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SUMMARY

Mohamed Ridha Al-Ghabban Ph.D. 1981

This work investigated the purification of phosphoric acid using
a suitable organic solvent, followed by re-extraction of the acid from
the solvent using water. The work consisted of practical batch and
continuous studies and the economics and design of a full scale plant,
based on the experimental data.

A comprehensive literature survey on the purification of wet
process phosphoric acid by organic solvents is presented and the
literature describing the design and operation of mixer-settlers has
also been reviewed. '

In batch studies, the equilibrium and distribution curves for
the systems water-phosphoric acid-solvent for Benzaldehyde, Cyclohexanol
and Methylisobutylketone (MIBK) were determined together with hydrodynamic
characteristics for both pure and impure systems. The settling time
increased with acid concentration, but power input had no effect. Drop
size was found to reduce with acid concentration and power input.

For the continuous studies a novel horizontal mixer-settler
cascade was designed, constructed and operated using pure and impure
acid with MIBK as the solvent. The cascade incorporates three air
turbine agitated, cylindrical 900 ml mixers, and three cylindrical
200 ml settlers with air-lift solvent interstage transfer.

Mean drop size in the fully baffled mixer was correlated. Drop
size distributions were log-normal and size decreased with acid
concentration and power input and increased with dispersed phase hold-up.

Phase inversion studies showed that the width of the ambivalent
region depended upon rotor speed, hold-up and acid concentration.

Settler characteristics were investigated by measuring wedge
length.

Distribution coefficients of impurities and acid were also
investigated. The following optimum extraction conditions were found:
initial acid concentration 63%, phase ratio of solvent to acid 1l:1
(v/v), impeller speed recommended 900 r.p.m. In the washing step
the maximum phase ratio of solvent to water was 8:1 (v/v). Work on
phosphoric acid concentration involved constructing distillation
equipment consisting of a 10 & spherical still.

A 100 T/d - scale detailed process design including capital cost,
operating cost and profitability was also completed. A profit model

for phosphoric acid extraction was developed and maximised.

Recommendations are made for both the application of the results
to a practical design and for extensions of the study.

KEY WORDS ~ Solvent extraction-Phosphoric Acid-Purification
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CHARPTER
ONE

INTRODUCTION

The advance of the economic status of the developed
countries of the world owes much to the discovery of )
phosphate ore and the development of the technologies
required to transform it for the use of mankind.
Phosphate rock has a limited use itself, chiefly
because of the relatively low availability of the P3Os.
Tts main consumption however is as a raw material for
the manufacture of phosphoric acid. It is well known
in industries and used in manufacturing of both solid
and liquid mixed fertilizers. It is also used in
other areas of chemical technology, such as detergents,
food and a number of feed additives for animal
husbandary.

The end uses of phosphoric acid usually depend
upon the purity of the acid, which in turn depends on
the way in which the acid is produced, the origin
and composition of the phosphate rock (50).
| In principle there are two ways to make phosphoric
acid, acidulation and thermal treatment (12). The
thermal process gives a pure grade acid and therefore

it is used mainly for food and water treatment. The

second method (acidulation) produces impure acid known



as wet process, which can be used in agriculture.

The difference between the manufacturing cost of
the wet process and the thermal process phosphoric
acid is substantial (27). This arises for both high
energy consumption (about 11000 kw is used per ton
of recovered phosphorus) which is too high considering
the present energy crisis and more complex processing
in the thermal route. This provides economic as well
as technical incentives to use a purification technique
to produce purer acid from the wet process route.

Numerous methods have been proposed for purifying
wet process phosphoric acid, these include settling,
precipitation and centrifugation with added flocculating
agents under different operating conditions. None of
the above methods have been completely effective.
Although they improve the acid grade they do not solve
the problem of additional sludge formation, and the
uses of the produced acid are still limited to
fertilizers. Chemical treatment of the acid is connected
with excessive losses and waste disposal as well as being
uneconomical (25, 138).

One of the successful attempts at purification is
by solvent extraction which can lead to a range of
specificationsup to food stuff gquality as well as being
cheap with good yield, and with virtually no pollution
(25). The solvents used are organic, and the technique
is based on the ability of that solvent or solvents

to extract the acid and to reject to some extent the

impurities.




Different ideas are reported in the literature for
using solvent extraction techniques 'for purification
purposes (19,20,39,144,215,239,240,271) and many
solvents were reported (7,41,44,281,282). However,
only a few papers have been published or even describe
the type and the design of the equipment used for
the purification processes in a continuous manner.

From studies of the solubility systems, it will be seen
that in order to effectively remove the major portion
of the phosphoric acid, inordinately large amounts

of organic reagent must be employed. Therefore it is
essential that the continuous extraction can be carried
out in a counter-current fashion whereby the material
containing the lowest concentration of phosphoric acid
is subjected to the relatively pure organic solvent

and thus, éomplete recoveries are possible with a
considerably smaller amount of organic solvent.

The object of this work is to provide pilot plant
equipment to study the purification and extraction of
phosphoric acid, which comprises contacting an impure
and/or pure aqueous phosphoric acid in a multistage
counter extraction (mixer-settlers) with organic solvent.
Another object of this work is to confirm the work
which has been reported in literature (282). sStill
another object of this work is to evaluate and optimize
the profit function by choosing a reasonable solvent
and process parameters.

Taking into account the outlook for the use of

organic solvents for wet process acid, it was decided

-3-




to investigate the process using methyl-isobutylketone.
Some batch work has also been studied using cyclohexanol
and benzaldehyde as solvents.

Hydrodynamic studies for both batch and continuous
work were also considered. Batch work was carried out
first in a small scale mixer to assist in the prediction
of the theoretical design of = continuous equipment.

The mixer-settler unit, consisting of mixing and
settling chambers, has a number of unique features,
these include: (a) inter-stage pumping, carried out by
the use of air 1lift pumps, and (b) mixing was qarried
out by air driven motors for safety. In general the

equipment needs no source of electricity.




CHAPTER
TWO

PRODUCTION OF PHOSPHORIC ACID

Although the main objective of this work is not to
study the production of the phosphoric acid, brief des-
criptions of the principle methods of production are
included.

Two types of phosphoric acid are marketed - a purified
acid made by the electric furnace method and a less pure
dark acid by the "wet" process method.

Both acids are widely used in industry, see Fig. 2.1.
However, wet process acid can not be used directly for
some products, such as foodstuffs, unless it has first
been purified, see Fig. 2.2. Production/capacity of both

acids in the U.S.A. is shown in Fig. 2.3.

2.1 FURNACE PROCESS

Furnace grade phosphoric acid is produced from
elemental phosphorus, therefore the production of the
acid is closely related to the production of phosphorus.
Phosphorus is first produced by theelectric reduction of
phosphate rock. This is then followed by oxidation and

hydration to give phosphoric acid:
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P4OlO + 6H20 - 4H3PO4

The oxidation and hydration takes place in furnaces either
similar to normal blast furnaces (in this case, dust
separation and phosphorus condensation from the gas is
required), or electric furnaces to produce phosphorus
vapour which can be burned directly to P50g, and the latter
reacted with water to form phosphoric acid. However, in
the electric furnace, the total cost of electrodes, power,
coke, and phosphorus condensation is lower than the cost
of coke plus the expense of removing dust and condensing
phosphorus from the rather large quantities of gas in the
blast-furnace process.

The final acid is diluted to 75 to 85% H,PO, for

commercial application (178).

2.2 WET PROCESS ACID

The world requirement for fertilizer is increasing
as shown in Table 2.1, and wet process phosphoric acid
plays an important part in its production. The acid was
first produced commercially, by this method, in Germany
between 1870 and 1872 (277), and in the United States,
at Baltimore. In general the process involved the
acidulation of phosphate rock (which generally contains
phosphorus in the form of fluorapatite (Calon(PO4) ),
with a mineral acid, normally sulphuric acid, to precipitate
the calcium salt. The phosphoric acid which is ih solu-

tion can be removed by filtering it from the mixture.
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The quantity of mineral acid consumed is a function
of the rock composition only; it is therefore advantageous
to use a rock of high P,0; content and low CaO/on5
ratio (105); however, to convert all the calcium present
into an insoluble salt (gypsum) an excess of the mineral
acid is required.

It is not normally possible to use sulphuric acid
of strength greater than that which will yield a phosphoric
acid containing about 30% by weight of P,0Og, since with
more concentrated acid the precipitated calcium sulphate
becomes more difficult to filter.

Different concentrations and compositions of the final
product acid can be obtained if different mineral acids
are used. When sulphuric acid is used (133,201,221), the
byproduct of the reaction is calcium sulphate which is
a waste product as reported by Gattikek (8l1). I.M.I. and
others (8,17,28,104,227) used hydrochloric acid where the
byproduct of the reaction is calcium chloride, and the
advantage of the process lies in the fact that it can
accommodate waste or byproduct hydrochloric acid from
any source.

Gattiker (81l) used nitric acid in which calcium
nitrate is produced as a byproduct which can be used as
fertilizer or may be further treated to recover the
nitrate radical in the form of ammonium nitrate. Other
recent processes for production of phosphoric are reported
in (66,67,68).

Whatever route is used to produce the acid, a loss

of P,0g value occurs and the final acid contains impurities.




2.3 NATURE AND EFFECT OF IMPURITIES

A typical analysis of wet process phosphoric acid
after filtering it from insoluble matter such as calcium
(in the form of gypsum) shows it contains dissolved and
suspended materials both inorganic and organic. Since
the phosphate rock is a natural product, it is the primary
source of these impurities. On the other hand, the
impurities may be introduced as chemical additives,
during the beneficiation, in the mineral acid and by the
corrosion and erosion of the equipment.

Different raw materials from different origins and
different production methods have a considerable effect
on the relative amount of the impurities.

More than 50 chemical elements have been identified
in phosphate‘rock, the key constituents of these
impurities are ,iron, aluminium, calcium, magnesium and
sulphate which are present in appreciable amounts.
Others are present in very small amounts (e.g. barium,
strontium, vanadium, uranium and fluoride).

Fox (78) suggested that the origin of the organic
matter was from vegetable rather than animal sources.
His conclusion is supported by the observation of plant
residues in rock samples from the Idaho and Wyoming
deposits (115).

All the dissolved and suspended impurities adversely
affect the quality of the acid, produce undesirable
colour or turbidity, and change physical properties such

as viscosity, density and conductivity; other impurities




are toxic, e.g fluorine which limits the use of acid in
food industries.

Waggaman (274) states that the organic matter
reduces sulphuric acid to sulphur dioxides and hydrogen
sulphide. This means greater consumption of acid.

Toyo Soda Co. (263) report the following observations

on the organic impurities:

(a) The organic materials in the wet process phosphoric

acid can be classified into those which cause

colour and those which do not.

(b) The non-colouring organic material can be converted
into colouring materials by heating.

(c) The colouring organic materials can be removed
but the non-colouring organic materials cannot be
removed by conventional decolouring methods.

(d) A portion of the colouring material can be removed
but the non-colouring organic materials are not

substantially removed by extraction methods.

Hiromi (95) claims that phosphoric acid can be
decolourized by heating the wet process acid in an
autoclave at 100-300°C to carbonize the organic substances,
then cooling to settle the carbon before removal.

Impurities in wet process acid become more trouble-
some when they crystallise from the acid as solids (275)
or during prolonged storage. The major difficulties
encountered in the production of wet process acid are
those in obtaining a readily filterable calcium sulphate
and in preventing the formation of sludge in the acid,

especially when it is concentrated.




The instability of dissolved impurities and their
tendency towards precipitation are very common, giving
problems (72) in the filtration stages, where they
interfere with the recovery of acid from the filter cake.

The chemical process by which solid continues to
separate from wet process acid over long periods of time
have not been clearly defined, but in general most
precipitation of the dissolved impurities take place during
the evaporation (concentration) step and continues for =
days or weeks during storage (77).

The presence of the settled solid impurities there-
fore causes difficulties in handling the acid because
these solids tend to plug the lines, valves and acid
spraying nozzles and this often results in the shut down
of the plant to clean the equipment (219). The preci-
pitated_impufities can be removed by filtration,
decantation, etc., however this results in prohibitive
losses of valuable P205.

Different sources of phosphate ores have different
compositions (see Table 2.2) and these affect process
parameters, including the form of the calcium sulphate
crystals, slurry filtration rate, viscosity, density,
colour of the acid and the rate at which the sludge
impurities are precipitated (35). These are affected in
roughly the same relative proportions, but the minerlogical
form in which the impurities occur vary widely from one
deposit to another. The minerals differ considerably in
their solubility in the acid, thus the extent to which

the impurities dissolve in the acid is controlled by
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the chemical composition and solubilities of the individual
minerals in which the impurities occur. The resultant acid
will therefore have a different composition of impurities
as shown in Table 2.3A and 2.3B.

Although fertilizer production does not require
acid of high purity, there is a limit to the impurities
content of the acid. Impurities have the following

effects on production and application in fertilizers:

~

(1) They reduce the concentration of finished fertilizer
made from the acid.

