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SUMMARY

A continudus column crystalliser has been
designed and built using a Schildknecht-type
Archimedean transportation screw within a stainless
steel jacket. Problems concerned with the surface
finish on the inner walls of the jacket théh affect
crystal transportation have been investigated,

leading to effective operation of the apparatus.

The process of column crystallisation may be
considered as a multistage separation and purification
technique; it is applicable to both aqueous and
organic systems. In the present work the examination
has been undertaken by firstly continuously crystallising
a flow of feed solution in the column. These
crystals are transported along the screw, melted and
some of the melt liquid allowed to flow counter-
currently to the crystals thus washing them‘by
reflux. The remainder of the meit liquid is
removed as pure product, the impure producé provided
by the now impure reflux liquid being removed from
the opposite extremiéy of the column. |

Separations in aqueous solutions which have
been investigated include thé desalination of brine,
concentration of metal salts, the extraction of
deuterium oxide from a heavy water/water mixture
and the concentration of ethanol in water. The
purification of organic solvents included the removél

of cyclohexane from benzene and the extraction of



para-xylene from o-, m-, p-xylene and ethylbenzene.

The unit operations involved in column
crystallisation fall into the categories of heat
transfer, mass transfer and mixing. In order to
examine how dependent the efficient operation of
the column is on these factors, the system has been
optimised for organic, aqueous and mixed organic/
aqueous cases. The variables studied including:-
(a) the speed of rotation of the transportation

screw
(b) the length of the column
(c) the attitude of the column (ie crystals

transported upwards or downwards).
(d) the position of the feed into the column
(e) the rétio of the products removal rates

(£) the rate of production of crystals

Since the scale-up of equipﬁent is an ultimate aim
of the present investigation it is necessary to
study the results mathematically. Where possible,
this examination has been undertaken thus establish-
ing the major factors involved in the separation and
purification scheme. It should also be possible to
determine whether absolute optimisation of operation
is attainable - i.e. does separation increase as the
crystal ratevincreases to infinity or is an optimum

separation eventually attained?



CONTENTS
Introduction | o 7-13
. Literature Survey ) 14-47
1. Crystallisation g 11
2. Column crystallisation . 12
3. Desalination . EZ
4. Ethanol concentration 42
5. Deuterium oxide . 44
Theory | 48-72
1. Mechanism of crystallisation ) , ig
2. Fractional solidification 59
3. The freezing of a solution containing an impufity EE
4. Columﬂ crystallisation . 66
General Discussion - 73-77
Experimental _ 78-119
, -
1. Materials - 78
2. Analytical apparatus | _ 79
3. Sampling apparatus ' ;3
4. Existing apparatus ~ October 1972 | E:
5. Improvements to the system 84
6. Method of operation ‘ EE
7. Sampling | ' =¥f 95
8. Optimisation of column operation 22
(i) Benzene/cyclohexane (first attempt) 101

(ii) sSalt Water (first attempt) 104



(iii) Xylenes 1£_7
(iv) Salt water (second attempt) 108
(v) Deuteriu.m oxide 111
(vi) Ethanol concentration 113
(vii) Copper sulphate conceﬁtration _ 115
(viii) Benzene/cyclohexane (secdnd attempt) . 112
Discussion ' 120-146
Analysis of Results _ i 1#0—121
_ ————
1. Benzene/cyclohexane Liz'
2. Desalination Co 128
, et
3. Ethanol concentration ' : 137
4. Deuterinm oxide concentration . 113
5. Xylenés ‘ | | 113
6. Concentration of copper sulphate splutions . 112
Conclusions ' | ‘ ' 14%470
1. Screw speed _ ) .147
. 2. Feed position 149
3. Ratio of products removal ' 159
4. .Effect of crystal rate _‘ 353
5. Length of purification section . 155
6. Effect of oscillations | 12?
7. Column attitude ' | 158
8. Effect of cfystal shape o . 159
9. Surface finish on freezing jacket inner walls EEE
10. Effect of diffusion and mass transfer . 167

11. Scale-up of operations _ 170



Final conclusions

Sucecestions for further work

List of symbols

Bibliography

Appendix

171

172

173-174

——————

175-182

183-229




INTRODUCTION

The separation and purification of components in
mixtures has been of paramount importance to man during
his evolution. During the last 10,000 years his
advancement has_depended upon agricultural pursuits, -
which have relied to a large extent upon the ion
exchange capacity o the soil allowing fertilizing
agents to be firmly held during leaching. This
washing, needéd to remove unwanted salts, was
initially produced by rain, but as man's population
and hence food requirements increased, the intensive
farming needed relied more and more upon fresh water

N

storage and irrigation.

As an important separation process, distidllation:
has been in evidence since_the formation of the oceans
due to the evaporaﬁion of water and subsequent
precipitation as rain. Crystallisation, however,
is an even older fractionation process; the oldest.
example being the solidifiéation of the earths molten

£

laﬁer, the magma.

Ever since man has extensively sailed the oceans
he has probably known that sea ice contains less
salt than the surrounding water although the first

report of this is attributed to the Danish physician

(97)

Thomas Bartholinus in the 17th century. However,

it was not until 1786 that the Italian Anton Maria

(97)

. Lorgna published results of his experiments in

Venice to desalinate sea water by freezing.
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Starting with 36,200 parts per million (ppm) he
successively froze the liquid obtained fro& the
melted ice five times and produced water with just a
trace of salt.

The crystalline state belongs to the solid
phase of matter; the pﬁrification which occurs upon
freezing of a solution or melt is due to the inability
of the rigid crystal lattice to tolerate the presence
of other species.

Fractional crystallisation concerns the
separation and purification of a mixture by the
dissolution and formation of crystals. For the
liquid/solid phases this process is possible by Ewo
mechanisms. The first is the purificétion of a
solid by the addition of a soivent subsequently
crystallisiﬁg out the pure product (eg removal of
trace impurities of potassium nitrate»from.sodium
nitrate by solution in water) - known as fractional
crystallisation (from a solution). The second technique,
fractional solidification, utilises the solid/liquid
phase transition without the addition of a solvent (eg
the desalination of sea water).

Fractional solidification has many analogies
with fractional distillation, . - ...  ’the former
case purification being due to a liquid/solid phase
transition is similar to the liquid/vapour transition which,
takes place during disti:..llation. Both systems depend
upon a concentration difference between two phases at
 equilibruim and separation of these phases from each

other. The resemblance of a column crystalliser toa



packed distillation column is obvious and the analogy
is continued since both processes can be'operated
batchwise or continuously using countercurrent flow
techniques.

However, differences between the two processes
include the change in solubility whén the liquid to
solid phase change occurs - solid solubility usually
being low whereas warm liquid mixtures are often
completely miscible, the effect of pressure (there
being-little change for the solid/liquid phase
whereas the liquid/vapour phase is very dependent)
and the loss of convective mixing once the sqlid
phase is formed causing large concentration differences
within the crystal.

Distillation is a relatively well practised
technology but suffers from several disadvantages
when compared to crystallisation processes:-

(i) the need for a large capital outlay to construct
the plant since the vapour phase is involved

and - lafger volumes have tQ be contained at

equivalent pressures.

(ii) the energy required to overcome the latent

heat of,gvaporation - eg for seé water

desalination the latent head of evaporation

of water is approximatley seven times that

for fusion.

(iii)' The cost of separation of close boiling componenté
is often prohibitively high (eg the separationvof

para and meta xylenes, boiling points l38°‘C
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and 139O C, respectively) whereas the fractional
solidification process is simple (freezing points,

+l3.2o C for para and_—54.8° C for the meta-xylene)

(iv) heat sensitive compounds (eg pharmaceuticals
and flavours) cannot be purified by distillation
due to decompositibn.

(v) the increased fire risk involved by producing
hot organic vapours, especially in the
petroleum industry.

(vi) for the desalination process corrosion: and
scaling problems are readily apparent during
operation of distillation plants; at low

temperatures this problem is greatly reduced.

Crystallisétion processes have been applied to both
aqueous and organic systems. An application recéiving
increasing attention is the use of freezing tecﬁniques.
to desalinate sea water since the total energy | v
requirement is almost half that for distillatioé}zg)
The need for a comprehensive water recovery policy

is becoming evident to most nations since even though
the eafth is the.water—rid& planet of this solar
system, 99% of that total water is either salty or

is 1o§ked up in the polar regions. The problem |
becomes even more critical when one considers tﬁe

fact that 71% of the earth is covered by oceans and’

of the remainder 60% of the land area is arid or
semi-arid. These arid areas, generally considered
uninhabitable, éould become fertile if a fresh water

supply was available.



11

Obviously man's ability to survive is limited by
the availability of potable water. Potable water is
considered to be that containing no more than 500 ppm
of dissolved sélts, although, in some parts of the
world, people are able to survive on water containing
greater than 1000 ppm of salts(80)s

Rain is the natural source of fresh water, 340

x 10%2

US gallons per day being precipitated on the
earths surfacé, averaging 50 inches per year overall.
However, the spread is not uniform; some areas (eg
the North Chilean desert) recei#e almost zero rain
fall per year whereas in some tropical forests over
1000 inches/year are recorded.

Traditionally, water supply has been by means of
storage in reservoirs and subsequent transportation
by aqueducts, as necessary. However, the minimum
total requirement to sustain human life assuming a
diet of beef-protein, fat and vegetables is 2500 US
gallons per day per person due to the needs.of
agriculture. Thus as the population increases, the
supply of fresh water by means of traditional methods
only may not be possible. If this situation should
arise theh a desalination process will be requirgd in
order to augment the traditiohal method. In fact,
several large desalination plahts producing a total
of 50 million gallons per day Qorld—wide (compared to
the proposed 600 x 109 US gallons per dai needed in.
the USA by 1980) have been built and as technology

improves the operating cost. ofadesalination plant:is
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approaching those of new reservoirs and aqueduct
systems.

Organic Systems have also been separated and
purified by crystallisation. The traditional method
of producing prr= laboratory samples is to dissolve
them in a suitable warm solvent, filter the solution
and cool the filtrate . : to recrystallise the product
which is then dried by filtration and evaporation at
a suitable temperature (lower than the melting or
decomposition point of the product). This separation
is based upon the differing solubility of the pure
product and the impurity Ln‘the solvent, either may be
the more soluble but it is preferable that all the
impurity remains.in solution on recrystallisation.

Solvents of ultrahigﬂ purity have unique and
unusual applications. One example is the extraction
with benzene of carbonaceous materials from.meteorites~
for analysis. These analyses, hampered by ihpurities
in the benzene, help determine the possibilities of
life forms existing outside those on earth. Both
binary and multicomponent systems have been separated
(90, 116, 119)' '

Organic mixtures with one component having a
freezing point temperature between -10°C and +60°C
can be economically and effectively purified by .
crystallisation techniques. Once the temperatures
of freezing points decrease far below -10°C the coét
of refrigeration inéreases and the separation becomes
less economically viable. .Crystalliéétion also allows

the separation and purification of close freezing
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point components (eg benzene +5.5°C and cyclohexane
+6.2°C) provided that one is considerably in excess
(eg a benzene solution containing 3% cyclohexane) and
the problem of cbnstant boiling azeotropes experienced
in some distillations (eg ethanol and water where
further separation requires special techniques) can

be overcome by crystallisation.

The industrial applications of organic crystallis4
ation are not confined to the production of pure solid
substances. The Phillips(gz’ 93) system for the
purification of para-xylene from a mixture of its
isomers has now been s¢aled—up to a plant capable of
prodﬁcing 60,000 metric tons per year of para-#ylene
and the petroleum industry, where distillation is
extensively employed is considering low temperature
crystallisation as a separation technique(gé).

Thus the crystallisation process is becoming an
economically viable and efficient separation method.
Its potential applications are widespread with
particular importance being stressed for its use
where heat sensitive and highly inflammable qompounds
are involved. The desalination of Sea water by the
vacuum freeze-vapour compression method is already
producing 250,000 US gallons per day at Eilat in
Israel(lZ?),and a.- comparative analysis of desalination
processes has shown that freezing could be the most

(141)..

competitive process in the UK
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LTITERATURE SURVEY

1. Crystallisation

Batch crystallistion requires the separation of
mother liquor from the crystal and washing of the

solid to remove the adhering liquid, this is most
(110).

easily facilitated by use of centrifugation
(28, 29, 30)

" Briggs working for the Coal Tar
Research Association studied the purification of
napthalene samples by centrifuging the crystals and
washing with an aqueous detergent or methanol. He
discovered that the contaminants of crystalvnaphthalené
were caused by intra crystalline solid solutions and
mother liquor adherence.

In 1971 Cutts(43) studied solvent crystallisation
processes‘involving stirring a crystal slurry in a
solvent before centrifuging, washing the crystalg
with:'a solvent while in the cehtrifuge or a combination
of the two processes. He purified 73.5% benzene in
toluene up to 99.85% benzene which is a purity better
than for centrifuging only. However, although he
explains the energy advantages of freezing o?ef
heating processes the proposed commercial plant
involves two distillation columns as well as a
centrifuge.

Another crystallisation technique aeveloped from
its inception in 1952 by Pfann(106) is known as zone-
melting. This was developed to overcome the problem
of batch progressive freezing where it is necessary
to discard a portion of the solid after each crystal-

lisation since remelting the solid restores homogeneity.
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In zone.melting only a thin zone of the solidis mélted’“
this zone is caused to move slowly through the solid
from one end to the other, either by moving the solid
or by moving the heater. Many subsequent zones may
easily be caused to follow the first, with each
contributing to the separation of components.
Zone-melting has proved very useful in the production
of ultra-pure materials, especially semi-conductors
(134, 148); Federova and Federova(sé) and Cheng and
Pigford(36) have both explained the mechanisms
involved.

In 1962 Eidfb;(53) described a technique called
zone precipitation which was similar to zone melting.
In this case a solvent is added to the mixture to
produce a gel-like liquid - the solvent itself does
not have to solidify. On heating a zone ﬁhe>solid
melt; and as the zone moves the liquid behind solidi-
fies, rejecting the most soluble components. Solids
of greatest solubility are concentrated in the
direction of movement, the fractionation being
improved by use of solvents which reduce the liquid
viscosity in the molten zone. He used the technique
for separating petroleum waxes.

However, due to the difficulty of producing
continuous zone-melting equipment the technique has

never been extensively used.
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2. Column Crystallisation

(82)

As recently as 1973 Knox stated that multi-
stage crystallisation could not be carried out;
simultaneous production of crystals, melting.éf those
crystals and the washing of the crystals wés not yet
possible. The method of zone-melting in which the
processes occur sequentially was described but column
crystallisation was never mentioned.

However, as early as 1951 Arnold(lz)

had
performed several experimental runs on a column
crystalliser. His crystalliser had no transportation
mechanism for the crystals but he employed a pulsed
countercurrent flow of melt liquid and small crystals.
The significant suggestions made by Arnold were the
use of a scrap;er if the crystals adhered to the
cooling walls and some form of transportation (by
buckets) if the crystals did not move freely along
the column.

The next development was due to the Phillips
Petroleum Co. USA. Hackmuth(68) developed the
concept of Arnold; he combined pulsed flow and the -
suggestion of a scrap ed freezing section plus crystal
transportation. Crystals are introduced to the
column, compressed by a hydraulic piston which is

porous to the mother liquor. The crystals are forced

into a grid and onto a melting section where the pure

product is withdrawn, This form of column crystalliser

(90)

design was improved by McKay who constructed a

bench-scale purification column in 1960. He used a
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reciprocatiﬁg porous piston to push the crystals down
the column. The mother liquor was removed from the
piston by means of a vacuum line and a heater at the
-base of the column melted the crystals. ﬁe raised a
77% p-xylene feed up to 98% but cquld only manage low
flow rates of feed and product.

Schildknecht(ll7’ 118) described a similar
design of column crystalliser, but he used a helix
rotating at 80 - 150 rpm to transport the crystals and
scrape the freezing section. His initial designs-:
were very small-scale), 13 - 15 cm long with a volume
of approximately 1l5ml and operated batchwise.. The
inherent difference between this design and the
crystallisers using a reciprocating piston was that
the crystais were actually formed in the column and
not in an external unit. Hence the problem of moving
slurries from once pieqe of apparatus to the néxt was |
removed; crystallisation, melting, possible recrystal-
liéation for solid solutions, and washing were carried
out in one piece of equipment. The freezing section
of the column could be at the top or base of the
column, a melting section to melt the crystals being
required at the opposite extremity of the column.
The transportation helix was wound round a stationary
central cylinder concentric to the containing walls
of the crystalliser. ,

In 1962 Beattie and Gold(zo) produced a type of
column crystalliser operating in the horizontal plane.

The column jacket is partially immersed in a cooling
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bath. Crystals form on the jacket and are carried

to a heating element by rotating the jacket. By use

of a helical thread along the column the melted liquid
then progresses to the next crystallisation section where
the process is repeated. Using several crystallisation
sections suitable separations can be attained.

The design of crystallisation equipment was
still . largely ah art by 1963 when Anikin(3) attempted
to model the concentration profile produced in a column
cfystalliser. He considered a stage-wise operation
as in distillation columns, but his model was only
concerned with-recrystallisabion,'the effects of
washing being neglected.

Meanwhile, continued improvements to the
established column crystallisers led to several
patented designs. Phillips Petroleum of the USA
took out a patent on McKa&%‘gl) reciprocating ﬁiston
crysfalliser and McCarthy(Sg) further adapted this
design by having a stationary porous section in
approximately the mia-point of the column and
producing a high pressure, low frequency pulse to
move the crystals. The Sun 0il Co. of Philadelphia
patented a design of Bohﬁer(24). This crystalliser
was cooled by a concentric tube throdgh the centre of
the column and the crystals formed moved by applying
a cyléiépressure pulse. The feed was centrally
positioned and the products weré distilled.

In 1967, McKay(gz’ 93) described the scale-up
of operations of the p-xylene purification plant.

In these plants feed of 65 - 72% p=xylene can be
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purified to 99 + wt% at 530 Kg/hr and the capacity
of operating and announced plants at that time was . -
130,000 tons/yr. During the same year Schildknecht
(119) demonstrated the suitability of continuous
column crystallisers in the proﬁuction of ultra-pure
solvents. He produced 30 ml of benzene per hour in
which no impurities could be detected by gas liquid
chromatography.

The possibility of wide applicaﬁions for column
crystallisers was demonstrated by Betts etal(zz).
Using a continuous column crystalliser of Schildknecht
design he pufified or concentrated various organic or
aqueous solutions. However, his flow rates were
usually low; any attempts at feeq rates above 1lKg/hr
produced poor separations. Consideping the experimentél
work undertaken the analysis of column operétion should
have been simple} thever, this was not attempted. .

Continued work on the analysis of.the column

crystalliser led to descriptions by Devyatykh(49)
Arkenbout(s’ 9) (2).

and Powers The former developed:
a model of column crystallisation based.upon
diffusion in the solid phase being the rate
determining stage in mass exchange between the

liquid and the crystals. Arkenbout recognised that
thevcolumn equation for exchange processes could be
modified and introduced an expression for the inter
facial mass transfer by extractive washing and
recrystallisation whereas Powers having demonstrated

the applicability of column crystallisers, developed

a model dependent upon mass transfer between the
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adhering and free liquids and diffusion along the
column. The solution of Powers was different for
eutectic systems and systems forming solid solutions
whereas Arkenbout produced avgenerally applicable
equation.

Following much research into the design of

(59, 60)

column crystallisers » the Coal Tar Resaearch

(41)

Corporation patented a reflux crystalliser.
The design incorporated a pulsed feed of crystal
slurry to the centre of the column. Part of both
the low and high melting point products are recycled
to the column and crystal transport is facilitated by
means of a polishedihelical conveyor. Armstrong(lo)
however, described the design of a scraped shell
crystalliser and its possible applications to the
dewaxing of petroleum oils, preparation of fatty
acids and the separation of isomers.

In 1969 and 1970 mathematical modelling of
column crystallisers was undertaken by several
(107)

workers. Player analysed the operation of

both Phillips and Schildknecht type columns and
explained the differences between the two designé.
For the end-fed porous piston column refreezing is

a dominant factor. If too pure a feed material is
employed, little refreezing occurs and the crystal
bed is then too porous to prevent channelling of the
mother liquor into the melting zone. However, for
centre fed columns of Schilknecht design, refreezing
is minimal since the feed is only 1 - 5% .. impure

hence the discontinuity in temperature and composition
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obtained in Phillips type columns is not demonstrated
under centre bed column operation.

Bolsaitis(ZS) modelled a Schildknecht type
column; he split the column into a stripping section
where the crystals were formed and an enriching section
where the washing occurred. The performance of the
stripping section was described by a stripping
efficiency, defined as the fraction or percentage of
crystallisable material which is removed frbm the
solution entering that section. Once the crystals
form they are acted upon by gravitational, bouyant
and viscous drag forces which lead to a minimum size
of crystal above which transportatién is allowed, the .
smaller crystals leaving with the stripped stream.
Unfortunately, the énfiching section equations only apply
to cases where the volumesof &esired product and
impurity are approximately equal.

Powers continued the work on the analygis of
column crystallisers. With Albertins(l) he
developed a modd for batch operation considering
three distinqt cases:

(a) Crystal was pure
(b) crystal impurity was constant along the

lehgth of the column but diffusion was

negligible in determining the concentration

profile.

(c¢) crystal impurity was consﬁant along the length
of the column but diffusion was the dominant

factor in mass transfer.
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Since the crystals were demonstrated to be impure,
cases (b) and (c) were considered. If diffusion was
dominant, as the crystal production rate‘was increased
then the parity of the enriched product should increase
whereas for mass transfer dominant the converse is true.

(1)

The experimental results proved diffusion to be
the most important factor in determining the
concentration profile in the column.

In an attempt to provide a better assessment of
the column performance Gates and Powers(él) repeated
the model of batch operation. The development of
equations for systems with solid solubility and for
eutectic systems allows a fuller analysis. ..By use
of equations including diffusion coefficients and
mass transfer coefficients, assuming that the crystal
impurity was constant along the length of the column
they obtared better results for the coefficients.

Continuous column crystallisation was modelled

(72, 73) by studying the reduction

by Henry and Powers
of cyclohexane in benzene. The experimental work
employed a column‘of 300 ml volume, maximum flow
rate of 300g/hr for feed of 28000 ppm cyclohexane.
For a ratio of enriched produét to feed rate of 0.16
they obtained a pUée product of 40 ppm impurity.

The model of the column performance, essentially
based upon equations for extraction columns, is
separated, as was Bols;itis' model(zs), into a

stripping section profile and an enriching section

profile. . The important factors in determining the
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column concentration profile are the crystal rate,
diffusion of impurity along the column and mass transfer.
between the free and adhering liquids. However, the
model breaks down as the enriched product rate
approaches the value of the crystal rate due to the

flat composition profile obtained.

During 1970 a design of column crystalliser by
Richmond and Exley was patented by Newton Chambers(lll)°
The apparatus was essentially of Schildknecht design
using a central feed point and a helical conveyor
capable of dfiving the crystals downwards. The
patent specification included a design where the
crystal conveyor was a screw since the helix would
often "sieze=up" in the column.

In fhe same year Schildknecht etal(lzD described
the operation of a column crystalliser with a pulsating
spiral conveyor. The volume of the column used was
250 ml, the pulsations were employed to decrease
the tendency of the ;olumn to.block with crystals.

