerations in'this chapter: the syn-
thesis and purification of the solvent - 2-chloro-4-(1,1,3,3-tetra-
methylbutyl)-6-methylolphenol - which is not commercially available;
and the development of reliable analytical techniques for the routine
determination of relevant compounds in mixtures resulting from solvent

extraction experiments.

3.1 Preparation and purification of 2-chloro-4-(1,1,3,3, -
tetramethylbutyl)- 6-methylolphenol (CTMP)

It has been reported that 1,2 and 1,3 diols are the most
effective groups of extractants for boron values()8’90’91 . These are
highly selective for boron species and readily extract them into the
organic phase. Three compounds of this type were selected for the pre-
sent work (Chapters 4 and 5): 2-ethyl-1,3-hexanediol (EHD), 4-tert-
butyl-catechol (TBC) and 2-chloro-4-(1,1,3,3, -tetramethylbutyl)-
6-methylolphenol (CTMP). The first two are readily commercially avail-
able and they were purchased and used without further purification.
CTMP had to be synthesised and this was achieved by the method below
which has been developed as a2 modification of published work68’92.

The reagent can be prepared by firstly chlorinating 4-(1,1,3,3, -tetra-

methylbutyl)-phenol and secondly methylating the product:

80°-90°¢C
R-®-0H+c12 20 05 R—Q—OH +HCL . . . . 3.

Cl

1
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In these equations R refers to the group iso-C8H17.

Experimental

Figure 3.1 shows the main features of the apparatus used

in chlorination and methylation.

Chlorination: 618.0 g (3 mol) iso-octyl-phenol (Fluorochem Ltd,
Derbyshire) were placed in the 1 dm3 three-necked flask shown and
heated to 80°-90°C to cause the substance to melt. About 220 g (6.2
mol) chlorine was introduced over a period of 6 hours (at 80-90°C) to
the stirred melt from a cylinder (BDH Chemicals Ltd.) connected to a
tube reaching to the bottom of the flask. Steady evolution of hydrogen
chloride occurred and this gas together with unreacted chlorine was
trapped in sodium hydroxide solution (Fig. 3.1(a)). After the reaction
period the contents of the flask were cooled to 6OOC and a slow stream
of air was passed for 12 hours with stirring in order to flush out the last
traces of the two gases. The yield was 714 g (99% of the theoretical

amount).

Distillation: the chlorinated material was vacuum distilled twice
according to standard practice93 using a Perkin triangle for collecting
fractions and a Genevac rotary piston vacuum pump for reducing the
pressure. That fraction (total 648 g , 90% of the theoretical amount)
distilling at 140-150°C at 3-5 mm Hg was collected as2-chloro-4-

(1,1,2,3-tetramethylbutyl)-phenol.

Methylation : the twice distilled material (about 620 g ) was placed in

the water bath at 60°C (Fig. 3.1(b), and 72 cm- of 10% NaOH was added
g



3 way tap

Compressed
air

O cl
- Top pan
Water bath at 90°C balance
NaOH
2 M
(a) chlorination of iso-octyl-phenol

Compressed
air

Water bath at 60 °C

Formaldehyde

{37 % aqueous sol.}

(b) methylation of chlorinated iso-octyl-phenol

Fig. 3.1 Apparatus for preparation of CTMP.
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dropwise to adjust the pH to 9-10 (the pH of the material after distillation
was about 4). 270 cm> (3 mol) formaldehyde (as a 37% solution in water),
obtained from BDH (Chemicals) Ltd., (unless otherwise specified all
chemicals were obtained from BDH) was introduced dropwise over a
period of 2 hours to the well-stirred mixture. A vigorous reaction
occurred with evolution of heat. Stirring was then continued for a further
24 hours to complete the reaction. The two phase product was separated
in a tap funnel to give 713 g (88% of the theoretical amount) CTMP as

a viscous amber liquid. This material showed an alkaline reaction and
was washed several times firstly with dilute HC1 and secondly with water

before used in further experimental work.

. ‘ps . 3

Complex formation: about 70 g CTMP was emulsified with 100 cm
saturated borax with the aid of vigorous stirring and the ultrasonic
probe (Soniprobe, Dawe Instrument Litd.). The emulsion was left to
settle overnight before separating the layers, and dissolving the organic

. 92 . .
phase in acetone’ . The acetone solution was concentrated and cooled in
stages but there was no significant precipitation of a crystalline phase.
Other conditions of temperature, reactant ratio, solvent and recrystal-

lisation were employed with similarly negative results.

It was concluded that the crystallisation of boron complexes
was not a suitable method for purifying CTMP. Assay results (Depart-
ment of Chzmistry, Imperial College) on two samples of the product
from methylation were as shown in Table 3.1. As can be seen from the

Table, CTMP appears to be reasonably pure.
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TABLE 3.1 ANALYSIS FOR THE CONSTITUENTS OF
THE CTMP PRODUCED
. . Sample 1 Sample 2

tit t

Constituents Theoretical % Found /% Found /%
C 66.53 65.91 65.26
H 8.56 8.58 8.32
O 11.82 - -
cl 13.09 10.79 13.12

TOTAL 100. 00

3.2 Analytical techniques

Investigations into thé solvent extraction of borates from
liquors require facility for reliable determination of borates and a
variety of other species saparately and in admixture at concentrations
down to 1-5 ppm. This section outlines methods used in the present

2+

R
work for borates, metal cations (NA ', Ca Mg2+, and K+), chloride

ions, and CTMP.

3.2.1 Boron determination

There are three main methods of boron determination in
common use: acid/base titration; atomic absorbtion spectrophotometry

(AAS); and colorimetry. Table 3.2 summarises relevant characteristics.

The acid/base method relies on reactions of the type repres-

ented in equation 3.1:
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TABLE 3.2. ANALYTICAL METHODS FOR BOROY
ACID/BASE AAS. COLORIMETRY
Min. Conc./ppmB 10-20 10-50 0.01-0.1
- Max. Conc. /ppmB Saturated(5000) 1000 1-5
Max. precision/% errorn0.2-0.3 3-4 2-4

Time required for a set

of 6 samples plus

standards /hours 1-2 1-2 6-7
Special reagents Mannitol, standard{Boron Curcumin, ace-
acid and alkali standards]| tic acid, chloro-

form, sulphuric
acid, hydrochloric
acid, absolute

alcohol,

((\JHOH)ZCHZOH /CHZOH

CH-O /O-CH
° +
B(OH), + 2HOCH,(CHOH),CH,0H = P B +H +3H,0. .. 3.1
\
CH-O O-CH
/ AN
CH,OH (CHOH),CH,OH

Anionic complex (boron-mannitol)

The acid dissociation constant of boric acid itself is too small in magni-
-10 co s . . 93 "
tude (Ka = 6.4x10 ) to permit direct titration’ . Addition of a com-
plexing polyol such as mannitol{powder)increases the acidity sufficiently
-4
without otherwise interferring significantly (Ka =1 -2 x 10 = after

addition of mannitol).

From equation 3.1 it is clear that B(OH)3 = OH in an acid/

3
base titration and therefore 1 cm™ (1M NaOH) = 0.06184 ¢ H_BO._.

3773
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It is just possible to detect the end point reliably using 0.01 M
alkali in conjunction with a pH meter. Assuming a minimum titre of
25 c:rn3 it is thus possible to deal with solutions down to 20 ppm. The
method is quite free from interferences because any free acid or alkali
can be neutralised in a preliminary step before adding the mannitol and
the subsequent complexing step is near-specific for borates. It is rapid
and relatively precise providing care is taken to avoid carbon dioxide

absorbtion; and is in routine use in the boron industry

Atomic absorption determinations are suitable in principle
for large numbers of samples requiring results of relatively low pre-
cision but otherwise seem to compare unfavourably with the acid/base
titration. The AAS method is extensively used in assays of boron in

-1
fertilizer 595 00.

Neither of the above methods can deal with the concentration
range 1-10 ppm over which boron pollution becomes significant. There
have been many papers on the determination of the element in this

101-109

range , most of which employ the near specific reaction between

circumin [CH3O CéH3(OH)CH = CHCO JZ CH_ and boron species to form

2
intensely violet coloured complexes (similar in nature to that in equation
101
3.1 but forming a conjugated chain ). The wide differences in detail
in these papers suggest that the method is difficult to put into practice

and that it requires particularly careful and systematic work together

with considerable experience to obtain reproduceable results.

In the present work the acid/base method was used according

3 . .
to established pract:ic:e9 for the higher concentrations and the colorimetric
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. 10
method of Goldman et al. ? using curcumin was adopted in a modified

form for the lower end of the concentration range. AAS and other cur-

cumin methods were investigated but were not found to be useful.

Experimental

Acid/base method: Typically, a 25 crn3 aliquot of borate
solution was placed in a 250 cm beaker and its pH adjusted to 5.4 using
standard solutions of 0.05 M NaOH or 0.1 M HCl and a Pye Unicam
Model 292 Mk2 pH meter. Mannitol (3 g ) was added with (magnetic)
stirring and the resulting pH (about 2-3) was increased to the predetermined
end-point (pH 8.0) by rapid titration with a suitable standard carbonate-
free solution of alkali. Results were calculated according to normal
practice93. The method appeared to be unaffected by the presence of
traces of organics or other impurities and normally gave an (estimated)

precision of 10. 5%.

Colorimetric method: The following procedure was used for each sample
and standard, 4-10 standards and samples being treated simultaneously.
Al.O crn3 aliquot of borate solution (0.1-5 ppm B) was placed ina 15 cm
polythene tube (to avoid dissolution of boron from glass) complete with

a close-fitting lid. Two crn3 concentrated HC1 and 3 crn3 of 10% EHD

in chloroform were added before shaking the mixture carefully for 1
minute to extract the boron into the organic phase. After a 1-2 min
settling time, a 0.50 cm3 aliquot of the (lower) organic layer was re-
moved by means of a dry Aglar microsyringe and placed in a dry soda-
glass volumetric flask. One cm3 0.375% curcumin in acetic acid was

added to the chloroform solution, resulting in a dark red mixture
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containing the boron complexes, and 0.30 cm3 concentrated HZSO4 was
also added to aid their complete formation by removal of water. The
reaction was allowed to proceed for 15 minutes and then the mixture

was diluted to the mark (25 cm3) with absolute alcohol. Small quantities
of the resulting orange.coloured solutions were measured for absorbance

at 550 nm using 1 cm - quartz cells in conjunction with a Perkin Elmer

124 spectrophotometer. A typical set of results is shown in Figure 3.2.

+
The method could be reproduced to about -5% with difficulty;

major sources of error encountered are explained further on.

3.2.2 Metal assay

Analyses of sodium, calcium, magnesium and potassium were
carried out by Atomic Absorption épectroPhotometry using a Hilger and
Watts' Atomspek instrument. The methods and standards employed -
were as described in the manufacturer's handbook (and summarised

in Table 3.3).