(2) When wet process acid is used in making liquid
fertilizers, iron and aluminium compounds precipitate
as voluminuous sludge that interfere with the appli-
cation of the ligquid through spray equipment.
Magnesium compounds also form solids that interefere

with applications of liquid fertilizer.

On considering the effect of impurities on the
distribution coefficient of the acid, Yacu (282) reported

the following:

(1) They reduce the distribution coefficient of the
acid.
(2) They also increase the hetrogeneous area of

ternary phase equilibrium diagram, acid-water-solvent.

Yoichi (284) reported that the organic impurities
can be removed by solvent extraction and then treatment
of solvent with active carbon. The organic impurity
causes the following disadvantages on the operation of

phosphoric acid plant:

_1 R =
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The phosphoric acid extraction efficiency and the
impurity separation efficiency are lowered.

The speed of phase separation of the two liguid
phases in the extraction process is very low.
Sometimes a stable emulsion is formed whereby the

separation of the two liquid phases is impossible.
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CHARPTER
THREE

SCOPE OF SOLVENT EXTRACTION FOR THE PURIFICATION

OF WET PROCESS PHOSPHORIC ACID

The disadvantagesof the thermal methods for the
production of phosphoric acid are the requirements for
relatively expensive capital eguipment, larger amounts
of electrical energy and pollution control. 1In fact,
because of the wide gap between the price of wet process
phosphoric acid and the price of electrothermal acid,
the purification of wet process phosphoric has received
increasing aﬁtention.

Several attempts have been made to purify wet
process phosphoric acid such as chemical treatment and
settling (82,111,110), however most progress has been
made in the application of solvent extraction technology,
This turned out to be one of the more successful methods.
It is based on the ability of some organic solvents to
extract the acid and reject, to a large extent, the
impurities present.

The selectivity of a solvent is usually indicated

by the ratio of the concentration of the acid and/or

acids and their simple salts in one layer, on a solvent

free basis, to the corresponding concentration in the

other layer (249).

-18-




Solvent extraction entered the inorganic chemical
process industry (as opposed to the petrochemical and
pharmaceutical industries) with the implementation of an
extraction process for the recovery of uranium. In the
case of phosphoric acid solvent extraction falls into
two main categories, one having reference to the basic
separation between the complementary components of
phosphate rock, e.g. phosphoric pentoxide and calcium
oxide, the other being concerned with upgrading the
phosphorus pentoxide values by eliminating impurities (29).
It is not the purpose of the present work to consider
the first category, a comprehensive discussion of this

has been given by Slack (18).

3.1 THEORIES OF EXTRACTION

It is not the purpose of this work to study in
detail the theories behind the extraction process.
Diamond (64) published a very good survey of this topic.

There are a number of different ways in which the
experimental data on the solvent extraction of inorganic
compounds can be organised for review. Any scheme 1is
an arbitrary one, and nature provides examples which
seem to fit simultaneously into more than one category.

Browning (36) divided solvents into three types:

(i) non-hydrogen bonding solvents

(ii) solvents forming hydrogen bonds preferentially with
other molecules, e.g. ether and |

(iii) solvents which form a hydrogen bonded structﬁre,

e.g. CH,OH.




Diamond (64) organised the extractable compounds into

the following six classes.

1. Simple molecules - Involves the partition of a
simple covalent molecule between an aqueous solution -
organic solvent pair. The simplest system involves the
distribution of a relatively inert molecule between two
immiscible solvents. Under such circumstances the

activity coefficient ratio will be close to unity.

2. Pseudo molecular systems - On general principles,
ionic compounds would not be expected to extract into
organic solvents from aqueous solution because of the
large loss in electrostatic solvation energy which would
occur. However, the most obvious way to make an agqueous
imrndn.ersgiegscavererhekdpiic s~ draEstvuitacshenazyc.
This can be done by combining the ion of interest with an
ion or ions of opposite charge to form a neutral molecular

species.

3. Mineral acids - The extraction of a covalent molecule
from aqueous acid solution is possible with essentially
any organic solvent which is immiscible with water.

Small ionic species are strongly solvated in aqueous
solution by the highly polar water molecules, to an

extent depending on their charge density and chemical
properties. There is consequently little tendency for
them to extract into non polar, non coordinating solvents
which cannot compensate for the resulting loss of hydrogen
energy. When the molecules of a substance are polar,

they exhibit a dipole moment caused by unequal sharing

-20~-




of the electrons of the covalent bonds of the molecule.
Oxygenated solvents such as ether, ketone, alcohol and
ester have such properties. Iﬁ the case of an alcohol
(265) , the electron pair that makes up the bond between

oxygen and hydrogen lies closer to the oxygen.

R— 0: H

Consequently, the hydrogen portion of the molecule is
Felatively positively charged and the remainder is
negatively charged, and the dipole moment is used as a
measure of this phenomenon. Polar molecules tend to
associate with coordination hydrogen atoms betweén the

negative parts of adjacent molecules:

Hydrogen can also coordinate between other donor
atoms such as nitrogen or fluorine as well as oxygen.

Solution of solute into a solvent which takes place
through hydrogen bonding may involve either breaking the
hydrogen bonds or forming new ones (64). Thus, for
example, if an alcohol dissolves in water, the hydrogen
bonds between the water molecules and between the
alcohol molecules may be broken and new bonds formed
between alcohol and water molecules as shown below:

H R H R

| | 1 |

H—0-—>H—0—>H—0—>H—0
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The evidence for the formation of hydrogen bonded
complex between solvent and nitric acid molecules was
explained by Sutton (251). He used diethylether as

solvent and the equilibrium can be represented by:

HNO3 + (CH,CH

3 2)2.0 (CHZCHz)Z.O.HNO

3

Baronov (22) studied the behaviour of phosphoric acid
and plutonium (IV) during extraction with trioctylamine
and reported the formation of a salt. Krupatkin's (163)
study of binary systems formed by phosphoric acid with
benzophenone, ethylmethylketone and cyclohexanone shows
the existence of a compound of composition l:1. In
addition a compound with a 2:1 ratio of acid to ketone
is formed. |

Ewell-Harrison and Berg (72) classified liquids into

five groups based on their potentialities for forming

hydrogeh bonds and these are:

Class I : Liquids capable of forming three-dimensional
networks of strong hydrogen bonds, e.g. water,
glycol, glycerol and amino alcohols.

Class II : Ligquids composed of molecules containing
both active hydrogen atoms and donor atoms
(oxygen, nitrogen and fluorine), e.g. alcohols,
acids and phenols.

Class III: Liquids composed of molecules containing
donor atoms but not active hydrogen atoms,

e.g. ethers, ketones and aldehydes.
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Class IV : Liquids composed of molecules containing
active hydrogen atoms but no donor atoms,
e.qg. CHC13, CH2C12§

Class V : All other liquids, e.g. liquid having no

hydrogen bond forming capabilities, e.g.

hydrocarbons.

It is worth noting the effect of basicity on the
solubility of water in organic solvents. The solubility
of hydrocarbons in water is typically equivalent to a

mole fraction of 107 ° - 10~ %

in ethers. On the other hand,
the solubility is an order of magnitude higher than this
and in the case of strongly basic phosphoryl compounds,

the solubility of water corresponds to complete formation

of a 1:1 complex such as tri-n-butylphosphate (TBP) : H,O.

2
In the presence of concentrated nitric acid and a diluent
in TBP this system becomes more complicated (4) due to
the formation of a (TBP:HNOB) complex as a third phase.
The appearance of this third phase was not obtained when
phosphoric acid was used, instead of nitric acid, but

a third phase was observed when di-isopropyl ether was
used as solvent (282). This was confirmed in earlier
work by Schallert (240) on thepurification of phosphoric
acid using di-isopropyl ether and diethylether. The
phosphoric acid-ether complex formed in both cases was

claimed to be accompanied by a molecule of water as

expressed by the chemical formula:

H,PO

3 .H

O(CH3)2.CHOCH(CH3)2; with di-isopropyl ether

4°7°2

and H,PO,.H,O(CH

3P0, -Hy CH2)20; with diethylether

3
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Both complexes are insoluble in dilute phosphoric acid
solutions or in excess ether.

The binary systems formed by phosphoric acid with
cyclohexanone, furfural, salicyldehyde and benzaldehyde
have been investigated (162,150) and it was concluded
that a 1:1 complex compound is formed between the acid
and the solvent, and in some cases a compound with 2:1
ratio of acid to solvent was also formed.

Grinberg and Lazhkiha (85) suggested that extraction ~
of acid with organic solvent involves two main procedures.
The use of salting out agents and complex compound
formation known as oxonium compounds. The former consists
of adding a salt to the aqueous phase to act mainly as a
binding agent for water and thus reducing its concentration
as available solvent. Different salting out agents
result in different effects on the distribution coefficient.

Seaton and Geankoplis (243) studied the effect of
pH, activity coefficient and internal pressure of the
aqueous solution on the extraction of phosphoric acid.
They concluded that pH should play an important part in
the extraction of a partly ionized acid like phosphoric
acid. When the pH value was increased from O to 1O the
distribution coefficient of the phosphate ion dropped
by a factor of 1:100. However, in changing the pH (by
adding HCl and NaOH) new chemicals (phosphate salts)
are formed which behave completely differently from the
acid in their solubility in the organic phase. The
distribution coefficient of phosphoric acid increased

when HCl was added, this was explained by the theory
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that since HCl lowers the internal pressure of water it
diminishes the activity of water towards the acid and hence
the organic phase is able to share a greater amount of

the acid. The addition of sulphuric acid was claimed

(111) to have a similar effect on the distribution

coefficient of phosphoric acid.

4. Complex metal acids - They are formed by some of the
transition metals with halide and pseudo halide (CN—,
SCN , etc) ions. They show all the properties of the
simple strong acids, with the added complication that

the extractable complex has to be formed by reaction

of the metal cation with the appropriate number of

halide ions. One of the earliest examples is the ferric

chloride - hydrochloric acid - diethylether system.

5. Coordinately unsolvated salts - These include the
extraction of large ions such as Ph4AS+, Ph4P+. The
size and structure of these ions are such that they do
not have a primary hydration shell, i.e. no coordinate
bonding to the nearest water . With the exception of
hydroxylated solvents such as the alcohols, organic
solvents do not possess a hydrogen-bonded structure,
and the attractive interactions of the solvent molecules
which must be displaced are Van der Waals' interactions

of the same order of magnitude as those between the ion

itself and the nearest solvent molecule.

6. Coordinately solvated salts - In order to transfer
a hydrated ionic species from aqueous solution into an
organic solvent, a loss in solvation energy must be

compensated for in the organic phase. For the hydrogen
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ion there is a unique mechanism for this solvation, but
with other cations there is no such specific concentration
of charge at any point on the surface of the hydrated

ion. The solvation forces are therefore correspondingly
weaker. This comparatively poor primary solvation which
weakly basic solvents offer small ionic species is
reflected in the low solubility of the latter in such

solvents.

3.2 PURIFICATION METHODS OF WET PROCESS PHOSPHORIC

ACID BY ORGANIC SOLVENTS

Solvent extraction processes for phosphoric acid
purification did not reach industrial implementation
until nearly 30 years ago. In the early 1960's there
was a very sharp intensification of effort in this
direction, as measured by the increasing number of
patents and other scientific papers. In 1932 Milligan
(183,184,185) was probably the first to attempt to use
a polar immiscible solvent for purifying wet process
phosphoric acid, the organic solvents which give favourable
results are water immiscible monohydroxyl alcohols of
not exceeding 8 carbon atoms in the chain carrying a
hydroxyl group, preferably n-butylalcohol or amy 1-
alcohol. Ketones, aldehydes and esters are also claimed
to be successful (14,41).

The e#tracted phosphoric acid can be recovered
from the organic solvent in many ways for example by

distillation, or back extraction with water, and the
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purer acid thus transferred from the solvent phase to
the water phase (108, 215).

In selecting a purification system, one must con-
sider how the impurities are to be rejected. One approach
that is simple in concept is based on separating a
fraction of the phosphoric acid in pure form leaving
the remainder of the acid to carry the impurities.
Another approach depends on full extraction of phosphorus
ventoxide values, still a third exploits the charac-
teristics of specific impurities in order to separate
them more or less completely from the phosphorus
pentoxide, as in the case of removing iron impurities
(142,228,213), silica (262), vanadium and titanum
(129), fluorine (215), potassium and fluosilicate {(144),
fluoride (71) and uranium (1,49,50,53,118,217). A
fourth approach is based on extraction of impurities
instead of the acid as stated by Borisov (31).

All these approaches have been made the basis of
processes to be described below and summarised in
Fig. (3.1l). However they have not necessarily yet

been commercialized.

3.2.1 PURIFICATION RY PARTIAL EXTRACTION OF THE WET

PROCESS ACID

This can be further subdivided into two methods

based on the solvents used:
(A) Conceptually the most straight-forward method is

to extract the acid from the aqueous phase with a

-27-
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solvent that will extract phosphoric acid at any
concentration. For the solvents selected phosphoric
acid should show a reasonably constant distribution
coefficient down to fairly low concentration and with
acceptable selectivity over impurities up to the highest
concentration built up in the reject acid. Suitable
solvents that may be classified in this group are

mainly alcohols (26,29,30,41,55,60,271).