The spiral was rotated at 70 - 80;pﬁQ driving the
crystals downwards and oscillated 180 - 330 times

per minute through a distance of 3 - 6 mm. For a

feed rate up to 130g/hr the separations were acceptable
but on attempting to increase the rates the purification |
was adversely affected. |

A novel type of column crystalliser referred to
as the Brodie-type design was announced in (4) and
(31). The equipment was essentially an L shaped
section with the horizontal arm at the top. This

horizontal arm contained the recovery section where
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the feed is introduced. The recovery section joins
to a refining section on the same arm, Crystals formed

in the cold area of the recovery section are conveyed
countercurrently to the feed towards the refining
section. On entering the latter section the crystals
are washed by a liquid reflux stream before entering
the vertical arm of éhe apparatus - the purifying
section. At the base of the purifying section the
crystals are melted to form the desired product and
reflux liquid. The product is removed at the base
of the purifying section and the reflux liquid forced
back along the column. |

Matz(gs) inve§tigated the operation of a worm
crystalliser in 1972, This type of crystalliser
employs a helix driven in the opposite direction to
a central cored shaft through which a heat transfer
medium can pass. The outer jacket contains three
heated sections, one above the centrally placed feed
point and two below. The apparatus was suitable for
coarse separation but not for ultra-purification.

-Scale-up of operations using Schildknecht type
column crystallisers was undertaken by Hobson and
McGrath(74). Using data obﬁained from a 50mm internal
diameter, 90cm in length column they built a column
of 100mm diameter and 150 cm in length with an
employable volume of 3.8 litres. However, this
latter column was essentially filled with the
Archimedean screw conveyof and the cooling apparatus
~available not sufficient to allow a complete analysis

of the operation.
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The recognition that column operation would
probably be improved by cutting the volume occupied -
by the conveyor mechanism was employed by Moyers(95).
The freezing section contained a wall scraper which was
rotated and oscillated to keep the walls clear of
crystals. The drive to the scraper causes a piston
to be actuated which in turn drives the crystals into
the.purification section which is free sf internal
members. The aystalliser used a cenctral feed point .
and the crystals were transported downwards.

However, the apparatus described only allowed low flow
rates of feed (up to 330ml/hr) and separations were

not very efficient, any attempt to remove a significant
fraction.(0.4 ~ 0.5) of the feed as pure productt
increased the impurity content in excess of, 1000ppm
from a feed of 40,000 ppm acetamide in water.

Development of column crystallisation apparatus
has also led.to designs where the desired product is
crystalline(lss). Erbe(SS) and Weech(145) describe-
equipment in 2 US Patents. The former apparatus
consists of a horizontal jacket containing a spiral
oscillating longitudually. Kneading teeth. are
attached to the jacket between the spirals which‘
allow a conveying action. The melt is added at
one end of the equipment and the crystalline product
leaves from the other extremity. The design of
Weech(l45) is much more complex, being used to
purify aluminium nitrate by alternate melting and

crystallisation. The feed is introduced to the
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top of the column into a chilling section. The
crystals produced move to a melting and recrystallising
section. Finally the crystals are reformed in a
second chilling section before removal of product.

Wash liquid, in which the crystals are insoluble,

enters below the lower chilling section and removed at

the top chilling section.
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3.> Desalination

Desalted water has been availalble from the oceans
ever since their formation. Evaporation and
eventual precipitation as rain together with the
freézing processes occurring at the North and South
pole has provided sources of drinkable water.

Utilisation of the evaporation/precipitation
processfbrﬂ purifying salt water has been utilised
by man in the form of distﬂldﬁionw.apparatus.

Disti llation processes are basically those in which
saline water is evaporated, pure water being obtained
by condensation,

Several designs of distillation apparatus for
desalination have been suggested.

Multi stage flash distillation has been
extensively described by Franke1(57)and Silver(129).
In this process heated brine enters a chamber maintainéd
at a reduced pressure. Some of the water immediately
evapdrates (flashes) and then coﬁdenses on tubes
cooled by the feed of sea water flowing to the stéém
ﬁeated input section. A series of such chambers
(stages) at progessively reduced pressures fbrms the
plant. The feed sea water increaées in temperature
as it is passed through the condenser tubes in the
opposite direction to the flashing flow. The
con:densed: . steam is collected on trays below the
condensers;product water emerging from the last stage.

The desalination of sea water by multiple effect
evaporation(131* 141) has been shown to have certain

advantages over multi-stage flash equipment by



28

Standiford(l3l). The process is basically one in
which steam is used to evaporate some of the sea
water in the first effect, the vapour condensing

in the second, lower temperature effect, evaporating
more water and so on. There may be as many as 20
effects in a commercial plant. A large plant has
the following economical advantages over a multi-stage
flash distillation rig:-

(1) heat transfer cdefficients are generally higher;
(2) more of the available temperature difference
canbbe used for heat transfer and (3) less pumping

energy is required for a multiple effect evaporater.

(129)

Silver described a process'known as vapour
compression evaporation where steam generated from
boiling brine is mechaqically compressed to increase
the vapour pressure and condensation»temperature.
The steam is fed to an evaporator éﬁgé bundle where
it condenses forming product water and in doing~so
evaporates more brine. This equipment has a low
energy consumption but the energy form is ekpensive
(electrical) so the plants are often small.

All the above distillation procésses suffer from
several disadvantages:
(a) the high energy requirements to overcome the

latent heat of evaporation.
(b) corrosion problems are high due to the

elevated temperature employed.
(c) scale is easily formed at thertemperatures

required.

(d) the difference between operating temperatures
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and ambient is large. Hence insulation becomes a
problem.

Some of these problems can be overcome by using
the sun as a source of energy - solar distillation
(141). The energy source for this equipment is
free, if not always available andAEthe scaling
problem is removed. The principle of operation
requiresthe placing of sea water in flat tanks with
a roof of glass or tough transpafent plastic. The
solar heat vapourises the water which vapour condenses
on the inside of the roof, draining off as fresh water.
Its major disadvantage is the requirement of a large
land area/unit of product.

Cheap readily available sources of enérgy are
also provided by nuclear power stations leading to
the proposal of nuclear distillation plants(48) and

(17)

Barnea and Weyelin suggested the use of geothermai
fluids or geopressure reservoirs as a source of energy
for multi-stage flash distillation. The main probleﬁ,
however, was found to be the formation and removal

of deposits contained in the fluids which affect heat
transfer.

In order to alleviaté the energy problem inherent
in distillation equipment other separation techniques
have been attempted to desalinate sea water. The
theoretically most attractive of these systems is

(78, 85, 129)

reverse osmosis In this process a semi-
permeable membrane is employed. By the application
of a pressure in excess of the osmotic pressure of

the solution fresh water is caused to pass from the
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brine to a fresh water compartment. Unfortunatel&,
the pressure fequired is proportional to the salinity
of the feed. For 5000 ppm dissolved salts the
applied pressure employed is 40 atmospher?sand for
35000 ppm, 100 atmospheres, Hence the system is
usually only used for brackish waters.

Similarly, electrodialysis is used to désalinaﬁe
brackish water due to the increasing costs as the
salinity of the feed rises. Electrodialysis
(127, 129) employs the transfer 6f.ibné through a
membrane under the influence of an electrical
potential difference. The positively charged metal
ions and the anions move towards the electrodes
through membranes permeable to either cations or
anions - hence the gap between the membranes become
depleted in ions. In theory the process is optimised
for a high current density and a small membrane.
However, a high current density causes concentration
polarisation causing a wastage of power along with

appreciable scaling.

Salt water has also been desalinated by>use of

(7)

ion exxhange resins and solvent extraction.

(44) |

Davison described a solvent extraction plant

which is dependent upon the solubility characteristics
of certain secondary and tertiary amines with water
and salt water. The solubility of water in the
solvent which:selectively dissolves water from salt

water solutions .| is very sensitive to temperature .

Unfortunately, the water content of the extract ¢ - --
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decreases with increasing température and salinity
- and the selectivity decreases with increasing water
content. Thus it is necessary to determine an
optimum water content and the feed material used
contains only 4000 to 9000 ppm salt.
Yon exchange processes(lls’ 141) usually employ
a feed of only 10® to 3000 ppm salinity. Scambar}ll5)
describes an Australian process using resins which can
be regenerated with-hot water, | The product water
has 50 - 100 ppm dissolved salts and isAused mainly
as boiler water.

A novel method of desalination has been demonstirated

by Avampto(6).

This process is baded upon the
bending of the path of an ion by use of a magnet.
Salt water is channelled through a pipe past an
ultra-violet or X-ray source which further ionises-
the ions of dissolved salts. The water then passes
a magnet which deflects the ions away from the centre
of the pipe. The relatively purer water at the
centre is removed via an internal pipe set concent-
rically within the original one and the less pure
water goes to waste. Although claims ofiremoving
92% of the ions have been made values of 15% removal
are more usual for a 3.5%‘sodium chloride solutibn.
Gillam and McCoy(lzg) have postulated that by
1980 the energy cost of producing 1000 US gallons
of potable water from 'mea water by distillation
processes will be 180 Kw-hr compared to 35 Kw=hr
for freezing processes (and 30 Kw-hr for reverse

osmosis and 15 Kw-hr for electrodialysis ~ these
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two processes using brackish water as feed).
By 1975 Strobe1(133) predicts that desalination
water costs will be & low as 15 cents/lOOO US gallons

(54)

and Ennis suggested that even in 1970 the costs
of producing potable water by conventional storage
methods (dams, reservoirs) and by desalination
overlapped if a large plant was considered whereas
by 1980 desalting will be at least as economically
viable as conventional methods for plants producing
50 x 106 US gallons/day of product water.

With freezing processes appearing to be so
economically acceptable much research into the type
and design of various plants has been undertaken(64).

The early experiments in purifying sea water by
freezing are described by Nebbia(97). The
observation that water obtained by melting ice formed
in sea water was fresh had been reported almost
simultaneously by Bartholinus and Boyle in the 17th
centufy but it was not until 1786 that Lorgna
developed a working method for water desalination by
freezing. By repeated freezing of thé melt ligquid
obtained from the previous crystallisation he reduced
water of 36,200 ppm to 800 ppm in three stages. On
continuation to a 4th and 5th stage the melt water
was essentially pure.

By 1903 Buchénan(32), after his Antartic cruise
of 1874 in the Challeﬁger and Petterssen on the Vega
. in 1878, had analysed sea ice and found it to be

composed of frozen sea water, snow, salt{ spray,
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pieces of glaciers and occluded liqﬁid brine.
Buchanan had thus recorded that the freezing of a
dilute solution can lead to purification of the
solvent by rejection of the solutes into the melt.
The earliest extensive use of freezing as ;
method of desalting water was reported by Whitney
in 1944(147).. In this process ice wés formed from
impure water by causing_a jet of water, at low
‘ temperature, to be forcibly projected against a
surface maintained at a temperature low enough t§
allow the.progressive accumulation of ice to'occur
on that surface. The velocity of the water is so
great that the impurities rejected by the ice
formation are washed away as fast as they appear.
By 1967 several experimental freeze-desalination
plants had been designed and constructed. These
were described by Barduhn(IS).

Vacuum flash freezing process

This is also called vacuum freezeﬁkvapour
compression desalination. The process is further
described by Bridge eta&z%éck(lo3), Pachter(loz),
(16) (129) (121)

Barduhn wﬁereas Schwatz

, and Synder
analysed the operation of the counterwashes used
to wash the ice crystals.

Operation of the plant is based upon using
water as a ref rigerant. Sea water is introduced
to a vacuum chamber maintained at a pressure
equivalent to the vapour pressure of sea water at

or below the freezing point. - Some water flashes

into vapour, the evaporation of water removes heat
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due to the requirements of latent beat for
evaporation. Crystals form in the remaining water,
the slurry is'separated and the ice moved to a
washing/melting unit where some of the melt water is

used to wash the crystals. Schwartz(lZI)

developed
a model of the counterwasher in which brine is
displaced by fresh water from the interstices of the
ice plug. He discovered that output increased with
~an increase in the ice crystal size, the plug length
above the screens in the washer, the concentration
of ice in the slurry and the external mechanical
restraining forces on the ice plug whereas the

production increases with a decrease in the ice plug

length below the screens.

Butane freezing process(5’ 15, 16, 47, 83)

This system has been extensively studied by the
United Kingdon Atomic Energy Authority (UKAEA). The
secondary reﬁigérant freezing process uses a liquid
hydrocarbon refrigerant (eg butane) which is
immiscible with water. By direct contact‘with salt
water the butaﬁe is vaporised due to the heat transfer.
The salt water freezes producing an ice/brine slurry;
the crystals are separated and washed to remove the
brine, The ice is then melted to produce product
water by contact with compressed bﬁbane vapour which
has passed from the crystalliser to‘the melter for
reuse. Crystal growth needs strict monitoring to .
allow for effective washing but still a butane taste

remains in the product. This taste is disadvantageous
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for human use and it must be removed thus increasing
the cost of the water. In 1970, the British
Government revealed plans to build a butane freeze
water treatment plant near Ipswich. This crystalliser
was to be used to produce one million gallons of

fresh water per day compared to the largest similar
plant operating at present pfoducing ten thousand
gallons/day at Stockport. Uhfortﬁnately, by 1972

the decision to postpone the construction of the
Ipswich Plant was taken by the Government.

Similarly in the USA the Office of Saline Water
(0OSW) have ceased to f%nd pilot plant work on
secondary refrigerant freezing, stating that
progress was too slow due to a high dégree of coupling
between components causing data evaluation and scale-
up to be difficult.

Attempts to improve the secondary refrigerant
process have been made. Fraser(ss) ﬁsed é non-toxic,
non flammable fluo rocarbon refrigerant and estimated:
a cost of 69 cents/1000 gallons for a 1 million gallon
/day plant. The use of 80/20 mixtures of iso-and
16) (15)

normal butane has also been'tried(ls’ Carrier

have employed octa fluoro cyclobutaﬁe fand Johnson
(76) in Aveco's Crystalex process used Freon 1143 |
which are both highly insoluble in water, non-toxic
and non flammable.

The major drawback of all primaryband secondary
refrigerant crystallisétion plants is the requirement

of dividing the plant into three distinct parts,

ie crystalliser, washer and melter which require the
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cost of elaborate piping systems, physical éumping

of slurries and the extra insulation expense. The
primary refrigerant system also suffers from a need to
work under vacuum hence plant costs will be high since
loss of the vacuum would be disadvantageous and in
fact after several years running the plant at Eilat,
Israel was shut down(és) in 1973.

szrates(ls’ 16, 129)

In order to alleviate the problems of low
temperature running in crystallisers, several workers
have employed hydrate formation. For this prbcess
: thc water solidifies and precipitates at a higher
temperature and pressure than does pure ice. The ice
formed contains no salt but has 5 - 15% hydrating
agent incorporated in it. The hydrating agent

(eg propane) is removed on melting since it is chosen 
to be insoluble in water. Otherwise, the system is
similar to normal freezing units, i.e. it requires

a reaction vessel (where hydrate forms), a separator,
a melter and a washer. Unfortunately, the.reaction
of the hydrating agent with water to produce the
.solid hydrate occurs at an even slower rate than the
freezing of ice and the separation of solid crystals
and washing are more difficult than with ice.

In a novel paper, Wankat(l43) described
desalination by natural freezing. This process is
applicable in relatively warm climates with ambient
temperatures above freezing and the melted ice from
a single freezing, wiﬁhout washing, was 3-6 times

less salty than feed. The apparatus consists of a
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shallow, well insulated container with a shallow
layer of water. The rig should be level and have a
completely clear exposure to the night sky. During
the night the energy balance over the rig shows that
heat is lost from the water by r-adiation to the night
sky and heat is gained by conduction from the ground and
convection from the air. In addition if the humidity
is low then heat is lost by evaporation or if the
humidity is high then heat is gained by condensation.
Under these conditions radiation will be the dominant
factor and the water layer cools, possibly freezing.
The use of continuous column crystallisation in
desalination was described by Hobson and McGrath(74)
This process has the advantage over other freezing
processes in that the crystallisation, washing and
melting process occur in one piece of apparatus.
The cystal size produced is dependent upon the
rotational speed of the conveyor according to
Bolsaitis as well as the cooling rate. Thus control
of washing by producing suitably sized crystals is
more easily facilitated than in other types of
crystalliser. Due to the problems of codling in
the larger cryétalliser described (100mm diameter
1.5 metre long) they proposed using a butane freezer
to produce the crystals. In fact this was unneces-
sary, redesigning the conveyor mechanism to markedly -
increase the annular volume of the crystalliser and
reduction of the mass of the materials used in the

construction producing very acceptable results.,
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Crystallisation processes obviously produce

large amounts of concentrated brine, Some workers
have proposed by~-product recovery systems. Goto .
(67)

etal considered potassium recovery and sodium,
potassium and magnesium have been extracted by the
Chemical and Technical Services of Kingston—upon-Thameé?S)
In an attempt to reduce the volume of waste
brine from crystallisation processes Avco extended
their Crystalex process to a Eutectic Freezing
process(132) in which ice together with sodium chloride
diﬁydrate are simultaneously formed. The operation of
the apparatus requires crystallisation of the ice and
salt hydrate, separation of the ice and hydrate crystals
from a eutectic slurry, countercurrent washing of the
eutectic ice and then drying of the hydrate crystalé.
The experiments so far have used feed of only 5000 ppm
sodium chloride‘and the washing of the ice has been
difficult due to the small crystals produced.
The crystallisation processes occuring upon
freezing salt water solutions have been extensively -

(42, 45, 69, 70, 71) L 1967 Marriot(69)

studied
examined the growth of ice crystals in a stirred tank.
The crystals were grown by direct contact with
evaporating butane. For water subcooled 0.0l to
0.05°C, the particles grew about § to 3 as fast as
predicted from heat transfer correlations. The
growth rates in 2% salt solutions were about sevenfold
lower than those for pure water because o the concen-

tration difference for salt diffusion lowered the

interface temperature and the diffusion effect was
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shown to be much greater for disc shaped particles
than for spheres.

(137)

Terwilliger studied the salt redistribution
process during the freezing of sodium chloride
solutions. | The process was found to depend upon:
(a) the liquid phase interface concentration

which is controlled by the supercooling
(b) the thermal driving force imposed to

initiate and maintain freezing.

His findings contradict other authors who believe
that rejection is caused by a distribution coefficient
_dependent upon the freezing rate. This.investigation
showed that the distribution coefficient was only |
indirectly a function of the freezing rate.

The performance of a continuous well sﬁirred
ice crystalliser was described by Marjolis etal(sé) |
in 1971. Photographs demonstrated that the ice
particles were disc shaped and the bermeability of
the ice beds were found to depend upon the size and
shape of the crystals and the method of forming the
beds.

In two papers by Janzow and Chao(75) the
crystallisation phenomena when ice is crystallised
from brine were reported. The first paper provided
a study of salt entrainment in ice crystallised from
brine. They concluded that brine adhering to the
thin plates of ice and retained in the interstices
by capillary forces is responsible for the high salt

concentration in melted ice. The other report
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studied crystallisation of brine solutions within a
narrow range ot subcooled brine temperatures. Large,
plate-like free ice crystals up to several inches in
length were formed in the bulk of a slowly traversing
brine simultaneously with the growﬁh of dendritic ice
on the cold surface. Because the crystals are large
the possibility of application to freeze desalting is
noted.

The analysis of crystallisers has been much
neclected but some workers have described models.
In 1964 Godrey and Benham(66) provided an analﬁgue
simulationoﬁiacontinuous counter current crystalliser
using cascade from one unit to the hext in order to
decrease the cost of scale-up of operations.

Orcutt(99’ 100)

modelled both the operation of
a well mixed crystallisation vessel and the:nucle:ation
and growth of ice crystals in secondary refrigeraﬁt
freezing. The first paper(gg) allows the vessel
size required for crystallisation, the mean particle
size, growth and nucleation rates to be calculated.

The latter report(loo)

develops a mathematical model
of the freezing/crystallisation step for secondary
refrigerahtfreezing processes. He cohsidered the
influence of the refrigerant phase on the nucleation

rate. The crystal size distribution was estimated

assuming the crystal growth occurs by heat-transfer

limited growth or by growth accompanied by agglomefnéibn.,-

of which the latter was considered more realistic.

) (101)

Working with Carey, Orcutt studied the

mixing of liquid in a freezer/crystalliser vessel.
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In order to simplify scéle-up of crystallisation
processes data obﬁained from transient dye tracer
studies of a mixed freezer/crystalliser were
analysed by use of an anolgue model. The deadwater
region parameter was found to depénd upon the specific
power input with a parameter representing the
exchange of material between the deadwater region
‘and the remainder of the vessel contents beingfaffecﬁed.
by the position of the agitator. |
During 1973 Sarcona‘etal(ll4) derived a
mathematical model describing the steady state
operation of a continuous cooling-type crystalliser.
The analysis was tested with various sets of
hypothetical igput data so as to determine crystalliser
and heat exchanger design parameters and the study
is purported to provide a “ﬁeans of solving the
engineering problems associated with the process.
Continuous column crystallisation has been

(72, 73)

analysed by Powers etal by considering the

effects of crystal rate, %ake off of products,
diffusion of impurity along the columnvand mass
transfer of impurity between the adhering and free
liquid. The operation of the column can be
effectively simulated by use of Powers’ equations

providing the take off of pure product does not

approach the crystal rate.
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4. Ethanol Concentration

Since the earlies: times in mariydifferent places
men have developed, quite independently of each other,
the fermentation of sugar.containing liquids to produce
ethanol. However, the production of aqueous
ethanol solutions of high alcohol content only became
possible when distillation was invented during the
l12th century. By the end of the Middle ages spirits?
were being produced and absolute ethanol was first
obtained by distillation via potash and lime.

In Germany alcolhol is produced almost exclusively

(112)

by fermentation although the production from

(14)

ethylene b& hydration is now more widely employed.
Most table winés contain 9 - 12% by vol of
ethanol although 18% by vol is possible(l4). To
obtain a spirit quality beverage from fermented .
liquour requires raising‘the-alcolhol coqtent to
32 - 33% by wt. Cbiééillation processes 538’ 63’
149) have been used most extensively to.obCain this
concentration and since the boiling action
undoubtedly producés the loss of flavdurs, Girard
(63) worked under vacuum with é temperature of 30°C.
In 1909 Traube(lsg) proposed a solvent
extraction procéss to recover a solution rich in
ethanol. A concentratéd solution of potassium
carbonate or ammonum sulphate was added to the
alcohol solution. Two phases separate, the lower
béing rich in the salt and poor in ethanol whereas

the upper is poor in salt and rich in ethanol and

fusel oils (a mixture of optically inactive isoamyl
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alcohol and active amyl alcohol which occur to a
small extent in wines).
The Institute National de la Recherche Agronomique

(50)

at Dijon have conceintrated wine by.the fractional
crystallisation of water. In an essentially batch
process the ice/wine slurry is compressed in a
perforated cylinder and packed, the ice being expelled
by suction. The major disadvantages of the process
are its batch-wise operation and the lqss of 3%
alcohol with the ice.