TABLE 3.3. CONDITIONS FOR ANALYSIS OF Na, Ca,
Mg and K by AAS

Metals Wavelength/nm Range of standards/ppm
Sodium 589.0 0.2 -0.4

Calcium 422.7 0.5 -10.0
Magnesium 285.2 0.05-1.0
Potassium 404.4 100 - 1000

‘There was no significant mutual interference of metal ions

either with or without the presence of borates during assays and the
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normal precision (TB%) was routinely achievable. Both organics - EHD
and CTMP - caused major discrepancies however. These are illustrated
in Fig. 3.3. To overcome this difficulty a method was adopted in which
both standards and samples were made up for assay in the presence of
similar quantities of organic contaminant. Thus, the water employed

in preparing standard solutions was previously saturated with EHD, CTMP
or a2 mixture of the two. Detailed experimental procedures do not need

to be given here.

3.2.3 Chloride determination

110
Mohr's method was used for the determination of chloride

ions.

Experimental

Typically, a 50 cm3 sample in a 250 cm3 beaker was ad-

3
justed to pH 7-10 with 0.05 M NaZCOB; 1l cm”™ 5% aqueous KZCrO4 was

added; and the mixture was titrated with 0.01 M AgNO, to the first pale

3
brown colour, diluted to 100 cm3 and titrated to the end print. Results

110
were calculated as in Kolthoffs' book .

3.2.4 CTMP determination

Spectrophotometric methods were devloped for this deter-
mination in both aqueous and petroleum spirit media. As Figure 3.4
shows CTMP has three absorbance bands in the ultraviolet region. These
are centred at 285, 220 and 200 nm, the latter being the most intense.

Various solutions of interest were made up in petroleum spirit (see
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Chapters 4 and 5) which absorbs strongly at wavelengths below 280nm:;
thus, only the peak at 285 nm is suitable in these cases. Figure 3.5
indicates that reasonably straight calibration curves can be obtained in
the media of interest using this absorbance band at 285 nm for the range
0-30 ppm CTMP (in petroleum spirit) and that at 200 nm for the range
0-6 ppm CTMP (in water). It should be noted (see Chapter 5) that the
solubility of CTMP in water is too low for the band at 285 nm to be

useful.

Experimental

A stock solution of 2.03 x 10-5 M CTMP was prepared by dis-

solving 0.01099 g of the liquid in 2000 cm3 water with intermittent
shaking over a period of several days. A series of standard solutions

for testing the analytical method was prepared by suitable dilution of

the stock. For petroleum spirit solutions the stock was more readily
prepared by simple rapid dissolution. The absorbance of these solu-

tions was measured in the usual way using the Perking Elmer 124 spectro-
photometer and spectra recorded to construct Figures 3.4 and 3.5. From

s 4
these figures the extinction coefficients were deduced to be 3.9 x 10

dmZM-1 (for CTMP in petroleum spirit, at 285 nm) and 2.4 x 104

-1
dm2 M = (for absorbance = €cl , where £ is the extinction coefficient,

c the molar concentration of CTMP and 1 the optical path length (1 cm}).

3.2.5 Attempted determination of 2-ethyl-1,3-hexanediol (EHD)

EHD does not have a band at 285 nm or thereabouts which

can be used to determine its concentration (as was the case for CTMP).

Indeed, there is no useful absorbance in the normal working uv range (Fig.3.4
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and thus uv/visible spectrophotometry cannot be employed. Attempts
were made to determine the material gas chromatographically (using
Perkin Elmer F30 instrument with 50 ft column) but the EHD invariably
suffered thermal decomposition on the column. A literature survey did
not reveal any other possibility for trial at the low concentrations
encountered in the solvent extraction and therefore the assay could not

be undertaken satisfactorily.

3.3 Discussion

The method described for CTMP synthesis was carried out
some six times to accumulate sufficient material (about 4 dm3) for the
whole work. The synthesis was time consuming (about 3 days for each
batch) but was otherwise quite straightforward. The product was reason-
ably pure on the basis of assay figures obtained (Table 3.1) but was
difficult to handle because of its high viscosity. It was therefore used
as a 0.5 M solution in petroleum spirit (normally bp IOO-IZOOC), and
in order to facilitate a sufficient number of experiments with the pulse
column this solution was recovered and regenerated for reuse (see
Chapters 4 and 5). The appearance and properties of the solution showed
no apparent deterioration over several months of use. A water solution
of the compound showed no change in absorbance over a period of 1
month. Although EHD could not be similarly tested there was no
evidence of any decomposition during testwork and it was therefore

assumed that both solvents were completely stable.

It has been reported that the boron complexes of CTMP can be

2 .
obtained in a purified crystalline form9 but it has not been possible to
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reproduce this work here, despite many attempts under various experi-
mental conditions. Close examination of the paper (written in Turkish)
reveals that the crystalline precipitate obtained could have been borax

or boric acid. The author refers to a 10% borax solution which on solu-
bility grounds can only be prepared at elevated temperatures; on cooling
such a solution a crystalline phase separates which is borax or boric

acid regardless of the presence or absence of CTMP. This was estab-
lished by the observation that over an extended period (overnight) approxi-
mately the starting volume of apparently unchanged CTMP or the-non-
crystalline boron complex had coalesced into an observable droplet

beneath the crystals.

The analytical techniques described are well documented with
the exception of the spectrophotometric method for CTMP. Therefore,
for the most part, it is only necessary to discuss their efficiency under
present conditions. No problems were encountered with acid/base or
chloride determinations. The curcumin method, however, required
much experience and careful selection of conditions before acceptable
results were obtained. The most critical factors were the water content
(which affected the stability and colour development of the chromophores,
and was eventually controlled satisfactorily by introduction of the Aglar
microsyringe) and ultra-cleanliness of the polythene tubes used in pre-
paring the test solutions. In the published worklo9 polythene tubes were
used throughout but it was found here that the tubes retained boron in
the surface - which was then transmitted to successive determinations,
despite ordinary cleaning. Thus, the complex formation was carried out

in boron-free volumetric glassware with the polythene tubes being used
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only for the extraction step and being routinely cleaned by successive

use of acetone, dilute HCl and water.

CTMP caused a variable increase in absorbance at the wave-
lengths used in the determination of alkaline earth metals by AAS (Fig.
3.3). Thus, saturated CTMP increased the absorbance by 5.5%, 13.5%

+ 2+ 2+ ) ..
and 10.0% for Na , Ca  and Mg respectively. The contamination
could only be overcome by the controlled contamination of standards as
described earlier. Under these conditions the method apparently worked
well, but no definitive evidence for this was found. Similar comments

case
apply to EHD although in this/the compound depressed the absorbance.

The determination of CTMP and EHD in aqueous media was
hampered by their low solubilities. The methods employed therefore
had necessarily to be of considerable sensitivity. No information could be
found on such determinations and therefore attempts were made to develop
new methods. As described earlier, this was successful in the case of
CTMP, for which the aromatic molecules provided intense bands in the
uv which could be used. Calibration curves indicated quite close ad-
herance to the Beer-Lambert law and the method was therefore of con-

siderable value for accurate determinations down to about ;-5%.
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CHAPTER 4

EXTRACTION OF BORON FROM HOMOGENEOUS SOLUTIONS
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4 EXTRACTION OF BORON FROM HOMOGENEOUS SOL UTICNS

The efficiency of boron extraction can be affected both by dis-,
solved and suspended contaminants. This chapter begins with a reasoned
outline of the choice of.systems and methods of study as it has been con-
sidered of primary importance for the work to be of industrial relevance.
The main substance of the chapter is concerned with extraction equilibria

in homogeneous (clear) solutions.

4.1 The choice of systems and methods for study

Mineral chemical processes in aqueous media generally follow
the scheme dissolution, purification and recovery as shown in Fig. 4.1.

In the case of boron a leach solution is obtained either as a consequence

Natural/prepared impure solid

|

Reagents/energy | Leaching Undissolved residue
Reagents/energy
Solid-free liquor
A B
Spent Recovery Purification }—=Impurities

solution

Purified liguor

Y
Finished/partly purified

commodity

Fig. 4.1. Scheme for aqueous processing
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of natural leaching or through the direct dissolution in water or acid of
prepared solids. Sparingly soluble impurities are removed by solid/
liquid separation and soluble impurities either by selective crystallisation
(Route A) or solvent extraction (or ion-exchange) (Route B). There are
no other important industrial methods for upgrading primary boron com-
modities. The high solubility of certain boron compounds generally
causes a considerable quantity of boron to be lost in the plant-end liquors.
For the purpose of 'cleaning' these liquors the purification step involves
the selective removal of boron and any other obnoxious contaminants to
leave an environmentally acceptable effluent. Although in principle this
could be effected by such methods as distillation and selective precipita-
tion, in practice only solvent extraction and ion exchange are economic

possibilities.

Table 4.1 shows some of the relative merits and disadvantages
of solvent extraction and ion exchange which are of particular relevance
to boron and uranium. The table includes references to pulps but does

not consider cation exchange.

As can be seen the choice between solvent extraction and ion

exchange as techniques for purifying solutions is not clear-cut: in a
general way, to achieve high capacity in an automated continuous plant
solvent extraction is preferable in principle, but if efficient solid-liquid
separation is difficult, or the solutions are particularly dilute (perhaps
a few ppm), then ion exchange might be preferred. When considering

. . . ... 15 . .
cations solvent extraction often has better selectivity but with anions

this difference largely disappears. In the present case (of boron
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TABLE 4.1. RELATIVE MERITS AND DISADVANTAGES
OF SOLVENT EXTRACTION (SX) AND ANION
EXCHANGE (IX)
Merits Disadvantages

SX and IX are selective for

. 8,75
anions

SX is suitable for large scale
continuous operation in auto-

mated plant

IX circuits can tolerate a small
proportion of solids thus reducing
the need for solid/liquid separat-
ion and allowing pulps to be pro-

113,11
cessed 3 4.

SX and IX generally have low

) 114
operating costs

Soluble and entrained solvent loss

111,112

(SX) and attrition and

suspended loss (IX)75
IX is only generally suitable for

batch or semi-continuous operation
on a smaller scale Continuous IX

is new technology yet to make an

5
impact industrially7

SX tends to produce CRUD at inter-
faces and leach liquors generally
require careful clarification before

114

contacting with organics

IX resins are subject to poisoning;
SX solvents and diluents are com-

bustable.

SX and IX are capital intensive..

effluent) the major factors are high throughput (about 50 tonne per hour);

cheapness of operation;

and ability to handle entrained solids while re-

ducing the boron concentration to below 5 ppm.

Boron specific resins have been developed63 (see page 30)

but, owing to the stability of the ion pairs and to the basic nature of the

amine salt exchange groups, elution of the boron is inefficient when
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water at neutral or basic pH is used, and when acid is used large
quantities are consumed (by the N groups). Conversely, some success
has been claimed (though the results are in dispute), for solvent extract-
. . . . 114 ..
ion in pulp- that is, Ritcey et al, have suggested conditions under
which uranium can be successfully treated by the system tertiary amine/
O.1 M kerosene in the presence of 30-35% solids. Various other papers
115,116 . . . .
have appeared on this subject. For these reasons, it was decided

to concentrate on an investigation of the solvent extraction technique in

purifying borate liquors in the present work.

Various organic molecules complex strongly with boron to
form species which have much greater solubility in petroleum-based sol-
vents than in water. This field of complex chemistry is dominated by the
boron-oxygen bond which is exceptionally strong (104-130 kcal m01-1)117
in both the tetrahedral and trigonal planar configurations The molecular
dimensions of organic 1,2 and 1,3 diols are precisely suitable for the
formation of unstrained 5 or 6 membered rings respectively in these con-
figurations, and therefore the field is also dominated by suchdiols. Many
papers have appeared on the reaction chemistry of boron with diols and

other substances and on their extraction into organic media.