Vana (271) in 1934 was the first to attempt to
purify wet process acid, using oxygenated cyclo-paraffins
such as cyclohexanol. Other processes based on aliphatic
alcohols were described by Toyo Soda Manufacturing
Company in the preliminary economic estimate published
by them (261). They claimed that it is possible to
produce high purity acid at a cost below that provided
by the thermél methods.

Solvents such as benzaldehyde and ethylacetate are
also claimed by Vana (271). A mixture of a minor
proportion (5-20%) of a water insoluble amine e.g.
octadecylamine, dinonylamine and a major proportion of
an aliphatic alcohol having 4 to 12 carbon atoms per
molecule 1is also claimed by Archambault (9) and
Milligan (185).

Alkyl phosphates and arylphosphates (e.g. tri-n-
butyl phosphate) have been claimed by Bunin, Champ and
Martin respectively (39,44,174) for partial extraction
of acid, the method of extraction in these patents
uses the same principle except in the way the acid is

treated prior to its extraction. Champ and Martin
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suggested the addition of anions of boron, such as boric
acid, and fluoride to the impure phosphoric acid to
enable purified phosphoric acid to be separated by a
water immiscible organic solvent without the formation
of undesirable silicagel or other interfering species.

Phosphate rock addition to the acid to increase
the acid concentration was reported by Bunin (39),
addition of sodium carbonate as insoluble sodium
fluosilicate was also claimed in the same patent.

The addition of benzene, xylene and toluene to the
alkyl or arylphosphate can improve the phase separation,
these solvents dilute the alkyl or arylphosphate and
facilitate extraction by lowering the viscosity and
density of the organic phase.

A process for purifying phosphoric acid with respect
to iron impurities has been claimed by Koerner (142),

3+) impurities

it involves reducing the trivalent iron (Fe
contained in the phosphoric acid to the divalent iron
(Fe2+) oxidation state and contacting the phosphoric

acid containing the reduced iron impurities with a

water insoluble amine extractant.

Long chain alkylamines and/or amine salts preferably
dissolved in an organic diluent, may be used first to
remove certain impurities and then to extract the
phosphoric acid from the partially purified aqueous
phase using the same solvent (142,230).

A process using an ester as solvent such as butyl-

acetate, amyl acetate and a mixture thereof, has been

claimed by Kamaradhya (215). In this process the
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addition of a defluorination stage was introduced to
remove the chloride ion, the defluorination of the acid
was carried out by adding sodium carbonate and silicic
acid in order to precipitate sodium fluosilicate.
However, the ester may hydrolyse in the process which is
a factor of economic significance against their choice
as solvents.

The above processes have a common basic flow sheet
for the partial extraction of the acid as shown in
Fig. (3.2) or purification step may be introduced as shown
in Fig. (3.3). As a conseqguence they are all multistage,
usually counter-current operations and the pfoduét acia
is always more dilute than the impure feed acid. The
higher the mutual miscibility of solvent and water,
the greater will be the dilution effect but very likely
the smaller will be the volume of solvent to be handled,
but is not possible to predetermine whether a longer or
a shorter chain alcohol will give a better overall water
balance (29).

On considering Fig.3.2 and 3.3, the extraction step
is to extract the phosphoric acid using any of the
solvents described above; the purification step
where most of the impurities (as claimed by IMI (112))
are transferred to the agueous phase leaving pure extract
saturated with acid; and the washing step which achieves
its purpose when the purified acid product at acceptable
concentration has been fully separated from the solvent.
The final pure acid is then concentrated by removing

water uisng either evaporation or distillation.
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(B) A different approach to the processes mentioned so
far is based on the utilisation of solvents which show
very little extraction capacity for phosphoric acid
below a specific threshold concentration, in other
words, the distribution coefficient of the acid is very
sharply concentration dependent as shown in Fig.3.5.
compared with the first type of solvent shown in Fig.3.4.
However, this method will have limited potential com-
pared with the solvent types used for method A, since
no increase in extraction stages can now increase the
yield. On the other hand compared with the solvents
of method (A) the operation may be simplified since the
extraction can be performed in fewer contact steps.
Ethers, glycol ethers, esters and selected ketones
were included in this group (29) and their threshold
concentration was found to be temperature dependent.
Based on the above method IMI (109) claimed that
some of these solvents when added in a sufficient
amount to an agueous H3PO4 solution at temperatures
within a range depending on the solvent, three phases can
form and co-exist, a bottom phase comprising predominantly
an agueous H3PO4 solution, an intermediate phase
comprising predominantly an H3PO4 solution in the solvent
and a top phase comprising predominantly the solvent.
Schallert (293,240) and Yacu (282) claimed that on
using di-iso-propylether (IPE) and diethyl ether (EE)
to extract phosphoric acid a three phase region was
formed. Schallert's conclusion was that a complex was

formed under critical conditions, of the form
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H3PO4.H20(C3H7)20 with a composition 45% H3PO,, 8% H
and 47% IPE, in the case of diethyl ether EE the
complex was H3PO4.H20(CH3.CH2)20. The three-phase
region is a moderately thin ligquid which was not

appreciably soluble in either agueous H PO, solution of

3
lower than a certain threshold concentration (68%
H3PO4 with IPE and 53.8%'H3PO4 with EE) or in excess
solvent. The total amount of phosphoric acid complexed
with the solvent was found to be linearly proportional
to the acid concentration for aqueous solutions having
H3PO4 concentrations higher than the threshold values.
The effect of temperature on the system HZO—H3PO4—
solvent (e.gqg. HZO—H3PO4—n—butyl ether) was reported by
Baniel and Blumberg (18) who showed that in some cases
the capacity of solvent to extract phosphoric acid from
water variesAinversely with temperature. Therefore,
advantages have been claimed by extracting the acid from
the aqueous phase in the extraction step at low tem-
perature (O—5OC) so as to give a homogeneous mixture,
and then to release the acid from the extract in the
washing step at a high temperature (40-60°C) with or
without addition of water. By this treatment the
purified portion of the acid could be recovered at
relatively high acid concentration. Other solvents
included in this category and reported in references
(20,21,107,110) are di-ethylether, di-n-amylether,

glyéol ethers such as di-ethylene glycol, esters such

as butyl acetate and ketones such as cyclohexanone.
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Blumberg and Simon (20) claimed an improved process
for extracting phosphoric acid with a mixture of at
least two extracting solvents each of which was capable
of extracting phosphoric acid from agueous solution
which has threshold values of acid concentration of 35%.

Yacu (282) selected four different solvents
(n-amyl alcohol; tri-butyl phosphate; di-siopropyl-
ehter and methyl-iso-butyl ketone. His experimental
results were based on a small scale batch mixer and his
conclusion was that solvent extraction can be success-
fully applied for purification of phosphoric acid, and
isopropylether was the most suitable solvent among
those studied. However the possibility of peroxide
formation may constitute a potential hazard. Although
the three layer formation may cause operational diffi-
culties, this could be overcome by precise flow rate
control.

Albright and Wilson Ltd (2), claimed a process
based on a solvent chosen from saturated cyclic ketones
containing five or six carbon atoms. Of these methyl-
iso butyl-ketone (MIBK) was preferred when extracting
a concentrated phosphoric acid (70%) because it has a
high flash point (24°C) and is therefore not unduly
hazardous. If less concentrated acid is to be used
(40-42%) a pentanone such as diethyl ketone or methyl-
n-butyl ketone can be used.

Other plants and processes based on partial
purification of phosphoric acid were reported in

references (26,67,66).
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3.2.2 PURIFICATION BY COMPLETE EXTRACTION OF PHOSPHORIC
ACID

All the purification processes referred to above
have the advantages of leaving a residual acid to carry
the impurities. The lowering of the gquality of the
residual acid thus bears a direct relation to the
quantity of the purified acid produced, so even though
the impure residual acid can often be accommodated in
a wet phosphoric acid fertilizer, complex processes
which permit essentially full purification of the
phosphorus pentoxide values may sometimes be preferred.

The purification by complete extraction of the

acid can be explained using two possible procedures.

TI. Complete Extraction with Immiscible Solvent

Two types of process have been described.

(n) Purification in the presence of salts

Salts such as calcium chloride or calcium nitrate
may be added to the impure phosphoric acid. The degree
of extraction and the purity of the produced phosphoric
acid is enhanced by controlling the calcium chloride
content with respect to the P205 concentration in the
agueous medium prior to the extraction with organic
solvent (18). The processes are based on the same
principle as that used in production of phosphoric acid
by acidulation of phosphate rock with hydrochloric acid
as reported in (60,169,241) or by treating the phosphate

rock with an approximately stoichiometric amount
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(45 to 65%) of concentrated nitric acid (81,270).
Cationic impurities remain with the CaCl2 in the
form of chlorides and the calcium salt used to promote
phosphoric acid extraction may be recycled after
precipitation of accumulated impurities and reconcen-
tration (19), or it may be generated in each cycle
by dissolving a part of the phosphate rock with the
appropriate acid (HC1l) (17). The basic flow-sheets
for both methods are shown in Figs. (3.6) and (3.7).
The hydrochloric acid may be added to the organic solvent
or ‘it may be added to the wet process acid along with
the calcium chloride. The concentration of calcium
chloride needed to produce greatest extraction of
phosphoric acid depends on the acid concentration
itself. When the initial acid concentration is low the
Ca2+ content.must be relatively high, and vice versa.
The effect of Ca2+ on the distribution coefficient
of pvhosphoric acid at various concentration and CaCl2
concentrations was studied by Baniell (19) and his
experimental results are shown in Table (3.1) where the
effect of calcium chloride on extractability of H3PO4
is not always positive. The contact time has to be
selected so that substantially all of the phosphoric
acid is extracted from the agqueous reaction mixture
without simultaneous coextraction of appreciable amounts
of the more slowly extractable calcium chloride,
Hydrochloric acid is added to prevent the formation of
calcium phosphate and to increase the distribution

coefficient of phosphoric acid (243).
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Table 34

Influence of CaCl, on the
extractabilty of H,PQ,in
the system H, PO CaCl, - H0_i-AmOH(17,19)
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The solvent extracted containing phosphoric acid
and a quantity of hydrochloric acid, is washed with
water, and phosphoric acid and hydrochloric acid are
transferred to the aqueous medium, thus freeing the
solvent for recycle.

Alcohols such as butanol or amylalcohol and
trialkyl phosphates, such as tri-n-butyl phosphate which
show reasonably constant distribution coefficients down
to fairly low H3PO4 concentrations are suggested to be
suitable organic solvents. The above procedure can
be equally applied to fresh wet phosphoric acid and
to residual acid (29). Although the method has ﬁhe
advantagebof extracting all the H3PO4 value, the
process is relatively complicated and can be rather
costly if HC1l and CaCl2 can not be cheaply provided.
However, a piant based on this approach using isoamyl
alcohol as the extracting solvent was constructed by
IMI (16) in 1961. Another was constructed by Foret
S.A. Spain in 1969 (66,67).

Ishibashi (113)described a process based on the
same principle. However wet process phosphoric acid
was treated with 10-1000% of methanol, ethanol,
isopropane, dimethyl butane and 1% of agueous sodium,
potassium, or ammonium hydroxides, sulphates, nitrates,
halides or phosphates at 0.05-0.4% per mol P205 at
0-60°C. The precipitate was separated by filtration
or centrifugation, the solvent was then distilled and

extracted with 10-1000% of 2-ethyl hexanol.
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Mills (187) treated wet process phosphoric acid

with a precipitate containing ca’t and ¥~ ions at a

2+, - .

ca“’ /F mole ratio of 1:2 for the removal of Mg2+ and
3+ . .

Al”", the precipitation was accelerated by adding

polyacrylamide.

Masaki (176) and Takahashi used H,SO, and Ba
compounds instead of hydrochloric acid and calcium

compounds.

(B) Purification in the presence of a second acid

A different approach is to add a second acid to the
phosphoric acid to boost the hydrogen ion level,.thus
permitting the continual extraction of phosphoric
acid‘(lll). The addition of the second acid (e.g. HZSO4)
to the wet process phosphoric acid can improve the
distribution coefficient of H3PO4. Although sulphuric
acid for instance is also extracted by the solvent,
its proportion is normally less than that in the feed,
the basic flow sheet of the process is similar to those
for partial purification and any suitable immiscible
solvent may be used.

The method has been recommended for extracting
phosphoric acid from agueous raffinate solution resulting
from the partial purification method (247). The amount
of other acid to be added is from 30 to 100% by weight
of the H3PO4 and the mixture is then subjected to a

further extraction with an organic solvent of the same

kind as that employed in the primary extraction stage.
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Although most of the H, PO, values may be recovered
the method still has the disadvantages that the final
aqueous phase is rich in sulphuric acid together with
the impurities, which might not have an end use,
therefore extra cost could be involved in disposal.

Impure wet process phosphoric acid can also be
treated with an acid that has an anion which forms
a precipitate with an impurity. The resulting mixture
is then treated with water miscible solvent to preci-
pitate the impurity. The liguid phase 1is recovered
and distilled to remove the solvent for recycle.