McKay(gz)

considered the possibility of
concentrating beers using the Phillips type crystalliser
in order to make storage and transportation possible.
In the USA where beers sold are usually of the keg
variety and sold at low temperature the consumer may
allow the concentration and eventual dilution of beer
whereas in this country much of the beer sold is still
of draught quality and is still 'live! in the barrel
(112) (fermentation to condition the beer is stiil
occurring) and concentration may well kill the

yeast preSent. However, the use of coiumn crystallis-
ation to concentrate wines etc. to spirit quality was

not considered by McKay.
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5. Deuterium Oxide

In 1927, Aston(13) measured the atomic wt of
hydrogen by use of a mass spectrograph and found the
value to be in good agreement with that obtained by
chemical methods. Two years later when it was
shown that naturally occurring oxygen consisted of a
mixture of 3 isotopes, it was discovered that there
was a discrepancy of the order of 2 parts in 10,000
between the two determinations of hydrogen atomic
mass. This deviation could not be accounted for
within the.experimental errors and it was suggested
that the difference maf be dué to the presence of 1
partAin 5000 of a heavy hydrogen istope of mass 2 in
the ordinary hydrogen. |

The production of heavy water presents a

difficult set of problems(lzz’ 146).

In natural

water there is only about 0.015% of deuterium oxide
and the method of concentration must depend upon the
physical differences between hydrogen and deuterium

containing materials such as Hz, HD, D The

9°
methods will involve cascade operations with a large
number of stages since the separation factors are
likely to be low.

Distillation processes for producing heavy
water concentrates was used by Pegram in 1938 and was
patented by him in 1940(104). He also used his
apparatus to concentrate water containing 018 and
the only example of concentration given is that
after 50 days operation, 20cc of water containing

18

2.5% H20 was produced. By 1948, Dostrovsky had
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achieved a concentration to §% HDO in the effluent
from his distillation apparatus after 32 days
operation.

Due to the high costs and poor returns from
distillation processes in concentrating heavy water,
Gehrke(éz) used a partial evaporation or condensaﬁion
technique. In this process 1l0Occ/min of water and
1L air were passed through a fritted glass filter at
20°C to produce a moist gas stream containing 1.1% .-
DZO. This stream was passed over granular basalt
at 95°C for 100 minutes, then an inert gas was
passed through the apparatus at llOOC, removing
water containing 25% DZO from the basalt.

Egi(sz) and Smith(125) b&th concentrated
deuterium oxide by use of zone melting. Egi used
a horizontal ring type vessel with a U section
equipped with movable heaters. The heaters were
moved at 2mm/min and the solid was formed by using
a cooling temperature of ;10°C. The feed material
was 56.4% DZO/HZO and after 26 hours the product
was 98.49% D,0. Smith used an approxihately
equimolar feed but found the separation to be much
.lower than predicted by the theoretical separation
factor of 1.0211(108), |

The electrolytic separation process has been
widely used since it gives a good separation(87).

By 1946 TrQnstad(14gwas using a series of stages and
raised the concentration of natural water up to 0.07%
D,O. In his apparatus the product from each stage

2

was distilled into the next stage before continuing
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the electroly;is. A similar process was used by
Coles(39) and Bushell(33) where after electrolysis
the deuterium was recovered by liquefying the
deuterium/hydrogen mixture and fractionally
distilling. The enriched deuterium was then
burned in air to producedeuterium oxide.

In a report in 1941, Johnston(77) described
the operation in 1934 of the Ohio State Universiﬁy
Heavy Water Plant which operated in J3 main stéges.
" He obtained 800 grams of heavy water from a feed of
1800 gallons of water in 16 weeks.

The enrichment of heavy ﬁydrogen by isotope

(18,

exchange has been studied by several workers
23, 34, 109, 113, 128, 136, 142)  ,_ example of
the procesé is given by the hydrogen/ammonia systen.
wWhen two different hydrogen containing speciés such
as hydrogen and ammonia are brought into equilibrium,
the concentration of deuterium relative to hydrogen
will be different. The ratio of the concentration

of deuterium in the two species is known as the

separationﬂfactor and depends upon the temperature.

eg at -40°C Separation factor 6 ) for H./Ni
) 2/ 73
100°C n " 2.31) system

By use of a potassium amide catalyst (0.1 to 1%
by wt), working at high pressures (255 Atmospheres)
énd with a temperature of -40°C the hydrogen (+nitrogen)
stream is countercurrently washed with- ammonia. In
this apparatus 70% of the deuterium in the feed gas

is transferred to the ammonia phase.
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(19)

Barr reviewed the most economically viable exchange
reactions. These are:
(a) Hydrogen/water
(b) hydrogen/water using hydrazine as catalyst
(c) phosphine/water exchange where more hydrogen
is available |
(d) hydrogen iodide/water where equilibrium is
quickly reached.
(94)

Both Mercea and Denton(46) have patented
heavy water blants whére the products 6f exchange
reactions are distilled to further purify the
deuterium oxide.

Other techniques of heavy water concentration

(37)

have been propqsed. Chapey electrolysed
natural water to produce hydrogen containing 0.15%
HD. This was rectified at low temperature to
separate HD from H2 giving a product of 60% HD.
This was oxidised aﬁd rectified to give 99.8% -
deuterium oxidé. Bpancker(26) suggested using
solar energy for distilling heavy water in order
to reduce the high cost whereas Cross(40) purported
that light and heavy water should be separable by
using centrifugal forces.

The difference in freezing points between heavy

(81) (3.8°

water C) and light water (O.OOC) suggesis
that separation by multi-stage crystallisation,
especially if concentrates are used as feed
material, should be possible. Thus the application

of continuous column.crystallisation to deuterium

oxide purification should be considered.
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THEORY

1.

(96, 98, 150)

Mechanism of Crystallisation

The production of crystals from a solution is

governed by three basic steps:

(a)

(b)
(e)

(a)

the attainment of supersaturation or
supercooling
the formation of crystal nuclei

the growth of the crystals

Supersaturation

A saturated solution is one which is in
equiliitLiﬁ with thé solid phase. If more
solid is dissolved in the solution a
supersaturated condition is obtained.

This state of supersaturation is an
essential feature of all crystallisation
operations and can be achieved by cooling,
evaporation, addition of precipitant (or

diluent) or by chemical reaction.

Ostwald (1897) was the first to
introduce the terms 'labile! and 'metastable!
supersaturation. In the former case
spontaneous deposition of crystals will’
occur from a superaturated solution, whereas
in the latter sbontaneous crystallisation

is improbable.
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Fig(10)
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In Fig (10) line AB represents the
normal soiid solubility curve for the solid
concerned. The line CD, referred to as the
supersolubility curve, gives those temperatures
and concentrations at which spontaneous
crystallisation occurs.”Theﬁsthrsolubiiity

curve is not so well defined as the
>solubility curve and depends, among other
things, on the degree of agitation of the
solution.

The diagram représented by Fig (10)
therefore consists of one well defined zone
and two zones which exhibit some variation,

viz:-
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(i) the area below line AB where crystallis-
ation is impossible due to unsaturation,the
stable zone. |

(ii) the metastable zone, between lines AB
and CD where although the solution is
supersaturated spontaneous crystallisation
is unlikely. However, if a crystal seed
is added growth would occur on it.

(iii) The unstable supersaturated solution in
the labile zone above line CD where
spontaneous crystallisation is most likely

to occur.

(b) Nucleation

Once supersaturation has occurred the
-next essential step is the formation of
solid sites at which crystallisation can
commence. Nucleation may occur spontaneously
(homogeneous) or can be caused by artificial
inducement (heterogeneous).

For column crystallisation nucleation
is usually induced by artificial means, eg
seeding, stirring etc. However, in order
to study the free energy changes associated
with heterogeneous crystallisation it is
\necessary first to develop equations for
the homogeneous case.

The free energy changes associated with

nucleation may be represented by the equation(gé).
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AG = OGs + OGy (1)
Where AG is the overall excess free energy
between the particle ‘of solute and the
solute in solution.

AGs (a positive quantity; proportional
to rz) is the surface excess free energy;
ie the excess free enérgy between the surface
of the particle and the bulk of the particle
and AGv (a negative quantity; proportional .to
r3) is the volume excess free energy; ie the
excess free energy between a very large partigle
(r = ©0) and the solute in solution.

As the size of the nucleus (r) increases
from zero, G reaches a maximum value when

the radius reaches its critical size (rc)

ie AG__., = _4]10'1"2 (2) where o ‘is the
crit 3
surface energy of the

particle per unit area.

Fig 41)

+ve:

Free.
energy
AG.

-ve.

Size of nucleus (r)
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Fig (11) shows how the value AGcr' is attained.

it
For values of r lower than r_ redisolution causes a
reduction in free energy which is favourable and for

r) r. growth is favoured.

For heterogeneous nucleation, the supercooling
1

required is lower, thus the corresponding AGcr‘it

must be less than AGcrit

. 1 .
ie AGc:;_i‘; =06 4 G_.i¢ Where @ is less than
unity (3)

Now, the interfacial energy (o) is one of the

important factors involved in nucleation.

Fig(12)

Liquid. (L)
Crystalline
deposit: (C)

cs SL

Solid surface (8)

In Fig (12) GC;L is the interfacial energy

between the crystalline phase and the liquid,‘cr’sL

that between the foreign surface and the liquid,d'cs

between the crystalline phase the the foreign
surface and © is the angle of contact between
the crystal and solid'surface.

Resolving these forces ‘(GCL »0es 2 TgL )
about the horizontal
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GSL = GCS -~ ch Cos 6 (4)
whence €0s O = o ~ O (5)
v,

According to Volmer(gb) the value of ¢
in eq(3) is:

F=(2+ cos ®) (L + cos 9)2 (6)
A

Thus when & = 1800, cos e = -1 and

g =1

Then - AG

1

., = r ing -
erit corresponding to non

DG

affinity between the crystal and the solid

crit,

surface. Hence the overall free energy is the
same as for spontaneous: nucleation.

when© is between 0° and 180° g {1
and AG'erit { AGcrit, now mucleation is
easier than for spontaneous nucleation |

but when © =0 g =0

and AG'crit = 0, corresponding to seeding .

of the solution (ie no nuclei have to be formed
in the solution).
The rate of nucleation has been determined

(99) who adapted the Eyring rate

by Vanhook
theory to nucleation data. The Eyring formula
normally applies to homogeneous crystallisation
but has been used in studies of heterogeneous

- mechanisms.

The formula may be stated as:

J = RT[, ‘exp AT* ” particles/
h Ty- (Tf' - TL) motle-time

(7).
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where A is an empdrical constant, TL the
solution temperature, Tf the equilibrium
transition temperature (freezing point), R

is the gas constant and h is Plancws constant.

This equation predicts finite nucleation

rates for all finite undercoolings whereas in

many cases nucleation occurs only after a
minimum undercooling has been reached.
However, the equation allows the predictibn of
changes of nucleation of several orders of
magnitude with a small charge of TL due to its

exponential form.

Crystal Growth

The rate of growth of a crystal in a
solution is dependent on the temperature and
concentration of the liquid at the crystal.
face. These conditions are not generally the:
same .as those in the bulk of the solution
because a coﬁcentration gradienﬁ is necessary

to allow transfer of solute to the f&ce and a

" temperature gradient is necessary to remove the

heat of crystallisation. As the resistance to
heat and mass transfer is largely caused by
the laminar sub-layer close to the surface of
the crystal, stirring, which decreases the
thickness of this sub-layer, is advantageous::
to'crystal growth.

The'rate of crystallisation is also a

function of the degree of supersaturation, but
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for crystallisation from a solution, much less
supercooling is possible than with melts (2 - 3
degrees for solutions compared with 50 - 100%¢c
for melts) and the process becomes one of mass
transfer rather‘than heat transfer.

Fig (13) shows the concentration gradient

in the vicinity of the crystal face.

Fig(13)
Growing face
N\
N
°x N N
N\
CAfCB N
.
Cp K \ TConcn
. N
¢s=Cs \
N
N
Cs_"—'———’iﬂ--—--—-—-_:
N\
N

( where CS is the conc™ of the saturated sol®

and C, is the conc™ in the bulk liquid. )

The concentration falls from CA to CB
through the liquid and the concentration
difference CB - CS is required to overcome the
resistance at the interface. Thus the
concentration difference responsible for mass
A - Cge

By assuming that the diffusion of material

transfer is only CA = CB and not C

to the crystal face is controlled by the resistance
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of the film near the face the following
equation for growth rate over a period of

time is obtained:

dm = DA (CA - C.) (8) where A is
b the area of the

crystal surface
D is the diffusivity of

the solute in solution.
Jg is the thickness of
the laminar layer and m-

the mass of solid deposited

in time in t

. . ‘
Berthoud’ assumed that the transfer was

proportional to the supersaturation at the

interface. .
Thus dm .
Tt KA (CB - CS) (9) where K is
the rate

constant for
the surface

process

Eliminating Cp from these two equations ((8)

and (9)) gives:

dt 1 +-_§h
K D

This equation can be simplified by considering
only .the linear growth rate (d 1 ) and assuming
% and gg/D are constants.

Then dl = K.O C (10) where c= (C, - Cg)

dt
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Now the ratio of the volume, to the cube of the
linear dimension, must remain constant since the

cryscal shape does not alter.

l ] o}
let V = k- 17 (11)
. -
then dv = 3k—.1%.d1 (12)
s. dv a1 2A
e = 3k~ .k.1l.°AC (13)
o 12, Ac (14)

Thus approximate calculations of growth rates

may be made, but the results are often misleading
due to the effect of small impurities on
crystallisation.

Harriot(99) derived an .expression for the
growth rate applicable to crystals of diameter
76.002 inches in.terms of thethermal driving
force produced in a well mixed continuous

crystalliser.
G (T: - T, ) =2cAti  (15)
Dp i bl Dp

ie Growth rate = dD p

dt
where Dp is the crystal diameter, Ti is the .
temperature at the interface, Tbl the
temperature of the bulk liquid and ATi = Tj - Tbi-
The value of G, the growth rate parameter, is

given by the equation: ' (15)

. 1 Y '
¢ =2 (2 + 0.6(Re)?(Pr) z)/es(AHf[HQ uk/“_w‘.)]
where k£ is the thermal conductivity of the liquid
Re Pr are tme Reynolds and Prand tl nos,

respectively
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?S is the density of the crystal
Al the latent heat of fusion
wl the mass fraction of solute in
the licuid
and £L is a parameter relating convéctive heat

and mass transfer, given by the equation.

1 e)‘!'/"2 (Pr)372

O _mk; [2 # 0.6(R
‘anx{f 2 + 0.6(Re)

(17)

where‘m is the slope of the equibilbrium freezing
curve
Q is average liquid density between
interface and bulk liquid
D is diffusion coefficient of solute in
liquid
and Sc is the Schmidt no.
Now the mean particle size (1) may‘be
calculated using the values of growth rate and

holding time density function:

ie 2r = Dp =rr.f(r) dr _—.T_lGAT.th (18)
. > |

1
]

where A\ isthe vessel size and th is the mean

hold up time in the freezer.
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2. Fractional Solidification

Althouch the separation which may be achieved
in fractiomilsolidification depends on several factors,
the most important process is thermodynamic in nature.
The phase diagram of the system under consideration is
the expression of these thermodynamic processes and
indicates the maximum chanze of concentration or
degree of segregation that is theoretically possible
by the freezing of the liquid.

Unfortunatley, phase diagrams refer to equilibrium
conditions, whereas, in fractional solidification the
system generally departs from equilibrium unless the
freezing is very slow and/or the solid is finely divided
and dispersed in the melt. Thus, althoughthe phase
diagram describes the possibilities for separation the
results will be modified by the departure from equilibruim.

For column crystallisation, most solid/liquid
mixtures fall into the categories of eutectic or

solid solution systems.,

(a) Eutectic Systems

Fig- (14)

Temp

Solid
B +
liquid

Q

3

Solid A + Solid B

Composition
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In Fig (14) the lines PQR show the
hypothetical freezing points of component A
as B is added or the effect of adding A on the
freezing point of B. d represents the eutectic
point, the lowest temperature at which solid
appears. At the eutectic point solid A, solid
B and liquid are in equilibrium..

The cooling o0f the liquid which forms a

eutectic system on freezing is demonstrated by

considering fig (15)

Fig (15)

Wt fraction B

If liquid of composition Wo is slowly
cooled from position o, when the temperature
reaches Tg pure A begins to freeze out.

Further lowering of temperature allows more A
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to crystallise, enrichinz the remaining liquid in
B. When the temperature reaches Tg the melt'
is at h (composition W } and the fraction of
the charge which is frozen is given by the lever
rule

ie ( W= W, Y/ ‘.v'h

Eventually, with continued cooling, the
eutective point {(e) is reached when B begins to

freeze out. The temperature now remains

constant until all the remaining liquid solidifies.

(b) Partial Solid Solubility

Fig (16)

Temp n
: n Solid sol” of
Solid sol t .
ofBinA—_} AlnB(p)
«) '
d +p
A Composition B

Often the impurity is slightly soluble in
the solid phase of the component to be purified.
The phase diagram for this type of system is

shown inFis (16).
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The analogy with liquid-liquid extraction
technology produces the definition of the term

eguilibrium distribution coefficient (k).

X = WS (19) where ws is the
wl ’ concentration of

the solid and wl is
the concentration of
the iiquid at
equilibriunm.

For the system described in Fig (16)k {1
Unfortunately, k varies with composition but
in fractional solidification processes the
impurity content is usually low in the feed
material (3 - 5 % by wt) and so the distribution
coefficient may be assumed to be constant.

To understand the freezing of a limited

solid solubility system consider fig (17) which

is the upper left hand corner of Fig (16).

o
i Fig (17)
| Liquid

M

Concentration
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Slow cooling of the liquid from point O
allows solid of composition ld%)to freeze out.
As cooling continues, the equilibrium conditions
are rarely maintained since_this requires diffusion
of impurity B into the sclid which is virtually
non-existent in fractional solidification.
The solid concentration therefore moves to the

left of Co and the liquid to the right of Co/k.

(c) Complete solid solubility

This occurs when both species are very similar
in size and nature and when the crystal structures’

of both can accommodate one another.

Fig (18)
Liquid
B
Freezing
Temp
K s
Solid solution
Composition
Fig (18) shows the form of the phase diagram-
for this type of syscem. If B is considered to be

the impurity in A, then near pure A the distribution

coefficient is constant and k ) 1



The freezing operation of this type of

system is represented by Fig (19)

Fig (49)

l
l
|
|
l

|
l
l
el

W

"h o ) g
fraction B

~

l
l
|
t

W

If the melt is cooled from point O,
assuming equilibrium is.maintained, the
liquid composition moves from f to 1 while the
solid composition moves from g to m. At the
intermediate point i, the lever rul: gives the
fraction of the original melt to have solidified
ie @b - wh)/(nﬁ - wh)-
At S the system is a homogeneous solid solution

of composition'wo
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3. The Freezineg of a solution containing an impuritv

The purification of a liquid by freezing rarely

produces cthe predicted purity due to:

(i) the occlusions of mother liquor in crystal
imperfections.
(ii) the trapping of mother liguor in crystal

agzlomerates

(iii) the mother liquor which adheres to the
crystal mass by surface tension and
capillary forces

(iv) the chemis ‘orption of impuriﬁies onto the
crystal face

(v) the possibility of solid solubility of

impurity in the crystal phase.

Thus in order to obtain a product of high Qurity
by crystallisation the impurity in the crystals and/or
the amount of impurity in the adhering liquid must be
reduced. Conventionally this may requife several .
stages of crystallisation involving repeated handling
of the solid phase. For column crystallisation, using
a single piece of equipment, the impurity in the adhering
liquid is reduced by washing with the reflux liquid
produced by melting the crystals.

For eutectic systems the crystals themselves are
fairly pure since the lattice canﬁot tolerate the
impﬁrity unless deformation occurs. For ﬁhese systems
washing is the dominant purification mechanism. The
purificacion occurs since the‘concentration of

impurity in the countercurrently flowing free liquid
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is less than that on the adhering liquid. However,
since the crystals are chermally stable washing cannot
remove che impurity in the solid.

When solid solubility occurs the crystal becomes
unstable at the higher temperatures produced in the
purification section and thus partial or total melting
occurs. Simultaneously, the reflux liquid undersgoes

partial freezing. Thus as the crystals approach the

K
bt e}

-y A

warm end of the column their purity increases by the
preferential melting of the less- pure crystal fraction
- and the formation of crystals of higher purity by the

subsequent recrycallisation.

4. Continuous Column Crystallisation
yPs7s
—p— —
Fig (20) Freezing Stripping R
section section
—_}——’ . + E—b
FiYL c,t
L',Y!'
Purification
section
Enriching
]E,Y’ ' section
[: J Mel'fing'
section  _{
LO’Y e .

Fig (20) is a descriptive diagram of the liquid and
solid flows in a column crystalliser under continuous
_operation, where:

F is che feed flow rate of impurity conc?.YF

Ls is the impure product flow rate of impurity concnﬁil
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Le is the pure producl flow rate of impurity concnYe

. ' . . n
C is the crystal flow race of impurity conc £
t =,
L is the adhering 1ligdflow rate of impurity
n
conc X!

L is the free liqdflow rate of impurity conc® Y

Y, \$
LQIT }LD i Lv,Y\[ f,e
\I L 4

ey

N

‘D. L,yY

_z +Az

o
-
™

Fig (21)

An elemental description of the column crystaliiser
is afforded by fig (21) where =z is thebposition in the
column measured from the freeiing jacket. Now,
transport of impurity is achieved by bulk flow, a}ial
dispersion and mass transfer. The bulk flow in the
column is due to the movement of the crysctals,
adhering liquid and free liquid. Ihe;ﬁd_él”dispersion~
and mass transfer rates were described by Powers etal
(72) who developed a model of the column operation
derived from the comparison with packed bed extraction
columns.

The rate of axial dispersion in the free liquid
M s is defined as:

D

My = -DRAy( dy/dz) (20)

and the rate of mass transfer between the adhering and

free liquids, Mk, is described by the equation:
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M_ = KaA o (Y' - Y)Az (21)

(72)

Powers made several assumptiors in order to
develop his model.
(a) the internal flow rates, L, L' and C and the
factors KahQ and Dv#2 are independent of
the position in the column.

(b) the column is assumed to be at steady state

(c) the impurity associated with the cr§staiﬁ,is

constant.
(a) radial variations in each phase are negligible
(e) all transport properties are constant

(£) the adhering 1iqdrate is proportional to the
crystal rate and the ratio is independent of
position in column.

Taking a material balanqe on the differential
element of free 1iq shown in fig (21) yields the
general equation'for all parts of the column:

L(dY/dz) + Ka Ap (Y; - Y) + DQA1jd2Y/dz2) =0

In order to solve the eq(22) another relationship
between Y and ¥is required

Consider the envelope below

L o ]L,Y Iﬂ)

t%———

<

- |
|
!

Fig (22)

el R ek e K R

r
!
|
{
|
l
l
1
i
i
!
I
\

“}1e,ve

(22)
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A material balance gives

Ce+ L' Y! - LY - DyAe (dY/dz) = Le Ye (23)
and an overall balance in the envelope yields:

L=1L' +C - Le (24)
(72)

Powers now introduced a simplificacion by
neglecting the diffusion term in the free liquid
balance.

Thus eq (22) becomes

L (dY/dz) + Kade (Y' - ¥) = 0 (25)

The solving of equation (23),(24) and (25) gives
the differential equation describing the enriching
section

ie[ LL' +D1Ag]g_§+(C—Le)Y=Ce.-LeYe (26)

KaAg dz _
which can be solved for the boundary conditions
Z = ZF for Y = Yﬁ (27) |
where Yﬁ is the free liq composition in the column

2t the feed point.