Thus, Vinogradov and Azarova118 mention some 22 papers de-
voted to the extraction of boric acid from aqueous solutions by organic
solvents immiscible with water and themselves report a comparative
study of the extraction efficiency of a variety of different solvents, includ-
ing ordinary alcohols (such as n-butanol) and complex phosphates (such

11
as di-isopentyl methylphosphate). Dyrssen and Uppstrom ? , in particular,
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chose the aliphatic 1,3 diols such as 2,2-diethylpropane-1,3-diol and 2-
ethyl-1,3-hexanediol (EHD) for a detailed study of the equilibria involved,
and, indeed, the latter substance is generally the reagent chosen as

most efficient for use in analytical determinations of boron98 99,100,107 '109‘

0, ,121 122,1 ) )

A number of pa.tents9 120 and papers 23 covering the reactions
. . . 124
with a wide range of polyols have been published Garrett refers to
EHD, noting its high selectivity inacid medium but rather less satisfactory
solubility in water (4.2% by weight). He also (:onsiders68 some 25 aro-
matic diols and triols listing preferred solvent carriers, extraction
efficiency, stability and qualitative relative water solubility, and sug-
gests that these substances are especially selective for borates in alka-
. . 125 . s . . .
line medium. Kemp filed results of similar investigations. From
these patents it is evident that the 1,3 diol 2-chloro-4-(1,1,3,3-tetra-
methylbutyl)-6-methylolphenol (CTMP) has relatively favourable char-
acteristics: (1) it extracts more efficiently at the alkaline pH (about 9)
found in naturally occurring brines, (2) it is stable and very sparingly
water soluble and (3) the extraction efficiency is relatively high. Con-
) 126-128 . .
versely Grinstead concentrates on 1,2 aromatic diols such as
4 -tert-butyl catechol (TBC) in admixture with alkyl ammonium salts or
higher alcohols with which selective extraction of boron and calcium to-
gether can be achieved in the presence of magnesium and chloride ions.
129 130 . . . . s

Grannen and Peterson patented a list of salicylic acid derivatives
such as 5-tertiary-octyl salicylic acid, and claimed that they would
selectively extract boron at both acidic and alkaline pH values, but in the

examples given only about 50% of boron could be transferred in a single

stage.
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The diols mentioned above can be used to represent three dif-
terent types of reaction with boron species and one of each (EHD, TBC
and CTMP) was selected for study. Relevant structures are shown in
Fig. 4.2 and general equations are given below.

Complex formation between boron species and polyols can occur
in a number of ways69 127,131,132 , the most important being90 the
extraction from alkaline solutions as an ion-pair (borate didiol ester,

B(OZR); M+, or polyborate ester) and from acidic solutions as the boric

acid associate complex or ester, B(OH)3 Z_(OH)ZB]-

+ -
= 2 + P U |
Na,B,O_.10H,0 = 2Na’ +2B(OH),+2B(OH), + 3H,0 4
- (p-q) .
B(OH), +pH,0 == Hp I:B(OH)4:|q + pOH .42

/o /OH1
B(OH); + R(OH), = R\ >B\ + 2H,0
L O OHJ

S
w

B(OH)., + R(OH), — K B—OH + 2H,0 . ....... 45

/\/\

+
B(OH), + 2R(OH). — +3H,0 +H .. .. .4.6

T \/\/

(V3]
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(a) 1 :2 Boron-EHD complex

CH3
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\
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O — ———C':-CH3
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(b) 1 :2 Boron-TBC complex
Ci
o
H_ C-C-CH_ -C — -0 O —CH
3 CI:H 2 Cl:H \ \B/ \ 2 CH3 o
"3
P T e b
2 Oo— —C-CH_-C-CH
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!
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(c) 1:2 Boron-CTMP complex

Fig. 4.2. Structures of three types of boron-diol complexes.

(Only 1 : 2 (boron-to-diol) complexes are shown).
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Dissolution of, say, borax (Na2B4O7. 10H,0) in water, sets up

the equilibrium in equation 4.1. The simple ions so formed undergo

. i X . 133-136
various pely merisation or condensation reactions such as those
referred to in equation 4.2 and may further react according to equations
4.3 - 4.6 in the presence of polyols. The equilibrium positions are
generally dependent on pH as is clear from equations 4.2 and 4.6. Much
work has been published on these reactions but although constants are

) 133-136 c s .
available for some of the species implied in equation 4.2 and for

117 .
some of the organo-boron complexes (equations 4.3 and 4. 5), they are
not generally available for the other equations except in certain simple
. . .. 137,138

cases such as complex formation with mannitol » where the pro-

ducts are water soluble. Thus, for the reactions (cf. equations 3.1, 4.3

and 4.4).

"

- - 2.7
B +M = BM ; f5, 1079

- praen " 2.1
BM ~!-Mv_BM2 {52:10 9

where B~ and M are the borate ion and mannitol (CHZ(OH)(CHOH)4

CHZOH) respectively.
As can be seen from equations 4.1 - 4. 6 borate equilibria can
be very complex and a number of different compounds besides boric acid
139-141

and borax can be isolated in the solid form. Dale reports the

formation of various crystalline phases, such as

— CH q9 -
R ) OH

R — CH —0O OH |
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but states that in many cases the hydrolytic stability of these substances

and their corresponding esters is low.

42 . .
Figure 4.3 shows the relative proportions of certain boron
species in water of various pH's. From this figure, it appears that al-

though in dilute solutions (less than 0.2M borax) at alkaline pH the

0.80
0.60
040

0.20

0.00

Fig. 4.3. Distribution of boron among various ions 42 (total B203
concentration 13.93 g 1-1\ At a given pH, the fraction,«,
of the total boron present as a given ion is represented
by the portion of vertical line falling within the correspond-

ing range.

)4 and at acidic pH it is B(OH)_, at intermediate

dominant species is B(OH 3

values a considerable number of species coexist at significant concentrat-
ions. It is not considered helpful here to study these equilibria in detail

but rather to concentrate on reactions between a representative species
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(i.e. B(OH); or B(OH)3) and the polyols.

Although the only plant currently in use for borate solvent
extraction relies on mixer-settler designs, it is important to consider

also the other possibilities for contacting and separating immiscible

. 143 -14
phases. In addition to mixer-settlers 7 reports have appeared on

1 1 15
the design of spray columns 50, pulse columns 51,152

150,153,154 . 116 . 150
s , rotary-film contactors , centrifugal contactors ’

» packed col-
umn
150,155 156 .
hydrocyclones , ultrasonic contactors , etc. Mixer-settlers
have the advantages of simplicity, proven reliability in industry, and ease
of achieving long contact times when the kinetics of reaction are slow
1
enough to warrant it . Gravity flow may be used throughout and when,
as in the case of uranium extraction, shielding may be required this is
. . . . 144 . . .
relatively inexpensive to install . The plants are flexible in operation
and amenable to theoretical modelling and ready calculation of stage
. 144 . . . .
efficiencies . They are almost universally used in the mineral industry
150 .
but tend to occupy a large ground area and lead to the formation of
emulsions and crud (owing to the mode of agitation) especially when pulps
are considered. There is little available information about the relative
merits of the other contactors mentioned and they have little or no
industrial use at present in metallurgical solvent extraction. However,
150 . . . .
Pratt provides two detailed articles on the theory and practice of
liquid-liquid extraction which compares a variety of stagewise and differ-
ential contactors and stresses the self-cleaning action of the pulse column
when operating in the presence of solids. Columns have the advantages

in principle of multistage operation in a single (space-saving) column,

and provision of efficient contact between phases without vigorous



98

agitation, but they involve complicated design and operation in addition
to being less suitable than mixer-settlers in the respects mentioned
152 ) . .

above. It has however been reported that in solvent-in-pulp
treatment by sieve-plate-pulse columns lower solvent losses can be

. . . 151 - .
achieved than with mixer-settlers, and that - the sieve plates allow a
shorter column length for a given capacity than that required in an

analogous packed column.

In these circumstances, it was decided to undertake experi-
ments with both a mixer-settler and a sieve-plate-pulse column on the
laboratory scale. In both cases, new equipment was designed but in the
former case the mode of operation was often conveinently reproduced in
ordinary shake-out flasks. A comparison of the operating characteristics
of these items of equipment was made together with more intensive
experiments to study the extraction efficiency of boron in the presence of

2+ 2+ +

the various soluble contaminants - Ca~ , Mg~ , Na , Cl” - which might

be expected to be present in boron-containing effluents.

4.2 Apparatus

Figures 4.4 and 4.5 show respectively the mixer-settler and

sieve-plate contactors which have been constructed. The mixer-settler
. 149

design was based on that of Lawson and the contactor was constructed
from Pyrex glass beakers of 250 and 600 crn3 capacity. In order to pro-
vide a controlled environment each mixer had a double skin made by
sealing one beaker inside the larger one so that thermostatted water
could be recirculated; the top of the apparatus was flattened and sealed

(Araldited) with a circular perspex sheet (1.0 ecm thick) fitted with
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Fig. 4.4. A laboratory mixer-settler.

1. mechanical mixing, 2. aqueous phase inlet,

3. organic phase inlet, 4. mixing vessel, 5. water
jacket, 6. mixed phase port (tap), 7. settling vessel,
8. thermometer, 9. organic phase sampler and 10.

aqueous phase sampler.
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Fig. 4.5.

A laboratory sieve-plate-pulse column.
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2 x B10 and 1 x B24 Quick{fit stoppers for access in feeding, pH adjust-
ment and-stirring; and the base of the inner surface was gravity connected
via a tube and teflon tap to a similarly constructed settler. The latter

had 4 x Bl4 Quickfit stoppers for access in feeding, temperature measure-

ment and organic and aqueous phase sampling.

The sieve plate pulse column was designed on the basis of two
publications151 152 and was also made essentially of Pyrex glass. The
main construction was a vertical tube 25 cm in length and 2.5 cm internal
diameter having B34 cones and sockets at either end (as shown in Fig. 4.5)
and giving an overall length of 50 cmn = The tube contained a stainless
steel rod 44.5 cm 1in length and 0.2 cm diameter carrying 23 horizontal
teflon disks (each of 2.5 cm diameter, 0.15 cm thick and having 42 x
0.2 cm randomly drilled holes) spaced at 1.0 cm intervals by means of
stainless steel tube spacers. The rod assembly rested on glass jags at
the base of the 25 cm tube and was retained at the top by a centralizing
control head shown in the inset to the figure. As can be seen the upper
part of the rod was threaded to allow the disks to be clamped in position

(with the aid of a stainless steel nut and 5.0 cm spacer), and it was

also threaded at the base for a similar purpose.