Ammonia may be added to the acid along with the
second acid as claimed by Burova (40). Toyo Soda (262)
described a process to remove organic impurities, based
on treating phosphoric acid with HCl and chlorate at
a temperaturé of 100°C. James (117) claimed the use
of water immiscible organic acid phosphate in conjunction
with water immiscible organic sulfonic acid, which
results in an improvement in the purification of
phosphoric acid. Winand (281) described a process
where SO4_ ions are continuously removed from an organic
phase, immiscible with H20, containing the H3PO4 and

H SO4, and the ligquid-liquid extraction 1is carried out

2
in three zones, each including one or several mixer-
decanters, the throughput ratio of organic to agueous
phase is 5:1 in zone 1, 2:1 to 20:1 in zone 2, and
20:1 in zone 3.

Occidental petroleum corporation (198) described

a process using immiscible solvent without addition of
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acid or a salt. The process comprised extracting the
impurities from phosphoric acid using primary amine in
an amount of up to 50% by volume and a water immiscible
organic solvent for the primary amine. The resultant

acid was observed to be water-white and non-turbid.

II. Complete Extraction with Miscible Solvent

It has been found that the impure acid (the raffinate
acid generated by partial extraction of phosphate from
wet process phosphoric acid as well as the original
phosphoric acid product) can be purified by precipita-
tion of the impurities (82), the precipitate could be
separated by filtration and the solvent by distillation
before it is recycled to the process. The precipitation
of impurities results from the mixing of two immiscible
solvents, preferably a mixture of 1:3 methanol to
isopropanol (82), gives a better result than that
achieved with either alcohol individually. The weight
ratio of alcoholblend to the impure wet process
phosphoric acid normally ranged from 1:1 to 2:1. A
disadvantage is the greater amount of alcohol which
has to be distilled out.

Schroeder (242) treated the wet process acid with
methanol to precipitate ammonium sulphate, ammonium
phosphate, and inorganic impurities and the precipitate
was then separated by filtration. Other organic solvents
such as methyl and ethyl alcohol or acetone are also
claimed especially when applied in conjunction with

the addition of ammonia (226) or the addition of the
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crude acid of a soluble ihorganic salt, particularly a
salt of an alkali metal where it facilitates the
precipitation of impurities, particularly fluosilicate.
The addition of these compounds although it improves
the quality of the acid, also decreases the amount of
recovered H3PO4. This approach has other limitations,
the product although of improved guality, is still far
from pure acid and contains a considerable amount of
impurities. Subsequent purification using a strongly
acid cation exchange was suggested (79).

Chern (50) described a process for the purificatipn
of acid from organic material using kerosene.

Kohayagawa (145) described a process where the
impure H3PO4 solution was mixed with an organic
solvent and aqueous solution of sulphide. The solution
was then filfered, and the organic solvent removed from
the filtrate to produce pure H3PO .

4

3.2.3 ADVANTAGES AND LIMITATIONS OF PARTIAL PURIFICATION

METHODS

Partial purification methods have the following
advantages (18):
1. Practical extraction usually necessitates operating
with high acid concentration. Although this 1is
a limitation, it provides high throughput per unit
equipment volume.
2. A small number of operations and no additional

materials are needed.
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Distillation or evaporation are only used for
stripping solvent from the agueous phase and not
fcor the main solvent recovery.

The product can be recovered with relatively little

reduction in its concentration compared with the

feed.

The method has the following limitations:

1.

Feed acid concentration should normally be high

to make the process economically attractive, but

the feasible concentration will depend on the
solvent used.

The residual acid containing the feed impurities
must be used in the production of solid.phosphate
fertilizers, or in some other processes where purity
is not a critical property.

Some impurities are only partially removed.

In general the following results can be achieved
partial purification.

The fraction of purified acid may be increased

up to 90% depending on the solvent phase ratio and
the number of extraction stages.

Colour should be greatly improved.

Total cations, excluding H+, can be reduced to

0.1-0.2%.
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3.2.4 OTHER PURIFICATION METHODS USING SOLVENT

EXTRACTION

The purification of phosphoric acid using solvents
such as alcohols has, along with its positive aspects,
a number of shortcomings which hinder its industrial
realization - the use of large volume of flammable
organic compounds, incomplete extraction of P205,
losses of extractant during, e.g. distillation.

A method suggested by Borisov V.M. (31) is based
on extraction of impurities in the acid from the aqueous
solution rather than extracting the acid from the
agueous solution. Organophophoric, carboxylic and
sulfonic acids may be used as solvents. The latter,
for example, consisting of a mixture of isomers of
alkylbenzensﬁlfonic acid having the general formula
R SOBH with from 14 to 30 carbon atoms and a molecular
weight of from 360 to 400. It is a brown; oily,
viscous liquid which is insoluble in water; however it

can be extracted with kerosene.

3.3 THE RECOVERY OF SOLVENT FROM AQUEOUS ACID

vVarious methods are available for the recovery of
phosphoric acid or conversion products from the
extraction liquid, for example it can be separated by
distillation and a normal column with a suitable number
of plates can be used. This method has the disadvantage

that part of the ofganic material in the extraction
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liquid may be broken down due to the dehydrating effect
of the orthophosphoric acid. Where the extraction
liguid contains alcohol, for example, it may be in

part broken down during the distillation with the
resultant conversion of part of the solvent into
olefines; ethers may also be present (18).

It is also feasible to either completely neutralize
the acid, employing, for example, sodium carbonate
and/or hydroxide, or to carry the neutralization to
the point at which little or no free orthophosphoric
acid is left.

Crystallisation may alternatively be employed to
separate the dissolved phosphoric acid compound, and
in this case the orthophosphoric acid in the extraction
liguid may be neutralized with ammonia.

It is also feasible to neutralize the acid with
a base producing a salt, which separates from the
extraction liquid by precipitation, and then to recover
the extraction liquid by decantation or filtration.

another method of recovering the phosphoric acid
compounds from the extraction liquid consists in
adding to the extraction liquid a second substance or
substances, preferably liquids, which are soluble
therein, but which are not perse solvents for ortho-
phosphoric acid, or which dissolve or-hophosphoric
acid to a much lesser extent than the extraction liquid.
Hydrocarbons and particularly the light hydrocarbons
less than 15 carbon atom to the molecule are suitable

for this purpose.
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Finally Milligan (185) in 1933 described a simple
and economical method of separation of the phosphoric
acid from the extraction ligquid. On contacting the
water with the extracting solvent the phosphoric acid
passed into the water layer. With certain extraction
ligquids the phosphoric acid would pass almost completely
into the water phase, the final acid concentration
could be adjusted by limiting the volume of water.

The extraction of acid by water was improved by increasing
the temperature above that where primary extraction
takes place (110).

After contacting the extraction liquid with water
it may ordinarily be recycled without further treatment,
and utilized directly for the extraction of further
batches of phosphoric acid. The phosphoric acid
separated in‘the water phase may either be utilized
as such, or converted by suitable treatment into any

other form required by the market.

3.4 ACID CONCENTRATION

There are two stages where phosphoric acid needs
to be concentrated. The first is after phosphate rock
is reacted with a mineral acid and the resulting slurry
is filtered to obtain a relatively dilute phosphoric
acid. This acid needs to be concentrated for subsequent
treatment, for example, in purification by extraction.
The second occurs after back extraction of solvent with

water in the purification plant. The resulting acid
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is diluted and needs to be concentrated for shipping.

Phosphoric acid may be concentrated by using
high~temperature heating methods, consisting essentially
of producing from a generator or an immersed burner
hot gases at 1000°C or more, which are brought into
contact with the acid to be concentrated. These methods
suffer from several serious drawbacks because gases
have to be handled which are extremely hot and which
entrain large volumes of fumes loaded with acid droplets.
These mists tend to form aerosols which cannot be
collected completely under practical conditigns,Athus
leading to losses of acid and to atmospheric pollution
(11).

Phosphoric acid may also be concentrated by steam-
heated vacuum evaporators. Although efforts have been
made to heat the acid under such conditions as to assure
a relatively uniform heating, the acid is close to,
or in contact with the heat-transfer medium which makes
it advisable in some cases to apply some form of
agitation to prevent localised overheating. Wet
process phosphoric acid contains impurities which tend
to form metal phosphate solids on the surface, and thus
constitute a substantial loss (216).

Another method of concentrating dilute acid is by
electrolysis in which a direct current is applied to
electrodes placed in the acid with the evolution of
hydrogen and oxygen. The obvious drawback of this
process is the evolution of hydrogen and oxygen in the

proportions as obtained from the electrolysis of water.
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If not separated, the gases in these proportions are
highly explosive. Also on using this method fluorine
containing compounds may contaminate the hydrogen and
oxygen which will impair their usefulness as raw materials.

Peter (210) described a process for concentration
of phosphoric acid which comprises contacting it with
hot combustion gases to heat it to a temperature of
between 120°C and about 180°C at atmospheric pressure
so as to evaporate volatile impurities and water.
After this step, the acid is subjected to a sub-
atmospheric pressure (about 50 mm Hg) in the absence
of any further heating to effect molecular dehydration
of the acid and remove additional water vapour. Other
methods to concentrate phosphoric acid are described
in references (18,101), and a typical process based on
sludge circuiation is shown in Fig. (3.8). Fig.(3.9)
shows typical evaporating unit.

The materials of construction for the equipment
have to be carefully selected (see AppendixiDdue to
the nature of the process and the chemical compounds
handled. Materials suitable for construction of the
vessel include those that are corrosion resistant,
have low or no electrical conductivity and can withstand
prolonged operation at high temperature. The choice
of material is dependent on the concentration of the
acid being sought. Among the suitable materials for
the vessel are fibre reinforced polyester, polytetra-
fluoro ethylene , polypropylene, or acid resistant

brick. Polypropylene was successfully used in the
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continuous concentration of dilute wet-process phosphoric
acid to concentrated acid containing 50-60% P205
content. For the concentration of acids containing

the polyphosphoric acids, acid resistant brick can be

used (10).

3.5 BEHAVIOUR OF SOLVENTS IN TERNARY SYSTEMS AND

SELECTION OF SOLVENT

If the principle purpose of extraction is to remove
the impurities present in the wet process phosphoric
acid by extraction of the acid, a wide choice of solvents
is possible. 1In fact many widely different solvents
have been stated to be suitable for the extraction of
acid, apparently without preference for any particular
type of. solvent. In choosing a solvent, there are
several principles that can be used as a guide, bearing
in mind that no single substance would ordinarily possess

every desirable characteristic.

1. Selectivity

This refers to the ability of a solvent to extract
one component of a solution in preference to another.
Therefore, the solvent should be as selective as possible
for the phosphoric acid over the water and impurities.

In other words the most suitable solvent from this point
of view would dissolve a maximum of phosphoric acid and

a minimum of impurities and water.
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The selectivity B of a solvent (B) for solute (C)
is defined as the ratio of concentration of non-
consolute (A) in the solvent-rich phase divided by
the ratio in the aqueous rich phase; therefore it can

be written mathematically as:

8 - _CB _AA 3.1

selectivit
( ity) CA X - X

The numerical value of BCA will be the same whether
weight or mole fraction units are used for concentration,
but in most cases 8 varies with concentration (265);
and is too low in the case of phosphoric acid (21).

Practical processes require that é exceeds unity:
the more so the better, if 8=1 separation is impossible.
Therefore, if selectivity is close to unity it will
result in large plant equipment, large numbers of
extraction contacts or stages, and in general, costly
investment and operation.

The above equation can be arranged as:

X X

BCA = XEE . ?éé _______ 3.2
CA A_.B
C XAB

A system with an unfavourable distribution coeffi-
cient (DC<1) will not necessarily give values of 8 less

than unity except if the mutual solubility of A and B

is considerable .
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2. Distribution Coefficient (D¢)

High values of distribution coefficient are desirable
since it influences selectivity, and in turn the number
of contact stages required. This will effect the

capital and operating costs.

3. Capacity

Large solvent capacities to dissolve the preferen-
tially extracted solute are required to minimise the
amount of circulated solvent. High values of XCB are
therefore required in addition to high values of’
distribution coefficient. 1In some cases (not in the
case of phosphoric acid since the non-consolute is always
water), a compromise between high selectivity and high

solvent capacity must be made (265) .

4. Solvency (Solvent Solubility)

The solvent should have minimum solubility in the
raffinate acid phase, to reduce or eliminate the cost
of recovery. Substantial improvement in solvent
solubility characteristics may sometimes be brought

about by even moderate changes in temperature.

5. Reversibility (Recoverability)

T+ must be possible to reverse the extraction
process, i.e. to remove the solvent from the product
for reuse. This parameter dominates the economics of

many processes.
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6. Cost

Ideally, the solvent should be cheap, but cost

alone is rarely critical in comparison with other

parameters.

7. Availability

The solvent should be readily available from more
than one supplier. Otherwise the supply may be too

easily interrupted.

8. Physical Properties

Reasonably high values of interfacial tension,
and density difference from phosphoric acid solution,
help promote rapid phase separation. Similarly, a low
viscosity promotes both mass transfer and phase separa-
tion, potentially reducing plant size, power input

requirements, or both.