Solution of eq(26) to determine Y

Let C - Le = A (28) and C < LeYe = B (29)
LIT+ D\Ao LLe + DiA?
—— \ ———
kaAQ KaAQ

Then eq (26) becomes dY + AY = B (30)
The solution to etuation (30) is made up of two parcs;
one with dY = 0 (ie a steady state solution, Yss) and
d ‘
Z

the other part when B = 0 (Yt’ a transient solution).

for Steady state AYss = B or Yss = B
(1)

for Transient dYt

5, © AY = 0 or d¥t = —AY (32)

dz
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The solution of equation (32) is exponential in form
. A
Lec Yt = Ce“Z (33) where C and @ are constants

then dYt = cﬁem (24)
dz

»s. Eq (32) becomes

C;Zfeizs‘Z = —ACeﬁz whence # = -A (35)
J. Equation (33) becomes Yt = Ce
Now Y = Yss + Yt (3%6)
. -AZ
0 Y=§+Ce
3 (37)

But Y = Y4 at Z. = Ty

or Y¢ =B + Ce_Azﬁ whence C = (Y, - B. +AZ

2 P F)e

So Y=B . (y;i.p) o AZ-2Zp) (39)

A 4 Y

Now % = " Cg - Le Ye - (40)
C - Le :

Let Ce-LeYe = Yp (41)

C - Le

SoXY =Y+ (Y- ¥g) e -A(Z - zp)  (42)

or Y- ¥y _ . -A(2 - 2Zp) (43)
g~ Y%

Now, let H = 1/A =i%££. + DyAg ] TE%IZ) (44)

KaAQ
but L = L' + C - Le (45) andLl='o(C (46)
. - Y - -(Z - IF)
I e H (47)
N .
Where H = 1 [ DIAe + o (1 + o ) C2 -dLeC
: (C-Le; KaAQ

For the tocal reflux (or batch) operation of

the column Le is zero and the equations become:
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.y
Y - ¢ = exp Z/H (49) since Yp =&
Y., -
g ¢ ,
where Y¢ is the coﬂcn of free 1liag at the base of the

free zing section

and H = D4ylo + (1 + )C (50)
C Kade

For the stripping section a similar set of

equations can be obtained

ie Y -'?2 = exp -(Eff—gﬁ)
Yo -5 H (51)
) Y
P
where Yp = C€ + LsYs)/(C + Ls) (52)
and - =1 [’DTAQ-+ o (1+)C2 + quc]
(C + Ls) KaAe

which allow the cancpnprofile of the stripping section
to be determined. As above, for batch operation the
equation may be simplified by reducing Ls to ?ero.
BdlsaibisﬁzS), however disagreed with Powers’
assumptions that crystal nucleation and growth can be
described by a rate equation with a single mass
transfer coefficient and that the action of the spiral
is to transport the solid phase down the column. He
did not confirm the effect of the spiral as the
transporting mechanism and replaced the first order
kinetics of nucleation with a stripping efficiency.
This stripping efficiency (Es) is defined as the
fraction of crystallisable material removed from the -
solutcion entering the stripping section} the fraction
of crystallisable material is that amount which is
in excess of saturation at the lowest temperature

in the stripping section.

By analysing the action of gravity, buoyancy and
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viscous drag on the crystals he found that for
spherical crystals cthere was a critical radius (r#%)
required below which the crystal moves with the
liquid phese and is not transported down the
column.

The stripping efficiency was found to be
reduced bhoth when temperatures were lowered due to the
increased viscosity and liguid deﬁsity with a
consequent increase in r%* and with an increase in
spiral rotation since the size of the crystals is
reduced. When, however, the column cross-section
was increased or the liquid flow rate through the
stripping sectibn was decreased the efficiency was
ihcreased.

The stripping efficiency was defined by the
equation: '

Es = CY* (54)
LTY*—YQs) + F(Y*-—YI_J

where Y#* is the concentration of impurity in the

liquid in stripping section at zero stripping rate,

Yﬂ is the concentration of impurity in the free

ligquid at the feed point and YF is the feed composition.

(25)

Bolsaitis also produced equations describing
the enriching section but they can only be solved for
special cases (ez for separation of isomers when‘the
molar volumes of the crystallising and contaminating

component in the liquid phase are approximately equal)

which are not applicable to the present study.
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GENERAL DISCUSSION

The design and operation of cryszallisation
apparatus is scill largely empirical in nature.
Althouzh crystallisation is one of the oldest
separation sechniques,applicaﬁiqxin induszry has been
on a small scale compared to that of distillatioﬁ.
Subsequently, whereas distillation theory has beéﬁ
developed of necessity in order to decrease the
capital cost of eqﬁipment, crystallisation processes
have been governed by the art of the operator.

However, due to the increasing-costé of power
and materials it has become necessary to consider
possible means of economising.  Because of these
considerations, crystallisation processes have become
potentially more advantageous than distillation.

During the development of crystallisation
apparatus the disadvantage had always been the
inability of producing a continuous process. Batéh
operations become uneconomic due to the maintenance
reQuired, the decreased output of product compared
to a concinuous process and variation in product
quality.

The inherent difficulty experienced in the
desigcn of continuous crystallisation apparatus is
caused by the necessity of transporting solid material
away from the freezing area, and then WAShing the
crystals to remove the adhering liquid, making the
operabion multistage to increase the produce purity.

| These problems were not really overcome until

the continuous column crystalliser was developed.
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The operation of a continuous column crystalliser

requires consideration of the following principles:

(i)

(1ii)

nucleation and grow:th of the crystals

The system chosen for separation must
have one compornent with a freezing point
reasonably close to ambient temperatures for
the separavion achieved to be economical.

It is not usual to attempit purification of a
system where a component freezes below -20%¢C
or above 70°C.

Having chosen a suitable system, it is
nécessary to nucleate the crystals which may
require seeding since sometimes undercooling
is not sufficient to allow the occurence of
nucleation. By controlling factors such as
cooling rate, rate of agitation etc. the
crystals which form in the freezing section
may be suitable for efficient washing and

subsequent melting.

transportation of crystals

A method of removing the crystals from

the freezing sectionmust be usalto allow more :o

(12)

be formed. Arnold utilised an oscillating

(116)

piston whereas Schildknecht developed an
Archimedean screw conveyor for this purpose.

washing of the crystals

In order to obtain effective washing of
cthe crystals 1i{ is necessary to allow some
pure product to reflux countercurrently to

the cryscal flow. This washing is facilitaced
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if the crystals are large and separate.

(iv)

(v)

(vi)

recrystallisation of the cryscals for systems

exhibicing solid solubility

For these cases it is necessary to produce
a temperature gradient down the column which
causes the impure crystals to melt allowing

more pure liquid to recrystallise.

melting the crystals in the melting section

This poses a problem which has to be
compromised with the washing procedure. In
contrast to that process, melting requires a
small crystal which allows heat transfer

to be more quickly. achieved.

heat transfer through the freezing and melting

section walls

In order to attain high crystal production
rates in the freezer and efficient melting in
the melting section it is necessary to use a
coolant with good heat transfer properties.

In addition, the wall thickness should be as
low as possible and in order to decrease the
build-up of stationary films on the outer wall
the coolant (or heating fluid) flow rate should
be hish. The 'heat transfer is also increased
by the presence of the' crystal transporter
which both scrapes the.inﬁer wall and stirs |
the liquid thus decreasing the possibility of

stagnant films.



(vii)

(viii)

(ix)

(x)

77

the production of constant flow rates of crystals,

feed liquid and procucts.

If these flow rates are allowed to vary the
column operaticn is upset and equilibrium will nbt

be attained.

This is reguired to facilitate crystal
nucleation, decrease film formacion at the heat
transfer walls and to ensﬁre a constant bulk

liquid concentration. The stirring is effected

by the use of the crystal conveyer.

optimisation of the column's operation

An incorrect choice of the conditions of
operation can produce péor results. Some
variables may be of more importance than others,
but as yet coherence between results reported
has not been achieved. ‘The comparison between
continuous multistage distillation and
crystallisation has led to some problems; eg,
normal operation of distillation columns requires
feed at or near the mid-point of the column
whereas for crystallisation columns feed near to

the freezing section is normal.

Mathematical modelling

Correlation of the experimental results
obtained with a theoretical analysis. Thus,
principles of column design can be determined

and scale-up problems can be minimised.



EXPERIMENTAL

1.

Materials

(a)

Chemicals

(1)

(iv)

(v)

(vi)

(vii)

Benzene - analar grade for standard
solucions
Benzene -~ technical grade for exnerimental use
Cyclohexane - spectroscopic grade for
standard solutions
Cyclohexane - technical grade for
experiﬁental use
Sodium chloride - 561b bags, technical
gradé from ICI
Para-xylene - 99.9% pure; 5 gallons
donated by BP Sunbury
Mother liquor - mixture of o ,m:and p-xylene
+ ethylbenzene
5 gzallons donated.by BP
Sunbury.
Analar grade o, m andp xylene for standard
p-xylene solutions. |
Industrial Methylated spirits - approximately
95% ethanol and 5% methanol for experiments
Absoluce ethanol for standard solutions,
Deuterium oxide (99.8% pure) from AERE,
Winfrith, Dorset
Copper sulphate - technical grade (CuSO4
.3 HOO) from BDH, Poole
Dorset
Concentrated sulpuric acid (used to acidify

copper sulphate).
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(b) Analytical

Gas liquid chromatography (GLC)

(i) Polyethylene glycol 20M (PEG 20M) for
analysis of benzene/cyclohexane mixtures.
20% PEG 20M by wt added to Celite 60 - 80
mesh as solid support.

(ii) Bentone 34 + di-iso decyl phthalate for
analysis of xylene isomers. 5% by wt of
each added to Chromosorb W 100 - 120 mesh
as solid support.

(iii) PEC 400M for analysis of ethanol/water
system. 20% by wt added to Chromosorb W

100 - 120 mesh as solid support.

Infra-red spectroscopy
Analar grade methyl orthoformate and carbon
tetrachloride (both dried with molecular sieve 5A)

+ phosphorus pentoxide.

2. Analyvtical apparatus

(2) Pye 104, flame ionisation detector (FID) GLC -
Nitrozen used as carrier gas; hydrogen burnt
in air to produce flame.

(b) Pye_S7566/4 conductivity bridge with 1ml micro-

lcell type E7598/B used to measure conductivity of

sodium chloride solutions and neutral copper
sulphate solutions.

(c) Perkin Elmer infra-redapparatus for analysis of
deuterium oxide, water mixtures.

(d) EEL portable colorimeter



3. Sampling apparatus

(a) %/Ll syringe with siop at é/Ll for GLC
analysis

(b) s5ml syringe for conductivity samples

(c) 10ml sample bottles for conductivity

samples,
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4. Existing Apnaratus - October 1972

The column consisted of a polytetraflouroethylene
(PTFE) Archimedean screw with a mild steel support
shaft. The outer screw dimension was a nominal 2"
and the support shaft had a diameter of 1". A jacket
comprising a freezing section, purification section
and melting section, partially fabricated in mild
steel, fitted over the length of the screw with a
clearance of %QSth" on a radius. The transpdrtabion
screw was rotated by using a single phase % HP
Qoltage controlled motor, power being transferred via
a belt; the possibility of oscillztion drive to the
screw waé provided by a 3 phase gearedfdown motor
connected to an eccentric cam resting on the top of
the support shaft. - N

Temperatures along the length of the column and
at various points on the refrigeration line were
measured by using iron-constantan thermocouples
connected to a 6 point Honeywell temperature recorder.

Refrigeration to the column was provided from a
20 gallon galvanised tank containing a 50/50 by wt

anti-freeze/water solution cooled by a 5 HP

. . . -0
refrigeration unit to -15C.
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Diagram of apparatus in Oct 1372
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5. Imnrovements vo the System

A stainless steel jacket with a freezing and
melting section + 4 purificatién sections of differ-
ing lengths was designed and constructed.

The drive to the transportation screw was not
sufficiently powerful to allow rotation once crystals
formed in the column and thevscrew would sieze up
even at the maximum voltage (and torque) available.

In order to overcome this problem a 3 phase § HP
Kopp variator motor was attained and installed. This
motor worked at constant torque and voltage providing
sufficient power to drive the sérew even at low
rotational speeds. Transmission of power was
attained via gear cogs and a chain allowing rotational
speeds from 50 rpm to 300 rpm.

In order to cool the column betore a run it was
necessary to pass cold feed liquid round the system.

A centritugal immersion pump, all immersed parts
constructed'in PTFE or stéinless steel, was obtained.
Since the pump was of very high throughput, the
voltage imput to the motor was controlled by a 2 amp
Variacvcontrouer to give an acceptable fléw rate.
Once the whole system had been sufficiently cooled,
circulation was terminated and the same pump used as
a feed pump.

For continuous operation ot the column it was
necessary to measuce and régulate both the flow rate
ot the feed to the column and of the base product from
the column (lhe top product overflowing viabthe port

provided and being the difterence between the other

two flow rates). Two rotamevers were used for this



purpose, the range of flows measurable being from 100 to
1500m1/hr of water.

The firsi set of benzene/cyclohexane runs were
undertaken with the apparatus as now consvuructed.

Once this set of runs had been completed, desalination

of brine solutions was the next problem to be investigated.

With salt water solutions being present in the
column corrosion effects would have to be minimised.
The mild steel support shaft of the screw would be
inadequate for the requirements, thus it was necessary
to design and build a new PTFE screw with a stainless
steel shaft and a larger annular space giving a large
volume in the column.
The home-made thermocouples, alloQing contact
between the salt water and the iron of~£he metal
junction, would soon prove insufficient. J-type
iron/constantan thermocouples were obtained. These
’were sheathed in stainless steel thus decreasing any
corrosion effects and were easier to manimpulate due
_+to their rcbust construction. The 6 point facility

of the temp recorder was increased to 12 points since
accurate temperacure control of the column necessitated
further measurements.

For the analysis of the brine solutions in the
column a conductivity bridge and lml sampling cell
were obtained and commissioned.

The control of product quality from the column
depends upon conscant flow rates of both the feed and
the base.product. The circulation/feed centrifugal

pump was variable in its output and the constant
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manipulation ot the base product valve needed Lo
con.-rol that flow led to poor operation of the column.
Two metering peri-sibaliic pumps were bought trom
Watson-Marlow (type MHRE 100); these etffectively
controlled the flow rates and allowed for repeat-
able product quality.

In order to increase the efficiency of the
column in 1ts ability to desalinate sea water a
longer freezing section was designed and constructed.
This was polished on 1ts inner wall and used with a
previously constructed perspex purlflcatioﬁ section
to examine the transportation or 1ce crystals.

The equipment was now operating satisfactorily
and was employed to investigate the sodium chloride/
water, mixed xylemes, deuterium oxide/water, ethanol/

water and copper sulphate/water systems.
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Design of polished freezing section and perspex section
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Original and redesigned P.T.F.E transportation screws

Fig (7)
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6. Method of operation

The column jacket was cleaned, then assembled,
placed over the transporation screw and secured to the.
frame. The connections to amdl from the refrigeration
and heating jackets were made allowing flow of coolant
and hot water to those sections, respectively.. The
feed and products lines were connected and pressure
gauge line joined to the base of the column. Since
the column operates at below ambient temperatures the
jacket except' the heating section was insulated by
pre-formed expanded polystyrene or mineral wooi pipe
sections and the refrigeration piping by expanded
neoprene tubing.

Feed solution of known concentration was now
pumped round the system using a peristaltic pump,
overflowing back to the feed ténk via a port at the top
of the column. Once the jacket was full the
transporation screw was turned on and its rotational
speed checked with a stop-watch, adjusting as was
necessary. Cooling to the column was now
commenced; the refrigeration éump was turned on and
coolant introduced to the freezing jacket via a valve
and rocameter. The feed solution was allowed to
continue circulating until the whole of the system
was down to a temperature about 1% above the
crystallisaction point of the mixture concerned,
monitored by observing the temperatures along the
column, which were logged by the 12 point temperature

recorder.
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Circulation was terminated and feed solution was
nassed ai the proposed flow rate via a second perist--
altic pump, through a pre-cooler unit :then into _he
column at the designated feed point. Base product was
removed from the column by using the circulating
peristaltic pump set at the required flow rate, the
top product cascading from the port at the top of
the column., The products were collected in separate
containers and their volume rates measured.

For efficient column operation, the refrigerant
flow rate had to be maintained at a constant value
and the temperatures of refrigérant into and from
the freezing section had to be constant. In order
to prevent blockage of the feed line due to the
solution crystallising in the pre-cooler it was
necessary to monitor both the feed temperature and
the temperature of the coolant in the feed pre-cooler
unit. Observations of the load on the screw%
rotation due to crystals in the column was possible
by means of ammeters connected to each phase of the
drive motor. If the current drawn increased above
the norm for the column operatcion this was indicative
of a blockage in the column and the run was terﬁinated.
A blockage in the freezing section was also indicated.
if the pressﬁre inithe column, measured by the pressure
cauge connected to the base of the jacket, becomes
gfeater than usual. For crystals transported
downwards this increase in pressure could also be

due to crystal build-up developed by insufficient
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heat input to the heacting jacke: but under continuous
operation with removal of liquid from the base of the
coiumn this possibility was rare. If crystals were
transported upwa.,ds a blockaze in the column was élso.
indicated by a stationary ne=dle on the pressure

gauge which was usually oscilla:zing slightly. It

was also necessary ¢o check whether crystals were
leaving the column when traﬁsport was upwards since
this decreased the efficiency of the separation.

Under normal operation most of the crystals were
melted by natural heat inputs (friction, heat transfer
across the walls of the heaﬁing section) but provision
was made for passing hot water through the heating
jacket if necessary.

Due to the toxic naﬁure of benzene/cyclohexane
and xylenes, curtains were plzced round three sides
of the support frame and an extraction fan was used
to help remove the vapours.

Sampling and analysis at points along the column-:
was undertaken after each hour of operation, “emperat-
ures were noted and the product volumes measured (the
products were then remixed and analysed to check the
conscitu:ion before adjusting the concentfation if
necessary and replacing them in the feed tank).

Once equilibrium had been reached, determined by
plotting the loz of concentracion against position
in the column on semi~log paper to obtain a straight

i ograph, the run was terminated.
line graph,
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7. Sannling

A sc¢rict routine was used in obtaining samples.
The syringe (yul for organic systems, 5ml for inorganic
systems) was pushed through a septﬁm at.the sampling point
and flushed twice before taking a sample. Samples were
collected in order of increasing impurity (ie‘purest
sample taken first) to decrease the effects of
sample contamination. After éach sample the syringe
was flushed three times with air to remove traces of
that sample.

(i) Benzene/cyclohexane

0.§Mj_samples were analysed on the GLC.
Peax heights were compared with a graph of peak
heights for standard cyclohexane solutions
(1000 ppm up to 50,000 ppm) in benzene to
determine the cyclohexane content. The GLCi

conditions vere:

Column oven temperature 100°¢

Detector oven temperature 105°C

"Nitrogen flow rate 40ml/min

Hydrogen pressure and flow rate 20psi 45m1/min

Air pressure and flow rate 13psi  600ml/min
Attenuation of detector amplifier 50 x 104

Column lensth/internal diameter. 5ft x 4mm

(ii) Sodium chloride/water

2ml samples were removed from the column,
placed in 10ml sample bottles and the lids
positioned. The samples were then left for

% hours to equilibrate with room temperature
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before a measurement of conduclivity was made. The
measuremenc was compared with a calibracliion cuirve of
known sodium chloride solutions in water Lo determine
Lhe concentration in the test solutions. Measuremenct.s

were nmade thus:

Each day of operation the state of the mlibration
curve was checked by using the calibrate function of
the conductivity bridge; ie connections to the
sampling cell were broken, the range switch was
moved to 'calibrate! and the sweeper rotated until

a maximum deflection of the meter was observed -
this should occur at 1.0 on the scale. Cell connections
were re-made. The cell was flushed twice with
distilled water, emp:ied and the tube to the
electrodes dried with Kleenex Medical Wipes. The
sample was sucked into the cell and flushed out to
waste, then a second 1 ml of the sample was pulled
into electrode area and flushed up and do&h twice to
ensure any bﬁbbles in the cell were removed before
the measurement was made. After reading the value
of conductivity for maximum deflection of the weter
the sample was flushed to waste. The tube to the
cell was now dried as before, the cell washed twice
with distilled water, dried and the next sample

measured as above,

Xylenes

As with benzene/cyclohexane system except for a

differen: column. The GLC conditions were:
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, o b

Column oven temperacure 70°C i
et . : o 1

Detect oven tempera‘ure 75°C

Nitrogen flow rate 40ml/min

Hydrogen p.ressure and flow rae 20psi 45ml/min

Air pressure and flow ra:e 13psi 600ml/min
A-tenuation of detector amplifier 50 x 104

Column length/internal diameter 5ft x 4mm

i

i
sy . . . R

Ethanol/water

As with benzene/cyclohexane system except for a.
different column. Only the ethanol peak was recorded
since a flame ionisation detector was in use. The
GLC conditions were:

. Column oven temperature 80°C

Detector oven temperature 100°%¢

Nitrogen flow rate 40m1/min

Hydrogen pressure and tlow rate ZOpSi 45ﬁ1/min

Air pressure and flow rate 1l3psi 60Uml/min

Attenuation ot detector amplitier 50 x 104

Column length/internal diameter 5tt x 4mm

Deuterium oxide/water

Initially analysed by infra—red technique as

' -
used by Kimbroush and Askins(’g), but the accuracy

was less than4% in the range under examination.
Specific gravity was used later. A 10ml sample

. PR R 1 4+ : o. + 40 i
was weizghed to 4 decimal places at 20°C - 17°C but
the measurement was complicaced due to the presence
of the e.hanol as a crystal hzbit modifier. The
e-hanol was determincd by GLC as for the ethanol/

vater syscem. Using the densities for the three



liquids p:esent and knowing the etharol concentration
’ . “ . .. Lo} 4 +.»f
the heavy water content was calculated -o within -27.
Later work used sodium chloride solutions as hzbit

modifier since this had less effect upon the density

of aqueous solutions.

Copper sulphate/water

For the initial work with neutral solutions the

measurements were by conductivity - see sodium chloride
/water system. When the solutions were acidified a
portable colorimeter was employed. Using the green

filter the values of optical density for the unknown
solutions were compared with standard copper sulphate

solutions. Measurement -

For each run the standards were checked and a
graph was drawn. For each sample the cell was
washed twice with distilled water, filled with
distilled water (ensuring no air bubbles were present)
and the outside surface wiped clean with Kleenex
Medical Wipes. Zero on the meter scale was now
determined for absence ot copper in solution, the
cell emptied and washed twice with distilled water.
Atter drying the cell, both inside and outside, the
sample was introduced to the cell and the measurement
made., The samplewas now emptied to wasce, the cell
washea twice with distilled wacter, dried and the next
sample chosen. Once all the samples for one hour's
runningz had: been measured the clean celliws tilled
with distilled water and placed in the photometer

until samplingyas next recuired.



99

S. Optimisation of column oneration

Possible variables

(i) Crystal transportation

(a) Screw speed

(b) Oscillaiion of screw or feed to column

(c) Geometry of screw (eg annular space,
angle of flights)

(d) Column attitude (ie crystai transport
upwards or downwards)

(e) Nature of the surface of the inner walls
of the jacket (ie polished or rough).