There were six access points to the column in operation, five
of which were governed by glass taps Tl-5 and the sixth being merely
an orifice for equalizing the pressure above the liquid phases. T1 con-
trolled inletting of aqueous feed and was connected via the tee junction
at Té6 (for removal of air bubbles) and a 4.0 mm Quickfit ball and
socket joint to the 2 dm3 aqueous stock bottle. This bottle was fitted

with a custom-built B34 head io facilitate sealed stirring (mechanical
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stirrer, Comtex Ltd., London) and pumping of solutions and slurries,
and was connected via a second 4.0 mm. ball and socket joint to a
Rotaflo TF6/13 glass needle valve to an air trap, water bubbler (carry-
ing three-way tap,T7) and compressed air source, the latter items hav-
ing plastic tube connections. T2 similarly controlled inletting of organic
feed from the 1 dm3 stock bottle (having access taps T9 and T10) by
means of a piston micro-pump A (Rlaxon Ltd., London) fitted with a
screw micrometer (T8 was for air bubble removal). T3 provided the
aqueous phase outlet and was connected to a second piston micro-pump
B (Distillers Company Ltd., Surrey) and a 1 dm3 aqueous underflow
reservoir by means of plastic tubing. T4 facilitated direct run-off to
the 1 dm3 organic overflow reservoir. The pulsing action of the column
was provided by a diaphragm pump C ('Cub’' motor, Hydrautomat Ltd. ,
London) and inletted via a tee junction (carrying a 100 cm3 bulb between
two taps Tll and T12, for modifying the pulse sharpness and removing

air bubbles), 4.0 mm ball and socket joint and T5.

The precise configuration and positions of the ends of the in-
lets to and outlets from the column were critical (see later) and, thus,
the pulse inlet' (T5) reached just to one side of the centre of the rod-
base retaining nut; the inlet via T2 was precisely horizontal (to avoid
hold-up of liquids); the aqueous inlet (T1l) extended to just below the
liquid interface (which itself was maintained about 0.5 cm above the
uppermost disk); and the organic overflow (T4) was situated as far as
possible above the interface (to give the maximum settling height and
volume (10 cm and 120 cm3 respectively)). Also important in the design

3
was the dead height and volume beneath the disks (12.5 cm and 150 cm
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respectively, which functioned as an aqueous settler).

Figure 4.5 relates to open-circuit operation. A separate
head (at T1) was also provided for closed-circuit operation. In this
case T1, the head and all apparatus connected on the right hand side of
it were removed and replaced by a similar construction facilitating

direct connection of the tube from pump B.

Experimental

Typical modes of operation of the mixer-settler, shake flasks
and pulse column are described and compared below. Data obtained

during the development of parameters for the column are also described.

Mixer settler: Egqual quantities (50 cm3) 0.463 M B (as borax) solution
and 1.7 M EHD in petroleum spirit (100/120) were placed in the mixer
(4) via inlets (2 and 3 respectively) (Fig. 4.4) with tap (6) closed. Tap
water was passed through the water jacket (5) via a long copper coil
immersed in a Gallenkamp Ltd. thermostat bath maintained at 25f10C
(which typically provided a constant temperature of ZOTIOC in the
settler as observed on the thermometer (8)). The layers were equili-
brated with stirring for 15 minutes with intermittent adjustment of pH
to 5.4 (by momentary insertion of a combined pH electrode), and were
then allowed to run off to the settler (7) via the.tap (6). The phases
settled out over a period of 0.5 hour and samples of the clear solutions
were withdrawn through (9) and (10) with the aid of a suction bulb into
25 cm3 conical flasks. The aqueous layer was analysed according to

the acid-base method (Chapter 3).
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Figure 4.6 shows the results of experiments to determine an
equilibrium curve for the extraction of boron and provide a comparison

of the operatioa of the mixer-settler and shake flasks. In these experi-

ments the phase ratio was systematically changed as in the figure to

obtain the curves. These results are discussed further on.

o
T

aqueous |/ organic = A /0O

3
Boron Org. p.p.m. (x107)

-

Boron Aq. p.p.m. (x103)

Fiz. 4.6. Equilibrium curve for boron (5000 ppm) extraction with

EHD (1.7M) using shake flasks (®) and a laboratory

mixer-settler (o).



105

Shake-flasks: Equal quantities (50 cm3) of 0.463 M B (as borax) solu-
/and 0.5 M EHD ,
tion/in petroleum spirit (100/120) were placed in a 150 cm™ B19 Quickfit
conical flask and equilibrated at room temperature by shaking (8-flask
shaker, Griffin and George Ltd.) for 15 minutes. The equilibrated phases
were settled for 0.5 hour before withdrawing a 25 cm3 aqueous sample
with the aid of a pipette and suction bulb. Assays were by acid-base
titration (Chapter 3) and typical results are shown in Fig. 4. 6.

Pulse column: Referring to Fig. 4.5, 1 dm3 0.0463 M B (as borax)

was placed in the aqueous stock bottle and 1 dm3 0.50 M EHD in petrol-
eum spirit (100/120) in the organic stock bottle. With Tl closed, com-
pressed air was admitted at T7 and allowed to overflow via the water
bubbler. The bulb and the tube between T12 and the base of the disks
rod via T5 was filled with distilled water and T12 was closed. With T,
2, 3, 7 and 8 and the needle valve open, and T4, 5 and 6 closed the
column and tubing were filled to just below the level of T8 (to avoid
aqueous phase being trapped in the organic feed line), T2 was closed,
and the filling was continued with pump B on (to remove trapped air
between B and T3) until the end of the aqueous feed tube (below Tl) was
just immersed. Pump B was stopped. With the aid of a suction bulb
and with T6 open any trapped air in the aqueous feed arm was removed
via that tap, and Tl and T6 were then closed. With T9 and T10 open,
pump A was started and pumping continued until the organic feed arm
was filled with organic phase and air-free between T8 and T9. T8 was

closed and T2 opened rapidly and simultaneously to admit organic phase

to the column without undue pressure build-up in the arm. T1 was opened,

pump B was started, and the pumping rate was adjusted to 5.0 cm3
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per minute for pumps A and B (in accordance with known settings on

the micrometer attachments which had been previously calibrated by
systematic timed metering of water and organic phase into tared 100’cm3
measuring cylinders). The rate of inletting aqueous feed at Tl was

also adjusted to 5.0 cm3 per minute by means of a predetermined sett-
ing of the needle valve. T5 was opened and pump C started to admit
pulses to the column(at the rate of 30 per minute of 0.5 cm stroke on

the column). Owing to the influx of organic bubbles into the column

from T2 the upper level of the aqueous layer tended to rise; to maintain
this level at a preset mark (0.5 cm above the uppermost disk), Tl was
closed for a few minutes. Thereafter Tl was reopened, and timing
commenced. The system was allowed to equilibrate for 1.5 hours before
taking samples from the inlet to the aqueous underflow reservoir. A
steady state was in fact normally achieved after about 75 minutes (see later)
At the end of 2 run the pumps were stopped, Tl, 2, 3 and 5 were closed,
the circuit was broken between T3 and pump B, and the column emptied.
To clean the column the head was removed and the whole assembly
washed with acetone and distilled water. When changing to a different
organic phase the pumps and lines were, in addition, completely cleaned

with the same solvents.

For closed-circuit operation the column was filled and equili-
brated as above, Tl was closed and pumps A and B stopped momentarily,
the head was replaced at the upper ball and socket joint by the closed-
circuit head, the inlet to the aqueous underflow reservoir was connected
at that head, and the pumps restarted. For operations with slurries it
was necessary to stir the contents of the aqueous stock bottle continu-

ously. Typical results, similar in nature to those given in Fig. 4.6,
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are shown in Fig. 4.7.
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Equilm. pH.

Fig. 4.7. Extraction of boron from slurries (5% solid) with EHD
0.5 M in petroleum spirit) using sieve-plate-pulse
column; clear soln. (e), bentonite (o), quartz (x); (----):

shake flasks exps. (clear soln.)

Optimisation of column parameters: In order to achieve the most

favourable operation of the column the following parameters were

altered using EHD as solvent: solution flow rates (5 or 6.5 c:rn3 per

minute); disk spacing (1.0 or 2.0 cm ) and hole diam(2 or 4mm): sharpness of

pulses and pulse stroke length (0.5 or 1.0 cm.); and the level of inter-

face. Some of the results are given in Table 4. 2.
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OPTIMISATION. OF COLUMN PARAMETERS (Eq. pH

about 5, aqueous to organic ratio 1:1, EHD 0.5 M in

petroleum spirit and boron concentration 500 ppm).

Duration of
experiment/
min

Parameters
considered

Boron extraction/%

1 2 3 4 5

Flow rate/cm3 min_
Disc spacing/cm
Pulse type

Pulse length/cm

6.5 5.0 5.0 5.0 5.0
2.0 2.0 1.0 1.0 1.0

smooth smoach smooth sharp sharp

1.0 1.0 1.0 1.0 0.5

15

30

45

60

75

90

105

120

150

46.8 55.0 55.0 54.9 54.8
52.8 - - - -
53.7 60.6 66.7 67.2 68.5
54.6 - - - 80.0
54.3 61.9 68.4 69.7 79.9

62.4 69.7 75.0 80.3

62.5 70.1 74.9 80.1

70.1

above

was about 82%

Note: extraction of boron in shake flasks using the same conditions
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4.3 Investigation of extraction equilibria

This section is concerned with shake-out experiments con-
ducted under room temperature conditions with EHD, CTMP and the
two solvents in admixture. TBC was also used in preliminary experi-
ments but was later discarded owing to its rapid decomposition. The

: C s 157
main form of data presentation is as the equilibrium curve and as

curves of % extraction against pH, time, metal ion concentration, or

organic concentration.

4.3.1 Effect of contact time and pH

The kinetics of boron extraction are generally quite favour-
98,109 . iy . . :
able , but in order to ensure adequate equilibration with the mix-

tures used the effect of differing time was determined. The effect of

pH was expected to be more critical and this was also studied here.

Experimental

Shake-flask experiments were carried out generally as in
section 4.2 but for varying lengths of time between 1 and 30 minutes at
pH values of 5.3/6, 8.0/2 and 9.1/4 for 0.5 M EHD, CTMP and the
two together in 1:1 ratio (i.e. 0.25 M each) in petroleum spirit (100/120).
In all cases the starting boron concentration was 0.0463 M and the phase
ratio 1:1. After the requisite contact-time the layers were allowed to
settle only until they were just clear (2-3 minutes) before sampling and

assay. Results are shown in Fig. 4.8.

A similar series of experiments was conducted at constant

contact time (0.5 hour) and at 8-10 values in the range pH 2-12. As the

reactions were pH dependent it was necessary (in order to achieve a
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particular equilibrium pH) to make intermittent pH measurements
with additions, as necessary, of small volumes of either 0.1 M HCI

or 0.1 M NaOH, with re-equilibration. Results are given in Fig.

4.9.

100

80

Extraction (°b)

Boron

20r

o

Equilibrium pH

e EHD, O 5M
x CTMP/EHD, O-5M
o CTMP,0O0-5M

Fig. 4.9. Eiffect of equilibrium pH on extraction of boron (500 ppm)
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4.3.2 Effect of organic concentration

As the loading capacity (and extraction coefficient) of an organic
phase varies with the solvent concentration it is important to study this
effect. With mixed solvents it is also important to study the effect of their
relative concentrations on the efficiency of extraction. For these reasons

) 157

data was collected to construct logE vs log [Orga.mg curves (see later)
. - 158 : .

and also to construct continuous variation curves with mixed solvents.

In addition data was obtained to give qualitative information about relative

loading capacity from equilibrium plots of [BJ org against [BJ aq.

Experimental

Experiments were carried out as in 4.3.1 except that the contact
time was constant (30 minutes) and the concentrations of the single solvents
(CTMP or EHD)were varied in the range 0.01 - 1.0 M (pH 5.4/8, 9.1/5) and
of mixed solvents (CTMP plus EHD) in the range 0.0 - 0.5 M CTMP, 0.5 -
0.0 M EHD (Total 0.5 M, pH 5.6/8, £.0/2, 9.0/4). Results are given in

Figs. 4.10 and 4.11.

A further series of experiments was carried out at two pH's
(5.0/5 and 8.9/9.4) in which the only variable was the phase ratio (in the
range 1 : 10 - 10 :1; aqueous : organic). It proved to be impracticable to

study ratio's outside this range. Results are given in Fig. 4.12.

4.3.3 Effect of sodium,calcium, magnesium and chloride ions

A variety of dissolved ions will normally coexist with borates

in natural or industrial leach solutions and all may have an effect upon

. + 2+ 2+ -
extraction. The most important ions are Na , Ca , Mg and Cl , and
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Fig. 4.10  Effect of organic concentration (EHD(a) and CTMP(b) on extraction

boron (500 ppm).
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Fig. 4.11 Extraction of boron (500 ppm) with CTMP/EHD. mixtures .

the effects of these are considered here. The carbonate ion is also

. . . 2+ .

important but is less prominent generally than Ca™  and cannot coexist

in solution with this cation at significant concentrations. The extraction
+ 2+ 2 -, . . .

of borates, Na , Ca , Mg and Cl singly and in various admixtures

into EHD, CTMP and a 1 : 1 mixture of the two was investigated, and

reported as curves of % extraction vs equilibrium pH.



(9]}

1000

800

£ 600 Eq. pH -
& 5.0-55
a
o 400 .
o
c
°
8 200 7
0?/1 { ] 1 !
200 400 600 800 1000
Boron Aq. p.p.m.
1200 . T ; T
1011 — A/0
1000 -
800 7
Eq. pH
8.9-94
E 600 a
c
Q
o A
S 400
c
o
o
@ 200 7
1 | ! |
0 200 400 600 800 1000

Boron Aq. p.p.m.
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Experimental

Three types of experimental series were undertaken in essentially
the same manner as in previous sections of shake-flask runs: (1) single
metal ions or chloride ions were equilibrated separately with the three
chosen organic phases at six values between pH 2-11 in the absence of
any boron, (2) as in (1) except that the aqueous solution started 0.0463 M
in boron, and (3) as in (2) except that all ions were mixed together. In
order to avoid confusion of results adjustment of pH in alkaline medium
was made using 0.1 M potassium hydroxide. It was assumed that the
other ions would react and extract in preference to K+. Results are shown

in Figs. 4.13 and 4.14 and in Tables 4.3 and 4.4

4.4, Discussion

This discussion will consider firstly the performance of
apparatus under the conditions employed, secondly a simple summary of
extraction thermodynamics, and thirdly the results of experiments carried
out with homogeneous (clear) phases. The general choice of conditions
has already received consideration earlier in the chapter. Thus, the
work was restricted to (1) solvent extraction of boron and Caz+, Na+ s
Mg2+ and Cl ions singly and in admixture (2) the use of a laboratory
mixer-settler, shake flasks and a laboratory pulse column and (3) the
solvents EHD, CTMP and TBC in petroleum spirit. In fact, for reasons

which will become evident, neither the mixer-settler nor the TBC were

put to extensive use.

During the construction of the mixer-settler (Fig. 4.4) great

care was taken to provide a design in which experimental physical
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TABLE 4.3. EXTRACTION OF CHLORIDE IONS (aqueous to organic

ratio 1 :

l, 500 p.p.m. Ca, 884.5p.p.m. Cl, 500 p.p.m.

B and organic concentration of 0.5 M in petroleum spirit)

Extraction/%
osl;glire’;"; Eq pH Boron not present Boron present

.- calt ci” {catt | a1 (B)

3.4 - 3.8 | 1.0 1.1 6.5 1.6 90.6

5.3 - 5.5 | 2.3 1.2~ |25.0 1.7 83.1

EHD 7.8 - 7.9 | 3.1 1.5 47.0 1.4 63.8
9.2 = 9.4 | 4.2 2.3 58.5 2.2 49.0

10.0 - 10.3 | 4.4 2.6 57.5 2.4 41.3

3.0 - 3.4 | 2.0 2.1 9.0 1.6 15.3

5.2 = 5.3 | 5.1 2.2 62.5 2.1 29.7

CTMP 8.0 - 8.1 | 8.6 4.5 91.0 2.4 71.0
9.1 - 9.3 [11.6 5.7 95.0 3.8 84.2

10.3 - 10.5 |13.0 6.3 97.5 4.2 86.5

3.2 - 3.5 | 2.3 2.5 10.0 2.3 52.1

5.1 - 5.5 | 4.2 2.1 55.0 1.7 72.0

CTMP/EHD 7.9 - 8.2 6.5 3.0 85.0 1.7 88.1
9.0 - 9.1 | 8.5 4.2 90.5 2.1 92.6

10.2 - 10.3 | 9.1 4.3 90.0 2.9 94.0
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TABLE 4.4. EXTRACTION WITH COMPLETE MIXTURES (aqueous
to organic ratiol : 1, Na, Ca, Mg and Boron all at 500

p-p.m. and Cl, 3113.5 p.p.m. and organic concentration

of 0.5 M in petroleum spirit)

Organic Extraction/%
solvent Eq. pH + 2+ 2+ -
Na Ca Mg cl (B)
5.3 3.0 3.0 19.0 - 81.3
EHD
9.1 6.0 27.8 17.5 - 61.0
- 8. 6.0 . - .
TP 5.3 0 2 16.5 33,6
9.0 10.0 87.0 13.0 4.3 82.1
. .0 19.0 . - 6.
CTMP/EHD >:2 7 9 2+ 76.2
9.2 8.0 83.0 20.5 2.0 94.1

conditions-temperature, mixing rate, aliquot addition, contact time, pH,
evaporation rate and sampling - could be closely reproduced. Quite
sophisticated glass-blowing was required but the resulting equipment
operated satisfactorily, except that it was necessarily tedious to use for
large numbers of experiments; 4 full run required 2-3 hours for completion.
It is much more convenient (though presumably less reliable) to use
ordinary shake flasks for which a number of results (about eight) can be
obtained in the same time. A comparision of the two methods resulted

in Fig. 4.6, from which it is evident that in practice there is little
difference in equipment reliability: the spread of results about the 'best

curve' is quite large in both cases. A relatively large common error
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appears to be operating which swamps any advantage to be gained by use
of the more closely controlled mixer-settler equipment. This error can
be traced to the critical effect of pH (which cannot generally be adjusted
to better than 1‘0. 5 unit) and to the difficulty in assaying the organic
phases directly (a reliable method of assaying the organic phases could
not be found and the boron content had to be determired by means of

mass balance calculations). Despite the scatter, the results were still
meaningful - for instance Fig. 4.6 could become part of a viable McCabe-
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Thiele diagram - and it became clear that they were best obtained by
use of the faster shake-flask technique. The mixer-settler would be
more suitable for use at elevated temperatures, but in boron extraction

126
there is little to be gained by temperature change

The pulse column had the one distinct advantage of being rela-
. - . . 114, 152 ce s s
tively efficient in the extraction of pulps and its introduction in

this chapter had the purpose of describing the apparatus and comparing

its operation with that of shake flasks using clear solutions. At the out-

set, the column was a copy of that of Ritceyl >2 but this was found to be
unsatisfactory under our operating conditions. Thus, it was found to be
necessary to alter the configurations of the pulse inlet and aqueous feed
inlet to give vertical applications (together with more closely controlled
flow-rates) before an efficient pulsing and mixing action could be obtained.
With horizontal or inclined application the pulse was dissipated both up-
wards and downwards in the column leading to poorer phase contact and
contamination of the aqueous raffinate with entrained organic - to further
assist the pulsing action the bottom three disks were provided with a

larger hole (7 mm diameter) and placed between the level of the pulse
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inlet and that of the organic feed inlet. Figure 4.15 gives a self-
explanatory indication of the mode of operation of this modification. The
majority of ancilliary equipment was specifically tailored to the modified
column, the most critical factor being the precise control of flow rates.
It was, for instance, found to be essential to meter the aqueous feed both

on inletting and outletting although the organic inlet operated satisfactorily

merely by overflow.

Fig. 4.15 Photograph showing the operation of the column under
modified conditions (the arrows show the position

of the 7 mm holes).
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In order to optimize the working of the column, five runs were
undertaken with conditions varied according to the data in Table 4. 2.
The alteration of parameters was not comprehensive but nevertheless
gave useful insight into the details of phase contact. Thus, it could be
seen that % extraction invariably increased with the duration of steady
pumping up to the point at which a steady state was achieved, and the
extraction at this point varied markedly with the setting of other para-
meters. From columns (1) and (2) in the Table a decrease in flow rate
increased the % extraction by increasing the effective phase contact time,
other things being equal. For steady flow rates (columns 2 - 5) of aqueous
and organic the % extraction increased by (a) decreasing the disk spacing,
(b) making the pulses sharper and (c) decreasing the pulse stroke-length.
In each of these cases the increased extraction ‘was presumably due to
increased surface area of contact and/or increased efficiency of phase
mixing. The final conditions (which were used for all subsequent experi-
ments) could not be improved to give extractions identical to the equili-
brium situation achieved in corresponding shake flask experiments (about
82% with EHD) but the difference (2 - 5%) was generally acceptable in the
light of overall experimental error. The comparison is illustrated in a

self-evident fashion in Fig. 4.7.

During the course of preliminary solvent extraction experiments
use was made of TBC as a solvent and of kerosene as a diluent. TBC is an
efficient boron extractant which has been recommended for use under acidic

‘s 127 . .
conditions (pH 5) and is representative of one group of extractants (1,
2 aromatic diols). Boron-containing brines are commonly alkaline (pH 9)
and a first prerequisite of any solvent for boron should be stability under

these conditions. TBC was acceptably stable below pH 7 but rapidly darkened
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in kerosene solution when exposed to light at pH 9. At pH 11 the darken-
ing occurred in 30 seconds. No doubt this decomposition could be pre-
vented by working in the absence of light and/or oxygen but such a course
would not be commercially attractive and use of the solvent was discon-
tinued. The use of kerosene was also stopped when it was found that
similar results could be obtained with the much 'purer' analogue: AR
petroleum spirit. It was assumed that the results would nevertheless

apply in a general way to kerosene solvent extraction on a larger scale.

The main bulk of the experimental work with shake flasks was
concerned with determining the relative extractabilities of ions and molecules
likely to be found in natural boron brines. As can be seen from Fig. 4.8
the rate of boron extraction is quite rapid regardless of the pH and solvent
system. The observed order, however is EHD (5 minutes) > CTMP (10
minutes) > EHD/CTMP (15 minutes). These differences have not been
investigated in detail as all reactions are sufficiently fast, and for all
further experiments a contact time of 0.5 hour could safely be used.
However it has been noted previouslyl6o that mixed ligand systems can
cause slow transfer perhaps as a result of the lower individual concen-
trations available to form a mixed ligand complex, steric inhibition, or

adsorption at the phase interface.

The effect of pH is illustrated in Fig. 4.9 in which the basic
difference between the extraction properties of EHD and CTMP becomes
clear. The former solvent is most efficient at low pH (about 2) and the
latter at high pH (about 11 - 12). In the experimental work it was
observed that for EHD there was a constant increase in pH on approach

to equilibrium while the reverse was the case for CTMP. Although the
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equilibria involved are probably complex (equations 4.1 - 4. 6) these
observations are consistent with the reaction 4. 6 being predominant for
EHD and reactions 4.3 and/or 4.4 for CTMP. In these deductions
equation 4.7 is important because the species involved coexist in variable

concentrations dependent upon pH.

B(OH + OH ——
(OH) BOH), 4

3 )

If it be assumed that equation 4.5 is eperative for EHD

extraction then with the usual notation

K = [B(OZR)(OH)] / [B(OH)3] [R(OH)Z]

from which

log E = log [R(OH)Z:] -logK ... ... ... ... . 4.8

where E is the extraction coefficient. A plot of log E vs log \__R(OH)Z]
should then be a straight line of slope 1. Figure 4.11(a) indicates that
this is close to being the case. If on the other hand it be assumed that

equation 4.4 is operative for- CTMP extraction then

K = [B(OZR);] / [B(OH);] [R(OH)Z] 2
from which
Log E = 2 log I:R(OH)ZJ mlogK . . ..o L. L4

A plot of log E vs log [R(OH)ZJ in this case gives a straight line of slope
2. Figure 4.11(b) indicates that this is also close to being the case and

particularly so at higher pH values where the predominance of the species

B(OH),

is greater.

For the mixed solvents the pH effect is much smaller (as might

9
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be expected) but interestingly the overall extraction is improved at higher
pH's (i.e. in the range 8 - 12) and the behaviour is rather like that of
CTMP. There appears to be a small synergistic effect operating which
not only leads to improved extraction but also would make pH control
easier. The origin of such an effect may be due to the greater stability
or solubility of mixed ligand complexes or to the fact that different

ligands preferentially interact with different boron species.

The question arises: can the extraction efficiency be improved
by use of a different ligand ratio. Figure 4.11 shows the results as con-
. ... 158 . . . .
tinuous variation experiments in which the ratio of CTMP:EHD
was varied through the range 0 - 0.5 M CTMP : 0.5 - 0OM EHD. Itis
clear that the extraction is best at a 1 : 1 ratio at higher pH values and
this is quite good evidence for the formation of a complex containing one

ligand of each type under these conditions.

Figure 4.12 shows further data to reinforce discussion on the
merits of the mixed solvents at high pH and those of EHD at low pH. The
relative loading capacity of these solvents is clearly shown by means of

the equilibrium curvésls'7 shown (Figure 4.12).

Referring to Figs. 4.13 and 4.14 it is feasible to assess the
extent of extraction(at equilibrium)of borates and metal cations (as chlorides)
into EHD, CTMP and the mixed solvents. In the absence of borates (Fig.
4.13) each of the solvent systems will extract a small proportion of dis-
+ 2+ 2+ ] ) ]
solved Na , Mg and Ca cations, presumably as solvated ion pairs,
and the order of extraction is generally CTMP > CTMP/EHD > EHD and
2+ 2+ + s . . .
Ca” > Mg '> Na (all exhibiting considerable increases with pH ). A

maximum is achieved with CTMP at pH 11 when about 11% of the calcium

is transferred across the interface. These observations are consistent



127

with the larger bulk shielding effect of CTMP in ion-pair formation and
also with its (likely) stronger acidity. However, it would be expected on
grounds of simple polarizing power (charge-radius ratio) that Mg2+ would
extract to a greater extent than Ca2+. The greater hydration energy of

2
the Mg ¥ ion may account for this reversal.

The same general trends are observable in Fig. 4.14 (a), (b)
and (c), which summarises the extractabilities of the same cations in the
presence of boron, but the effects are much greater. Thus, nearly 100%
of the Ca2+ was transferred with CTMP at pH 10 while even EHD caused
extraction of about 20% of the Na+ ions at this pH. On the other hand, as
can be seen in Fig. 4.14 (d) the extent of extraction of boron is little
affected by the presence of the cations: there is no definite salting-out

effect at the concentrations (roughly 0.0l - 0.03 M) considered. These

+

?

+
results can be rationalised if it be assumed that any of the species H , Na
2+ 2 L . :

Mg or Ca can act as the counter ions in the formation and extraction
of borate-cation complex ion pairs, and that the order of stability of the
. .. 2+ 2+ +

ion pairs is generally Ca > Mg > Na . Further work would be
required to elucidate the detailed associations of the species but it is

clear that the cations in brines would substantially effect the operation

of a solvent extraction circuit.

Table 4.3 shows how chloride acts as an effective counter anion
in the absence of boron and is thus extracted with the solvated cation, and
how it competes ineffectively with borates when these are present. Thus,
with CTMP/C.’:LCl2 6.3% Cl~ is extracted while under comparable con-

ditions with added borate 4.2% Cl is transferred.

When a complete mixture of cations and the two anions are



128

extracted it must be expected that the main species transferred will be
the borate-calcium Jionpair. This expectation was substantiated by
experiments with complete mixtures the results of which are summarised
in Table 4.4. As an example from the Table with CTMP at pH 9, the
proportions of elements extracted were 10.0% Na, 87.0% Ca, 13.0% Mg, -

4,3% Cl and 82.1% B.
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CHAPTER 5

EXTRACTION FROM SLURRIES
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5 EXTRACTION FROM SLURRIES

Effluents from borate treatment plantsare likely to contain upto 15%
of suspended matter (in addition to dissolved contaminants) in the form of
finely divided clays, quartz, carbonates and borates. The purpose of this
final chapter is to consider ways in which boron can be removed from such

slurries by solvent-in-pulp extraction.

5.1 Extraction experiments with synthetic and natural slurries

The solids content of an important type of slurry effluent was given
in chapter 2 (Table 2.7) wherein it can be seen that the main solids requir-
ing consideration are clays (montmorillonite, illite and hectorite mainly),
carbonates (calcite and dolomite), and borates (inyoite, inderborite, etc.)
Quartz is also a likely constituent. In order to elucidate the behaviour'of
several types of solid singly it was decided to carry out pulse column
solvent-in-pulp experiments with synthetic slurries containing bentonite/
hectorite (representative of the dioctahedral and trioctahedral clay series
respectively), calcite/dolomite, and quartz. (For reasons which will be-
come clear precise data for hectorite, calcite and dolomite were not how-
ever obtained). Additionally, analogous experiments were carried out
with authentic industrial slurry containing these minerals together with
borates. Two types of experiments were undertaken: open circuit runs
similar to’those in section 4.2, and partially closed-circuit experiments
in which several extractions of a single volume of aqueous feed were made

with fresh volumes of organic feed.



5.1.1 Pulse column experiments in open-circuit

The purpose here was to compare the efficiency of extraction

with that achieved (secticn 4.3.1) in the absence of suspended solids.

Experimental

The column was set up and operated as explained previously
(section 4.2) except that the requisite solids were added (at 5% w/v) to
the.aqueous phase, and both phases were sampled under steady state con-
ditions. Some characteristics of the solids used are given in Table 5.1.
The origin of the minerals was: bentonite, calcite and dolomite (Gregory
Bottley & Co., London), hectorite (Natural Science Establishment Inc. ,
New York) and quartz (common sample). They were crushed and ground
as necessary:to give a homogeneous product at -200# (75 um). The data
in the Table was obtained by use of standard techniques - the Warman
International Ltd. SY23 sub-sieve sizer'-161 (Sydney) for particle size dis-
tribution and the BET methodl | for surface area determinations. The

method of isolating solids for measurement from the industrial slurry

(Kirka Boraks Ltd.) was given earlier (section 2.3.2).

The phases were sampled (50 cm3 of each) after the steady state
had been reached and were treated as follows.
Aqueous: .solid:liquid separation was achievéd by centrifuging amd-de-
cantation, and assay by acid—ﬁase titration of 25 'cm3 aliquots (Chapter 3).
Organic: The efficiency of phase separation was estimated from direct

turbidimetric measurements (see later).

The equilibrium data obtained are given in Figures 4.7 and 5.1 in

comparison with analogous clear solution shake-flaskand pulse column
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TABLE 5.1. SIZE DISTRIBUTION ANALYSIS

size bentonite hectorite calcite dolomite quartz slurry (Kirka)
dsttll;n) g wt% zwth | g wth zwt%h| g wth zwth| g wth =wth | g wth zwth| g wth =wt%h
=75 +40 | 0.8 3.2 100.0{ 2.8 11.2 100.0|9.4 18.8 100.0} 7.2 14.4 100.0| 6.7 13.4 100.0| 1.9 7.6 100.0
-40 +30 0.5 2.0 96.8] 1.9 7.6 88.8]5.9 11.8 81.2] 4.8 9.6 85.6] 6.0 12.0 86.6} 1.4 5.6 92.4
-30 +20 | 0.5 2.0 94.8] 2.0 8.0 81.2|6.3 12.6 69.4| 5.8 11.6 76.0] 8.0 16.0 74.6| 1.7 6.8 96.8
20 415 | 0.4 1.6 92.8] 1.6 6.4 73.2]|5.3 10.6 56.8( 5.6 11.2 64.4| 6.2 12.4 s8.6| 1.1 4.4 80.0
-15 +10 | 0.5 2.0 91.2| 1.0 4.0 66.8] 3.1 6.2 46.2] 3.4 6.8 53.2] 3.4 6.8 46.2] 0.9 3.6 175.6

-10 {22.3 89.2 89.2[15.7 62.8 62.8{20.0 40.0 40.0{23.2 46.4 46.4]19.7 39.4 39.4]18.0 72.0 72.0

TOTAL | 25.0 100.0 25.0 100.0 50.0 100.0 50.0 100.0 50.0 100.0 25.0 100.0

surface
area 8.1 4.8 1.0 1.9 1.1 6.3
m2g—-l

eel
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~

runs, and turbidimetric results are given in Fig. 5.2.

It was found that calcite and dolomite collected above-the
aqueous/organic interface and precluded the establishment of quantitative
data in these cases. Preliminary experiments in shake flasks indicated
that hectorite and bentonite behaved similarly and full experiments were

only undertaken with the latter.

5.1.2 Pulse column experiments in partial closed-circuit

The main consideration of this section is the collection of data
relating to the reduction of boron content in slurries to an environmentally

acceptable level (5 ppm) by runs of repeated solvent extraction,

Experimental

The column was filled and set-up for partial closed-circuit opera-
tion as described in section 4.2. The contained approximately 400 crn3
of aqueous phase was then contacted with organic phase as before over 1.5
hours, before taking 25 Cm3 samples of both phases and stopping the flows.
Assay of the aqueous phase was carried out by means of the centrifuging
and circumin techniques (sections 5.1.2 and 3.2.1) and of the solids con-
tent in the organic phase by turbidimetry (see later). As 1 cm3 only of
the aqueous phase was required for the assay some 24 cm3 could be re-
turned to the phase bulk after reconstitution (this avoided snbstantial re-
duction of the bulk aqueous volume during succeeding extraction stages).
This bulk was adjusted to the starting pH about 7.5 (EHD), 9.4 (CTMP)
and 9.2 (CTMP/EHD) from the steady state value of about 8, and replaced

in the column with the aid of a funnel. Contacting with the (fresh) organic



% transmittance

% transmittance

% transmittance

135

100 1 T |}
(a)
go L. Clear solution ]
- i b 13 1
60 2 4 6 8 10 12
Eq. pH
100 T T Q—=|=O<r T
(p)
80 L Slurry containing gquartz |
N 1 1 1 3
60 2 4 6 8 10 12
Eq. pH
100 T T G % T
()
Slurry containing
80} Tbentonite J
1 1 1 i 1
60 2 4 6 8 10 12

Fig. 5.2 % transmittance of the organic phases (CTMP(o), CTMP/EHD (x)
and EHD (e))resulting from the extraction of boron (500 pom)
using sieve-plate-pulse column in open circuit, (clear solutions

(a), quartz slurry (b) and bentonite slurry (c)).
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phase was then restarted and the whole procedure repeated the required
number of times to achieve an aqueous raffinate containing less than 5

ppm B.

Results are shown for bentonite in Figures 5.3 and 5.4 (a) and
for the Kirka slurry in Figures 5.4 (b) and 5.5. Turbidimetric measure-

ments relevant to the latter slurry are given in Fig. 5.6.
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Fig. 5.6 % transmittance of the organic phases (CTMP (o), CTMP/EHD (x)
and EHD (e))in successive extraction of boron (4361.5 ppm) from

Kirka slurry using sieve-plate-pulse column

5.2 Investigation of the clarity of the organic phases

A proportion of the aqueous slurry will be dissolved and entrained

_in the organic phase during extraction. The purpose now is to report
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studies of the entrainment of water and suspended solids in 0.5 M solutions
in petroleum spirit of EHD, CTMP and the mixed solvents. Turbidimetry

was the main analytical tool employed.

Experimental

The turbidimetric measurements were carried out using an EEL
Absorptiometer in conjunction with 1 cm glass cells. Standard suspensions
were prepared by mixing 1 g of bentonite or quartz in 100 cm3 of the
requisite organic solution (for 1 minute) with aid of a Soniprobe-Dawe
Instruments ultrasonic mixer. The suspensions were allowed to stand
undisturbed for 15 minutes before decanting a proportion of the stable
phase into a2 100 cm3 volumetric flask, which was then made to the mark
with the corresponding clear 6rganic solution. The residual solids/sus-
pension was filtered, and the sol’id fraction recovered, dried and weighed,
the mass obtained being used to determine by difference the concentration
of suspended solids in the volumetric flask. A number of standard sus-
pensions in the range 0-800 gm-3 were prepared by suitable dilution.
Measurements of turbidity were then made (against clear organic solutions)

163
within 15 minutes according to standard practice . Figures 5.7 and 5.8
give the results obtained plotted as % transmittance against mass of solid

. 3 .
(g) per unit volume (m~) suspension.

The figures also contain data on the turbidity caused by suspended
water in the organic phases. Water suspensions were prepared by dis-
persing 0.8 cm3 (the maximum possible for 15 minute stability as

. . . 3 : .
determined by trial and error) water in 100 cm™ organic using the

Soniprobe mixer as before. In addition Fig. 5.8 contains analogous data

obtained for mixed quartz/bentonite/water phases.
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Fig 5 8 % transmittance of CTMP (0 5 M) in the presence of water (x),

bentonite (o), quartz (o), quartz-water (o) and bentonite-water (e)

5.3 Investigation of solvent losses

Losses in the solvent inventory during processing constitute a
major factor in solvent extraction technology because not only are the
solvents expensive but they are also potential pollutants. The problem is
particularly acute in pulp extraction for which three modes of loss need
consideration: dissolution in the aqueous phase, adsorption onto suspen-
ded particles, and physical entrainment in the pulps and crud formation
This section deals with estimates of solubility, adsorptionon mineral
particles and entrainment of CTMP in the aqueous slurry phase. The

main analytical tool is UV spectrophotometry.

Experimental

The spectrophotometric experiments on CTMP solubility were

substantially as described in Chapter 3. Results relevant to eight pH
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values are given in Fig. 5.9.
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Fig 5 9 Solubility of CTMP in water

Adsorption measurements were conducted as follows: 2.5 g solids
(bentonite, hectorite, calcite, dolomite, quartz or natural (Kirka) clay/
borate mixtures), 50 cm3 water and 50 cm3 0.5 M CTMP in petroleum
spirit were shaken together for 90 minutes using the Griffin and George
flask shaker. The aqueous phase was separated with the aid of a tap-
funnel and centrifuged; 5 cm3 petroleum spirit was carefully mixed with
the upper part of the supernatant aqueous phase (avoiding disturbance of
the sedimented solids) and the combined liquid phases decanted into a tap
funnel; and the residual solids were washed with water by centrifuge and
dried, the washings being bulked in the tap funnel containing the decanted
liquid phases obtained earlier (see below). 0.25 g of the dry solids were

leached by vigorous agitation for 5 minutes with pure petroleum spirit
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(100 - IZOOC); the phases were again separated by centrifuge; and the
resulting clear solution assayed for CTMP spectrophotometrically in the
normal manner. Results obtained for the mineral phases mentioned at pH

values of about 5, 8, 9 and 11 are given in Table 5.2.

TABLE 5.2. ADSORPTION OF CTMP ONTO MINERAL SURFACES
(equilibration time 90 minutes)

Mineral pH g CTMP rn-?J slurry flow g CTMP per ton solid
5.4 8.5 170.0
7. .0 .
Quartz 8 8 160.0
9.4 8.7 174.0
11.5 9.0 170.0
5.5 12.0 240.0
Bentonite 7.7 12.2 244.0
9.3 11.5 230.0
11.2 12.0 240.0
5.4 12.7 254.0
7. . .
Hectorite ? l2.2 244.0
9.4 13.0 260.0
11.2 12.7 254.0
6.5 80.0 1600.0
7.8 81.0 1620.0
Calcite
9.2 83.5 1670.0
11.3 81.0 1620.0
6.6 76.0 1520.0
. 50.
Dolomite 8.0 s 15 0
9.1 80.0 1600.0
11.3 76.0 1520.0
Slurry 9.2 29.5 649.0
(Kirka)
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Estimates of entrainment were made (for bentonite and the Kirka
slurry) using the bulked aqueous phases resulting from the adsorption
experiments above. The combined phase (about 25 cm3 aqueous and 5 cm
organic) were separated in the tap-funnel and the organic layer assayed
for CTMP as before. Results obtained were 107 and 110 gm-3 for bento-

nite and Kirka slurry respectively at pH 9.2.

5.4 Discussion and proposals

Solvent-in-pulp extraction can only be successful if a sufficiently
sharp separation of the phases if feasible after mixing and, in particular,
if the adsorption/entrainment of solvent in the particles, and the transfer
of solids into the organic phase or interface are minimal. These matters

164-16¢

have resulted in much discussion in the literature on uranium purification.

Figures 4.7 and 5.1 allow the situation to be assessed for boron
extraction. As can be seen there was very little difference regardless of
pH in the equilibrium % extraction of boron (within 5-10%) obtained for clear
solutions in the pulse column and shake-flasks in comparison with that of
solutions containing bentonite or quartz. It was noted however that the
pulse column resulted in curves consistently above those for the shake
flasks - that is, the % extraction obtained was greater under the steady
state pulse conditions than under shake flask equilibrium conditions. Al-
though substantial random errors were to be expected in the (estimated)
range 2-5% on account of the nature of the experimental conditions (parti-
cularly as a result of the critical and capricious variation of pH), and,

indeed, such errors are evident in the crossing of the pulse column
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curves (Figs. 4.7 and 5.1),there nevertheless appears to be a significant
systematic difference involved, which is difficult to identify with certainty.
Several factors may be contributing. Firstly, the shake-flask experiments
were necessarily carried out separately and at a different time. Secondly,
the contents in the column, of course, come to a different type of equili-
brium compared with that in the shake-flasks. Thus, the column,
efficiently operated, can be considered to facilitate some twenty 'stages'

of extraction each to a first approximation, having its own chemical en-
vironment. Counter-current extraction in this way may well achieve bet-
ter recovery than a single batch equilibration, and, if each stage reached
equilibrium, it should be much better. In this respect the kinetics of
extraction caused a potential problem because the retention time of organic
bubbles in between two column disks was usually less than ! minute, and
this could not be substantially increased without disrupting the distribution
of the bubbles in the column. Overall the column acted rather like a single
stage batch equilibration. A third factor is the likelihood of boron being
adsorbed from aqueous solution onto suspended solids which are then
transferred into the organic phase. Although this effect must be small in
the present case, because the quantity of solids transferred is small (see

167-171
later), it is a well documented phenomenon .

Under the pulse conditions used, the phase separation appeared
acceptably sharp and there was no evidence of emulsification. However,
some solids and water were transferred and the organic layers were
slightly turbid in the decreasing order CTMP>CTMP/EHD >EHD. The
photographs in Fig. 5.10 (a)-(e) illustrate this point and Fig. 5.2 gives

quantitative turbidimetric data in confirmation. Although it will be seen
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(e) (f) (9) (h) (i)

Photographs illustrating phase separation in the sieve-plate-pulse column during pumping: (a) clear
solutions/CTMP, (b) quartz slurry/CTMP, (c) bentonite slurry/CTMP (organic overflow stream arrowed),
(d) quartz slurry/EHD, (e) bentonite slurry/EHD, (f) calcite slurry/CTMP, (g) calcite slurry/EHD,

(h) Kirka slurry/CTMP and (i) Kirka slurry/EHD.



148

that such data are not necessarily a good means of estimating the precise
quantity of solids present in the organic phase, they nevertheless give a
useful comparison of phase clarity and show that in the cases considered
the level of clarity is acceptable regardless of pH. The transmittance

increase in
evidently decreased with/pH but did not drop below about 75% .

Data for calcite could not be included in Figures 4.7, 5.1 and 5.2
because the mineral ungoes 'oil' flotation into the organic phase. Although
with very careful operation a clear organic overflow could sometimes be
obtained (despite ;:he solids near the interface) - Fig. 5.10(f) - a very
turbid overflow was normally obtained - Fig. 5.10(g) - particularly when
CTMP was present. The Figures do not consider solid borate phases
either because they would tend to dissolve in the organic phase, and con-
fuse the results. However, Fig. 5.10(h) and (i) illustrates the (increased)
turbidity obtained when the Kirka slurry (containing various minerals

including borates and calcite) was extracted under the same conditions.

These matters are considered in more detail further on.

In order to simulate with one column the multi-column counter-
current operation which would probably be favoured industrially for pollu-
tion control, the column was used for successive extractions with the
aqueous phase (only) in closed-circuit. Although such a course did not

159
permit construction of a full McCable Thiele diagram it did nevertheless
indicate the number of 'pure solvent'stages required to reduce the boron
level sufficiently in a raffinate - if it be assumed that the column acts
similarly to a single batch equilibrium stage - and the number will not be

greatly different in full counter-current operation. Figures 5.3 - 5.5 show

results obtained with bentonite and the Kirka slurry, these being considered
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as the most representative of the slurry phases. The figures contain
extraction data both as a % of total boron (boxes) and cumulative % (dashed
lines). It is evident that EHD, CTMP and CTMP/EHD require 5,4 and 3 stages
respectively to reduce the boron content to less than 5 ppm, and this gives

a further indication of the synergistic effect which operates in this solvent
system. The results can be related to equilibrium diagrams of the type
given in Fig. 4.12. - as shown for one example in Fig. 5.11. From Figs.
5.4(b) and 5.5 the corresponding number of stages are 7, 5 and 4 the
greater magnitudes resulting from the increased aqueous phase concen-
tration and (probably) dissolution of solid boron minerals. Considering Fig.
5.3(a): the lst stage extraction resulted in some 62% of the total boron
transferred to the organic phase; the 2nd stage some 25% of the total; the
3rd some 8%, etc., leading to a total extraction of about 99% after 5 stages.
By curcumin assay the final raffinate was found to contain 2-3 ppm B.
Similarly for CTMP and CTMP/EHD the figures were 1.3 ppm (4 stages)

and 0.9 ppm (3 stages) respectively.
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Fig. 5.11 Estimates of the number of stages needed to reduce boron in solution
to below 5 from 500 ppm with CTMP/EHD (0.5 M).
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On successive extraction of the bentonite slurry there was little
change in the turbidity of the organic phases but with the extraction of
Kirka slurry the turbidity varied markedly - as shown in Fig. 5.6. There
is relatively great turbidity in the lst stage and successively less at each
succeeding stage in all three cases, although in the decreasing order CTMP
>CTMP/EHD >EHD. This was attributed to the progressive removal of
carbonate minerals from the aqueous phase: washing of the separated
organic phases with dilute hydrochloric acid removed some of the turbidity.
It should be noted that the turbidity figures represent the effect of a com-

bination of minerals and water, and not just that of calcite.

Returning again to the matter of the clarity of the organic phases,
attempts were made to assess quantitatively the amounts of the different
solids transferred across the interface. Figures 5.7 and 5.8 show
'standard' curves of transmittance against concentration of solid suspen-
sion for EHD, CTMP and the mixed solvents for quartz, bentonite and
water. Phase clarity is best for EHD and worst for CTMP; and is re-
duced by solids in the order quartz >bentonite > water. This qualitative
order is not unexpected in view of the simple optical properties of the
substances involved. Mixing quartz and water together might be expected
to produce an additive turbidity effect - thus,200 g m-3 for water and
quartz separately produces (Fig. 5.8) derived absorbances of 0.12 and 0. 26
respectively. The observed combined curve gives a corresponding value
of 0.46. Some extra turbidity is developed on mixing the immiscible
phases and its origin is obscure. In the case of bentonite/water mixtures
concentrations of the former in excess of 100 gm-3 caused massive

flocculation of the bentonite when water was present. Presumably this
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resulted from a strong interaction between the dry bentonite and water,

leading to precipitation and a relatively clear organic phase.

The results above indicated that the preparation of standards to
estimate quantities of solids transferred during solvent extraction is not
simple. However, combining the data in Fig. 5.2 (observed turbidities
on extraction) with the curves in Figs. 5.7 and 5.8 rough estimates may
be made. Thus, in the case of extraction from bentonite slurry at pH 9
the % solids in the organic phase are 0.4, 0.3, and 0.1 for CTMP, CTMP/
EHD and EHD respectively, assuming that the solias content in the aqueous
phase is 50,000 gm-3. Values are of course lower at lower pH. For

quartz slurries the corresponding figures are: 0.3, 0.2 and 0.05.

These estimates were considered sufficiently precise for preliminary
discussion of a flowsheet and no attempt was made to obtain more precise

data by direct weighing techniques.

Solvent losses to the aqueous phase result from dissolution, ad-
sorption and entrainment of extractant and diluent. As inferred previously
(section 5. 3) only CTMP can be reliably determined at the low levels
encountered in association with water solutions and suspensions. For this

124

reason EHD losses have not been considered, although a published result

gives a (high) water solubility of 4.2%.

Figure 5.9 gives the results of CTMP scolubility measurements at
different pH values. The quantitites dissolved at equilibrium increased
sharply with pH but remained at only 16 ppm at pH 9. The spectrophoto-
metric method appeared to work efficiently and the measurements should
be reliable to better than i-5%. Adsorption and entrainment were also

measured by this method although the increased number of preliminary



Addendum

Lucas and Ritcey178 claim that amine losses in solvent-in-
pulp extraction of uranium from Elliot Lake leach slurry can be much
reduced by suitable addition of non-ionic proteins or carbohydrates
together with conventional flotation depressants such as sodium
fluorosilicate, sodium silicate or sodium carbonate. Thus, losses of
the solvent could be kept to 0.08 pounds per ton of dry solids (lb/tds)
by (a) conventional flotation of sulphidic crud -forming slimes and
(b) pulp conditioning successively with sodium fluorosilicate and fish
glue, both at 0.5 lb/%ds. This is to be compared with untreated

losses of up to 5 1b/tds and a 'break-even' value of 0.1 1b/tds.

No account was taken in the present work of such a wide range
of reagents capable of increasing the hydrophilic character of solids
in boron-containing pulps. Howevér, quebracho at up to 2 kg/tds,
sodium silicate at 1 kg/tds, EDTA at 1 kg/tds and sodium carbonate
11 kg/tds did not have a significant effect on the oil flotation of

carbonates.
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manipulations may have reduced precision. Results for adsorption onto
the various mineral phases considered (Table 5.2) show that the affinity
for CTMP increases in the order quartz < clays <carbonates but is
largely independent of pH in the range 5/7 - 11/12. For quartz and clays
adsorption and solubility losses are roughly of the same order. Thus, at
pH 9 the solubility is 16 ppm while the adsorption is about 9 (quartz) and
13 (bentonite). It is assumed that the hydrophilic minerals interact pre-
ferentially with water but rough calculations matching their available
surface areas (Table 5.1) with the observed adsorptions of CTMP indicate
that while the quartz surfaces may be associated with a double layer of the
solvent, those of bentonite have considerably less than a monolayer. The
extent of adsorption on carbonates is much greater and may involve full
reaction of the species to form calcium complexes, limited only by the
rate of interaction. Clearly the presence of significant quantities of the

carbonates would cause problems in a CTMP solvent extiraction system.

Table 5.2 gives the combined effect of carbonate minerals and others
in the Kirka slurry, the overall adsorption being 29.5 ppm (about twice
the solubility loss at pH 9.2). SR ‘
(see opposite)

Attempts to modify the carbonate surfaces/by interaction with
flotation depressants did not meet with success (the_ reagents quebracho,
sodium silicate, EDTA and sodium carbonate were used), and prior separ-
ation of carbonates would probably be necessary if significant amounts
(greater than about 1. 5% of the total slurry) are present. It should be
feasible to carry out such a separation either by conventional or oil

172,173

flotation . Alternatively, oil flotation could be considered as an

integral operation with the solvent extraction process.
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With regard to entrainment, reliable figures are difficult to obtain
with small scale apparatus, but approximate ones were obtained by means
of the method given in section 5.3. Thus the two slurries tested (bentonite
and Kirka) gave similar results at just over 100 gm-3 » while correspond-
ing clear solutions gave 46 g m-3. These values are predominant when
compared with those of solubility and adsorption, and, although such a
result must be expected, it is considered that the present method of deter-

mining entrainment probably gave high results.

Combining the figures obtained for solubility, adsorption and en-
‘trainment as found, the total losses are estimated to be 136 and 152 g
CTMP per m3 of slurry (0.3 and 0.33 1b ton-l) for bentonite and Kirka
slurries respectively. These losses are probably too great to be tolerated
on grounds of cost and pollutionl?%tnd some form of recovery, perhaps by

175
solvent flotation , would need to be incorporated.

It is estimated that 40 tonne per hour of Kirka slurry reaches the
tailings pond73. This mixture is saturated with borax (0.46 M) and will
contain low concentrations of calcium and magnesium in accordance with
the solubility products of the corresponding borates and carbonates. The
solids content is roughly 4. 5%, made up mainly of clays (52%), carbonates
(32%), borates (6%) and others (9%). Owing to the large montmorillonite/
hectorite/illite content of the solids the slurry cannot be effectively
thickened despite addition of large concentrations of flocculant. If boron
pollution is to be avoided the effluent must either be effectively impounded
(which appears to be impracticable in the long term) or subjected to solvent

in-pulp extraction as described in a preliminary manner herein. There
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can be little prospect of making such a process economically viable be-
cause the recovered borax would be of relatively minor value and it could

only go ahead on environmental grounds.

Considering the best conditions for solvent extraction deduced
from the present work the solvent used would be a 1:1 mixture of EHD and
CTMP at 0.5 M (total) in kerosene and the extraction would be carried out
at pH 9.2 in 3-4 pulse column stages. These conditions should permit
advantage to be taken of the synergistic effect operating between the two
solvents at the natural pH of the slurries to give a raffinate of 5-10 ppm B.
It is assumed that some dilution would occur naturally in the drainage sys-
tem so that the effluent reaching nearby irrigation channels would be non-
toxic.

The effectivé column capacity and flow rate used on the laboratory
scale were 300 cm3 and 5 cm3 per minute respectively. In order to
accommodate a flow rate of 40 tonne per hour with plant of the same height
to diameter ratio (15), two columns 20 m in height and 1.25 m in diameter
are required (on the basis of the simplest of calculations). The loaded
solvent may be stripped on the laboratory scale by use of 2 M hydrochloric
acid in 1:1 aqueous to organic ratio in three stages. As any suspended
carbonates would dissolve in this medium, it should be feasible to employ
conventional mixer-settlers. On the basis of published148 work three
units of equipment of volume 2 and 5 m3 would be required for mixers

and settlers respectively.

A basic flowsheet is given in Fig. 5.12 which should produce
roughly 4.5 tonne boric acid per day, by techniques similar to those

adopted at Searles Lake67. It is not feasible on the basis of data available
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Fig. 5.12 A proposed flowsheet for solvent-in-pulp extraction of boron from Kirka slurry.
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from the present work to give a detailed flowsheet but some general com-

ments can be made:

(1) the boron-free slurry would need to be treated to recover entrained
solvent.
(2) the boric acid would be recovered by evaporation and recrystalli-

sation in evaporator-crystalliser56'7 at the same time regenerating the
acid for recycle to stripping.

(3) continual acid make-up would be required to replace that lost
through interaction with carbonates (in addition to borates). This appears
to be preferable to installing extra plant to filter the suspended carbonates.
Organic make-up would also be necessary.

(4) over a period of time the sodium, calcium and magnesium content
of the strip liquor would build up and result in the precipitation of borates
of these metals, in addition to boric acid. The mixed product would be
acceptable at the refineries.

(5) on the basis of the laboratory pulse column experiments crud
formation at interfaces would not be expected to occur to a significant

extent.

It is not the purpose in tais thesis to produce a detailed flowsheet
with itemized equipment and costs. Further test work employing larger

scale counter-current plant would be required first, together with a critical

study of the question of solvent losses and regeneration. Methods

should be sought in particular to render hydrophilic the surfaces of
suspended particulate matter in boron-containing pulps by methods
analogous to those given by Iucas and Ritcey”s. It can be concluded

from the present work thatﬁuch test work should be undertaken as the

next step.
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