9, Safety

Toxicity (effects caused directly to operators or
effects caused by losses to the phosphoric acid stream)

and flammability are important parameters.

To understand the behaviour of different solvents
for extraction of phosphoric acid, a knowledge of
the phaseyequilibrium of the system is vital. The
shape of the ternary diagrams and the relative size of

the heterogeneous area 1is different from one solvent
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to another. It is also different for impure phosphoric

acid compared with pure phosphoric acid as reported by
Yacu (282). Therefore the whole extraction pattern

will be affected. At a particular concentration of
phosphoric acid one solvent may appear to be suitable,
while at a different concentration this solvent may

be unsuitable, because the phases might become completely
miscible.

Several workers have studied the phase eguilibrium
diagram for phosphoric acid-water-solvent. In 1959
Seaton and Geankoph (243) studied the theory of solvent
extractiqn by organic solvents for both HC1l and H3PO4.
They selected four solvents n-butanol, 2-hydroxethyl,
n-hexylether, cyclohexanol .and i-amylalcohol. They
studied the effect of concentration and temperature on
the distribﬁtion coefficient of both acids, and the
effect of concentration on the mutual solubility of
water and solvent. Their conclusion was that alcohols
were the best solvents for the extraction of both HC1
and H3PO4, However, ketone and ether show some
ability to extract them. Those solvents which are best
for hydrochloric acid are also best for phosphoric
acid. However KHC1 is greater than KH3PO4 for the same
solvent.

The following can be concluded from the study of

the various phase diagrams. Binodal curves were

determined by the cloud point method (273).
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The binodal curve of most alcohol systems is not

affected when the temperature changes from

25°C to 35°%C (147).

For those ethers studied, it was found that the

tie lines diverge fanwise from the ether corner

towards the phosphoric acid-water-binary system

and that a solvent with a given number of carbon
atoms is more effective for the extraction of

acid if it has an iso rather than a normal structure.

For those ketones studied (160), it was found that
straight chain aliphatic ketones with assymmetrical
molecules such as methyl hexyl ketone are better
than symmetrical ketones, such as di-iso=-butyl
ketone, for which all the tie lines almost converge
at the solvent corner and the partitition coef-

ficients are close to zero.

The heterogeneous region within each group of solvents
increases with increasing length of carbon chain

of the solvent molecules, and therefore the mutual
miscibility between the agueous and solvent phases
decreases accordingly. Hence the longer the solvent
molecule chain, the higher should be the feed

acid concentration to achieve practical extraction.

The higher the mutual miscibility, the greater
will be the dilution effect; however, conversely

the smaller will be the amount of solvent to be

handled.
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lo.

The maximum of the binodal curve with most solvents

is shifted towards the phosphoric acid-water binary

system.

The partition coefficients of phosphoric acid
between the agueous and organic phases may increase

if two solvents are used rather than one solvent.

The presence‘of amine salts as a fourth component
effect the system H20—H3PO4—n—butanol in different
ways. N-butylamine reduces the heterogeneous
area as its concentration is increased (158).
However triethylamine increases the heterogeneous
region. The same effect, but to a lesser extent,
is demonstrated in the presence of 10% diethyl-
amine, and both amines were found to increase the
distribution coefficient of the acid. When the
diethylamine content was increased to 40% the
whole binodal curve could not be investigated
owing to crystallization of the amine salt with

increasing acid concentration.

Layer inversion was observed in the investigation
of phase equilibrium of the system furfural-
water phosphoric acid at 25°C (150) .

It can be concluded from the work of Walter et al

(275), on their study on eight solvents that:

The higher the initial H3P04 concentration, the

better the extraction.

-59-




11. The addition of ammonia increases the separation

of the impurities but decreases the amount of

H3PO4 extracted.

12. Increase in the anion impurities (803,F) increased
the extraction of the impurities but also increased
the extraction of metallic impurities.

Yacu (282) on his studies on four solvents

concluded the following:

13. As the concentration of the acid increases, the

density and viscosity of the phases is increased.

14. The formation of a three layer region when iso-

propyl-ether was used as solvent, although it is
the most suitable solvent among the four solvents
selected; the possibility of peroxide formation may

constitute a potential hazard.

15. As acid concentration increases, the interfacial
tension also increases which results in smaller
drops and longer settling times of the dispersed

phase.

16. The presence of cationic impurities results in a

larger heterogeneous area, smaller distribution

coefficient and longer settling time for a mixture
containing low acid concentration. As acid

concentration increases, settling time decreases.

Table (3.2) summarises some of the systems with
remarks on their suitability as solvents, while

Fig. (3.10) represents the shape of the ternary phase

-60-



diagrams of the systems water-phosphoric acid-solvent

using:

A - Solubility of solvent (wt'%) in water in the bihary
system.

B - Solubility of water (wt %) in solvent in the binary
system.

C - Maximum point of the.binodal curve in wt %.

D - Critical isothermal solubility point (plait point).

3.6 CLASSIFICATION OF LIQUID-LIQUID EXTRACTION

EQUIPMENT FOR PHOSPHORIC ACID EXTRACTION

The intimate contacting of the two liquid phases
is bought about by various devices which produce
localised turbulence. This turbulence produces a
dispersion of one phase in the other and provides a
large surface area for mass transfer at the phase
boundary. The contacting of wet process phosphoric
acid solution with the solvent is no different, and
can be effected in many ways. However, it is possible
to make an immediate division of the equipment into
two main categories (39). Although not directly

relevant to this work, these are:

(A) Batchwise (Stage Contactors)

This is done by stirring the two materials
(phosphoric acid solution and solvent) together in a
vessel. The solvent phase can then be separated by

decantation or in a simple separating funnel, this
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class includes mixer-settler types of equipment and

perforated plate columns.

Yacu (282) carried out his experimental work on
phosphoric acid purification in a jacketted batchwise

mixer as shown in Fig. 3.11.

(B) Continuous (Differential Contact) Extractors

Here the contact of the solvent and phosphoric
acid solution is brought about by continuous counter
current extraction where equipment of many stages may
be incorporated into a single apparatus, these can be
categorised as follows:

1. Gravity operated extractors which include:

(a) non-mechanical dispersion (Fig. 3.12)

(b) mechanically agitated extractors (Fig. 3.13)

2. Centrifugal extractors

A typical classification of the above equipment
is shown in Fig. (3.14).

Liguid-liquid extraction equipment could also be
classified into vertical column type and horizontal
extractors. The former are further divided, according
to the mode of agitation provided for the inter-
dispersion of liquids as unagitated rotor-agitated
and pulse—agitated columns. The principal types of
contactors are classified according to this method
in Table 3.3.

In batch processes; the volume of the vessel
is that of the batch plus that corresponding to the
fireboard above the top of the liguid. For continuous

processes, the volume of the contained liquid assuming
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FIG 3 .14 A Typical Clussification of Industrial Liquid-Liquid

Extraction  Equipment { 90)

].VERTICAL COLUMN TYPE EXTRACORS

A. Unagifated
1. Spray column

2. Packed column
2, Plate columr

8. Rotor agitated
1 .Rotary Disc Contactor{ RDC!
2 ,Asymmetric Rolating Disc C Ontactor [ ARD)
3

. Oldshue-Rushton Contactor
4. Scheibel extractor

S.Rotary annuiar colume
C. Pulse_aagitated

. Pulsed spray colomn
. Pulsed packed column

1
2
3. Pulsed packed column

11, HoriZOMTAL  UXTRACTORS

A. Mixer settler
g, Cenirifuaal o xttngtor

Hortsontal rotattng disc  contactor

N Rawrinrg buck et e xirgctor

Tablec 3.7 (lassiffication of Ln)'w:!_(_iqutr! Extricteors
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plug flow is v = Q6, where 6 = holding time, Q = flow rate

of both materials.

3.6.1 NON MECHANICAL (GRAVITY) EXTRACTORS

3.6.1.1 BAFFLE PLATE COLUMNS

Baffle towers are cylindrical shells containing
baffles to direct the flow of the liquids. However,
the purpose of the baffles is principally to reduce
the vertical circulation to which the empty tower is
subject and to provide somewhat longer residence time.

Baffle towers have been used for many years,
particularly for the extraction of acetic acid from

pyroligneous acid.

3.6.1.2 WETTED-WALL COLUMNS

In a wetted wall-column, a thin film of one
ligquid (usually the heavier) is allowed to flow along
the inside surface of a narrow vertical circular
tube, and a countercurrent flow of the other is

maintained in a central core.

3.6.1.3 SPRAY TOWERS

Spray towers are merely empty shells with provision
for introducing and removing the liguids. They can

be used for handling liquids containing suspended solids.

ﬁbmﬁm\




3.6.1.4 PACKED TOWERS

The shell of the extraction tower may be filled
with packing which serves principally to reduce axial
mixing and also to jostle and distort the droplets

of dispersed liquids, thus promoting high mass

transfer rates.

3.6.1.5 PERFORATED-PLATE (SIEVE-TRAY) COLUMNS

In the perforated plate column, one of_the_liquids
is repeatedly dispersed and coalesced by causing it
to flow through a series of trays in which a large

number of small holes have been drilled or punched.

3.6.2 MECHANICAL (GRAVITY) EXTRACTORS

These include:

3.6.2.1 THE OLDSHUE-RUSHTON COLUMN

No literature has been found on the use of the
Rushton column for phosphoric acid purification,
since it was only introduced 30 years ago and has
only recently achieved commercial use. The extractor
consists of a vertical column divided into compartments.

Each compartment is agitated by a turbine.




3.6.2.2 THE SCHEIBEL COLUMN

The Scheibel column consists of an altérnate
sequence of mixing and packed sections in a vertical
column. Each mixing section is agitated by a turbine
impeller supported on a central shaft. Open knitted

mesh is used in the packed compartments.

3.6.2.3 ROTATING DISC CONTACTOR

The rotating disc contactor was first introduced
by Reman in 1951 (218). It consists of a vertical
cylindrical shell divided into a number of compartments
by a series of stator rings.

One type of rotating disc contactor has been used
for theApurification of wet process phosphoric acid.
That is in the phorex acid plant, which was developed
by Azote et produits chimiques S.A., France (25,26) .
The plant uses isobutanol as solvent for the purification,
the raw acid is introduced into the extractor and counter-
currently extracted with isobutanol. Residual acid is
fed to a distillation column for recovery of dissolved
isobutanol. The extract is washed in the top part of
the same type for stripping in counter-current contact

with water. The acid is extracted back into the

aqueous phase.
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3.6.2.4 MIXER-SETTLERS

Because the basic mixer-settler design is one of
the objects of this work, it was considered appropriate
to discuss it in detail in the next chapter. However
it is essential here to consider the use of mixer
settlers and their types in phosphoric acid extraction.

A mixer settler (shown in Fig.3.16) was developed

by I.M.I. They claimed that it has the following important

features:
1. Complete hydraulic independence of mixer and
settlers.
2. Complete separation of the mixing and pumping
function.
3. Minimﬁm turbulence in settler.

4., Simplicity of designad scale up.

Ramaradhya (215) used the same design principle, but

a completely different shaped mixer settler (Fig.3.17)
for the purification of phosphoric acid, and his
experiments were based on three extraction stages.
Libhaber and Blumberg (166) developed a dynamic
simulation model for the extraction and purification
stages of the IMI phosphoric acid process; the validity
of the model was confirmed by simulating experimental
runs of a small scale mixer-settler shown in Fig.3.18.
Tt should be noted that all the above contactors
of the mixer-settler type use the same principle of
operation, that is to mix two liguids in a mixer and

separate the resultant two phases in a settler.

-7 -




FIG =3¢ Schemgtic drawing of an  e2xperimental Tixer-settler
used by I  Fer ghosphoric <cid and Urerium  extracticn. 1166}




3.7 SELECTION

OF EXTRACTION EQUIPMENT

The technical advantages and disadvantages of the

two basic types of extractors (continuous, batch) are

summarised in Table (3.4), but the selection of a

particular extractor for a desired separation process

is dictated also by econcomics and is still based largely

upon experience. In general, it is necessary to establish

the desired solute recovery for specific flow rates and

also to know the physical and chemical properties of the

system to be extracted. Any special requirements such

as complications arising from the presence of solids,

emulsion formation and easily degradable materials,

must be taken into account. The location of extractors

in terms of floor area or head room available, is also

important.

The following criteria together with Fig. (3.19)

can provide broad guidance and a quick method of

selection:
1. The number of effective contact stages
all types of extractors can be used satisfactorily

for the purific

ation of phosphoric acid. Few stages

are needed when solvents of type 2 (described in

Section 3.2) are used for the extraction of phosphoric

acid. Column e

xtractors are preferred for processes

involving a large number of stages. However mixer-

settlers may have to be used for processes requiring

more than twent

y stages because of practical limitations.
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2. Throughput

If the throughput is very low, a spray tower could
be used from the economic point of view, while R.D.C.,
pulsed plate columns or mixer-settlers could be used

for intermediate and high throughput.