(f) Length of purification section.

(zg) Size and shape of crystal.

(ii) Crystal production rate

(a) Length of freezing section
(b) Flow of coolant to freezing jacket

(c) Temperature of coolant to freezing jacket

(iii) Heat input to column

(a) Frictional effects due to movement of
screw

(b) Heat %transfer from the roon

(¢) Hot water supplied to the heating jacket

(flow rate and temperasure)

(iv) _Effect of continuous operation

(a) Feed rate
(b) Feed position
(¢) Feced temperatu.e

(a) Products removal racio
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(v) Effect of pressure in the column

(vi) Effect of oscilla-ions on ihe separations
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Ontimisation procedure

(i) Benzene/cvclohexane

A feed solution of benzene containing 3% of
cyclohexane was column crystallised to remove :he
cyclohexanevcomponent from the benzene. Although
cyclohexane has a freezing point similar to benzene
(cyclohexane +6.2°C, benzene +5.5°C) the benzene
crystals are the only t/pe to form due to its high
concentratvion. Cyclohexane and benzene exhibit no .
solid solubility thus the crystal: lattice is
relatively pure, the impurity being mainly found in the
liquid adhering to the crystal.

Since benzene crystals are heavier than the mother
liquor (density of crystals 1.02g/ml, density of |
benzene 0.88gz/ml ) the column was mounted with
the freezing section at the top and crystals were
transported downwards. Operation of the column was
initially investigated ﬁnder batch or total reflux
conditions with no feed or products removal;

The first five runs were unsuccessful due to the
low torque drive molor employed. As soon as a
significant amount of crystals had been formed the
screw would seize-up in the stainless steel jacket
znd the column operation would have to be aborted.

With a higher power, highef torque drive motor
commissioned runs 6-10 were used to determine the‘
optimum speed of revolution of the transportation
screw. All +the runs were successful, no sieze-up

of the screw occurred.
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The column jacket had been conscrucfed with a
fixed length for ﬁhe freezing and melting sections but
with four different lengths for the purification section.
Six runs were undertaken to determine which length of
column would give the best separation of cyclohexane
frombenzene at the previously determined optimum
screw speed.

It had been noted in the above runs that although
crystals had reached thé base of the column, determined
by an increase of pressure measured on a 20psig
pressure gauge no heating was required to melt the
crystals - base pressure rarely rose above 5psig, normal
being 1.5 to 2.0 psig with a full column but no crystals.
In fact in the last six runs the separation was
enhanced by allowing a low flow rate of coolant through
the meliing jacket.

Several unsuccessful runs were now undertaken.

It appeared that the drive motor, mounted to the

right hand side of the column, was creating a sideways.
movement of the screw during rotation. This movement
would be accentuaced due to the lenzth of the screw

ond would cause excess friction by rubbing on the
jacket walls thus melting the crystals. In order to
overcome this problem two things were tried; (a) cooling
the base of the column by.pumping refrigerant round the
melting section and (b) seazing a ball be aring at che
centfe 6f the base plate of Lhe screw to ensure the
screw ran.centrally. However, little improvement
occurred and it was decided to revefse the ascitude

of the column placing the freezing section at the base
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and transporting the crystcals upwards. This way the
frictional effects would be minimised by increasing
the refrigeration to the freezing section.

The optimum speed of ro-acion of the screw was
now determined and then an assessment of the effect
of cooling the purification section was undertaken.
Under these conditions the product at the top of the
column was adequate and continuous operation was
actempted.

The feed tank was cooled by passing refrigerant
through Calorex D-section heat exchange tubing
wrapped round the outside of the vessel. Under
continuous operation some trouble with blockages in
the freezing section occurred; thus causing the base
product flow rate to drop to zero. | The problem was
removed by decreasing the cooling to the freezing
section and some successful continuous runs were
undertaken.

After these runs had been completed a critical
examination of the whole apparatus was made. During
this survey plumb-lines were employed to check the
verticality of the screw and support frame. It was
discovered that phe support frame was not vertical

and a movement of "

was necessary at the base to

position the column jacket vertically over the screw.
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(ii) Salt Wwater (lst attemot)

The feed consisced oif a 3.5Z sodiun chloride
solucion in tap water. Ice crysvals formed on
freezing and these are lighter than the mother liquor
(density ice 0.92g/ml density 1.0254g/ml for 3.57
by wt sodium chloride soln); thus the apparactus was
constructed such that crys:tals were transported
upwards. The sodium chloride/water system is a .
eutectic type and the crystal lattice excludes any
ions unless imperfections are present; thus the
majority of the impurity remains in the adhering
ligquid and must be washed for removal.

Seventeen runs were undertaken, the firsi two
were under batch operation and the others with
continuous feed and producis removal. Most of the
experiments were of an investigatdr& nature since
it was found that a2lthough at start-up crystals were
formed in plenty and were easily transpofted, crystal
transport eventually decreased towards zero and the
freezing section be came blocked, detected by: an
increase in oscillation'in the current drawn by :the
dfive motor, a cracking noise emitted from the column and
immediate s:toppage of the screw once the drive motor
was switched off.

Investigation of the crystal types in che column
gave an indication of the nature of the problem. Initial
crystals leaving the column were small and easily melted
- ithe crystal mass was in fact a mush. Once the
freezingz section had. blocked the column jacket was
removéd (with some difficulty) and a glass-like, very

hard ice mass was found on the screw in the
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freezing section area.

(a)

(b)

(c)

(d)

(e)

(£)

To try to prevent this glass-like ice forming:
the salt wa’ter feed solution was sa‘turated

with phioroglucinol (an aid to ice nuclea:ion)
but no improvement was observed.

PTFE swarf from the screw was added (it having
been considered that in the more successful
early runs the PTFE had been rubbed from éhe
screw by contact with the jacket and may have
acted as # favourable sites for ice nucleation);
this caused a slight impfovement.

the effect of the temperature of coolant into
the freezing section.was noted. -15°C causing
glass~like ice to form; the optimum was between
-12 and -130C;

the temperature of the coolant in the refrigerant
tank must be above -l6.5°C, even for low flow
rates of refrigerant to the freezing section.
the area of refrigeration to the column was
investigated. Calorex D-section heat exchange
tubing was used to extend the freezing section
15c¢m up the purificalion section btt the results
werc inconclusive.

the attitude of the column was reversed, crystals
now being driven downwards, but no inprovement
occurred,

the effect of the feed position was determined.
Feed was introduced at th:ree ﬁoints above Ehe
freezing section and throuzh thelmse of the

columnn. The optimun posiiion was found =0 be



(h)

(i)

(i)
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just above the freezing section.

the temperature of the feed input to the column
should be as low as possible subject to
prevention of nucleation in the feed-line.

This decreases the possibility of remelting

of crystals in the freezing section due to a
warm input and increases the resistance of

the crystals to caking.

oscillations (amplitude of}6~0mm 120 per minute)
of the screw in the jacket as well as revoliu-
tionary drive were uﬁdertaken; Glass-1like

ice formed at temperatures required to overcome
the extra friction caused.

the optimun speed of rotation of the screw was

determined as 80U rpm.

Finally, it was decided that a larger freezing

jacket was required to. produce the quality ot

crystals needed for increased feed throughput. This

was designed and constructed.
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ii) Xylenes
While the new freezing section was being

taobricaced, work wiith the exisiing freezing jacket
was continued by investigating the puritication ot
p-xylene from a mixture of o, m and p-Xylene and
ethylbenzene.

Although the 1somers have very close boiling
poincs (ortho 144.0°C, meta 133.3 to 139Y.2, para
137.8 - L138.1) making - discillation prohibitively
expensive, their treezing points are markedly separated
(ortho -27.1, meta -54.%, para +13.2). The puritication
ot p-xylene shoulid be possible by coiumn crystallls-—
ation. However the separation was never successfiully
accomplished due to the diftficulty or transporting

the needle—-llke p-Xxylene crystals formed from the

sotution.
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{ii) Sait Water (2nd attempt)

The new freeszing section beingz ready -he
column was reconsiructed. This time the purification
section consis:ted of a 46cm perspex cube thus allowing
a visual observation of :he crystal transporzaltion.

Columnn operation was again hindered by lack of
cryssal transport after the inizially good transport-
a-ion had terminated. The reason for this was now
thought to be due ® the nature of the surface of the
inner wall of the stainless steel part of the freezing
section. _This surface had been left as bought |
(unpolished) to aid nucleation of ice crystals by
pfesenting»a relatively rough surface. Unfortunately,
the ice had formed a continuous collar round the screw
and the friction at the wall allowed the ice -0 move
backwards along the screw as the transpor:asion tried‘
to remove them. The longer the ice remained in :he cold
area of the freezing jacket the greatcer the tendency to
form glass-like ice. The column was dissembled and
the. freezing section given a mirror-finish polish on
its inner wall. Crystal transport was markedly
improved and nucleation was not impdred.

The syscem was now‘ready for optimisation of
oparation.
(2) the screw speed was varied from 53 to 140 rpm

to determine its effect on product quality

and the time required to rcach equilibrium

coqditions

b usine the bes!. speed of transporta:ion of
= £ L
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crystals the position of entry of feed inuo
the column was investigated to determine its
'effect on column operaiion.

(c) it is assumed :tha®t a longer column produces
purer prodﬁccs provided that heat inputs
from the surroundings can be minimised. The
effect of column length was investigated to
test this assumption.

(d) product ratios were varied. The possibilities
are low flow rate with high purity or vice versa;
in practice a compromise is necessary.

(e) as the crystal rate is increased it would be

expected that separation would be enhanced.

separation occurs,  any further iﬁcrease in
crystal pfoduction will not increase the
separation. .

(f) the direction of transportation of the crystalé
was changed from downwafds to upwards. At all
but the highest crystal rates the fqrmef’was the
better. | |

(g) attempts at varying the crystal pressufé>at the
.basé of the column‘were futile. .As the pressure
increased above S5psig the ice packed together
énd could not be easily melted thus éauéing
shut-down ofAOpération. |

(h) effect 6f oscillations uﬁdn the separabion 
achieved. Two types.ofioscillauion were

- tried. In the first, the screw was ‘mechanically ‘
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moved up and down by an eccentric cam driven

by a 3~phase motor. The other me;hod was to
attach a displacement pump to the column;

joining the input and output parts of a bump:
together caused a liquid pﬁlse in the column when
the pump was turned on. - In both cases the
extent of oscillation was variable but for each

these fluctuations were kept to a minimum.
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(v) Deuterium oxide/water

The problem with this system is not so
much with the actual separation but more in theAanalysis
of the samples.

The perspéx section used ' in the desélinetion
experiments could not be used for this system since it
had developed leaks - the heavy wéfer being very
expensive, loss by 1eakége could not be tolerated.
Thus, the column consisted of:a 40cm stainless steel
purification section, 33cm freezing section and 20cm
melting section. |

Water, heavy water andithéir‘mixturés form
néeqle—liké crystals whiéh rcadily form into glass~
like ice. The problem with systems that form
needle-iike crystals (as discovered With pﬁxylene)“__*
is that the crystal tranépofﬁ becomes impoSsible.

In order to facilitaﬁé ﬁhe transport of hea#& icé

it was'necessary.to.ﬁse a habiﬁ modifier. A‘3% 

ethanol solutioﬁ cauSedvmushy crystéls of héa?yﬂ

ice to fdrﬁ thus allowing the transport of the solid.
" The need_for a habit modifierﬁcéusédthé‘pfoblem

Qith the analysis. .Density measﬁrements are

affécted due.to the low deﬁsity (0;7893g/m1)'of

ethahpl,;thﬁs a correction is hecesséfyitdddbtéin'

| the density‘of the sarple. The ethanol Would of

course be léss in the pure product than invthe feedv

or impure product duc to its-very low freezing poiné,r

(;1180C)>and its concentration would_be'determinéd )

by GLC analysis.  To overcome this problem an
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infra-red technique was tried bu% in the rénge of
concentration concerned (70 - 85% heavy water) the
accuracy was‘asproxima;ely 3-4%. Eventualiy the
accuracy of the density measurements wae determined
as 1-2% and this meehod was used to analyse‘the |
samples in the runs undertaken.

Although heavy ice is lighter than the mother
liquor it was decided Eo transporet cr&stals downwards
since the desalination.work had demenstrated thab
Vhls method was to be preterred at all but the,
hlghest crySUal rates and due to the expense of
purchasing deuteruim ox1de the 1oss of any mauerlal
due to crystals leav1n« the column could not be '
tolerated.

| The teed solution was made up as 2 757 by wt
heavy,weter, 25% by Qp dlsbllled wayer w1th 3%
eﬁhanel by wt added to the resultant mlxture.

The effect of screw rotatlon soeed was 1n§esb1ﬂ-.
ated over the region 50 to lZOrpm‘to determine the
opelmum value;.:b | '

More deuterium oxide was ettéined te aliow for
longer:runﬁihg times and it was deciaed to ﬁsei3%
sodiuh cﬁloride as Habit &odifier siﬁce tﬁis haa‘a

less effect upon the density of aqueous solutions.
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(vi) Ethanol concentration

The use of column crystallisétion to raise
the concentration of cthanoi in water from fermentation
levels (usually 9-12% by vol, but 187% by vol is
possible) to spirit stréngth of 70° proof (32-33% by
wt) or to fortified wine sirength of 20-22% by vol for
sherries, ports, etc.. was investigated.

Absolute Ethanol, present to the extent of 3%
by wt, was used as a crystal habit modifier in the
deuterium oxide work. Thesc runs had shown that
concentration of the ethanol was pos51ble and that.
a column assembly such that crystals ﬁere tran;ported‘
downwards was better than the converse - this being
due to the low specific gravity of ethanol‘(0.7893g/ml)
and its very low freezing point (—ilSOC) which causes |
the ethanol to remain liquid at the top of the |
coluan.

The concentration of industrial methylated |
spirits (IMS) .in the initiai'runs undertaken was 20% -
' by wte - ﬁnfortunaﬁely, due to the anti?fregze affeét
of euhanol on water i% was impossible to’attain any'
slgnlflcant concent3351on with the presenu refrlnera— 2
tion unit. Eventually 10% by wt IMS solutlons ;n waler
uere used for the 1nvest1ﬂa+10ns.

For this sytem the colunn was f'unnlnrr in an
opposite sense to usual. The concentratedu e*hanoiiuv
pvoaucb f“om the free21ng section (top) end of the:

column \ould usuaLly be the 1mpure product due to

its lower free21ng poin%

The form of ice crystals from ethanol/water
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solutions is the mushy, easily transportable type;
the system was optimised for screw spead (50 - 100 rpm),
effect of feed position, product removal ratio and

crystal production rates.
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(vii) Copper sulphate concentration from aqueous solution

This system can be considered from two
points of view: the first is the environmentalists.
If trade effluent high in metzl salts is allowed to
enter the water table, at somz time it.is likely
to reach catchment: areas and pollute drinking water.
For this viewpoint it is necessary to column
crystallise and produce largevquantities of purer water
the waste being of low volume and easily treatable.
The other viewpoint is that of metal recovery. For
this it is necessary to produce a high concentration
of metal in solution. to allow for efficient removal
from water (by high current density solid/liquid
fluidised bed electrolysis for example). This‘means
the product required ﬁould be that from the freezing
section end of the column (top) and the waste would
be a volume of water containing a concentration 6f
metal salt at too low a concentration to'allow_for‘ 
economic recovéry. |

Copper sulphate was chosen ‘as the metal smlt since
it was cheap and readily available but application to
other systems is possible.
| Using optimisation data for’aqueous systeﬁs,
already avallable the concen»ratlon of approxlmately
3% by wt copper sulphate (as Lu504 from Cuuo4 SH, 0)

olutlons in tap water was undertaken.'

The - flrst run was hlndered by hard ice fornlnq
in the tree21ng section. . Herver it was possible

to concentfate the solution up to ll.;%CuSO4‘from
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2.85% CuSU4 collected at 200ml/hr from a feed rate 6f_
860 ml/hr. Nue to the transportation p:roblem the
crySCallisation of 'copper sulphate solutions in

water was investigéted for the column system.

The tirst indication of blocking in the column
was observed,when the high copper product had a
concentiration of approximatély 8% CuSO4 by wt.

A test solution of ¥% CuSU4 in tap water was rapidiy
frozen in a well sﬁirred stainless steel beaker
placéd in the refrigerant tank. Hard ice formed .
found the sides ot .the beaker but none appeared in
the bulk of the solutioﬁ. This hard'ice was
ditfrficult to move or break up. | |

Another solution of S%Cu504~by wt was similarly
treated. This time the ice tormed mainly  in the
bulk solution and the ice-on the walls was readily”
removed.

A 7% by-wtgiolnf‘was now similarly cooled. - fhis
time less ice formed in the bulk of the soluti&n_and |
the ice'at the walls was ﬁofe difficult to remove.
This‘appears to be the liﬁit ot éasily'transportable\
cryscals. |

Next . a L5% so;ution similarlj-treated formed
crystals as in the 5% case but‘c§ppér,su1phate (as
CuSO4L;5H20) was‘present amongStithé‘ice‘crystals
but‘for.a'lu% solution the crys:alliSation wés as’
tor the 7% case. . | B

The s§lubillty ;imib of'coppeb-sﬁlphaté in

"~ aqueous solution at UOC is‘13.41% by:wt.' Thus ftor
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a 10% + solution of copper sulphatelby wt freezing at
approximately -1°C the CuSO4.5H20vcrysuals may legve
solution on cooling and present gbod nucleation sites
tor 1ce crystallisation, Up to 7% the ice from
solution is also easily transportable bué in the 549%
region the crystals form as a hard mass on the walls.
of the containing vessel.

Using this nucleation data,further runé were
attempted. However, blockéges iﬁ the freezing
section still occurred. ~ After running .the column
Jjacket was removéd.’ Under the freezing section the
crystals were mushy:v*aﬁd. easlly transportable,
having a decreasing concentrablonAof coppef sulphate
as the base ot the coiumn was approaéhed. At the
base of thne freezing section hard icg was found but.
above this the ice was mushy,_CuSO4;5H20 grystals
being present.' | |

Attempts were made at solving this problemiv-'
.(a), the solutions in tap water allowed the

precipitation of copper carbonaﬁe; perhaps

this was fouling the ice lattice causing the

blockages. Solutions were made up in

distilled~water to.rembvébthis problem but

no i@provemenb‘waé observed.

'(b)i the solutions were made up in'gcid‘soiution
(pHl) sinée this had shown promiée'when
cryscallised in the s:éinless steei jug
immersed in the ref rigerant ténk. ~ However,

no improvement occurred.
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This peoblem of ice nucleation from copper
sulphate solutions had not been solved but the
‘possibility of significant concentrations was shown,

allowing for economic recovery.
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Benzene/cyclohexane (2nd set of runs )

Now that the column’s operation had been
significantly improved, the removal of cyclohexane
from ben;ene/cyclohexane solutions wasAagain
undertéken. Optimisation of screw speed, feed
position and products removal rates were varied_ﬁsing
a 22300ppﬁ cyélohexane in behzene solution. | The
effect of crystal rate and féed rate was iﬁyestigated
by using a 33000ppm cyclohexane in benzené solution.

All runs we;e undertaken with crystals
trasnported downwards, under cohtinudus operation

with a column 93cm in length.
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DISCUSSION  ( Note : Figs (23) to (43) may be found in appendix)

Analvsis of results

(72, 73)

Using Powers method of predicting
concentration profiles for continuous column cryscal-
lisation, the effect of diffusion along the column and
mass transfer between the adhering liquid and free

liquid on the separation achieved was determined

Powers solution for the enriching section is

given by eq(47?
e LI - oxplZ - %) (47)
4R T H |

(Z being measured from the freezing jacket)

here H = 1 | DyAp + o (1+) c? _«xLgl (48)

~and Yp = C& -~ LeYe
. L S E—Te . (41)

Now eq (47) may be rewritten:

1n (Y -Yp) = -(2z ;ZF) + ‘1n»(Y¢- - Y,)

which is tﬂe:equéﬁion‘tbié séraighé linelén'sémi-lég‘“'
paper; the slope of which is -1/H |

~ . The Qalﬁes of H are determinéd‘along Qith a
determihation of the qonscantg 1’, Q;,.Q and A.
Several éimultanéous eéuations can now‘be formed by
- fitting the values of crystgl rate and baée,product. 
rate into,éq (48).vv»By,s§lving thésé simultaneous
‘equations, values of D and Ka can be determined.

' Altérnativgly‘gq (48)_may be Pewritten:»'

H(C -Le) =:DvL.AQ‘ + (1l + )% -« LeC "'(48')_ ‘
G - S : KaAe o - - .
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By plotting H(C -Le) values against (= (1 +« )02 ~ «LeC)
( AQ

a straight line graph is obtained ﬁhose slope is %Ké and
whose intercept is DyAg which allows a determination
of Ka and D,

Having established the values of D and Ka the
theoretical values of H for differeﬁt cfystal rates
and/or base product rates can be.evaluated and fitted
into equation (47). Now, theoretical plots of free
liquid impurity ¢oncéntfatioﬁ’ vs 'position in thé
column can'bencompared Wifh the experiméntal values.

As an exténsion to~Power% study if the value
of H in eq‘(48) is differentiated with respect to C ﬁhe
theoretical optimdm value of crystal rate for a

constant base product take-off can be evaluated.

ie 4H o 1 [ -y A +u§1+u2 (c -zcr_,e) +°l(Le)]
a ~ (T-re)? L el " “Kahe
o (55)
But for a maximum or minimum value dH =0 |
dC
.. DYAg =x(1+2) 0 c® - 2c Le) 4 #(re)?  (56) -
** _ KaA - - KaA
o | e A
which.may be solved for C using the values of the
constants determined and for the particulab value of
Le chosen (Le # C).
‘The double differential of eq (48) determines
which value of crystal rate produces a minimum value
of H'(maximum separation) or a maximum value of H
(minimum separatlon)
Now aH = 3[21)\11\( +oc(1+e<) (2Le) - 2«(Le )2] (57)2
: -dc2 (C Le) e KaAQ KaAe B

and for a mlnlmum value d"H H is p051t1ve and v1ce versa.

_dczAv
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Most of the work involved in this préject has been to
maximise the potential of an existing column crystal-
liser. This optimisation procedure has led to the
discovery and solution of unforseen problems. The
systems investigated were:

(1) Benzene/cyclohexane

Benzene is commercially prepared by
catalytically dehydrogenating cyclohexane using a
platinum or palladium catalyst. Consequently

the productvcoﬁtains sone cyclohexane which must be
removed if anélar grade benzene is required. Pﬁre
benzene is.required by the’polymerwindustry ésva
solvent; it is also used as a raw material for the
synthesis of dyes, explosives, medicinal and photographic
chemicals and ultra-pure benzene is used in the analysis of
meteorites, moon-rock etc. to determine the possibility
of life outsidé the earth.i’ Benzehe has a melting
point (5.S°C) very near to those 6f ambientktempebatures'
so the power required for freezing is low and,'mofeovef;_
the benzene crystals are easily nucleated in a form
which facilitates transportation in a column crystalliser.
The disadvantages of investigating the purificatibn
of benzene are due to its toxic aﬁdvinflémmable nature.
The former problem was largely_ovércome‘by placing. |
curtains around three sides of the apparatus and
employing an extractor fan to causé.an updrauzht of =
air over the column iength.  .The fire Haéard-is reduéed
since aparﬁ from the feed and products>canké which are
éovéred‘the_benzene exists»as cryétals or low femperatﬁpe

’liquid.
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The investigation of the reduction of cyclohexane in-
benzene was divided into two_sections.
(i) These were the first experiments undertaken
and most employed bhatchwise operation. Once
optimisation of the column had beén investigated
under total reflux several contihuous operation
runs were attempted. 