3. Solvent residence time

This is impoftant when handling materials of low
stability. Centrifugal extractors are normally
preferable since they can provide fast settling rates,
if the interfacial tension of the system processed is
suitable.

The residence time in mixer-settler extractors will
depend on the number of stages and the rate of coalescence
of the dispersed phase at each stage; thirty seconds

is reported normally to be sufficient (215).

4, Phase flow ratio

Mixer-settlers are preferable to differential
contactors at high phase ratio, since the dispersed
phase hold-up in differential contactors is a fraction
of the phase ratio and hence, the performance decreases

as this ratio decreases.

5. Presence of solids

Mixer-settlers are usually more flexible in handling
liguids with solids, since it is required to shut down

the plant for cleaning out the solid deposited in the

piping and valves.

-75=



6.

Economics

The overall economics of the process should be

worked out before a final decision is taken.

On considering the above criteria regarding

equipment suitable for phosphoric acid purification,

the most suitable equipment is a mixer-settler since:

Wet process phosphoric acid solution may contain
some solids and frequent shut down may be necessary
during running. Mixer settlers maintain the
distribution profile and no off-specification
streams form on restart.

The number of equilibrium stages required is small,
so concentration gradients are steep from stage

to stage; this imposes the necessity for high
individual stage efficiencies.

High stage efficiencies can be controlled by the
level of agitation’of the mixer.

As the solvents considered are partly miscible
with water, there may be large volume changes from
stage to stage; sO operation of each stage as a
separate entity is desirable.

Volumes flowing per unit of product are large.

The limited selection of suitable materials of
construction resistant to the corrosive system of

the phosphoric acid process excludes the choice of

centrifugal machines.
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Uncertainty of scaling up other extractors like
columns whereas mixer settlers can be constructed

for any desired number of stages.

8. In mixer-settler equipment, the flow of the two
rhases can be easily adjusted.

9. Should the solvent change, additional stages may
easily be introduced.
Mixer settlers, however, have the following

disadvantages.

1. Unsettleable emulsions may be formed owing to high
mixing efficiencies.

2. Interstage pumping of either or both of the liquids
is requiréd for most designs.

3. Independent agitation equipment for each stage
involves additional capital.

4. The horizontal arrangement occupies valuable floor
space.

5. High holdup of the liquids in the settlers increases

the investment on solvent and also on the initial

equipment due to large settling volumes regquired.
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3.8 HAZARDS AND SAFETY IN HANDLING PHOSPHORIC ACID

SOLUTIONS AND SOLVENTS

3.8.1 PHOSPHORIC ACID

(a) Acid Hazards

Phosphoric acid does not classify as a dangerous
chemical. However it is a corrosive liquid that may
cause burns on contact with any part of the body.

Phosphoric acid is not explosive, or flammable,
however certain impurities e.g. fluorine can cause
dangerous poisoning if enough acid is swallowed to
give about lg of fluorine. The most effective treatment
for eye or skin contact is by washing with large amounts
of water. However mineral oil, olive oil, may be

applied to relieve pain from hot acid.

(b) Corrosivity

Corrosivity of the acid is too high for satisfactory
use of carbon steel and cast iron as materials of
construction. Acidic solutions (pH less than 5)
are highly corrosive to carbon steel, and wet process
phosphoric acid 1is observed to have a corrosion rate of
over 300-mil penetration per year under laboratory
conditions (275).

Type 304 and 316 stainless steel is sometimes
used (see Appendix (I)), and in concentrations of

phosphoric acid over about 80 to 95 percent the corrosive-

ness g - , T =
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towards stainless steel decreases

However, hydrogen gas can

accumulate at hazardous rates in tanks made of the
material.

Rubber-lined steel is widely used for shipping
phosphoric acid, e.g. butyl rubber is very good up to
180-200°F. Certain plastics, such as pvc may be used
to line steel for shipping of the acid.

Malowan (172) and Kiselev (139) improved the
resistanceof stainless steel by adding a corrosion
inhibitor to the solution of phosphoric acid. Examples
of corrosion inhibitors are given in Table (3.5) and
the criteria of the test was based on the amount of gas

evolved as a result of the acid corrosion.

(c) Storage

Wet-process phosphoric acid is most commonly stored
in rubber lined steel tanks, some wet acid tanks are
equipped with agitators.

More comprehensive detail is given in ‘Slack (18).

3.8.2 SOLVENTS

Solvents are liguids which exhibit the power of
dissolving other substances and thereby converting them
into a fluid state. Flury and Wwirth (76) in their
study of the toxity of organic solvents have found that
some solvents, e.g. methyl alcohol, acetone, ethylene
glycol cause irritation of the mucus of the eye.

Their report also disrupts the general belief that esters

are not very harmful.
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INHIBITOR DAYS Héﬁng
NO INHIBITOR 3 (hrs) 500
0-AMINO DICYCLOHEXYL 55 0.9
HEXADOCYL AMINE 55 2.0
DODECYCLAMINE 30 Bubble
DECYLAMINE 55 1.9
4 ~NAPHTHONITRILE 212 2.5
8—NAPHTHONITRILE 70 11.0
0~TOLUNITRILE 45 2.4
BENZONITRILE 45 2.4
PHENYLACETONITRILE 240 3.5
DODECANENITRILE 96 4.0
TETRADECANENITRILE 332 0.3
OCTADECANENITRILE 648 2.3
MELAMINE 2 500
MORPHOLINE 4 500
ACETONITRILE 23 500
FUMARONITRILE 23 500
CHLORACETOAMIDE 25 500
PYRIDINE 2 500
2 -AMINO-PYRIDINE 4 500
STEARAMIDE 2 500
AZOBENZENE 2 500

TABLE 3.5 - PHOSPHORIC ACID INHIBITORS TO
REDUCE CORROSION OF
BASED ON 75% PHOSPHORIC ACID

N.B. The height of the gas evolved 1is

measure of the extent of dissolution
of metal
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Toxicity goes hand in hand with the volatility of
solvents. A volatile substance when exposed will
escape and find free access to human olfactory systems
should men be within the vicinity of its wvapour.
Broadly, solvent vapours are more or less toxic and
their physiological action can be equally varied. A
volatile solvent will find its way into the blood-stream
by mixing with the inhaled oxygen, and thus ultimately
it comes into contact with every body tissue upon which
it exerts toxic action.

Specific toxicities of solvents tested will_be

considered in Chapter 6.
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CHAPTER
FOUR

STAGE-WISE CONTACTORS MIXER-SETTLERS

4.1 ARRANGEMENT

Mixer-settler types of liguid/liquid extractors
have been in use since 1904 (54). They comprise one
or more stages incorporating a mixer and a settler.

The simplest form of mixer-settler is the batch extractor
consisting of a cylindrical tank with or without baffles
on the inner walls, provided with a centrally located
paddle agitator. In order to obtain continuous operation
two tanks in series are used. One for mixing and the
other for settling the mixed phase (dispersion).

Other forms of mixer-settler have been proposed
having varying degrees of complexity, both in the
horizontal and vertical planes. A wide range of geometric
possibilities between horizontal and vertical mixer
settlers is summarised in Table 4.1. Figure 4.1
summarises some types of extractors.

A simple classification of mixer-settlers is given
in Fig.4.2. However mixef-settlers may be classified
according to the manner by which the flow of ligquid

through the unit is brought about.
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I Gravity Flow Type

In which the driving force for

the liquid flow in each phase is the head between the

inlet and outlet.

II Interstage Pumping In which pumping is used

between stages, this may include air operated mixer-

settlers (177).

IITI Pump-Mixing Type In which the mixing intensity

and hydraulic head for heavy phase flow rate is provided

by the impeller.

4,2 MIXER-SETTLER EQUIPMENT

4.2,1 AGITATED MIXING TANK

The mixer is usually a baffled tank with a turbine
or propeller agitator, jet mixer, injector or orifice
mixer. Nozzles and pumps are also used but are less
satisfactory in many cases because contact time is
insufficient to permit a reasonable approach to equilibrium.

The internal surface of the mixing tank is smooth,
however baffles are introduced to prevent vortexing and
to direct the circulating current. The number of baffles
and the ratio of baffle width to tank diameter is more
or less arbitrary (229), but there are normally four
baffles each having a width of 1/10 to 1/12 tank
diameter. For good mixing, and constant interchange of
the agitated material in all parts of the tank a mixing
element is mounted on a vertical, horizontal or inclined

shaft driven mechanically. They are distinguished

O
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according to their shape or the flow pattern which they

produce as paddles, propellers, turbines and special
mixers (see Fig.(4.3)). They can be sub-divided into
low speed impellers including paddles with a maximum
speed of 60 r.p.m., which has limited use with liquids
of viscosity <1.0 kg/m sec as shown in Fig.4.4. High
speed impellers includes turbines and propellers. The
main advantages of turbines are their adaptability for
liguids of high viscosity and density. Propellers are
of two basic types, the first is similar to an aircraft
propeller, and the second similar to marine propellers.

Murakami (194) used a new technique for mixing
high viscosity liquid by introducing up and down
impeller as shown in Fig.4.3 (13).

Mixing equipment may also be distinguished accord-
ing to the ﬁype of flow pattern produced, i.e. tangential,
radial, axial or compound flow. Different impellers
give different flow patterns see Fig.(4.5) . Propellers
produce axial flow while turbines and paddles produced
radial flow (230). In general the design of the mixer
mainly depends on:

(a) Dispersed phase hold-up

(b) Uniformity of mixing and impeller power,

i.e. shape, impeller HP, speed and diameter

(c) Interfacial area of drops and drop size

(d) shape and size of the vessel

(e) position of the mixer
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Factor Involved in Mixing

Perfect mixing can easily be obtained in a batch
process, however in a continuous flow system perfect
mixing may never be obtained since stagnant regions may
arise and part of the feed may pass directly to the
outlet. Piston or plug flow may also occur.

Three factors generally affect practical mixing:

(a) Effective Volume - Part of the tank contents may

not be mixed and stationary or stagnant zones may
occur. That part of the total volume where mixing
is complete is known as the "effective volume"

of mixing.

(b) Short Circuit - Part of the feed may pass directly

petween the inlet and outlet without being nixed,
causing channelling or short circuit.

(c) Piston Flow - Part of the feed may undergo piston

or plug flow. Liguid in the stagnant zone may be
replaced by some from the well agitated zone Or
from part of the feed, this type of circulation may
go on steadily in the form of piston or plug flow.
Very good mixing oOcCcurs in the region of the

impeller.

4.2.2 SETTLERS

The settler or separator is usually a tank designed
to min imise turbulence caused by the entering liquid,
and to separate the emulsion generated from the mixer

into two phases. Settlers may be divided into mechanical



types or non-mechanical types, e.g. gravity settlers

and centrifugal settlers or cyclones. Only gravity

settlers will be considered here.

Gravity settlers can be subdivided into horizontal
and vertical settlers (Fig.4.6). Cylinders are used in
some cases, and advantages have been claimed when they are
put at an angle to the horizontal. 1In the present work
horizontal settlers were selected as being most typical
of industrial units. Therefore vertical settlers will
not be considered. There is no general accepted
design procedure to determine the size of the settler_
needed for a specific application. However, there
have been three approaches to the design: (1) provision
of sufficient residence time based on laboratory
observation of settling, (2) estimation of the rate
of flow to produce a suitable dispersion-band thickness,
and (3) calculation of the time to settle individual
drops through a clear liquid above and below the
dispersion band, this is related to the physical
properties of the system, and operating characteristics
of the mixer (121). None of these methods is very
reliable in the absence of any experience with the
specific dispersion. A first estimate of settler

size can be made from an empirical expression given

by Treybal (266).

= 0.5 .. (40D
Ty = 8.4(q, * qD) Cecscessnse
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This was developed on the basis of typical settling
rates from droplets of dispersed phase and length/
diameter ratio for the vessel equal to 4.

Mizrahi (190) has proposed a practical design
of a compact settler in which dispersion bands of
practically constant thickness 0.5 to 2m are claimed
to occur. Under these conditions, and with all other
parameters held constant, the relationship between
dispersion band thickness and settler loading can

be expressed approximately as:

AH = K(Q/A)Y Ceeeeetenccascesacssnes (4.2)

where AH is dispersion band thickness, K is a constant,

Q is dispersion feed throughput, A is the horizontal
cross-sectional area of the settler, and Y is an
exponent. The values of K and Y depend on the dispersion
characteristics, liquid system, temperature, phase

ratio and mixing conditions, Y varying within the

range 2.5 to 7 for different systems. Equation 4.2 can
be modified as follows:

Q/ (AAH) = Q/V = l/(Kl/Y AHl—l/Y) ceresveees (4.3)

where ¥Y>2.5

Equation 4.3 shows that the settler capacity per
unit volume of dispersion band (working volume)

decreases with increase in the dispersion band thickness.

Practical settler designs should also be based

on the worst settling conditions. However, it was

considered necessary to design a settler with such a
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large area (i.e. low flow rate/unit area) that the

wedge-shaped dispersion band reduced to zero before

the solution reached the outlet weir.

The heterogeneous zone at the phase boundary
between the two liquids may exist above the interface
if the more dense liquid is dispersed as shown in
Fig. 4.7A. The depth of this dispersion band is
determined by the difference betweenthe input rate of
the emulsion and the rate of coalescence of droplets
in the wedge interface. Fig. 4.7B shows the shape of
an actual and an idealised coalescence wedge.

Jeffreys et al (121) were the first to attempt to
take account of the effect of the physical properties
of the system on separation and coalescence of drops,
and a mathematical model was developed to predict the
dimensions of the hetrogeneous wedge_in the settler.
The main assumptions were:

(1) The droplets within the wedge form a hexagonal
close packing or face-centred cubic configuration.

(2) The inclined edge of the coalescence wedge
approximates to a straight line.

(3) There is no distribution of coalescence time
irrespective of whether coalescence is drop to
drop or drop to interface.

(4) The coalescence process takes place step-wise.

(5) 1Inlet drops to the settler are all of equal size.
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4.2.2.1 SETTLER AUXILIARIES

In practice the dispersion band should not cover
the whole length of the settlers, but extend over
only about 70% of the length of the settler, therefore
the capacity of the unit is determined by the separation
in the dispersion band. In this case the coalescence
of the drops may be enhanced by adding coalescers as
shown in Fig. (4.8), which include separating membranes,

electrical devices, packings or baffles.

(i) Baffles

Vertical baffles are often used to reduce turbulence
introduced from the mixer. Horizontal baffles are
also used to reduce the depth through which droplets
must settle and to ensure laminar flow. The position
and dimension of the baffles is critical. Hossiain(100)
suggested optimum design of the settler, in that the
position and diameter of the vertical baffle is related
to the settler diameter and equal to 1/10 of settler
length and 0.75 ds, where ds = settler diameter.

Baffles produce no significant improvement with secondary

dispersions.

(ii) Packing
It is important to distinguish at this point
between two types of dispersion which may be generated

in the mixer, (a) primary dispersions generally

characterised by droplets of mean diameter greater than
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100 microns and (b) secondary dispersions or haze made

up of much smaller droplets, Gften less than 1 micron

diameter. The primary dispersions settle and coalesce
rapidly after agitation is stopped, (primary break),
while the settling and separation of secondary
dispersions is very slow and may take days or even weeks.

Packing can be used to separate primary dispersions
only. Knitted mesh packings are often used (257),
and for maximum efficiency the coalescer should be
preferentially wetted by the dispersed phase, and
possess a large surface to volume ratio (100) .

Jeffreys et al (124) studied the behaviour of drops
in primary dispersions flowing through a bed packed
with glass ballotini and his conclusion was that the
depth of packing in the bed, the superficial
velocity of fhe dispersed phase, preferential surface
treatment, and inlet drop size had only minor effects
on the drop size in the effluent dispersion which
emerged from the packing.

A mixed metal/plastic knitted mesh packing has
been used recently which may give some advantages
both in economy and flexibility.

T.M.I. (190) developed a low pressure drop
coalescer, which increased the capacity of either a
normal or compact settler of the type already described
by SO-100% (see Fig.4.9). A potential disadvantage

of using packing in wet process acid is that it may

be prone to blockage by solid.
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(iii) Other Coalescers

(a) Effect of electric fields - very little was
found in the literature concerning electrically induced
coalescence. However, Brown (37) reported that an

electrostatic field promotes coalescence.

(b) Effect of ultrasonic vibrations - as reported

by Chen (48).

4,2.2.2 SETTLER FUNDAMENTALS

In a coalescence process droplets first approach
each other to form a close packed, heterogeneous zone
between the two bulk liquid phases. In so doing the

droplets velocity is reduced and they move towards the

interface in a close packed arrangement. Thus the process

involves two modes of coalescence: interdroplet and
drop-interface coalescence. Only the latter reduces
the volume of the wedge (12). Not every collision
between droplets results in coalescence and if the
collisions are totally ineffective the emulsion is
stable. Surface active agents, which are particularly
effective in lowering the surface tension and increasing
the stability, may hinder separation.

Ryon (233) demonstrated the tendency of colloidal
silica and clay to produce stable emulsions in aqueous
Under some conditions however, the

continuous systems.

presence of solid in the dispersion might be beneficial

in that the rate of coalescence can be increased.

-98-—-



The rate of coalescence of drops on a surface
(e.g. settler surface) depends mainly on the surface
properties of the solid such as surface wettability and

surface roughness since it affects the contact angle

between the drops and the surface.

4.2.3 DESIGN CONSIDERATIONS

The design of each type of mixer-settler must
include the following:

1. A reasonably high stage efficiency which mainly
depends on the operating characteristics of the
mixer; this includes impeller design and speed
of rotation.

2. A simple interface control.

3. The abiiity of the settler to separate a certain
volume flow of feed dispersion, under a particular
set of a process conditions. This depends on the
fundamental physical properties of the system such

as density between the phases, the interfacial

tension.

4. Continuous movement of the two phases through the
eguipment.

5. Minimum horizontal area.

6. Minimum operational attention and maintenance
costs.
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4.3 STAGES AND STAGE EFFICIENCY

A single stage is formed when two tanks in series
are used, one for mixing and theother for settling the
mixed phase. If the effluent liquids from a stage are

in chemical equilibrium, the stage is an ideal or

theoretical stage. The fractional approach to equilibrium

attained by the effluent from an actual stage is then
stage efficiency which is not necessarily 100%.

A single stage is shown in Fig. (4.10), and the
stage efficiency can be derived from:

r =2%1 - X3 _ Yy - Y] _AB

s Z Z AC
Xy - X, Yo - Yy

— i 4.4

The stage efficiency can be expressed in many ways.
The Murphree stage efficiency is frequently used; it
measures the fractional approach to equilibrium of the
two effluent streams, thus if it is based on extract,
then it is defined as

- Y2 - ¥y

CM = BE_ ________________
o Y§ -y D% 4.5
1
and if it is based on raffinate, then
X1 = X2 FA
LM = L - 2 e 4.6
R _ ¥ GA
X1 X2

Treybal (265) has recommended the following equation
for estimation of Murphree stage efficiency for baffled

or well-stirred vessels which show complete mixing in

the continuous phase:

400



CMC = CMD =1 - exp{—Kod a Ei | S
Voo - 4.7
where
ta = average residence time
V¢o = volume fraction of dispersed phase

The overall efficiency of a cascade of stages is
the ratio of the number of ideal to actual stages

required for a given concentration change.

and ¢g can range from 0.75 to 1.0.

Felix (73) measured the efficiency in terms of the
physical properties by using the refractive index (RI),
and the ratio was called "co-current" efficiency

defined as

(RI)F - (RI)R

*
(RI)p - (RI)g

F

Flynn and Treybal (77) indicate that agitated
vessels could be used for obtaining high extraction
efficiencies, depending on the system properties
and the dispersion characteristics of the phases. The
overall stage efficiency %, shows a steep increase
with an increase in power input initially, and after an
optimum value is reached, the increase in efficiency
is not appreciable (see Fig.4.12). Flynn and Treybal
also concluded that factors such as vessel size, rate

of flow, and phase ratio have only a small effect on

the efficiency.
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Overchasheir et al (204) used the relation

r = log(mYAZ - %pp t b

) /log ("YAy ~ Ya;
a2 T Xny

)

where m = slope of the equilibrium line of the counter-
current stage efficiency.

Brown (36) applied the following restrictions for
the above expression which deal with low efficiency

due to the poor settling resulting from high power

supply to the fluid.

1. The degree of entrainment of one phase in the other
is constant for all stages, except that the
effluent from the end stage of the cascade is

completely settled and free of entrainment.

2. The complete backmixing of each phase in the
mixer.

3. The same mass transfer coefficient for each stage.

4. Essentially all the mass transfer occurs in the
mixer.

4.4 ENTRAINMENT AND ITS EFFECT ON THE EFFICIENCY OF

MIXER-SETTLERS

If settling of a dispersion is incomplete, then a
portion of one of the liquids is entrained in the other,
and if the stage in question is one of a countercurrent
cascade, the entrained or unsettled liquid is carried
opposite to its normal direction of flow. In severl-

cases, entrainment of each liquid in the other is a
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possibility, i.e. organic entrainment in the agueous
phase and aqueous entrainment in the organic phase.
The net result is a lowering of the overall efficiency
of the cascade.

The effect of entrainment on efficiency of
extractors has been analysed by Felix (73) for the type

of mixer which operates at 100% efficiency. However

their equation:

(Rp)p = (Rply _ 1 - {1 +-Elf- S -
(R7) & 1 - S+ El]g(fi‘ - 1F
where
Ec = entrainment factor
m = equilibrium line slope

s = operating line slope

yvields zero extraction for infinite internal entrain-
ment rate.

Sleicher (248) proposed two models, model (1) for

high entrainment rate, and model (2) for low entrainment,

his conclusions were that entrainment rates as high as
10% are rarely consequential, and that high entrainment
rates have relatively little effect on the efficiency
of a mixer-settler extractor. When such extractors
have poor efficiency, it is therefore more likely to

be caused by low mass transfer rate than by entrainment

from the settler.
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4.5 MIXER-SETTLER CONTROL

Chemical engineers by tradition have designed

automatic control systems to keep constant those variables

in a chemical process which are considered to be of
primary importance, e.g. pressure, temperature,
composition and flowrate of all input, output and
internal material streams. Therefore if the operating
conditions have been established it should be possible
to operate mixer-settlers with virtually no supervision
and at near 100% efficiency, see fig. (4.13),.

Using the SIMTEX and QUANTEX systems of computer
programs Mills and Bell (186) described the operation
of a small multistage mixer-settler under optimum
conditions using simple in-line control techniques for
forward extraction and back extraction. The method
of control was shown to be suitable for both long and
short term input transients.

In the case of phosphoric acid plant, a knowledge
of end conditions is not sufficient for controlling
the operation of the mixer settler. It is essential
to know, for each set of operating conditions, the
intra-battery situation. This information can be
obtained by taking profile samples of conjugate phases
from the individual transfer stages. The profile
samples will immediately indicate how the operation
of a battery can be optimised and also provide a basis

of comparison to be used after a change in operating

-104-



conditions.

A typical profile extraction using mixer=

settlers is shown in Fig. (4.14).

Entrainment in mixer-settler equipment must be
avoided. If entrainment in one stage is permitted
to continue unchecked, it may eventually reach such
proportions as to overload the mixer-settler pump.
The gravity flow principle will then be nullified, and
the final result will be back-up of both solvent and
agqueous phases around the flooded unit, leading to

spillage and low efficiency.

4.6 SCALE UP OF MIXER SETTLERS

Although mixer-settlers are one of the oldest types
of contactors used for liquid-liguid extraction, there
are few pubiished methods of scale up. Rarely has there
been any attempt to verify the methods from the
operational data of full-scale plants.

Miller and Mann (182) suggested scale up by use
of a constant power input per unit mixer volume. Karr
and Scheibel (132) demonstrated scale-up as a function
of power of agitator, speed and diameter. The main
difficulty in using energy input is lack of theoretical
derivation to explain its limited applicability when
dispersion of small drops or particles are involved and
only pilot plant data are available. Early work by
Rushton (231) suggested the use of heat transfer

coefficient for scaling-up a mixer, it was based on

making hy, = hl‘ Although Shinnar (246) reported that
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a dimensional analysis presents difficulties on scaling
up a mixer, Royon and Daley (233,234) conclude that the
mixer can be scaled-up by geometric similitude at

constant power input per unit mixer volume as shown in

Table 4.2.

TABLE 4.2 SCALE UP OF MIXER

Small Scale Large Scale
Flow Rate i Ql Q,
Specific Power Input Pl/vl : PZ/VZ =.Pl/Vl
Residence Time tl ty = tl
Mixer Volume Vl = tlQl V2 = tlQl
Total Power Py = (B /V)) Vy P, = P/Vy"V,
Mixer Diameter T, = (ﬁéz)l/B T, = (ﬁig)l/B
Turbine - Mixer Diameter El E% = EL

1 T2 T

Turbine Speed Nli(g?g 1/3 Nm(é?%)l/3

For scaling up the settler, the suggested methods have
often been based on residence time (265). Ryon and
Daley (233,234), based the scale up of the settler on
flow rate per unit cross-sectional area, while
Mizrahi (190) used the relation between dispersion

band thickness and settler loading for scaling up the

settler.
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Houssin

ing the system properties such as density.

1

t = 1250.5 * (H) * (m)0.36 % 0.28

(R)

Hm oF

where R =

0] R

» 0 = number of stages

The model waé based on the system kerosene/water
and toluene/water using 5-stage mixer-settlers. Both
Salem and Houssan concluded that the time to reach
steady state decreases with the power input as shown
in Fig.4.15.

To establish experimentally whether the steady
state has been reached closely enough, an appropriate
physical constant of the final extraction product can
be measured, refractive index, density, or concentra-
tion may be used. The steady state is assumed to be
reached as soon as the physical properties of both

extraction products become constant.