The major problem which had to be
overcome was a construcéional fault, ie the
column support had not been vertically positioned,
thus the jacket did not.fit correctly over the
scCrew. The resulting friction-caused-the
‘results obtained to be pooreb than expected,
especially under continuous conditiohé; | The
other difficulty concerhed.the control 6f the
cooling rate. If it was too high the column'st
fréezing section would block,with a plug of |
crystals'but if high crystallratéé were not
attaihed the friction problem mentioned abdve

'éauSed poor sepafétion in thé columq.

‘Although the difficulty in attaining and ‘
maintaining equilibridm in this‘setbof | |
experiments means that thé résultsvare ﬁnreliable :
they are included since they give a direct
comparison with the sécond set of Beﬁiene/ :
cfclohexane funs showing ﬁhé improvémenb in the

column operation during the course of the project.

Ontimisation

(a) Screw speed

For both column attitudesl(crystals



(b)

(ii)
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transported downwards and upwards), the scre#
speced was varied trom 60 to 1U0 rpm in 20 rpm
Steps. The concentratioﬁ ot cycldhexane at the
melting section extremily of the column was
determined. For both cases 80 rpm produced

the pﬁresb benzene after transportatiénlalong
the column. | |

Colunn length

For crystals transported downwards the
purification section length was varied (17, 24,
31, and 40 cm) with a constant length for the .
freezing and melting sections and screw speed .
of.80 rpm. . It was determined that the longer
the purification section length the better the
separation achieved although as the length
increased the returns became less (ie an asyﬁptotié
value of éoncentra#ion would be reached as the
length is increased towards infinity). |
For the second set of runs the columns operatioﬁ.
had been fully maximised and a compiete analyéié
of‘the énriéhing section was undertaken. - For
crystals transported downwards under qontinuous
operation. | |

Using equations (47) and (48) and a grapﬁical
solu;i§n of D apd Ka the value of the diffusion

-1

coefficient was determined as 0.56 cmz,sec and

the overall maSS'transfgrvcoefficientvas 1.67 x
10—3 sec-l.’.‘For the values of crystal,production

rates investigated these values are such that -

the diffusion term is approximately twice as
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important as the overall mass transfer factor in
determining the concentration of the free liquid
in the column. This means that successful
operation of the célumn requires the minimising of
cyclohexane diffusion down the column while
maintaining the mass transfer of cyclohexéne from

the adhering liquid to the free liquid by washing.

Optimisation

(a) Screw speed (see fig (23))

From the values of D and Ka above it is seen
that a compromise will be reqﬁired. » Diffusidn
is decreased if agitation (and hence screw speed)
is lower but this adversely affects the mass |
transfer‘coefficient.' The optimimum speed of
rotation of the screw was deté;mined as 60 rpﬁ :
which gives a crystal transportation rate of ohe

‘inch per sec assuming negligible frictional, drag or

_bouyancy forces.

.(b) Feed position

The effect of the feed position on the base
product purity is shown in fig (24). = This is
opﬁimal for a position ¢losest to the freezing
jacket.  As the fréezing jacket is reached fhe .
separation achieved reaches an'asyﬁpﬁotic ialue
and feed into the freezing jacket would be |
unllkely to improve the purlty of the base

product. ‘ Thls is explalned by con51dera,1on‘

of equatlon (47). Ye depends upon e (Z f Zp )

for constant value of H. Therefore as ZF.f‘



(c)

- (d)

(e)
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increases Ye increases but the exponential form

o the equation ensures‘bhab Ye will not reach zero.

Products removal ratio

Consideration of equation (48) shows that
as the value of C-Le is decreased then H increases
and therefore if the pure ( base) product removal
rate is increased the product purity is decréased.
However, as seen in fig (25) for a feed rate of
1200ml/hr, base product rates of 500-600 ml/hr
give puritiesbwhich are only marginally improved
upon decreasing the pure produét flows evén |
further. This can be explained by examination
of equation (47). Here the product pufity is
dependent upon the exponent.of %ﬂ and as H
decreases the value of Ye ma& not decrease

correspondingly.

Crystal rate (see fig 26)

The theoretical optimum‘falue of'cfystal
rate may be determined upon differentiation of."
equation (48). For a valuéiqf base producﬁ
removal rate (Le) of 0.268g/sec the optimal
‘value of C is 0.695g/sec._’ Attempts £o reach

this value experimentally were unsuccessful since

vthe.ffeezing section blocked at a crystal rate

of 0.542g/sec;

Feed rate

After optimisation of the column the feed
rate was increased to 3.038 litres/hr to study

the effect of higher flow rates on the pfoduct
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purity. The residence time of any liquid in .
thé feed line was now less thap 20 minutes.
Providing the Le/C rates can be maintained column
operation_shéuld not be adversély affected. It
was found in factvthat a2 slight decrease in
separation‘occurred p:obably due to some crystals
. being carfied out of the column in the étripped

product stream due to the high flow rate.
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2. Desalination

The need for a desalinétion programme in all
industrial and developing countries is becoming
1nc"ea31ncly lmportant. Research‘to find the most
economical method of potable water producblon has shown
that for sea water strength brine solutions freezing
techniques are the most viable. Sea water contains
3.5 to 3.6% solids by wt for the most part of which
sodium chloride makes up approximately 85% of the TDS,
however, sinoe a readily available supply of sea water .
was not aQaiiabie a 3.5% sodium chloride eolution in tap
water was used as a éubsbitﬁﬁe.\

'The concentrated sea-water removed as waste
product'fro@ a crystalliser can in fact be a ueefol
side broduct;..;The extraction of'bfomine end iodine
is poseibie, electrolysis to form eodiuh hydroxidevcan
be undertékeo’aod the extractioﬁ‘of‘metals‘is made more‘o
economically Qiable.'

The ekamiﬁétion'ofvth*s system presented a ﬁajoh
'problem and on solutlon an 1mportant des1gn factor.

The dlfflculuy lay in the fac1llcablon of crystal
transport. uAlthouﬂh, at start-up of continuous
runnlng, suff1c1ent, ea51ly tr“nsportable crys»als
were formed, as operatlon continued the movement

of crystale subsided and eventually the free21ng
section blocked. On removal'of the coiumn‘jecket
hard,'ﬂlass-llxe ice would . be found on the screw at
‘the 0051c10n of the freezlnmvsectlon.‘" Thls was found
to be due to the nature of the inner uall of the

freezing section. This had been.left_unpolished to“aid
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nucleation but the friction thus caused allowed the
crystals to remain in the freezing section by moving back
along theiscfew as thé rotation tended to remove them.
The crystals eventually formed a hard, glass-like ice
collar round the annular space and blocked the column.
By polishing the inner wall of the freezing section to
a mirror finish the problem was overcome and crystal
transport was easily facilitated.

The operation of the coluan for desalination is
conveniently separéted into two sections

(i) Before the freezing section was polished

For these runs it was difficult to
. operate the column for long enoﬁgh to reach
equilibrium. Optimisatio? was not éossiﬁle
but the problems encountered allowed the

subsequent marked improvement in column operation.

(ii) After polishing the inner wall of the freezing section
| The values of the diffusion coefficient (D)
 and the overall mass transfer coefficient (Ké)
- were determined by solving thé simultaneous
equations obtained from cthe expérimental plots
of 1n (Y-Yp) Vs (z - ZF)vand aﬁvesbimation of
the constants Y, A, § and X |
The values of the difquidn’and overall
- mass transfer coefficients thained'aatscrew

| speeds of 60 and 100 rpm are tabulated below:

Table 1 Lo ,
Crystal Screw , 2 1. -1
Transport = Speed (rpm) . D(em“sec™ ) Ka(sec )
Down 60 . 0.16 5.56x10™4
Down 100 . 1.63x10"%  '5.93x107°

Up 100 1.96x107%  7.16x107°
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At 60rpm the values of the diffusion and overall
mass transfer coefficients are such that for the
crystal rates measured, D is two to four times more
important than Ka. This implies that diffusion down
the column will be more noticeable than mass transfee
upon separation aehieved but it is not dominant in
controlllng the column operatlon. |

| Both coefficients are seen to be lower at 100rpm
than at 60 rpm whereas the oppos1te should be true.
However, 1ncrea31ng the screw speed decreases the size
of.the crystals, allowing poor resistance to cfystal'
~caking. This effect'was, in féct,’ebserved seferal
times during column operation'when usiﬁg a perséexg
purification section. If the crysfals agglomerate
they will not allow easy washing-of ,the adhering liquid
(hence a low value of Ka) and diffusion along the
column will be come diminished’(henee a low value of D)

As can be seen thevdiffusion and overall mass .
transfer coefficients at 100 rbm‘(eséecially D,'thef
diffusion ceefficient) are similar. Now, for ﬁhe‘e
crystal rates measured the column's operatlon Vas mofe
efflclent for crystals transported downwards whereas
the value of the overall mass *ransfer coeff1c1ent is lower
in thls case. However, the value of Ka is so low for
both modes of Qperatioﬁ that this effect‘will be
negligible.

‘The theoretical value of the'meXimum'cr&stal rate
for optimum‘eeparation wae determinedvby differentiation
of eq (48). | | | "

Values of these crystal rates'are tabulated below:
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Table 2
T§§i§;§it spiiﬁ?‘ipm C.(g/sec)
Down 50 0.330
Down 100 0.202

Up . 100 0.205

Now, the value of the theoreticalioptimum'
cryétal rate.is larger for‘a 60 rpﬁ tﬁan for a 100
rpm screw speed. This is béused b; the greaﬁer
effect of diffusion on the sep:aration acﬁievéd for-the
lower speed. The form of‘eq (48) shows that in
determining the value 6f'H, the effeéts of réising

the value of Ci on DvyAe and (L +) C:Z - A LeC
(C-Le) . (C-Le)KaA(

must be considered. For the diffusion term,_if.D
is large then C must increase a considerable‘amount until
the effect of Cz increéses the value of the mass B
transfer function of fhe-equation to'produce the.
minimun value of,H.. B

The higher = . value of C obtained for 60 rpm
means that the value of H obtained will be lowér thén
for 100 rpm and hence the separation achieved will
be sﬁperior.

At 100 rpm the values of optimum crystal rates
are similaf, éuggesting that both modes of Qpefation
become equally efficient when thié vélue of crystal

rate is approached.

Optimisation

(a) Screw Speed

The first set of desalination runs had
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suggested that 80 rpm was the optimum speed of

rotation of the transportation screw but for the

set of runs with a mirror finish polish on the

inner wall of the freezing section the maximum
separation was achieved at 60 rpm. This
difference is possibly due to the poor crystal
transport afforded by the rough surface of the -
freezing section. An incfeased speed allowed
more crystahls to be removed from that section thus
allowinga better separation.

Bolsaitis(ZS) hasvsaid that as screw speed
is decreased, column efficiency increases due to
the larger crystals produced. However,'as‘the screw
speed is decreased the washing of the adhering
liquid by the free liquid is adversely affected
due to the lower agitation. | The separation
achiefed‘istelsq dependent“on‘the diffusion of
sedium‘ chleridebdown‘the eoluﬁs; this will be
iower for{decreased agitaﬁion ﬁhusﬂimproving‘fhe
separatioh. ’However, for desallnatlon the |
value of the diffusion coeff101ent 1s so low thet the
dlffu51on effect can be neﬁlected.

| The effects of screw speed need to be
balaneed in order to achieve +he optlmal
separetion;' -Fig (29) shows the effect of

screw speed on the purity of the ennichedfproduet.f‘

Attlb“de of the coluan

This has already heen discussed with reﬁard

to the mathematlcal treatment (page13o). e Fromll
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a physical point of view the increase in
separation achieved with crystals transported
downwards can be described by considering the
washing action of the free liquid. For crystals
transported upwards the melt water simply percolates
back down the column under the action of gravity
and the crystals due to tﬁeir low relative density
position themselves at the .top of the screw's
flights wherezs the wash liquid runs down the
bottom of the fligﬂt. _ However, for crystals
transported downwards it is possible to build up

a pressuré (3 -5 p sig) due to the head of liquid
and the crystals reaching the base of the cdlumn.
This forces the melted liquid back up the column

causing a more searching washing action.

(c) Feed Position

The best position found for'introducing the
feed to the column was aetermfhed as being as.
close to the freezing jacket as possible. It
ié e#en possible that feed into the freezing jacket
would improve the'sepafation fﬁrther bﬁt this
effect could not be evaluated by using the
present apparatus. From eqdation (47)

ie ¥ - ¥n = exp -(z -ZF)
Yz_- Yp ' H

'it is>seeﬁ that as ZF is iﬁcfeaséd-the‘valﬁé 6f
the'exponéntial'factor'(z - ZF) decreases, hencék
the expohént incfeases and»Y iﬁcreaseé." If_ZF
becomes negative, corrés?bﬁding to feed into the

- freezing section, Z - ZF increases and Y becomes
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smaller. However, it is assumed that a sharp
change in parameters is experienced at the
intersection of the enriching and stripping
section thus the improvement in separation by
feeding into freezing section may not occur
experimentally.

More simply, the amount of washing is
decreased due to the shortening of the pufificabion
section as the feed is moved away from the
freezing jacket and thus the separation is
adverselyvaffected. The - effect of feed

positioh on the pufe.produgt is shown by fig (30).

(d) Ratio of products removal = see fig (31) -

‘Since the concentration of sodium chloride
in the pure product isllargeiy dependenﬁ on the
“impure liquid aésociatéd:with‘tﬁ;»c;&séai,ia’-
deérease'in the impurity concentration in that
liquid should increase the separatidn achieved.
Now, the crystals are formed in the freezing
sectiqn and the concentratién bfiimpurity in thét
area is determined by flowifate and impﬁfity
content of the feed and reflux liquid éntering.
.Since the feed concentration and fate are fixed
- for any run and for good separation thé reflux
liguid concentrétion should béflow. (it ﬁhen remers
much 6f thevimpurity from_the‘adhering liquid),
“the impurity in the freezing‘séction must be
decreased by increasing the flow rate of the

réfiux liquid. - This means that the flqﬁ rate
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of the enriched product will be low but due to

the high reflux ratio énd the decreased sodium
chloride content in the adhering liquid the
impurity concentration of this pure product should
be low. - However, this epproach leads to the
condition where very pure base product is obtained
but at such a low flow fete'that returns are minimal.
It is, therefere, necessary to compromise on the
requirements and obtain a reasonable flow rate of

fairly pure water.

Cnystal fate -‘see fig,(32)'v.'f

Opbimisation of this §ariable has already
been discussed but the effécﬁ of crystel rate
for all normal values can be examined by

consideration of equation (48)

. Dy A +«(1+en)c - oL c]
1e. H =r5:f€7[_ 1 Q KaA{ = o

For a constant value of Le, as C is increased

the value of /TC-Le) decreases whereas the mass
transfer function (°((l + ) c? - <>'~LeC)/I\aAQ
increases. Thus at low crystal rates d1ffus1on
msy be important in determlnlng the'separatlon
ebtained but.asbc is inereased mass éransfeb

becones more and more doninant.:, Therefore, an

increase in crystal rate w1ll 1mprove the S

quflflcatlon althoudh experlmentally, the Co

theore+1ca1 optlﬂum crystal rate was not attalned

due to blockages in the free21ng sectlon.”~“'

Column Lencth .

As seen in fig (33) decreasing the length



(g)

136

of the purification secci&n produces a less
puré.enriched product. This effect isAsimilar
to that of moving the feed position away from
the freezing section when the washing acbion‘of
the free liquid is decreased. Consideration
of equation (47) explains this effect:

ie Y - Yp = exp"(Z - ZF)
YF —Yp T

(47)

Now a decrease in the column length decreases

- the value of Z. Therefore, (Z - ZF) is decreased

and Y increases.

Effect of bscillations‘v

Attempts to imprové'the washing'action of

the free liquid by OScillating the screw or by B

‘pulsing the liquid in the column proved frditless.

The me chanical oscillation of £hé'ééfew ﬁhrdugh

6mm, 104 times per minute (the lowest amount

possible) adveréély_affeqted the column eqﬁilibrium

to such an extent that the separaﬁioﬁ achieved was

'negated by the increase in the diffusion of sodium

chloride down the column. Osbillating the liquid

“in the column by using a displécement pump afforded
‘an improvementiover mechanich1 osci1lation of the

screw but the diffusional effect was still so

gcreatly increased that any improvement in washing

was masked. Concentration profiles for oneration
& - -

"with and without oscillations. for a 60 rpm screw

speed are shown in fig (34). S
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(3) Ethanol Concentration .

Except in Germany, only a small amount of pure
ethanol is produced by concentrating the alcohol
formed in the fermentation process; production from
ethylene is more economic. However, the distillation -
of fermented liquours to produce spirits is.a thriving.
industry.

Distillation is the common method cf producing these
alcoholic spirits but freezing processes should produce
more economic producte. Since 9-12% by vol ethanol is
normal for fermented liquours, the freezing point will
be closé to ambient (-3 to -5°C). - Freezing processes
also have the advantage that flavours whlch are often
destroyed by b0111ng can be retalned.

Communlcatlon with M Dupuy at the Instltut Natloﬁal
de la Recherche Avronomlque shows us that they in fact
use a batch freez1ng process where the concentrabed
w1ne/1ce slurry is placed on a perforated dlsc fllter,
the COncenuraued wine belnw drawn off the other 51de
by vacuum. | |

Since industrial methylated spirité‘ere a‘cheap'
readily available, source of ethancl, solutions were‘
made up in water and used as beet liquids.

Experlmental work on the concentratlon of ethanol
requlred an analy51s of the sfrlpplnﬂ secLlon s1nce
the ethanol- rich producb would be that from the top of
the column for crystals'cransnorted downuards.
Unfortunately, due to the de51gn cf the free21ngb

section, the only concentrations measurable were the
) Y
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top ﬁroduct and the concentration of liquid entering the
stripping sectioﬁ. Ho#ever, since the theoretical
analysis is derived from four different crystal rates,
this isvequivalent to eigﬁt experimental readings.

The form of the concen:ration profile for the

stripping section is given by:

!
m:[i
!
N
"

(51)

which suggesbsAthat H should be large for a correspond-

ing large value of Y. ,

Where H = 1 [ DyAp +g&(1 + N)C2»+uLSC
+Ls :

TC+Ls) KaAp ] (53)

As differentiation of this equation shoﬁs,'ﬁ only
reéches a minimum as C is increased. Therefore the
separation never reaches a maximum as the cooling rate.
is inéreased._ Tﬁe values of D and Ka were determined
by solving the Simultaneous equations produced by the
Lfouf different crystal rates for a constant sEripping

section product rate.

The value of Ka was determined as 0.74 x 10'-3 sec“1

" and D was determined as 1.24 cm? sec T
This means that the diffusion along the éolumnland'

mass transfer between the adhering and free liquids are

_boﬁh importaht in debefminiﬁg the falue 6f the .

sepération factor H for all the crystal rates

_ measured. Provided thatb Yﬂbis known, §he_values of

the-diffusioﬁ coefficient and overalivmass transfer

coefficients can be used to predict the concentra%=ion

of ethanol in the top product for crystals transported
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dowvnwards.

Optimisation

(a) Screwspeed

As seen in fiz (39) the best screw speed fér
maximum separation was 60 rpm. " For the crystal
rates measured, the diffusion coefficient was
approximately as‘impoftant as‘the mass transfer
coefficient in decerminihg the separation achieved.
Since a high concentration of ethanol in the stripped}
stream dependsAupon the concentrétion of the
liquid entering the~strippinguée¢tion'a'low
screw speed is required té diminish the
diffusion éffecﬁs in the enrichihg section alﬁhough
too low a speed will decreasebwashiﬁg to such an
extent that no removal of ethanol fr§m'the
adhering liquid by the free liquid will occur _
fig (33) shows that 60 rpm’is thé oﬁtimal

balance between these two opposing effects.

(b) Feed position

Fig (40) shows the effect of feed pésitidn
on the conéentration of.ethénol in the top prodth.
It can be readily observed that a:positionlélosest
to the freezins section is favourediand that feed
actually in the freezing seééion may further
enhance the separécion. "Although,this méy
éppear contradictory (ie_a sﬁorter length 6f :
stripping section pboviding_an improved concentration
of ethanol); it should be remémbefed that the

concentration of the ethanol in the freezing section
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can only effectively be improved by removing
the ethanol in the adhering liquid, which requires

a long washing section.

Products ratio - see Fig (41)

The enrichment of ethanol in the stripping
section requires a high concenbrationAof
ethanol as feed to that section. Feed rate and
concentration to the column are constant for
any run therefore a low flow rate of highly
concentrated reflux llquld 1nto the freezing
section will markedly improve the column
performance. Thus a high enriched product
flow rate with a moderate concentration of
echanol will yield optimalvstripped product.
However, if the requireﬁent is to remove most
of the ethanol from the enriched product, that
pPOdUCu rate must be decreased causing the
concentration ofe&hanol in the sbrlpped producb

to be adversely affected.

Effect of crystal rate

From equation (53) H = DgAg + %(1+e¢)C24+LLC
| | (C+Ls) ~ KaAg(C+Ls)

it can be seen‘uhat as c is 1ncreased for a
cons,ant value of Ls, the facuor (C+Ls) 1ncreases .
and thus PﬁAQ/(C + Ls) decreases whereas (C (1+ﬂ)¥
. +dCLs )/KaA(C+Ls) 1ncreases ~ these two .
effecus beingz in ooposlvlon. ;_Now, for a_hlgh

concenuratlon of ethanol 1n" che stripped stream,

H must be large since then the value of the
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exponent in equation (51) is small and nezasive
which produces a high wvalue of Y. Therefore,

as a nmaximnum separation is never reached as the
crystal rate rises so the mass transfer effect

must be raised to a greater extent and the diffusion
effect is decreased for all crystal produetion
rates.

Since the maximum crystal rate attained
experimentally was O. 390/sec, due to the 1nab-'
ility of the present refrigerator to maintain hiéﬁer
valuss, a full assessment of -the effect of |
increasing the crystal rate could not be made.
However, considering fig (42)1which shows the
effect of crystal rate on the'ssripped product
ethanol concentration, ié ean be seen that increa-
sing the crystal rate up‘to 0.23§g/sec_does improve
the separation although the curve begins,to level

off at higher production rates.

Effect ef column attitude

| Since e&chanol was used as‘aAcrystal hablb
modifier fa the deuterulm ox1de experlments, an
assessment of ethanol concentratlon w1th cryscals
transported downwards or upwards was poss1b1e.

Ethanol is less dense than wauer, thus it would

‘be expected to migrare to the tOp of the column

when the water fractlon freezes. ' Thls suggests
that ethanol concentratlon should’be easier for
crys»als transported downwards tHsn for the converse,

as was discovered in oraculce.
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(2) Deuterlam oxide Concentration

Power requirements in the industrialised
countries increase rapidly with population increase.
Traditionally man has produced power by burning, in
ancient times wood and dried gfass but with dawning
of the Industrial Revolution, coal and oil were
discovered. . These provided a gréatly improved sourée'
of energy and allowed the massive industrialisétion to
continue. However, these resources took millions of
years to develop and man is rapidlyiconsuming them in
hundreds of years. This fact, plus the economic blow
to the industrial nations of the oil-crisis in 1974, gﬁvé
new life to the processes of nuclear fission-éndifusion as
energy sources. |

The use of deuterium oxide as a ﬁoderator in
nuclear fission reactors will gfeatly increaéebthe
requirements for pure heavy water when the Britiéh
government!s plans %o build the nextigeneraﬁion of
stations are realised. | |

Deuterium oxide is also a source of déuterium which
is required in fusion research. At present the only
economical procesé requires thevfusiqn of a deutérium
ion with a tritiudm ion, this reacﬁi&n being some'one‘
hundred timeé faster than the deuterium ion -
deuterium ion fusion reaction.'

The experimental work on concéntration 6f
deuterium oxide was ﬁindered by'two méjqr probléms.
Thé firsf difficulty concerne& the analysis of samplés

obtained (discussed in the experimental section).
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The other problem is caused by the form of the crystals
obtained. Pure water and heavy water nucleate as needle-
like crystals and in ordér to produce transportable ice
. it was necessary to use a habit modifier. This difficulty
. of transﬁorting needle-like cryétals_is discuséed mofe
fully in the conclusions.

Using a solution of heavy‘water/water containing
3% by wt ethanol satisfactory nucleation occurred and
the system was optimised for screw speed. ~Attempts to
continue the optimisation"ﬁere not sﬁccessful due to
the very small volume of deuterium oxide available;
‘éarliér, iﬁfra-red Sampling had not allowed re-use
ofvthe samples and on one occasion due to ékcessive éooling
the ffeezing section blocked causing the feed-line.to'
break with the subsequent loés of feed solution.
With small volumes of feed material available the
stripbed product would return to the feed tank in a
_diluted state before the crystals reached the base of thé
column (for;crystals‘transﬁorted doﬁnwards) and thus
- the feed solution would be diluted.

A mathematical analysis of the systeﬁ was not
possible since sahpling was confineda’to‘the
énricﬁed and stripped'product in order to conéerve
the feed material but the optimum screw speéd was
'deﬁermined as being 60 rpm (see fig 43). 'Although
5he-results obtained are not conclusive they had
demonstrated the possibility of using continuoué ~
column crysfailisation in the ¢oncenﬁraﬁion of

denterium oxide.
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(5) Separation of p-xylene from its isomers

Ortho, meta and para xylene plus ethyl benzene
distill together from the lisht oil fraction of coal
tar. Thus, the xylene isomers are an obvious choice
for separation by freezing, sincé‘their boiling points
are so close togetherbmaking.distillation prohibitively
_expénsive.. However, their freezing points are
mafkedly seéarate, p-xylene ffeezing at +13.29C, thus
continuoﬁs column crystallisation to produce an
enricﬁed p-xylene broduct is an economically viable
proposition.'r Para—xylene_on‘oxidation yields p-toluic
acid, thén ﬁerephthalic acid is,formed, ehe‘latter_
being employed in the production of such synthet®ic
fibres as 'Terylene'.

Uﬁfértunately, the_inyestigétion of,this system
préduced‘no reéults but_@onfifmed the inability of
itrans?orting ﬁeedle-like prystals. ’ McKay(93)Jhas
alsb found that p-xylene:crystallises in the fbrm of
heedles‘for pilot-plant apparatus although for commercial
sized equipment the crystal shape is markedly;different.
Tﬁe effect of crystal shape on transportation by
Afchimedeén screw conveyors is more fully discussed

“in the conclusion.
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(6) Concentration of metal salts in aqueous solution

As resources are rapidly:being consuned by our
technological society, eventually a poinﬁ is reached where
Arécovery of metals be comes an economiéal consideration.

Tn the electricalvand electronic industry copper
is etched £rom laminétéé to form printed circuits.

This process often removed 60% or more of the original
copper, thus any process faciiitating'the recovery.would be
useful;‘v o |

| Now,’thevextréction of metals from solution becomes
more economical with increasing‘¢oncentrétion,-the use
of continuous column crystallisétion was applied to the
canentration of copper sulphate in aqueous solution.

| Usihg the optimisation data available frbm previous
work, 3% CuSO4 (from CuSO4’5H20 ) byrwt'solutiqns iﬁ
water wefe column crystallised. . B

At first the'solutionsAwere made.up'in‘tap water;
 The columh ran successfullyvfor one hour but then

’blocked. This was thought to be due tbvthe

v:precipitation of copper carbonate which had affected
thé previously good cfystél nucleation. @ Subsequently
solutions were made up in distilled water but égain
operation becamé impossible after one hours running.
" On removal of the coluhn jackeﬁ, samples of the ice
. were remo?éd for énalysis at known pointéyup the
column. Hard; glass—like ice was’found in the lower
half of the freezing section (éoncentrabion of copper
sulphate 8%).. Abové this was:'mushy' ice containing

CdSO4;5H20crystals. Experiments were continued
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outside the column, cooling test solutions in a

stainless steel beaker with constant agitation.

Tae concentration of copper sulphate at which hard-ice formed

was found to be 8 = 9 & and at this point nucleation
was in the form of‘needlé-like crystals which very
quickly agglomerated to form a glass-like massS. The
effect of needle-like crystals had by now becomé well
documented but atcempts to overcome the prdblem were
not successful. "However, the results obtained after
one hours operation show'the‘considerable concentration
of copper sulphate in the aqueous solﬁtion that can

be obtained and give a pointer to the application of

column crystallisation to concentration of metal salts in

~solution. With more time available a suitable cfystal
habit modifier could be discovéred to overcome any
problems.  Further discussion of the difficulty

" encountered with needle~like cfystals is to be found

in the conclusions.
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CONCLUSIONS

The experiméntal work undertaken in chis study has
demonstrated the characteristic operating conditions
for optimisation of the colunn employed. For the
various systems investigated, including aqueous
-solutions, organic'mixtures and combined organic/
acueous ligquids and both for strippedvandyor enriched
stream as the desired prbduct, the'operating conditions
are similaf for the attainment of maximum separation.

| 'An analysis of the separation in'the column using
‘a mathematical model affords a basis for confirming the
experimentél cohditionsbfequired for.effigientuéperation.

The conditions, fof a column with &n available
volume of.1020m1, total volume of 1830_ml and a

length to diameter ratio of 18.6 are:

1. - Screw Speed
. For every system studiéd, variaﬁion of the

speed.of the transportation screw from 53 ﬁo

100 or 140 rpm demonstrated that'éo rpm allowed
for maximum purification in this column.

According to the model of thé column, back

diffusion of impurity along the column and mass
transfer‘éf impurity from the adhering liquid
to the wash liquid are_the‘imporbant factors
governing the separation. For every systenm,
with a 60 rpm screw speed‘the diffusional effect
was more importantlthan,‘théugh{not,dominant over,
mésé transfer in determining‘the separation. .V

achieved until the crystal rate is increased
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to approach its theoretical maximum. .This_
indicates that for ndrmal‘crystal rates the washing
of the adhering liquid is efficient but‘this affect
will be reduced, by decreasing the agitation in

the coiumn. | However, the diffusion factor is
adversely affected by 1nc"ea31nﬂ the agltatlon

in the'column, therefore Uhe separa51on ‘achieved
will be decreased by ralslng the screw speed.

-Bolsaluls( 25) has also demons»rated that better

"e-separatlons are achleved by produc1ng lar”er

: crystals.'z These larve crys*als can be formed by -

”,‘lower:v.nrr the screw speed, the 1mproved column ~~é~i}r:wf

“.;Lsefflclency belng caused by a decrease 1n the'

’°number of crystals ‘removed from the free21nc

‘Tfsectlon by the strlpped product. The removal

z'cof crysbals by the surlpped producb was observed

“fln thls study only when hlvh flow rates were-xv.f

"iemployed.

At 60 rpm a compromlse ‘between dlffusional
| mass transfer and crystal size cons1deratlons is
attalned and the column ooerablon is opulmlsed.‘

The variation of separatlon power of the column"

is most ea511y ex plalned by cnn51der1ng the chandesA

in the dominance of dlffu31onal and’ mass transfer
/reffects in determining the valde of the
separatlon factor (H or H). | .

. A study of fig (99) demonstrates thev
mechanisms at work. For areas where the’siope
is negativeyincreasiﬁg'the'screw'speeduenhancesl

the washing action more than it raises the
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. diffusion of impurity along the column. At

zero slope the two effects are balanced and for
positive slope diffusional effects are most

important.

Feed Position

A position close to the freezing jacket
produces a better separation fof both énriched
and/or stripped streams as the required prodﬁéb.
Fof ethanol concentration aﬁdvdesalinatioﬁ;

feéding into the ffeezing section may further

“improve the efficienéy; though for benzene
" purification the separation reaches an asymptotic

‘value at the freezing jacket.

Consideration of equations (47) and (51) |
demonstrate the effect of this parameter

mathematically:

= (2-2 |
Y5 -Yp . - (47)
and  Y=To ool (s1)
$ % R

For a constant value of Z and H or ﬁ on the

RHS of these equations, increasing Ip (measured

~ from the freezing jacket along the column)

affects = (2 - ZF)"f For the enriching seccion

" Z and Zp are positive\valueska Now, a large

- negative value of the exponent produces a small -

value ole;f'thus ZF should be as small as
possible to produce an optimal separacion. In
equation (51) the value of Z is positive buct ZF

since it.is positioned in the enriching section
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is negative. For efficient concentration of ehe
desired substance we require a lafge value of Y.
Therefore a smaller negative value of the exponent'

is required, this being achieyed by placing the

feed pointias close to the freezing section ae
.possible.' It may appear contradictory,that-a

shorter stripping section is more eff1c1ent but 1t must
be remembered that effective stripping con only occur -
when the washing in the enriching section is optimal,

thus reguiring a long purification section.

3. Ratio of Products Removal

'Since an overall balance over the column gives:
| F =Lle + Ls (58)
Fof a ceneéant feed flow rate if Le,is.decreased Ls must
increase. | | |
| Now, if Le is decreased the ratio Le/C is 1owered

ie the amount of mel ted crystals returned to the column as
- reflux 1s~enlarged.» The pfeeence in the column of
increesing aﬁeunte~of free liquid improves the
washlna of the adhering liquid and hence the separatlon
achleved in uhe enriching section.

;If, however,;the stripped stream is the
producfjrequired, as in the caserof ethanol concehtra—
ﬁion,»the’pufﬂose of the reflux liquid is to present as
’hlgh as ooc51ble a concenuratlon of ethanol in the
llOuld enverlna the freezing section. . To achieve
this, the wash liquid should be allowed to exchznge
with the adheﬂln(T llculd for as long a time as
possible, ie a low flow rate of free liquid along

the column is recuired. - This aim may be achieved

if the value of Le/C is hlgh ie most of the melted:
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crystals are removed as thie enriched section product,
Generally, it can be stated that decreasing ﬁhe

"siream rate of the desired product will increase

its purity (for eﬁriched product) o? concenﬁration

(for stripped product). | Mathematically, this concept

is moét easiiy expléiﬁed byAexamination bf equations

¢3) and (53).

ie H= 1 DA,+°((1 +o(')C2-dLeC]"(48)
el Kakg
and ﬁ = + ot (1 +0L)02 +°lLsC] (53)

1 [ o8¢ ;
{C+is) L KaAQ
In equation (48) if Le is decreaged for all other
factors on the RHS constant, the function 1/(C-Le) is
decreased and H becomes smaller which improves the
pﬁrity in the enriched product. However, decreasing
Le increases'the mass trénsfervfunction which enlarges
the value of H. These two effécﬁéare in(péosition to
eaéh other but the value of H is more dependeht‘upon
the former. The presénce of the gfoup v,LeC'does
. however, demonstrate the possibilit& tﬁat decfeaéihg
the removal rate of the enriched product will
eventually lead to little inérease in the purity of
that stream. | | | |
Similarly, in eg *(53) if Ls is decreased
| l/(C+Ls) incfeases and the mass transfer factor is
decreased, the former effect being dominant. Now, a
larger value.of H pbodﬁces a higher concentraﬁion of
,£he desiredAsubstance in the stripped stream and,
hence a more effectife.separation.b

For total reflux (batchwise) operation, the values
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of Ls and Le are zefo.' For a zero value of Ls then, the
concentration of impufity in the stripping'section will be a
maximum. This implies that the adhering liquid will

have a high concentration of impurity aﬁd the

separating péwer of the column will be reduced

compared to continuous flow operation.
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(4) Effect of Crystal Rate

Increasing the rate at which crystals are
produced in the freezing sectioo should increase
~the possible separation and purification in the
column. |

Consideration of equations (48) and (53)
demonstrates the effect of raising the crystal prod-~
uction . rate which is similar to reducing the product
stream rate concerned.

(i) For the enriching section

The seoaration fgctor, H,‘is;decreased“if
C is increased sinceml/(CfLe) becomes smaller;
however, the mass bransfef fuoction (°‘-(1+‘_°4)C2
- o LeC) increeses es C.becomes larger due to the
squarina of.the crystal rate. Thus, as the
crysUal rate becomes larﬂer senaratlon increases
until a max1mum puriflcation is atta1ned when
+he two opp051n0 effects mentloned above cancel
'each other out. The optlmum'crystal rate is
gdetermined‘by differentiation of equation (48)
and solvine for C

i ~DyA +otgL ) - 20((1 + of )LC+°¢(1+°1)C=0
re { e KaA% .] "KaAQ = KaAgQ (56)

For all the sys»ems investigated, increasing

 the crystal rate in fact 1ncreased the separation
since the cheoretlcal maximum value was not -
surpassed. For most cases. the freezing section
would block with crystals at values below the

. optima. |

,The physical reason for an optimum crystal



154

rate above which separation is decreased can be
explained by considering the crystal slurry.
Efficienbboperation of the column requires
effective washing of the adhering licuid by

the refluk‘liquid. ‘~As increasing amounts of
crystals are transported down the column any
free spaces are consumed and the reflux liquid
can no longer penetrate the crystal mass. The
adhering liquid within the slurry can no longer

be washed and thus separation will be decreased.

(ii) For the strippine section

If C increases %«C + Ls) decreases and the
separation is adversely affected whereas the
factor (eL(l +°()C +°(LsC) increases causing
a subsequent increase in H. As the crystal
productlon rate is 1ncreased these two effects
act in oppOSLtlon to each other but for all rates,;
1ncreased crystal production raises the value of

 H and hence the concentration of the desired
.substance in the stripped stream is raised.
An examihation of eq (Sj) aliows an explanation'
.of this phenemenon. Differentietion of H with
respect of C ai}ows:a determination of the
minimum value of H onlyt(the other roo: being
negative) which suggests that the slope of the

: separatios factoﬁ (H) against crystal rate never
‘becomes negative as the cooling to the'column is

increased.
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5. " The effect of the lencth of the purification section

As would be expected, increasing the length of
the purification section will increase the purit& in
the enviched produqt ahd the concentration in the -
stripped product,‘pfoviding that the effects of-
increased heat input due to friction of the screw
on the column‘jacket and from~the-¢olumn's environment
can be negleéted.'_

The greiter.amount’of washing which Can occur .
with a longer purification secﬁion and the increased
~length over whichvdiffusion of impurity must travel
 suggest that column efficiency should be further -
eﬁhanced by continuing to iengﬁhen:éhe column.

"Examination of'the’eduations(47) and (51)
predicting the coﬁcentration profile over the‘length"
of the‘column show; however, that due to the exponential
' hature of'tﬁe profiles,'increasing'the;columﬁ'length |

ldver a certain yélué will-producé diminished retufns.
'nThe‘présent study shows that, for most éaSes,r
increasing the enriching séction léngth»ﬁrom'SO to 60
ém producéé only a mafginélly ihcreaséd purity and
furthér lengthening of the cdlumn‘would onlyiprodqce

ﬁ'a more expensive product.
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6. Effect of oscillation

Mass transfer betweenvthe adhering liquid
~and free liquid is poor for desalihation, especially
at a 100 rpm screw speed. The effect of oscillations
is purported to prevent the coalescence of.adhering
liquid films, thus presenting an increased interfacial
mass transfer surface, furthering tﬁe‘analogy between
column crystallisation and packed extraction columns.
However, these oscillations;ihcrease the mixing
of the liquid in the column to such an extent that
any increase in the washing action is negated.by the
facilitation of diffusion of impurity along the column.

(l 61 72) ulsed their.

Powers and co-workers’
column in experiments to reduce the concentration of
_cyclohexane in benzene. They obtained larger values
of the diffusion coefficient than the present study -

(1.3 - 17068,

factor (Ka) was increased to 3.0 (x, 10-3*(61) for 67

, cf- 0.56) although their mass transfer

0501llat10ns/m1nute through lmm of travel (cf 1.67).
Since Powers etal(l’ 61, 72) fepoft that the diffusion
of eyclohexane along the column is dominant in
deciding the separatlon attained whereas mass transfer
occurs with llttle dlfflculty, it would seem reasonable
to suggest that increasing the oscillations either in
theif number/minﬁte or their amplitudevwoﬁld adversely
affect the column's operetion. This was in fact
demonstrated in references (1) and (61).

Vhere ahf annuiarvcross section of the column
is‘small, the adhering liquid cah be.adequately

washed by the reflux liquid simply by the agitation
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produced by rotating the conveyor. ' However, as shown
by preliminary experiments with a cdiumn having aﬁ '
-annular cross section 7 to 8 times larger than for ﬁhis
study, liquid'osciilatioﬁs (caused by displacement

pump with its'output and input conhected_to,a T-piece
which encers the base of the cdlumn) may well enh&nce

column efficiency.

#Estimated using the value of 'a' given by‘Albertins(l)
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7. Effect of column attitude

Even forvsystems where the crys:tals formed.
were less dense then the mother liquor, eg desalination,
operating the column with crystals transported
downwards is a marked improvement over the reverse
Drocess.

Fig (30) shows that for desalination until high
crystal rates are attained, the éeparation achieved
by transporting crystals upwards ispoarerthan for the
downwards mode of operation. The ébility to
concentrate ethanol in aqueous solution is seen by
reference to table ( 8) pasze (220 to be suitably
enhanced when ice crystals are transported downwards.

This effect cannot be explained by consideration
of the mathematical model unless one accepts the
premise that washing of the adhering liquid by the
free liquid is more effective when crystals are
trasnported downwards. The pressure built‘up by
crystals reaching the base of the column allows a
more searching washing action and the fact that.less
heating is required to ensure that crystals do not
leave the column (which is possible if crystals are
transported upwards) presen:c better conditions for

separation and purification.
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8. Effect of crystal shane

The shape of cryscals produced in the freezing
section is of paramount importance.
The needle~like crystals produced when
(i) p-xylene freezes from a mixture of its isomers
(ii) deuteri im oxide ice freezes from a mixture
of heavy and light water
(iii) paraffin wax crystals separate from a mixture

(13)

of paraffin - waxes'

cannot be easily transported by using an
Archimedean screw conveyor. This is caused by the
tendency of this type of cr&stal to agglomerate into
4one fixed mass of glass—like consistency which forms
a collar round the éonveyor in the freezing section
eventually causing blockage of that section. This
presents a limitation upon column crystallisers of the
Sch.ildknecht type which can only be overcome by
finding convenienb crystal habit modifiers (ec
ethanol or sodium chloride added to héavy water).

The small irregular crystals formed by high
screw speeds (eg desalination at 100 rpm) also have
a greater chance of agglomerating. For this case
the freezing section will block only at very high
crystal rates when a glass-like collar of crystals
forms in the freezing section but at lower erystal
races, althouzh transportation is possible, the
crystals stiiliagglomerate, preventing the effective
washing of the édhering licuid and decreasine

~diffusion along the column.
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The crystal 'mushes' produced when

Brine solutions were frozen ac 60 rpm screw
speed

Ethanol/water and ESthanol/heavy water solutions
were frozen,

3% cyclohexane by wi in Benzene solutions were

frozen.

were easily transportable and allowed good

separation and purification to be obtained. Obviously

then, this is the type of crystal slurry to form if

efficient column operation is to be achieved.
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9. Effect of the surface finish on the inner wall

of the column'jacket

Early work with benzens/cyclohexane as well

as brine solutions had demonstrated that 80 rpm and
" not 60 rom was the optimum value of screw speed for the
column. These early runs, especially for desalination,
had been affected by "sieze-up" of opera:ion due to
crystals blocking up the freezing section. After
various attempts to overcome this problem for
desalination experiments {as described in the
experimental section). it was decided to polish the )
inner surface of the freezing section to a mirror
finish. The reasoning governing this decision was
that the unpolished walls allowed the crystals to
remain in the freezing section by frictional effects.
The trapped crystals now became over-cool ed,
forming glass-like ice which eventually formed a
collar round the conveyor with the resultant blockage
of the freezing section.

Mirror-finish polishing of the freezing section
inner-wall completely removed this problem. | The
ease with which crystals could now be transported
meant that lower screw speeds could be used hence
improving the separating power of the column.

After continued experiments on desalination
the crystal transportation again became difficult.
The column was dismantled and the polish was found
to be less than desired. The section was repolished
and the column reassembled when crystal transportation

was again facilitated.
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The problem of losing the surface polish,
especially in the freezing section, may reduire that
chromium »nlating of the walls may be necessary or a
different material may be reguired in fabrication of
the column jacket.

Since polishing the freezing section greatly improved
the column operation, before the ethanol concentration
work was started, the polish was extended to cover the

entire length of the column.
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10. Effect of diffusion and mass transfer
(11, 51, 124, 144)

Several workers have
measured the coefficients of diffusion and mass
transfer in extraction columns and the analosy with
crystallisation columns indicates the need for a
similar analysis.

For optimum column operation in the enriching
section, the diffusion of impurity along the column
should be as low as possible and the mass transfer
between the adhering and reflux liquids should be as
large as possible. Although, for concentrating
material in the stripped stream the converse is true,
the coefficients apply along the whole column length
and the requirements for the enriching section must
be met in order to raise the concentration of the
desired substance in the free liqﬁid entering the
stripping section.

The values of the coefficients obtained were:

Table 3 .
Svst Screw Crystal D -1 Ka 1
ystem Speed (rpm) Direction em“sec sec”

Benzene/ l

cyclohexane 60 0.56 l.67x10-3
Ethanol/ :

concentration 60 l 1.24 0.74x10"3

Desalination 60 l 0'16 0o56x10-3

100 l, 0.0z 0.06x1073

100 | T 0.02  0.07x1073

The values obtained by Gates and Powers(6l) for
column operation employing 67 oscillations/minute wi.h

an amplitude of lmm for crystals transported upwards



168

with a screw speed of 59rpm, for the reduction of the
cyclohexane content of benzene solutions were:

D= 1.3 cm? sec—l and Ka = 3.Ox10-3 sec-l*
these valuss comparing favourably with literature
values for pulsed extraccion columns(84’ 126, 138).

Now, diffusional and mass transfer effects are
increased by oscillating the liguid in the column;
thus the values obtained in the present study should

(61)

be less than those in the literature For benzene
purification the diffusion coefficient obtained is
just less than half of Powers value whereas the

overall mass transfer factor is just greater than half.

The ethanol concentration values, obtained from an

- analysis of the stripping section show a diffusion

coefficient comparable with that for a pulsed colunn.

This is’mosb:likelyicaused’byﬁthe‘low*flowifate of

free liguid through the column which‘normally decreases

the rate of diffusion. The overall mass transfef

coefficient is lower than for benzene purificatioﬁ,

possibly due to the decreased amount of washing actién

caused by a hish value of enriched product take-off rate.
For desalination, the diffusional effects at 100

rpm are nezligible due to the agglomeration of the

crystals which also'results in a poor mass transfer getween

the adhering and free liquids. At 60 rpm the caking

of the crystals is reduced since the crystals produced

are larger, however, the diffusion of sodium chloride

along the column is.still very low whereas the mass

transfer is almost ten times larsger, now being

compzrable with that for ethanol concentration.
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At 60 rpm the effects of mass transfer are lower
but of comnarable importance to diffusion in determin-
ing the value of H or (H) and hence the separation

achieved for all the systems investigated.

*Estimated using the values of 'a' obtained by

Albertins ().
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11. Effect of scale-uv of operation

The high feed rate run during the purification of
benzene experiments shows that fairly high flow rates
of products could be attained considering the size of
the apparatus (voluncof 93cm column, 1020ml).

Residence times could be reduced to below 10 minutes
with some loss of product purity, though acceptable
values will depend upon the use for which the product
is intended.

For laboratory use, the outout from a crystalliser
of this size would be more than sufficient for
producing ultra-pure solvents in situ, however, for
desalination or etbanol concentration outputs required
are considerably higher and larger appafabus would be
required. . |

There are many problems involved in scaling-up
the design of a crystalliser, McKay(93) found that
crystal shapes in pilot plant apparatus was markedly
different to those for commercial size equipment.

However, of the different conditions which are required

to.be simulated in progressing from a small to a large‘ ;

crystalliser the four most important are:

(i) identical flow characteristics of licuid and
solid particles

(ii) identical degrees of supersaturation in all
equivalent regions of the érystalliser..

iii) identical initial seed sizes and magma densities

(iv) identical contact times between growing crystals

and supersaturated liquor.
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FINAL CONCLUSIONS

The aim of the project, ie to redesism an
existing column crystalliser znd optimise its
performance has been accomplished. The optimisation
data fits aqueous, organic and mixed aqueous/organic
mixtures such that the characteristic operating
conditions may be applied to all systens. The
mathematical analysis, where undertaken, has confirmed
the experimental findings and theoretical calculations
have shown that there is an optimum crystal production
rate for each system. This analysis affords much
economy since fruitless attempts to surpass the
theoretical values on commercial ecuipment can be
avoided.

The apparatus, in its present form, is a véluable
analytical tool, allowing a determination of the
dominant factors affecting the column's operation.

The effects upon column crystalliser design caused
by the surface finish on the inner wall of the jacket
and the problem that the shape of the crystal formed
may produce have been demonstracted.

Continuous column crystallisation has clearly been
shown to be a powertul technique useful in the

separation and purification of various materials.
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SUGGESTIONS FOR TFTURTHER WORK

(1)

(2)

(3)

Alrecady information from the enriching section
for desalination exneriments is being used to
develop a dynamic model of the 2" column
crystalliser. There is a need, however, to
observe the nucleation and growth of the
crystzls in the freezing section. The design
and construction of a glass freezing section,
using a transparent coolant is proposed in

order to facilitate this reguirement,

Continuation of operation of the 4" diameter
column crystalliser designed and built from
data obtained by experiments with the 2"
crystalliser. The data from both sets of
experiments, together with the dynamic model
of the system should alleviate much of the

difficulty associated with scale-up.

The application of the 2" column crystalliser
to purification of heat sensitive compounds
(eg pharmaceuticals, flavourings); to the
separabion of micro crystalline waxes by use
of suitable crystal habit modifier and the
treatment of trade effluent (removing metals

and possibly toxic waste before disposal).



173

LIST OF SYMBOLS

a Area available for mass transfer between the
achering and free licuids per unit volume of the

column (Ll)

A cross~-sectional area of the column (Lz)

C crystal production racte (M.T-l)

D coefficient of diffusion (LZ.T-l)

ES stripping efficiency defined by eq (54)

F feed flow rate (M.T-l)

H separation factor for enriching section;
defined by equation (48) (L)

ﬁ separation factor for stripping section,
defined by equation (53) (L)

K mass transfer coefficient (L.T-l)

L free ligquid stream rate (M.T_l)

Lt adhering liquid stream rate (M.T-l)

Le enriched stream rate (L3.T-l)

Ls stripped stream rate (L3.T—l)

My mass transfer rate of impurity due to axial
_1)

dispersion (M.T

K mass transfer rate of impurity from adhering

liquid to free liquid (M.T 1)

s° stream rate of liquid into the stripping szction
oLt

Y impurity content of free liquid (M.M-l)

Yl impurity con:ent of adhering liquid (M.M-l)

Ye impurity content of enriched stream (M.M-l)

YF impurity con:ent of fezd stream (M.M-l)

Y defined by eauation (41) (M.N—l)
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defined by equation (52) (M.M-l)

impurity content of siripped stream (ﬁ.M-l)
impurity content of liquid entering the

1)

stripping section (M.M~

impurity content of free liquid at the feed

poinst (M.M‘l)

impurity content of stripned stream at zero
. -1
stream rate (M.M )
position in the column measured from freezing
section (L)

feed point measured from freezing section (L)

Greek symbols

X

m

ratio of adhering liquid stream rate to crystal

rate
impurity content of solid phase (M.M-l)
volume fraction of free liquid

density of liquid phase (M.L—3)
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Table (5)

Benzene/cyclonhexene Experimentgl results~-conch profile ,‘
Cyclonezane concentration {pom) ;

Run no. Distance from feed point (z—zF) in cm.

~%31.5 5.51 11.5| 17.5 | 29.5 | 35.5| 57.5| 60.5

B/C1 44688 | 4524 5088 1736 | 487 | 354 / 38

B/C2 44000 | 7800 {5000 {3100 / 110C0 | 44 91
B/C3 44500 | 5000 170C {1000 | 190 / 36 41|
B/C4 / / / / / / / 119 ﬁ
B/C5 / /|7 / / / /|98 |
B/C6 / /| /) / /400
B/CT | / /oY / /o7 /439
B/C8 52000 |/ | / / / / /| 912 .
B/C9 56563 | 4878 P20 11343 | /| 282 | 27 57
3/C10 55000 | 6985 5969 (3828 1225 (074 |173 | 145 |
B/C11 54500 2219 (19131 17211 11919 10451 (7137 |6958 |
B/C12 640CC | 3752 | / 705 / 265 / 7T Q
3/G13 60500 | 8583 [3569 [2855 / 750|324 205 f
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Fig (25)
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Calculation o iffusion ar 155 transfer coefficients
for the benzene/cyclohexane system.
. . 2)
Now,from Powars¢ : 5

: 1 Duip +&xX(1+e;C~ oL C

He = Ve +&( )G~ -oL.C (8

nere D and Ka are the cosfficients required and H is

determined from the plots of (Y-Y ) vs (z-z.) on semi-
log graph paper.
In order to evaluate D an ia 1t is necessary to

over the freezing section of the coclumn,measure -the

rate of removal of enriched vroduct from the column and
estimate the constants Q,A,\q_,o(.

The value of bothV andX can be determined by consideration
of the following equations:-~

SOYS\O:FYF+LYH (58 25)

s®  SFY LY LY (592>
whence L'.z \—.L e S Tl 60
P
also C4+L =L *L 2y 72)
e

which may be derived by considering mass balances over
the column.

Solutions to equations (6Q and (249 allow the evaluation
of free liquid (L) and adhering liquid (L') stream rates
and hence the constantsﬂ_andﬂ.Can be determined.

The cross-sectional area of the column (A) and the
density of the liquid phase (Q) are easily evaluated.
Using the values of (H) determined for different
crystal rates with a known value of Le several
simultaneous equations can be derived by substitution
‘in equation (49,

Values of constants :-

A= 12,43 Q= 0.88 = 0.13 ;"L: 0.41

For Run B/C1 C= 0.393 and L= 0.098
For Run B/C9 C= 0.457 and Le=,0.134
For Run B/C10 C= 0,393 and Le= 0.134



/C1 3.50 = 4.49D + 1.62 x10°~°
Ka

B/C9 3.836 = 4 49D + 2,08 x1o"3
Ka

U3 = L 49D lEs x10”~
Ka

phically in order to
m the intercept)

and the overall mass transfer coefficient{from the slope).

Substitution of these values of D and Ka into equation(8)
allows the theoretical values of the separation factor(H)

to be determined.

ke 2% o Run no H H
RS “experimental theoretical ;
B/C1 11.3%4 1183 0..1%
B/C9 11.98 11.64 2.9%
B/C10 13.23 13.05 1. h%

Now,for a maximum sesparation H should be a minimum.Therefore

differentiation of equation (48 using the values of D and Ka

as determined above affords a determination of the crystal

rate required to produce this optimum separation.

Whence C is 0.695 g/sec for an enriched stream rate of 0.134

g/sec.

In practice this theoretical optimum crystal rate could not

be reached since the freezing section blocked at a crystal

rate of 0.542 g/sec. :

By substitution of the theoretical values.of H in equation@“ﬁ
ie@e Y=Y

P - exp ~(z-2_)

a comparisaon of the experimental and theoretical concentration
Profiles can be made..

Values of Y? and Y can be estimated from the experimental
concentration profiles and thus the free liquid impurity
content (Y) can be evaluated for different positions in

the column (z).

Error
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Tow, for Run 3/C1 Yg:O 3 Yéz 7200 ppm

for Run 3/C9 Y =0 ; Y, = 590C ppnm
D A

for Run B/C10 Y£=O . Y¢= 14000 ppm

£

Thus (-

rosition in column Theoretical impurity content (Y)ppm

(z-25) em. Run B/C1 Run B/C9 Run B/C10
0 7200 5900 14000

10 3092 2499 6506
20 1328 1058 3024
30 . 570 Lu3 1405
40 245 190 653
50 105 80 304
60 4s _ 34 141
70 19 10 66

Reference to fig2¥a),(b),(c) affords a comparison between these

values and the experimental concentration profiles.
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Table (7)

Degalination

Zxperimental results

Cor.centration nrofile

Run no. Cerncentratior 1all in the free linuid
Distance frer feed point (z-zE) in cm.
-31.5 5.5 [11.5 117.5 [25.5 |35.5 [57.5 [60.5
31 54000 [25100 [218C0 [1775C [14600 [13800 [13756 |12800
32 570C0 24300 20750 [18800| / 112800 | 9600 | 8500
5% 77000 |24200 /14750 / 60C0 | 18C0| 750
S4 77000 {188C0 |1C5C0 | 8000 | 2750 | 2100| 800| [/
35 77000 {12000 | €200 | 2800| 1100 | 1300 | 510| /
S6 85000 | 9900 | 41CO | 2725| 4981 568 143 /
523 / / / / / / /| 1250
s24 / / / / / / / 7000
S25 / / /o / / / 4800
526 / / / / |/ / / | 4700
Concentraticn aCl in the free liquid ‘
Distance frcw feed point (z—zF) in cm.
-31.5| 1.0 [11.0 [21.C [31.0 [41.0 [47.0 [52.0
ST. ~ [ 72500 [24600 [15400 [11800| 9250 | 7280 7000 6100
s8 73000 [29750 {18800 {13750 |12800 {11600 | / 9250
59 73000 [26600 |1€000 [12750 | 9300 | 7800 / | 6400
s10 | 73000 | / / / / / 1 / | 6400
S11 70000 (26150 /  [19700 [17800 |15500| / 13900
S12 69000 [28000 / {21800 |20750 |19900| / |18000
S13 | 85000 / / / / / / 13550
514 | 64500 / / / / /| / | 8900
515 57000 | / VAR / / / 3790
316  [10600C | / / VAN VA Y / |19700
517 / / / /- / / /  }15600
518 / / -/ / / / /  |14600
S19 / / / / / / /  |170¢C
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Table (7) contd

Desglination

Exverimental results

&

Concentration profile

SR Concentraticn 1all in the free liguid
Distance frorz feed point (z-zF) in cm.
-31.5 2.0 2.0 1 2%:0:.1351.0 141:0 149351 62,0
520 55000f 33100 | 28C70| 25200 124600| 18300 / | 14700
521 73C00| 2675C | 230C0]| 16900[15400{11250| / 7000
322 81000f 23C00C | 14500110100 | T700C| 5750 / 2750
327 86C00| 20750 / 1C000 P 4550 | 3750 2450
528 670001 24500 / 140600 7. 8700 v 4 4700
S29 71000 275C0 / 15000 Fd 10100 | 8900| 6500
S30 55000] 30700 / 22750 / 20200 [15600] 13500
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Fig (31) p203

Effect of reflux ratio on the seperation obtained

in the column at 100 rpm screw speed with crystals
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Concentration of NaCl in enriched product (ppw X10'3)
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Fig (32) pa0k

ffect of crystal production rate on enriched

product purity for a screw speed of 100 rpm
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Ratio of enriched stream purity compared with a 46 cm. purification section

Fig (33) p205

zZffect of column length on enriched product purity
Crystals transported upvards
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Fig (34)
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dif on z2nd mass transfer coefficients

for desalination.

As with the benzene/cyclohexane system the constants in
equation (48 ;

| B Hi wecme [' ) ““fﬁ?u>n2 o F,]
gt AL Y "ze FON L 'l/ : “~9\;

H and C may be calculated.
Values of constants :-
a) For a 60 rpm screw speed and with crystalsl
A =12.43 ;Q=1.o3 &=0.07 $4=0.18
b) For 2 100rpm screw speed and with crystalsT
A =12.43 5 =1.03 ™=0.07 1=0.16
¢) For a 100rpm screw speed and with crystalsl
A =12.43 3=1.03 ;2=0.07 $9=0.18

a) Run Sk L, =0.139 g/sec ; C =0.180 ; Hexpt =11.20
T T = o/sec 2 G =0. Wi =8,
Run S5 L_ =0.139 g/sec ; 0.200 ; {expt =8.27
Run S6 L «139 g/sec. y C. =0.210 3 H =7.64
Run S6 A =0.,139 g/sec ; 0 3 Pexpt 7

o

Equation §8) may now be written as a set of
simultaneous eguations which may be used to solve
for D and Ka.
Thus :--
Run Sk 0.459 = 2.31D + 5.28 x10~2
Ka

Run S5 0.505 = 2.31D + 8.20 x10~°
Ka

Run S6 0.542 = 2.31D + 9.84 x10™2

Ka
Using a graphical solution to the above equations
where D is determined from the intercept and Ka from
the slope;
! 2 -1
D =0.16 cm sec x

Ka =5.56 x’lO'.l;sec":I

Using these values of D and Ka ,theoretical values of
H may be determined and compared with those obtained

experimentally.
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Thus =~
D {91 hé} " ~
Run no. H . - Hi i Error
experimental theoretical
sS4 11:20 11634 %5
[ b o . 03 1.31”
S5 8.27 8.49 2.8%
,f ’7./- ”»71 ’19’\
These theoretical values of H can now be substituted irn

equation (47)

1.0 Y =V

leCoe M b S )
-r.-;—— =e)\p —( ;“—Z.;,
‘ﬁ o _TEL By

in order to compare theoretical concentration profiles
with those obtained by experiment.
For Run S& Yﬁ =30600ppm Yp =627ppm

For Run S5 Yﬁ =22500ppm ; Yp =489ppm

For Run S6 Y, =17125ppm ; ¥_ =125ppm
8 p

5 sy

Thus :-
Position in column Theoretical impurity content (Y)ppm

Z_ZF) e Run Sk Run S5 Run S6

0 30600 22500 17125
10 130438 6648 h4772
20 5770 2386 1395
30 2756 1073 : L2
ko 1509 669 220
50 992 Shl 151
60 778 508 132
70 690 Lol 127

Reference to fig38(a),(b),(c) allows a comparison between
these theoretical profiles and the experimentally obtained
resulfs.

In the analysis of the enriching section of the column it
is possible to determine a theoretical optimum crystal
rate by differentiating equation (#8) with respect to C.
This value was calculated to be 0.330 g/sec for a screw

speed of 60 rpm and with crystals transported downwards.
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Run 822 L_=0.158 g/sec ; C =0.184 ; H 2P 55

e expt

Thus the simultaneous squations obtained are :-

b) Run 521 L =0.142 g/sec ; ¢ =0.151 5 H =29.68
=

Run 521 0.27 = 2.05D + 1.62 x10™°
Ka
2 e 99 = 2. F 3491 zzj’
o -1
dhence U = 1.96 x10° ° :mzeac !
-5 -1
and Ka = .16 x10 - sec

These values can now bte used to calculate H.

Thus -
TR MO, Hexperimental cheoretical srEoy
521 29.68 29.60 0.3%
522 22455 22.55 o .
By using the calculated values of H the theoretical and
experimental concentration profiles may be compared..
For Run S21 Yﬁ =32000ppn 3 Y? =45C0ppm
For Run 822 Y5 =24600ppm Yp =2100ppm
Thus :-
Position in column Theoretical impurity content (Y¥)ppm
\z-2;) cm Run 521 Run S22
0 32000 24500
10 24116 16541
20 18492 11368
30 14481 . 8049
ko 11620 5918
50 9578 4550
60 8123 3672
70 7084 3109

Reference to fig38(d)and (e) allows a comparison between
these values and those obtained experimentally.

By differentiation of equation (48 with respect to C

the theoretical optimum crystal rate was determined as
0.205 g/sec..
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2) Rur . =0.158 z/sec ; C = 0.190 5 ¥ __ . =25.82
528 L_ =0.139 g/sec ; C = 0.148 ; Hex;t =32.21
Thus the simultaneous equations obtained are :-
Run S27 0.83 = 2.30D + 0.47 w10
K a
629 = 2.30D + 0.15 x10
Ka
““hence D = 1.63 x’!O_2 cmzsec_
and’ Ke = 5,93 %107 Heg
These values can now be used to calculate H.
Thus :~-
fan R0 Hexperimental cheoretical Tatak
527 20402 25.94 0.5%
528 A2.21 32.27 0.2%

By using the calculated values of H the theoretical and
experimental concentration profiles may be compared.
For Run S27 Yé =21900ppm ; YP =401ppm

For Run S28 Y, =26500ppm ;3 ¥ =1000ppnm
4 PE ok

| .—?osition in column Theoretical impurity content (Y)ppm
(Z_ZF) cn Run 527 Run S28
0 21900 26500
10 15023 19705
20 ; 10346 14720
30 7165 11065
40 5001 8383
50 3529 6415
60 2529 hore
720 1848 391k

Reference to fig38( f) and (g) allows a comparison between
these values and those obtained experimentally.

By differentiation of equation (48 with respect to C

the theoretical optimum crystal rate was determined as
0.202 g/sec.



7\
=4

10

..

Y (ppo 3

35

34
54
35 ]
31
30 o
29 -

~ -

-k weh N

S U OV~ QO - e wh b ed e b
5 \OO e \ ST B W) e ) BEN ¢ RN e I e
| I

= pw
|

213

Fig (38,&)
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Y (ppm X 1077)
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Fig (38,c)
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Y (ppm X 1O~3)
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Fig 38,d)
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Y (ppm X 107°)
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Fig (38,e)
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Fig (38,f)
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Fig (38,g)
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Table (9)
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by wt ethanol in the top product

!
(4

7

Fig (39) p222
Effect of screw speed on ethancl concentration
in the top »roduct for crystals transported

downwards
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% by wt ethanol in the top product

19.0-

18.5 L——

Fig (40) . p223

Effect of fced position on the concentration
of ethorol in the top product for crystals

transported dovnwards end a screw speed of

60 rpm

205

20,0

19-5—

| T T 1 T j T T T ] »ii
0O 2 4 6 8 10 12 14 16 18 20 22 24 26 28 730

Distance of feed point from freezing jacket (cm)
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% by wt ethanol in the top product
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Crystal rate (g/sec)
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- 1 [D"\,AQ + {1+o4)CT +&xL C -,
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x Vo 2k, pekiaadl anan S e o & 8 F i ) d
or the stripping section of the column.
-

By evaluating the constants %, A,Q , 2, and by measuring
2 4

the value of LS for different crystal production rates,

C

the diffusion an

+ mass

determined.
Values of comstants -
Ap= 12.16 (= 0.34 ;4. = 0.2k ;-LS=O.081 g/sec:
T = s - H s ~
For Run 13 C= 0,239 g/sec ; Hexpt’ 22.85
F C= 0.19¢ s B = 22.
For Run 6 C= 0.198 g/sec ; Hexpt 22.64
= o - 7 = .s
For Run 12 C= 0.173 g/sec 3 Lot 22.36
For Run 11 C= 0.153 g/sec 7§ ﬁexpt= 22,57

>

Substitution of these values into equation &3) produces
simultaneous equations which may be solved to determine

the diffusion and overall mass transfer coefficients.

i.e.

Run 13 7.25 = 2.92D + 2.68 X107
Ka

Ru.n. 6 6.30 320-92D + 1.91 }C‘IO--5
Ka:

Run 12 5.68 = 2.92D. + 1.52 x102
Ka:

Run 11 4.89 = 2.92D + 0.93 x10 >
Ka

whence: D = 1.24 i—O.OZ.cmzsec_-"1

and Ka =(0.7h4 } 0.02) x1o"3 sec."1

Now the theoretical values of H may be determined if
the diffusion and overall mass transfer coefficients

are substituted in equation 63).
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R 30 Jexperimental &theoretical fezan
13 22.85 22.66 0.9%
6 22.64 22.23 1.9%
12 22.356 22.34% 0.1%
11 22«59 2250 0J14%

Using the theoretical values of H in equation (59

5 =
—~ o e

the concentration of ethanol in the stripped Stream'can be

calculated and compared with the experimental values.,

For Run 13 Y’g=1’l'..6 ; TD=8.2,
For Run 12 Yﬁzﬁ.o ; Y'p=8.5

For Run 11 Y _,=10.6 3 ¥ =8.6
8 p

Thus: -
Run no. Experimental Ys Theoretical Ys Error
13 21.4% 21.6% 1.0%
6 2042% 20.5% 1.5%
12 18.5% 18.5% : 0
11 16.5% 16.8% 1..8%.

For the analysis of the stripping section of the column,
differentiation of equation 63 using the values of the
diffusion and overall mass transfer coefficients will
only allow a determination of a minimum value of ﬁ}-
whereaﬁgfor a high concentratio of ethanol in the
stripped stream H should be large.Therefare there is

no theoretical optimal crystal rate and the ethanol
content of the stripped stream should continue rising

as the crystal rate is increased..



BLANK IN ORIGINAL



Deuterium oxide

Feed 759 by wt deuter
+3 by wt ethano
Feed point C.5 cr fror
Feed rate 1C0C g/hr
Eruriched product rate
Stripped product rate
Crystal rate 0.142 g/
Crystal directio%%Slon 9
Column length 93 cm
Oscillations Zero

228

Table (10)

um oxicde in disti
Treezing jacket
T P v
c4\ g1 0Y
7650 /Y
160 g/br
/ .

ec (\using l%tant

- W 2 /
5.8 calfe

S Do 7
4 0. WaLexr
1 o =
_Lebt O1

Run ro.

D1
D2
D3
D4
D5

— -_—
(o L 22
Y20 D

L o A 05§

W

Conc of deuterium
cxide in enriched
product (% by wt)

78
&
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m
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