4.7 CAPACITY AND FLOODING

The quantities of feed and solvent that can be
passed per unit of time through extraction eqguipment
(throughput) determine its capacity. Obviously,
increasing the rate of feed intake will affect stage
efficiency, as this reduces the contact time. In
general, it may be concluded that the value of

efficiency decreases as throughput is increased. To
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maintaln a given number of stages in an extractor there

is therefore a (maximum) limit to throughput.

Besides the fact that an increasing throughput

reduces the number of (ideal) stages, it may also

cause "flooding". With some systems it is difficult

to recognise flooding; instead of flooding in the

usual way the phase will invert and make it impossible

to operate the extractor.

-109-




CHARPTER

FIVE

MASS TRANSFER THEORY AND DROPLET PHENOMENA

This Chapter is a basic review of mass transfer and

droplet phenomena.

5.1 MASS TRANSFER FUNDAMENTALS

Mass transfer occurs by droplet phenomena and it
depends on: (a) Rate of formation of the drops,
(b) Turbulence within the drops and their rate of
passage through the equipment, (c) Resistance and back
mixing in the continuous phase, and (d) Rate of
coalescence of the drops.

The rate of mass transfer is normally described by

an equation of the form

Na KA AC veeecososcsuscacocssssssanssscos (5.1)

I

AC = C* - C, where c* represents the composition

of the solute in phase 1 in equilibrium with the
solute concentration in the bulk of phase 2.

K embraces three fundamental resistances which are
the dispersed and continuous phase
Kg, Kec, and the interfacial resistance which is

very small and can usually be neglected
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oscillating drop

Kroning and Brink (149) with no

is generally accepted:

Co - Cp
Co - C

Table 5.1

Jonson et al (131).

Handlos and Baron (86) proposed a s:

for turbulent circulation.

*® 2 o Aut
n=1 128(1 + ﬁ_é)d

} - gopmpsasiniacs




from which Olander ¢(

t

actual transfer coeff

Mass Transfer During the I

or Movement of Drops

Extraction during drop formqtignjbefprevdetachment
of a drop from the dispersing nozzle is reported to
form a major fraction of the total extraction.  (10% to
50% of total solute transfer) as observed in-man§ . |
investigations (132,236,279). Lite b

Heerjijes et al (93),devglppedithg fg;lqygng
equation for the formation effi
Eff Z%fé fEEf R

T .
molecule diffusivity

drop formation time

5.1.2 MASS TRANSFER AT THE INTERFACE

According to the Whitman theory (280) (the two

film theory) that the interfacial concentrations are

equilibrium concentrations, and/ﬁhat the rgs”stange to

mass transfer in the two phases, as measured by reciprocal

K's, are additive.

Equilibrium at the interface means equal values of

chemical potential in the liquids at the interface and,
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consequently, novre 
interface. However,uthefe afe some con&itions'
which the two film theory does not appear to a
because the observed overail’re”/ 1
larger or smaller than migh£ bé ES£1
expected individual K's. ;ngggf_theée/ébﬁdigiénsfmight
have a considerable affeé£ §é%££g" t - /‘Sé transfer,
e.g. interface turbulence, rigi@ity at/the/surface,
blocking of the surface and temperature change at the
interface. |

Sternling and Scriven (252) noted the Marangoﬁg\
effect in mass transfer operations. They observed that

some systems may be stable with solute transfer in one

direction yet unstable with transfer in the opposite

direction. Peker et al (208)fihtr@§Ucedza/d/mens1onless
quantity such as the ratio of
the kinetic energies of the eddies, to explain the

hydrodynamics at the interface.

5.1.3 MASS TRANSFER IN THE CONTINUOUS PHASE

There are two different conditions for mass. transfer

in the continuous phase:

(a) From and to Rigid Drops  ~ =

For this case Lintion and Sutherland (168) have
proposed:

Sh = O.582(Re)%(Sc)§ o eiieereeeeaseseses (5.11)
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while Manning and Man ng (1

of the Wake and Proposed:

Sh T 2.0+ (Sh), +0.450 Re® sc? + 0.0484 (Re) (Se)

(b) From and to Non-Rigid Drops

Heertiges Denie (93) recommended the félléwing
correlation for circulating drops: =

Sh = 1.13 (Re)* (S)% L.iiuiirinnsis . (5.13)

Because of the existence of the Wake, Garner and

Tayeban (256,80) suggest
Sh = 0.6(Re)” (SC)* tiiiiiiiininnnnneennnne. (5.14)

and for oscillating drops

Sh = 50 + 0.0085 (Re) (sc)°*7 ......

Mass transfer during drop coalescence has also been
investigated, and it is concluded that mass transfer
during drop coalescence could be described by the same

equation as that for drop formation (265).

5.2 DROPLET PHENOMENA sge 37 LB

5.2.1 DROP FORMATION

During formation of drops it is necessary to know:
(a) volume of drop as a function of the time of formation,
(b) surface area of drop as a function of the solid
volume. However, it is not the object of this work to

give details of drop formation, a good survey can be
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found in "Recent Advance in

and Treybal (265).

5.2.2 BREAK UP MECHANISM

Break up of a droplet occurs if it undergoes
sufficient deformation, the forces causing deformation
are viscous stress and/or dynamic pressure in the

surrounding continuous phase.

Hinze (94) selected the dimensionless groups

Up/d
Nv; = . % viscous group
(DD a)

Nwe = ST weber number

An expression for the maximum drop size may be
derived from

Puz dmax

(Nwe)crit B o

where u = mean square fluctuating velocity
Hinze also considered the case of isotropic

turbulence in a batch system and suggested the following

expression
3 _2
. 5
d = (ch%_E. c,
max g
where C; is a coefficient of the power number reported
by Clay (52) to be 0.72 and
4 N3Dp>
E==C T
HDT
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This presupposes;a hithBeYnOn/
and the macroscale of turbulence based up-dfi, the
characteristic. |
For fully baffled ‘conditions Rushton s

derived the following
5

K{NZR¥a°
we = FKINR de for assy
“——‘;‘”"_ .
y = microscale of turbulence

shinar and Church proposed to relate drop size to the
energy input as E/od2 = 0.26 where E = total energy

associated in breaking drops.

5.2.3 DROP SIZE DISTRIBUTION

A drop size distributionfiscc;egtgd;;g,ggz,agitated
ligquid-liquid contacting device,—whereithe,smaller drops
are near the impeller in the zone of high turbulence
intensity (see Fig. 5.1) and larger drops away from the
impeller where coalescence takes place. The most.
common distribution of drop size is the normal which is
characterized by two parameters, mean and standard
deviation, and the 1log normal distribution;

Chen et al (47) correlate the average drop size

in a mixing vessel as

f;f = 0.053 Ny

the distribution function

0.60 and their conclusion is that

for volume fraction is normal

and depends only upon d32.

Sprow (250,251) suggested a skewed distribution.

A log-normal distribution can also be used.
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Oulaloglou and Tavlarides (56

distribution to correlate the Sauter mean:diameﬁ .

d32 =0rel
= 0.081 o
3 (1 + 4.47¢) (We) """

where ¢ = hold up, D = impeller»diéﬁeée

Other correlations may be found iﬁ Tab1ef(§;é5Z

The drop size distribution in a mixer-settler
arrangement may follow a similar trend to that in
stirred vessels, but would be expectéd to be affected

by the outlet restriction caused by the settler.

5.2.4 COALESCENCE OF DROPS

After mixing or agitating two ligquids, the resulting

dispersion has to be coalesced in a settler where the
two phases are separated for further proceééiﬁg.

The mechanism of coalescence depends mainly on the
type of dispersion. Unstable primary emulsions (i.e.

where droplet sizes are greater than 10 micron) can be

settled by gravity to form heterogeneous layers. Howeve:

secondary emulsions, frequently called "secondary haze"
consisting of large numbers of very small drops (less
than 1 micron) cannot be settled by gravity, Thus the
problem of coalescence and clarification of such systems

is much more difficult. For this reason the two types

of emulsions will be treated separately.
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<1— Bulk zone

turbutence |

-n
—
()]
(92
-

;

Zones. of -turbulence

Investigator

Vermeulen (1853),
Calderbank (1958),
Sprow (1967a), Chen and
Middleman (1867)

Shinnar {1961)

Sprow (1967b)

Sprow (1967a)

Bouyatiotis anc
Thornton {1367)

Weinstein and
Treybal (1973)

Weinstein and Treybal
(1973), cont'd.

Calderbank (1858)

Brown and Pitt (1970)
Mlynek and Resnick (1972)
Present Work (1975)

Brown and Pitt (1674)

( Correlation

= cy { W o8
= e)r
05

IZo =063 T
diy
—2 = a0 D(We) 031
& — experimentally determined
92 o Cena) =03 (2o N0% (We)z-078

5= 3 pese ) k ) T

c3 — experimentally determined -
= (/Y)Y g | moe 3470
dw =5 ( 22) Splyrng 10 [ 2 17
Pk

pe ke Kt
(7 YT om0 [ 2p 708 ¢
cus [ JEET T
Kt g Lpe
pa<pe 20274
g = 100=1813 * 0.7228) , 0.047 (= 0.204 (_‘_‘i
s
where -
2 10083 Np,02T Np=043T N, =030 N, 00887
L2 . .
pa>pe o L

- 2 0.198
d\'ﬂ P 10(—1.’7! + 0.872 62 kom '—OJN (:_#__)

where €
¢ — 100793 Np,— 0181 Np— 00782 N —0.087T NGO028 N 00848
PF

d;’ 0.08(1 + 3.75¢) (We)r—04 (4 blade paddle)

d;: 0.08.(1 + 8¢) \Wa)-r'“‘ (6 blade paddla)

Ll 0051(1 +3. 144») (We)r=os.

B _ Gosa(l + 5407 (Wedx=o4

daz

— 0.081(1 + 4.47¢) (We)r~%*

At
dagb’? (/) —-——-) =c
¢ = experimentally determined

g/t

0.692

0.80

080

0.601-0.905

0.831-0.968

0.831-0.988

0.57-1.58

0.783-0.838
1.055
0.972

0.783-0.838

Table .

5.2 average drop size correlations(56)
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5.2.4.1 COALESCENCE OF

This can be explained iﬁ“the,fOIlowinggwayg

(A) Drop-Interface Coalescence

When a drop of liquid (phéEE’l)/fé/ ﬁngUgh‘a less
dense liquid (phase 2), it rests on the ihtefféce
separating the phases for a time (coalescence time)

until the trapped phase 2 film drains and ruptures, and
the contents of the drop are depoéitéd into the bulk
phase 1. This process has been termed step-wise or
partial coalescence.

The effect of changing variables on the system

characteristics has been summarised in Table (5.3) (165).

(B) Drop-Drop Coalescence o ?*fﬂ*%f;f

In contrast to the work carried out én coalescence
of drops at the interface, relatiéeiy little work has
been reported on coalescence of pairs of dropé, such
data are important to the design of separating equipﬁént.

Drop-drop coalescence represents a more dynamic
situation on two counts. Firstly, it is difficult to
produce a controlled collision bétWéeniﬁﬁo’drOps which
have not been restrained in some wé&j*éecbndly,'there
is an inherent randomness in the manner in which the
drops rebound or coalesce. Not every collision causes

coalescence, therefore both collision fregquency and

coalescence probability have to be considered.

Shiner (246) postulated that since the coheSivé
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force holding any two drops togefher

drop diameter, there should be a minimum.éizehéfése'

d:op at a given turbulence level. ,DfOPSCbélwﬁTﬁhie'siZQ;

should coalesce rapidly. Suppor:

from the fact that a critical aglt, speed:ex1sts

below which coalescence will not “occur.

Jeffreys and Mumford (124) developed a mathematlcal
model to describe drop behaviour in a'bed packed,with
glass ballotini (Fig.5.2). More details about drop—drop

coalescence can be obtained from (114,121,165,120).

(C) Coalescence of Swarms in Settlers
In mixer-settlers the emulsion generated in the
mixer passes into the settling chamber and is distributed

in the form of a wedge between the two phases in the

settler. The dispersion wedge may exist above the
interface if the more dense ligquid is the dispersed

phase, or below the interface if the less dense liquid

is dispersed as illustrated in Fig. (4.7). The volume

of the heterogeneous wedge between the phases is determined
by the equilibrium between the rate of input of emulsion
and the rate at which droplets of the diepersed phase

coalescence at the surface of the emulsion. The

emulsion settling rates are a function of both the surface

area of the emulsion and the volume it occupies. It

is evident that drop-to-drop coalescence occurs within

the wedge, and droplets having a larger diameter than

the mean exist at the emulsion surface. Coalescence of
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Variable: . Elfecton . Explnstion .
(incressing) coalescence in terms. of sffact on
{ime. Phese-2 film drainage rate:

1. Drop size . .. . .. i Long! More phase 2'ir§!ilm -

2. Length of fail

Longer ngg/‘bohjg\cqc'~and film is rqﬁlaé;du 1
3. Curvature of interface  (a) Concave Longer o ph 2 film ”
towards drop (b) Convex |  Shorter !
4. Interfaciai tension

Shorter. |- Lsss phasa 2 in film (More rigid drop)

ST~

[ wd
5. Phase pratio | -- A grop
{t continuous

Shorter Either less phase-2 film or.increase in
: