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ABSTRACT

The nucleation and growth rate  kinetics for the continuous
erystallizgtion of tungstic acid from solution was studied in a 0.8 1
eveporative mixed suspension, mixed product rcmoval crystallizer. The
crystallizer included a draft tube which improved the uniformity of
the suspension, Experimentsl conditions which were varied during the
exparidental rums were dravwdown time of the crystallizer, stirrer
speed of the stirrer in solution,  heat flux to the crystallizing
solution and the suspension density e.‘E‘th's erystallizing magme.

X-ray diffraction patterns of the . tungstic acid material produced
confirmed that the material was crystalline and that if was in the
tungsten monchydrate (W03.Hy0) form.

The crystal size distribucion of the crystallizer magma was obtained
under steady state conditions and uséi to caleulate the crystal
nucleation snd growth rates. The main ‘nuclear_ion mechanism in the
erystallizing system was contact secondary nucleation and the crystal
growth xates were found to be crystal size dependent. A size
dependsnt growth rate medel was proposed which was incorporated in the
population balance equation, Good fits of the model to the data were
obtained using this populatisn balamce equation,

Analysis of the swpressions devlved for the mucleation and nuclei
sized crystal growth rates indicated that the. nucleation rate was a
linesr function of crystallizer magma -suspension density and tharz
there exlsted an {nverse relationship between the nucleation rate and
the crystal growth rate of the nuclel sized crystals.




Histdiz 4Sc dra sk mef graagta op aan my ouers vir al hulle ljjefda en
ondersteuning in hierdie tyd.
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Chapter 1
1. INTRODUGTION

Most modern. commercial tungsten plants use either a ¢hloride-based
process or a soda ash pressuré leaching operation for the recovery »f
ammonium .paratungstate (&PT) §rom scheelite concentrates. Various
problems exist In these processes such as coiresion and high mainw
teftance costs f£or the chloride-based process and effluent disposal
problems for the soda ash pressure leaching operation.

In order to try and eliminate these various problems Verbaan (1985)
proposed a flowsheet which wutilises the soda agh pressure lsaching
step in cenjunstion 'with twd slectrolytic mémbrane processes. These,
electrolyric membrane processes arz -used to eliminate some of the
effluent  dispogal problems encountered {n the scda-ash operation and
permit possible racovery of reageuts, as well as allow the preduction
of APT via a tungstic acid intermedjate. ,

The - production of this tungstic acid intermediate is doue using an
évaporative crystallization technique. This tachnique has variaus
possible advanvages such as additional purificacion possibilities and
the -ability to closely control the crystal size distribution (CSD) of
the tungsuic acid crystals. Direct calcination of the crystals to the
. oxide or powder p fhus eliminating cthe APT
intermediate, is alsoc a possibility.

Such a tungstic acild erystallization step promiges to be commexcially
very attractive if Fully exploited, and therafora the main parc of
this dissertation will be concerned with the modalling of tungstic
scld crystallization kinatics.

The remalning portion of chapter 1 gives some background on the
different processas which are or can be used to extract tungsten metal
from basic ores, This is done to highlight the significance of the
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1, INTRODUCTION

Most modern commercial tungsten plants use either a chloride-basad
process or a soda ash pressure leaching opsration for the recovery of
ammonium paratungstate (APT) £rom scheelite concentrates. Various
problems exist in these processes such as corrosion and high main-
tenanca costs for the chlovide-baged process and effluent disposal
problems for the soda ash pressure leaching operatiocu.

In order to tiy and eliminate these various problems Verbaan (1965)
proposed @ flowshder which utilises the soda ash pressurs leaching

step in conjunction with two elaectrolytic membrane processes. These'

Blectrolyric membrana procssses are used  to eliminate some of the
effluent disposal problems encountered in the soda ash operation and
permit  pessible recovery of reagents, as well as allow the production
of APT via a tungstic acid intermediate.

The production of this tungstic acid intermediate is dome using an
evaporative crystallization tachnique, This teéchnique has various
possible advantages such as additional purification possibilicies and
the ablilicy to closely control the cxystal size distribution (CSD) of
the tungstic acld crystals, Direct caleinatiorn of the crystals to the
tungsten oxide or ctungsten powder products chus sliminating the APT
incermediate, is also a possibilicy,

Such a tungstic acid crystallization step promises to be commercially
very attyactive if fully exploited, and therefore the main part of
this dissertation will be concerned with the medelling of tumgstic
acid crystallization kinstics.

The zemaining portion of chapter 1 gives some background on the
different procasses which ars or can be used to extract tungsten metal
from basic orves. This 1is done to highlight the significance of che
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proposaed f£lowsheet and the importance of the cryscallization process.
dection 1.1 discusses cthe basic uses of tungsten and gives a broad
overview of what the basic stveps avs for the recovery of the tungsten
metal, Section 1.2 describes the two existing tungsten recovery
processes currencly in oparation in more detail. In ssction 1.3 is a
complets description of che new process proposad by Verbaan (19‘&5).
Finally, the scope and objective of this study are defined in sectiom
1.6,

1.1 Extractive matallurgy of tungsten

g is the eigh h most mecal, having an escimavad
coucentration in cthe earth's crust of 1 ppm. During chs ninecaeunth
century tungyten vremained a laboratory matsrial. The latter half of
the century - saw the davalopment of high speed' tool stesls comtaining
tungsten which became che prime use for the mefal in the first half
of tha twentiath century, Today, the manufacturs of cementad carbidas
accounts for over half of the tungstan consumption in che
world (Stephen and Wang, 1981).

According vo Stephen and Wang (1981) the tarm "extractive mecallurgy"
refars to those procass staps that start with an oxs concentrata and
and with an intermediats compound that can be rsduced to yield
matallic tungscen of desired purity and metallurgical propertiss, The
objective of rthe excractive process 1§ thug o couvert che tungstan

valus contaired in the ore to che & iat
usually synchetid schaellte, tungstic acld or ammonium paratungstata
(APT). Generally, cthe ore concentzate is given a precreatment to

remove lmpuxricies that may be difficulc or more expensive to elimirave
at a latér staga, The next step is the ora decompesition, in which the
tunigsten L5 {solatad from otha® major constituents of the ora and
convertad to a fomm in which yubsequent purification is feasiblas,
Some purification is also accomplished during oxe dacompusicion.
Finally, ¢hs remaining impurities ara ramoved, and cthe desired
intermediate compound (APT, or HgW04) 1s obtained. Tc is very

Eeh o
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important that a high purity tungsten compound is obtained since high
purity is required for all usds of tungstan excepc as a steasl-alloying
additive,

1.2 foxr the ion of g

The two main processas dascribed balow to produce tungsten from
scheelite (CaWQ,) are via a chloride-based process or via a soda ash
pressurs leaching operation.

1.2.1 The chloridae-based progass

Ors dacomposicion using HCL leaching is often the process selactad
when high-purity nacural or synchecic scheelite minsrals are available
and tha molybdenum level in the final prodwet is not critical.

According to Scephen and Wang (198%), the firsty step is cthe
decomposition of the high-grads scheelita with hydrochloric acid:

QaWo, + 2HCL mi CaCly + HoWO, 11

Since CaCly is soluble in aqueous hydrochloric acid, the pracipitated
tungscic acid can ba isolated by filtraticn and washing, The equili-
brium constant, Kw(CaGly]/(HOL]2 s large (i.e. K=l0%) and the
reaction should go to complecion with tha stolchicmetric amount of
acid. However, in practice large excass amounts of HCl ara requirad to
complete the resaction, This is becausa of the slow diffusion of HCL
through the layer of HpW0, that forms around the CaW0, particles.
In order to incraase cthe laaching rate, high HCl concentrations,
excess amouncs of the acld, high temperatures, sffective agitation,
and small parcicle sizes of ths ore concentratas are employed (Staphenm

S e &
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and Wang, 1981),

According  to Canterford &nd Coltom (1968) some separation of
wolybdeaum £rom tungsten occurs during the acld leach. This results
from the grossly differing solubiiities of wolybdic and tungstic acids
in HCL. The extend of molybdenum removed depends on the agount and
concéntration of HCL wused and the efficiency of Flltration and
washing.,

Fileration of tungstic acid slurry 1s of special importance in
impurity remaval and in material racovery. Stephen and Wamg (1981)
suggest that when iron Ls present as an impurity, dse of $mall amounts
of  mitrate or other oxidatfon reagents during digestiod is
recommended: This will oyxidize the ferrous ivns to ferric fons whica
pracipitate and facilicate filtration.

The further prepaxation of pure APT from crude tungstic acid invelves
thrae stepsi Digestion of the tungstic acid in aqueous smmonia, £il-
tration of cthe ammonium tungstate solution, and crystallization of the
APT,

Tn agueous ammonia, removal of phosphiorus and arsenic may be accome
plished by the addition of a little magnesium oxide, which forms in-
soluble magnesium ammonium phosphate and arsenate under thess
coadicions, Iron and similar metals form colloidal hydroxides and
thelr removal togather with silica, which is also colloidal, is accom-
plished by the addition of a small amount of activatad carben and by
digesuing for 1-2 hrs, Filtracion is rather slow but can be efficlent-
ly accomplished by the use of a prassure filter with filver alds
(Stephen and Wang, 1981).

APT crystals are obtained by avaporating the purified ammonium tung-
state solutlon, and cthe amount of crystals formed depends upen the

v B e o m
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exterd of avaporation, Partial impurity removal is accomplished during
the crystallizacion process. Removal of molybdenum 1s aspecially
noticeable.

The APT crystals are then calcined to tungsten oxide and further
reducad to tungsten metal powder,

Soma of the disadvantages of this chloride-based process ars:

a)Large excess améunts of HCL are used. for the leaching of the
scheelits ore. This large excess ~amount of acid 'pust be
neutralised using limestona. The resulting neutral dissolved
salr, calecium chloride, represents a pollutant. Envirommental
iegisiations for the disposal of aqueous éffluents are stringent
and the cheap dispésal of affluents eontaining significant con-
cencrations of such dissolved salts is generally not pbssible.
The excess acld cannot be recoversd,

b)The water assoclated with substantlal concentratfocns of
dissolved salts cannot be recycled and needs to be disppsed of.
This represents another cost, and a wasts of water,

2)In any process where chlofides are pressnt corrosion is a
problem and increases maintenance costs.

d)This process can only be used to process high grade scheelite
ores,
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1.2.2 The soda ash pressuxe leaching procasy

Low-grads ores can be dacomposes  Ing this process. This procass uses
a sodium carbonats solution %7.Ugtompose scheelite. The process as
described by Stephen and Wang (19815 is as follows:

HapC0q + Cally e NayW0, + CaCly 1.2

As practised in industry, the leaching process is run wich -44 to -90
pm concentratas at 190:225 ¢ for 1.5-4 hrs using 10-18 4 sodium
carbonace solucion with 250-450 % of the stolchiometzic quantity of
N¥agC0y, dapending on the grade of used. The

smployad vesults in prassuras of 12-26 lars, and che reaction is thus
carried out in mild stael ér alloy afeal autodlaves.

The process is simple and effsctive; ics advantages avs that high. or
low-grade concentratas of either scheelits or low-manganese wolframits
may be used, and that the maintenance costs ara relatively low, A fre
quent eriticism of the process is that a largs amount in sxcess of
sodium carbonats is necessary to obtain an acceptabla recovery.

The éxtand co which impuritles present in the concentrate ars rendarad
soluble by the leaching procass is important. Experiments have shewn
that arsenic and phosphorous aze less complataly leached chan
tungstan, 4o the ratlos of AsW and P/W are raduced, sometimes as
much as tenfold. However, thay ara usually prasent in the laach liquer
tn sufficient quanticy that subsequent purificacicn ls necesgsary. Tin
remains virtually unactacked by the autoclave-soda process, Whan
silica ocours in tha leach liquor special methods must be ugad for ity
removal,

Flleration of the leach liquor te remove the gangue matarizl is
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relativaly sagy with both scheelite and wolframite concentratas.

The resulting sodium tungstate solution generated using this process
still contains some of the impurities present in tha raw matarial.
These must be raduced to acesptabls lavels before the incarmediate

is prepared. The most 1y contaminancs are
silica, phosphorous, arsenic, and molybdenum, The removal of thase
impurisies will be discussed in Appendix A since it s a general
wethod used in various processss for purification purposes,

Afrer purificavion the sedium tungstate soluvion is now stripped from
the alkali umetals wusing a Lliquid solvent extraction process, This
process extracts the cungsten from che sodium tumgstata solution,
laaving sodium in tha aquesus phase. This sodium will be conmverted to
sodiuni sulphata., The ctungsten Ls .subsequently stripped from the
solvent using aquecus ammonia, and tha intermediate product, APT, is
obtained by cryscallizacion f£rom the mother liquor as described
befiora. It must be noted that impuritiss such as molybdenum, silicom,
phosphorous, and arsanic are also extracted using the solvent
excraction procass, so the pracediny purificacion steps are needad
befoze solvent extraction can ba done.

The pure APT crystals are again caleined and reduced to tungsten metal
powder,

Some of the disadvantages of the soda ash pressurs lsaching process
are:

a)Very large excass amounts of soda ash is usad for the leaching
step.  The sulphuric acld raquired to effectively neutralize the
excess sodium b can a sub 14l cost, Such
bases are also not rscoverad or reusad, Alse, the ewvironmantally
accoptable disposal of laxge velumes of dissolved sodium sulphate
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represents i major problem.

b)During the solvent extraction process the sodium associated
with the gulon 1is couverted to sodium sulphate. The
original souvce of thesé sodium ions in the process can also re-

prasent a substantial cost, and this base is also not recoverad
or reused.

c)The water associat#d with substantial concentrarions of
dissolved salts cafinot be recycled, and needs to be disposed of.
Thus, another disposal cost and a waste of water;

d)Extensive purification steps have tp be employed to get rid of
impurifies such as As, Mo, 51, and P before the liquid solveat
axcraction process’

1.3 Description of the process proposed by Verbaan

As mentioned befors, Verbaan and Brown (1986) proposed d new flowshest
which incorporates electrolytic membrane technology and results in the
production of highly supersaturated tungstic acid solutivns which may

. be crystallized to form erystalline tungstic acid. This novel process
has not yer been fully demonstraced or commercially proven.

In this flowsheet presented as fig 1.1 the soda ash pressure leaching
process described in section 1.2.2 is used to the point where the
sodium tungstate solution has been purified, that is, befors the
solvent extraction process is employed. Instead of using the sslveat
extraction process to produce APT two alectrolytic membrane progesses
are employed., A full description of the ralevent chemistry in the two
electrolytic processes is presented in Appendix 3.
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The f£irgt electrolytic membrane cell is used to remove #1l the excess
sodium carbBémats which is added in the pressure ldaching step. In this
process the alkali mecal ions are transperted across a cation
salective membrane from an anode compartment to a cathode
compartment., Caustic soda is formed in the cathode compartment while
GO - and oxygen are released from the smode. The caustic soda can then
be recarbonated with COp to form soda ash. The soda ash now formed
can then be yecycled back to. ths pressure leaching step. This first
electrolytic membrane process will be controlled {n such a way that
only the axcess sodium carbanate is removed,

In the sédond electrolyric membrane process the sodium tungseate in
the solution 4s convertad to tungstic acid. Once again the alksli
wetal icus are ted across the from the anode to the
ecathods, Caustic is formed in the cachode and tungstic acid is formed
in the anode compartment. The caustic soda is once again recarbonaced
and the soda ash is racycled to the leaching stzp.

The pura tungstic acid golution in the anode compartment has a very
high supersaturation concentration and is fed into an evaporacive
mixed suspension mixed product ramoval (MSMPR) crystallizer. Tungstic
acid crystals are formed and these crystals can either be dirsctly
caleined and raducad to form tungsten metal pewder, or the crystals
can bé redissolved in an aquacus ammonia solution and converted to the
usual APT crystals. The purity of the sungstic acid erystals will
datermine which of the two above possible routes will be accaptad.
Alternatively, (f the superssturated tungstic acid solutiom is pure
enough 1t can be converted directly to ammonium tungstats by tha
addirion of ammonia, and then cryszallized to form APT. It is clear
that the dirset caleinatison of the tungstie acid erystals could be the
more economical route because it eludes the usa of additional ammonia
solutions.

From the above discussion, it follows that the two electrochemical
processes reprasent an alternative to the solvent extraction method

AR U
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discussed in section 1.2.2 for ultimatsly converting sodium tungstate

the oxide | diate with the advantage that the

g:

alkaline reagent may be recoverad,

Yarbaan's process has the following potantial advantages over the
previous two processss described in seetion 1,2.1 apd 1.2.2:

a)Vircually all of the soda ash that is used in thé pressurs
leaching stap ¢an be recovered and vecycled back to the leaching
stap. Thus, no acid is raquiraed for the neutralization of the
sodi ash and ne diggolved salts tequive disposal of, Considerable
savings arising from the recovery of soda ash and elimination of
the need to use sulphuric acid can ba made,

bjThere ars no chloridés wused in this procass with the rasult
that corregsion is less.

e)Both high- and low grade schealite as well as wolframite ores
can be dscomposed in this precess,

d)The sodium agsociated with the tungstate anion is converted in
the wmembrane call to causcic soda Which in bturn can be
recarbonaced and reeycled back to the prassure leaching step.

e)If rthe tungstic acid érystals can be directly calcinated and
reduced te tungsten powder, no ammonium solutioms are needed
which also rapresents a saving in costs,
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Disadvantages of this process ave that the same purification steps
used in the soda ash pressure leaching process must be applied in this
process and the . fact that this process has not yet been adequately
and ially proven.

1.4 Purposa and scope of this study

The védrious discussions preécuding this section have shown that the
introduction of a mew précess to producé metallic tungsten will have
many advantages which will favour the aconomics of this industry,
Virtually all the gteps in this new prodess have aither been used in
industry or have undergome exténsive experimental research (Verbaan,
Greenslade and Wade, 1984). The one aspect of this process thac lacks
inowladge 1s the kinetics assoclated with the érystallization of the
tungsti¢ acld from the supersaturated solution since this has never
been attempred before. With this in mind the aims of this disservation
are:

a) To experimentally prove that crystalline tungstic acid can be
£rom a sup tungstic acid solutlon produced in
an electrolyti¢ membrane cell.

b) Study the nucleation and trystal growth kinetics associated
with the sxystallization of tungstic aeid.

In order te do these Linvestigations the Ffollowing procedure vas
followed:

a) Pure APT crystals produced at Boart Hardmetals (Bty) Ltd. was
dissolved in a stoichiometric excess amount of pura, hot caustic
soda solution. This was donme to permit production of socium
tungstate solutions in a raprcdx.xcibls mannex,
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b) This solution was bolled to remove the NHy which formed in
atep a.

¢) This solution was syeated in an elsctrolytic membrane cell at
a current deasity of 1000 lunp/\u2 and. & tepperature that varied
betwaen 30 and 40 °C. During this process the Na* ions wers
removed from the anode compartment, and tungstic acid in solucien
was produced. The final Na© lon concentration in the anolyte so
producad was typically 1 g/1 or less.

d) The tungstic acid solution wag ¢ontinuously pumped into a 0.8
1 MSMPR crystallizer which contained a draft tube circulator. The
solution in the crystallizer was kept at a boiling point of 94
°C, The range of stirrer speeds in the crystallizer variad
between 2400 and 4000 rpn. The range of residence times varied
between 48,6 and 500 mins.

@) Samples were perlodically withdrawn from the crystallizer and
the tungstic acid crystals wers rejovered by filtration,

£) The particle size distribucion of the crystals was
established, and thls information was processed to establish the
nucleation an crystal growth kinsties.

g) The literature was veviewsd to postulate crystalllizacion
mechanigms and sstablish mathematical models which ware daveloped
and fitted to tha expsrimencal data.

Tha treswlts obtained did not follow the Ldealized crystallizatien
kinetics pattarn. This suggested rhat the crystallizing system
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differed from ideal conditions and in order to correct for this a sizes
dependent growth rate model was derived and tested.
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2. THE CRYSTALLIZATION PROCESS

The maln purpose of this dissertacion Ls to study the kinecics for the
erystallization of tungstic acid from a supersaturaced solution
produced in an electrolycic membrana cell. In ordexr to understand why
it is impovtant to determine these kinetics, a short summazy of the
basic principles of orystallization Erom . solumion, efther as an
industrial or experimental operztion, fs nedessary, Such an attempt
has been made in thils chapter: Section 2.1 briefly discussas
erystallization as a . separation technique, The importance of cthe
erystal size distoibuvien (CSD) as a property inm the crystallization
procséss is stressed iIn sectilon 2.2 while some fundamental concepts
vhich must be. taken into consideration fior che design of a
erystallizer ara presercad ia sectien 2.3, TFinally, & simplified
esutinuous crystallizing syscem, the ldsalized mixed susgension uixed
product removal (MSMPR) cxystalllizer is described in sactiom 2.4.

2.1 Imtzoductien

According te da Jong (1984) crystallization is a commonly used in-
dustrial separations and purificatlon tachniqua. As a process for
separacion, erystallizacion is charactérized by a rxelstively low
demand for energy. This is parzieuls ly avident for
eoaling-crystallizacion Lif che working temperaturs is not far below
the ambient valua. Evaporative crystalllzation may de of interasst on
the grounds of enargy. In ] ve crystallization, as 4
with distillation, reflux fs not usad, However, the snergy consumpticn
par kg of material crystallized can be sharply raduced by means of
councer current multlstages ucilising energy integration. Tha optimum
number of stages can be chosen only by comsidering the energy optimum
and capital investment costs, -

In  either cass, whaether ths crystallization operation is for
separation and/or purification purpeses, there is a strong lateraccion
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and dependence between both the degree of separation and purificatlon
and the particu)‘,ate nature of the sollid phase produced, Fundamental
research on theiunit operation of crystallizatlon has focused mainly
on undatstmd!.nﬁj and prediceing the particulate nature of the
erystalline phase, recognizing that better knowledge and control of
this aspect would permit improvement of che unit operatioun of
crystallization, both as a separation and as & purificaticn technique.

Specifically, & gemeral théory of OSD has been advanced and refined,
Varicus experimental and theoretical studies of the kinaties of
erystal nucleation and growth .ratss together with particle mixing,
segregation, and classification wmechanics were {nitiated by varfous
xasearchars. Thass particle Xinetics aud mechanics, which in fact
establish the resulting GSD, permit analysils, evaluatidn, and
prediction of crystallizer performance at levels of operation ranging
Zrom bench le to al on,

The development of crystallizers has the vbjective of producing pure
srystalline materials with the mialmun combined cost for capital
equipment and for operating cos's,

2.2 Importanc~ of the CSD as a property in crystallization
processes

CSD 1is one of the most important, difficult to predict, and least
understood propertlies of crystallization processes, CSD {3 an
impertant property tha ond uses of the crystalline product
as well as Interacting strongly with the crystallization process
{esalf, Randolph and Larson (1971) state that scme of the more
important problems in the operation of industrial crystallizevs
involva ecrystal habit and purdtfy, salving (fouling), capacity and
scale.up, and crystallizer stability, All of thess problems inceract
strongly with the GSD in the crystallizer, and in fact, most of these
problems could be listed &s subheadings under the CSD, The main
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mechanism of lnteraction of these problems with CSD iz through che
level of tha driving force (i.s. supersaturation) in the process,

GSD  alse plays a wmajor wole {n . the economic wiahility of a
crystallization procssst Tha Lnvestment costs of a process for
separation by wmeads of erystallizacion can be considerable bscause
small =zates of growth of the crystals cam vesult in long residence
cimes in the erystallizer :o produce a product which Ls coarse anough
o be easily separated froa tha iiquid. In gemeral, lomg residence
times imply largs and cherefors aqostly equipment, In addition,
investmenc in squipment for saparating the crystals from the liquid is

Y. The i for such equipment is .detarmined by the
residence time to attaln a sultably low rasidual meisturs content {n.
the end product. This yesidence time - is again relatad to the

resistanca of the flow of a liquid through a layer of crystals which
inersases by a facter of 2.7 when the porosity of the cryscal bed
decreases from 0.6 to 0.5, Thersfore, the CSD should only ba allewad
to vary in a limived way (ds Jong, 1984).

Finally, de Jong (1984) szatus that the erystal size and scassar in
size of the dry orystals have an effect on the resistance of the
crystals to £low from sile’'s and on chelr bulk demsity.

2.3 Fundamental concepts {n the dasign of crystallizars

The design of crystallizers is based on their moda of operation. The
erystallization rata depends on che concentxation ¢f the feed stream,
che process condirifons and the equilibriws data. It s alsc important
te dacide whecher this mass of crystals is to be distributed among a
faw large crystals or among many swall erystals. This distribution is

detyrmined by che continuous i Lon hetween nuslsation kinatics
and crystal growsh kinetics as wull as by parclels classificacionm,
aterition and breakage. As mentioned earlier, the lavel of supar-

saturation is the major driving force for nuelaation and growth,
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Although supersaturatlon in & crystallizer may be very low, it is a
key function im all of erystallization processes.

Crystal nucleation and growth kinatics are the two main pheaomena
which {nfluence the €SD, A& third {s the residence time of the
erystals in the crystallizer, The crystal residence time {s often by
default a function of the crystal dimensions. The rata of nucleation
and  crystal growth, and the residence time of the crystals all depend
on how the mass of crystals are circulated in a crystallizer, as
characterized by the time of circulation, the velocity of llquid, and
the intensity of the turbulence. These factors are accounted for in
the concept of hydrodynanic behaviour. The total crystal mass per unit
volume, which influences the rate of nugleation, follows from the mass
balance and the solubility curve of the marerial being crystaliized.
The surface area of the crystals which is avallable for the reducticn
of the supersaturgtion follows from the GSD and the total crystal mass
per unit volume, The abrasion of the large crystals may have a
significant effact on the GSD, and hence also effect the behaviour of
& particular system.

Accort.ng to de Jong .
the design of cryseally. y

Group LI c:ysl:alnznci.ori kinetics, l,e,, rates of nucleation, and
rate of crystal growth,

Group 2: Spatial distyibution of the crystal masa, i.e,, the
erystal mass distribucion, hydrodynamic bshaviour, and residence
time of the crystals in the cxystallizer,

The significance of cthese groups are differenc for coutinuous and
bateh crystallizers, .
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The research done in this study concentratad on the use of continuous
crystallizers, It is for this reason that the rest of this discussicn
will orly ba concerned with continudus crystallizers.

2.4 The continuousd mixed guspension mixed product removal
erystallizer

In a continuous crystallizing system both the crystallization kinetics
and the spatial erystal mags distribution are important in determining
the CSD, Sectlon 2.2 explained the significant role which the ¢sp
plays in the davelopment =f an industrial srystallizex.

Crystallization- kinetics are often determined using laboratory tast
aquipment having capacities varying between 1 and 100 1. To eass
analysis, results are tisually obtained in an experimental crystallizer
opararing under steady-state conditions. It is difficult to define and
determine the spatial erystal mass distribucion for a continuous
crystallizer, To overcomeé this problam the measurements for
datermining the kinetics are conducted in such a way that the spatial
erystal mass distribution plays no part. This is accomplished by using
a N wvolume, 1 1, well mixed erystallizer
with mixed product removal. Such & cryscalllzer is therefore
characterized by “"mixed suspensicn, mixad product removal' (MSMPR)
condivions (ds Joug, 1984), ‘

The continuous MSMPR crystallizer will thus be used to generata growth

and nucleation rata data. Randelph and Lawson (1971) mota that

systems such as thess have the advantage that conditions similar to

those in industrial-size units can bs attained, The most important

advancage is that the technigus permits the measurement of both

nuclsation and growth rates simultaneously at the same lavel of
p n, aghtation, . and pensinn dansity.
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In
fallowing requirements must be met by a MSMPR orystallizer (McCabe and
Smith, 1978):

order to determine the kinetics of crystallizacion easily the

1) The operation is at steady stata.

2) at all ':.’iue/s the crystallizer contains a tixed suspension with

no product classificacion.

3) At all  cimes -uniform
suspension,

P on exists tk g0 the

«; HcCaba's so-called aL law for erystal growth applies. (Srowth
rata is independenc of crystal sizs.)

5) No size-classification occurs in the product removal system.

§) ¥o cryscals are intréduced with tha feed.

7) The product crystals avd mother liguor leave the crystalliizer
ac equilibrium,

8) No crystal breakage inte finire particla sir'< oceur,

1f thesa constraincs 1514, the MSMFR csystallizer is sald o behave
ideally. For such an ideal MSUFR crystalllzsr the nuclsation rate id
constant at all points {n che crystal suspension. Also, the wacs of
erystal growcth iy consvtant and indevendent of crystal size and




Chapest 2 Paga 21

location the suspension

It will be nmoted in the following chapter 3 that CSD's obrained
experimentally often differ from the results which were expected. This
means that owe, or more of the assumptions which wers made in this
section is incorvect, Thts subject will be Fealt with in Chaptar 3.
Chapter 4 deals with the basiec nucleation machanisms which can ba
present in the tufgstic acid crystallization system.
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3, DETERMINATION OF THE KINETIC PARAMETERS FOR CONTINUCUS
CRYSTALLIZATION PROCESSES

Considerable in the on of cthe kinetics of
erystallizacion have been made in «recent years with the help of
quantitative techniques based on the population-derisity theory. This
theory is concerned with the change in the number of particles in the
various size ranges, L.e. the so called population balance theory. The
populstion demsity n is defined as the limiting value

. lin
B = AL-0

B
1
|

dL

where AN is the number of particles per «nif] volume in the .
particle-sizs range AL. P -
)

The previous chapcter gave some background on the CSD in erystallizers
and why this is such an important parc of any srystallizing syscem. It
was also emphasised that the CSD of a criystallizer depends on the
kinetics of nucleation and grewth as well as the constraints and the
geometry of the system. It was satd that che geometry of a
erystalliizing system {s havd to define, and to avoid this prodlem a
MSMPR crystallizing system was adopted. ‘In the current chapter this
MSMPR system is used ro obtain the erystal ‘nucleation and growth rate
kinetics. It was mentioned abova that in oxder to accomplish this a
population balance must be sat up, Such a gemeral population balance
for a MSMPR crystallizer 1s derived 4in section 3.1, Section 3.2
illustrates the caleulation of the crystallization kinetics when ideal
WSMER conditions exist. In gection 3,3 are four differsnt population
balancas each oue relating cto & diffarent non-ideal phenémenon which
can occcur in a MSMPR crystallizing system. Finally section 3.4
summarises the crystal growth rate model which is usad ke £it the
won-ideal data in this dissertation to the population Bbalance
equation,
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3.1 General population balance equation for a MSMPR cryscallizar

The most general and useful form of the population balance equation is
the macrescopic population balance equation, derived by Randelph and
Larsen (1971). This macroscoplc population balance can be averaged in
the external phase space Lf it is assumed that the erystallization
process 1s carvied out in a well mixed vessel.

This population balanca can be used for dascribing transient and
staady stata particle size distributions in wall mixed vessels.

The basic aquation is:

in nd(logV) .p .\ a0
e T Voym dc -3-0D Zﬁvv 3.
3

Whera: n = Population dansity of the crystals.

¥y= The internal particle velocities y; which are assumad
to be a unique function of the state of the particla, an
example of lnrarnal convective velaocity i that of the
linear rate of growth of a crystal in a supersaturaced
solution.

V = Total volume of the suspension.

B = Empirical birth funection.

D = Empirical death funerionm.

Qj- The | input and output volumstric flowratas 5o the volume
V. Qj is taken as positive for flow eut of V and negative
for £low inte V,

ny= The population density of the § ch stream,

v

If rthe assurpcion of a continuous, constant volume, isotharmal, well
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mized crystallizer with wmixed product removal is made, equation 3.2
can be written as:

8o _ §(Gan) DE g SesD) |\ m 3
i el I A R —J—% 3.3
3

Whera: L = The characteri@tic lengeh of the particle.
G = Crystal growth rate.

This means that the only incternal particle velocity thas plays a parc
under this conditlons is the linear ‘growth rate of the particles.

This {s the general population balance equation derived by deriving
the population balance over a Macroscopic Exssrmal Coordimate Regilom
(Randolph and Larsom, 1971).

3.2 Populacien balance squation for an ideal MSMPR crystallizer

1f che physical assumptions menticnad in sactiom 2.4 hold, the MSMPR
crystallizer will bahave as an idaal MSMPR erystallizer.

The population balance equation for an ideal MSMPR crystallizer can be
developed from tha gemdrs) population balance equacion 3.3 derived in
the above gection. .

Assuming all che physical assumptlons in sectlon 2.4 to hold and
statlng thac r, the drawdown time of the vesssl is V/Q., equatien 3.3
reduces to!
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Vhare: Qe = Volumetric flowrate out of the crystallizer.

Integrating aquation 3.4 using the ‘Eollowing boundaxy cenditions;
n=n’ where L=0, results in equatioen 35!

w

n=a’ exp( c_& ) 3.
Whera: n’ = Population density of the nuclal sized crytals.

This is the populacion balance sequation for an ideal MSUPR
crystallizer.

An additional procadura to derive this same equation is discussed in
Appendix F, .

Datermining the crystallizacion kinecics using this Ldealized
popilation balatca equation

If cthe natural logarichm of n is plottad against L, a scraight line is
obtained with slope -1/Gr and am inteccept ou the ordinate axis of '
for L=0 as shown in figure 3.1, If cthe mean residence time, or
drawdown time, r is known, the wvats of crystal growth vata can thea be
caleulated,
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Intengept = 1o n”
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Figure 3.1 Semilog population dansity plec from crystallization in
an ideal MSMPR crystallizer

The population densicy of the nuclel n' is related to che kinetics of
nucleation in cthe following way:

Let the nucleation rats B' ba defined ast

a’

@ 4y a
B = {EE]L-O i 3.5

Where: N = Total number of parcicles per uniz volums,
§° = Total numbar of nuclal sizad particlas pexr unit volume.
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The growth rate ¢ s defined as:

The muclai populatien density has praviously besn defined as:

o |an
n = [Ei] 140 3.8

From simple caleulus Eollows thau:

e (B8

The wesult follows directly frem combining aquations 3.7, 3.8 and 1.9,

The paramecer n' therefors incorporates the nucleation kinecics, Thus
the growth and nucleatliocn racss can be dstarmined simultanecusly.

The erystallizatlion kineticd can be abtained from an analysis of the
cryscal size discribution obralned axparimentally for an MSMPR
erystallizer operating at equilibrium, This procedure is illustrated
in Appendix H.

In practice, the gost impovtant distribution is not usually cha number
disexibutien, but the mass or weight distribucion, From the deffnition
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volume of a system Ls given by:

Nc-rn(L) L
°

where a{l) is a functisem of u in terms of L.

following ewpression is obtained:

Ny = rn' exp(-L/Gr) dL
o

.
or ¥y = my = 0 Gr

consideracion.

lengths ¢f all the erystals in che diseribucvion, 45 follows:

L: -y J:L n® exp(-L/Gr} 4L

- ar(er) 2

Page 28

of the population density, the total —umber of crystals in a unit

Substituting aquition 3.5 (a the number discribution, equation 3‘1}.,
whare the integral converges for this exponential distribution the

Equation 3,13 is termed the zeéroth moment of the distribution and
vepresancs the total numbexr of cryssals in che volume under

Similarly, the higher moments vepresent othér physical quantitiss
pertaining cto the crystals in a erystallizar, The first moment is
cermad che specific lemgth Ly and is the sum of the charactaristie

P The sacond moment multiplied with an area shape factor i3 the specific
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surface arsa of the distribucion, as follows:

2.
A, =k mpw kaE n® exp(-L/Gr) 4L 3.15
3
- Zkn* (Gr)
fhe third wmoment mulieiplied by 2 volume shape facter usprasancs the
specific volume of che erystals in the distyibution. If this moment is

alse multiplied by the cryssal mass densicy che product is che
specific mass of crystals {n the distribucion, as follows:

Mo = ke = kg rr}n' exp(~L/Gr) dL 3.16
o
R
- kavn (Gr)

Refex ©o Randolph and Larson (1971) for the darivacion of thesas
moments.

For tha idealizad MSMPR cyystallizer the population balance equaticn
haz been derived as:

n=a axp(-L/Gr) 3.5

The distribution of this population balance has only one shapa, By
sbeciﬁying the predominant crystal size the encirs distxibution is
defined. Tha development of rhis predominant sizs is summarized in
appendix J.
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3.3 Population balance equation wheil nou-idasl MSMPR conditions
exists

The concept of a MSMER crystallizer daveloped by Randelph and Larson
(1962), has besn extensively used by various Investigators for the
simultaneous detsrmination of nuclsation and ~growth kinetics in a
crystallization system.

The population balance equation for am ideal MSMPR ecrystallizer as
darived in section 3.2 has cha £4llowing form:

n-u'exp(an/cr) 3.

w

When plottad as’ In n against L this equation gives a straight line and
most of the publisked datd appears to follow such & law.

However, with the advent of more sophisticatad parcicle size
measuvemant techniquas, wvhich permit the delina;rciun of the crystal
size distribution in the near micron range, stg(\ifinmt deviations
from the ideal MSMPR model have béen observed (Mmananyanan Athreya
and Llarson, 1980). Populations in this neglon wexe often found to ba
saveral ovders of wmagnituds higher than that which was expectad or
could be ratiounalized. 4n illuscrative axample of such & phenomencn is
presentad in figure 3.2,

The follewing explanations for this nom lineax behavi .; of the data
have been proposad by Ramanarayanan, Athreya and Larson (1980):

1) Clagsified product removal from the crystallizar,
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2) Direct bilrth inte the measursd size range.

3) Growth rate dispersion exhibited by the small érystals.

4) Size dependent growth of the small crystals.

The affact of sach . the above axplamations on the MSUPR crystallizer
kinetics will be- .. cussed in fuxther detail in cthe following

sections,

Stape 1n Lhe near amicran range.

inn

Slape as aradicled by the

Jdeal MSMPR daba.

Population densily,

Figurs 3,2 Hypothetical dalineation of the semilog population
density plot in the near microa rangs arising from the
advent of more sophisticatod particle siza measuremenc
tachnliquas
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3.3.1 Population balance equation when classified produst temoval
From the MSMPR crystallizer occurs

According to Rendolph . (1965) classified product removal oceurs when
the mean retention probabilicy of the particles vary for the various
particle sizes. Removal of product-size crystals may be accelesrated or
ratizded relative o the ideal mi%ed removal case, producing narrewer
or wider CSD's .than the ideal MSMPR distribition. Such produst
classification can occur inadvertenzly at che point of slurry remowal

from. a mixed suspension, or deliberately from. a size-classified zome.
An  axample of the flrst type is intermictent preduct removal from a
wvertical boo“leg dinto which the larger crystals prefarentially drift
during the off portion of the cyele. Careful studies by, Randolph and
Larson (1971), of solids removal Irom jyixed slurries indicate thag

appreciable classification always occurs unlass the slurry stream

temoved isokinetically, i.e. at the same vecter velocity as the

wirculating magma at the point of removal.

beliberate size-classification can be achieved, in a mechanical sense,
Wy several types of equipment such as elutriaters, hydrocyclomes, etc.
I£% a * -solid-fres liquer is available for counter weshing,
cimssification by elucriation can limit product draw off to
esiez{:imlly those crystals above a certain size. In sctual practice,
clasyfffication devices such as hydrocyclomes can be used to
prefergiiially remove pavticles larger than the class&ficacgon size

from ' she suspension, rather than removing particles less thsa the

classilicaticn size from the product. For the purposes of deriving the

" population balance, a classification model shall be used which is both
idealiiad and yet realistic, especially with respect to the praviously
mentiowsd clagsificarion devices.




Chapter 3 Page 33

The idealized model for classified product removal was described by
Randolph (1965) as follows: Assume cthat crystals smaller than the
classification size Le ave temoved at & rate Qe, while those greater
than siza L. are removed at a xate zQs, where 2z &s a simple
conStant. The floW rate Q. maintains the liquid level in the system.

The populaticn balancs derived in section 3.1, for rhis case, assuming
that all che requirements put forward in secticn 2.4 have been met,
(except thé gsecond oue which assumes that no product classificacion
oceurs in the system), produces the following result:

fi-3 éa o,
TrGgE+nm 2ao 3.17

Whers: h(L) = Size dependent withdrawal rata., h(L)=l for L<L.
t(L)=z for L>L.

Solving this population balance laads to the following two rasults:

a =’ axp(-L/Gr) for I<l. 3.18

no=n' exp((z-1)Ls/Grjexp(-2L/Gr) for I>Le 3.19

The derivation of thesa axpressions kas been done by Randolph (1963).
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Flgura 3.3 compares the characteristic CSD form for an ideal MSMER
erystallizer with that for a classiflied MSMPR crystallizer. Nota that '~
in cthe case of the classifisd MSMPR crystallizer two different crystal
growth ratas are apparant: For small sizes up to a certaim polnt the
slope of the curve is small and therefore the growth rate large. The
next part of this curve shows & larger slopd and therefors a smaller
growth rate. This type of bahaviour will occur when z {s larger than
univy, 1.e. more of the large crystals will be remcved and the system .
#ill interprat tha lack of large crystals as a slow growth rata om ﬂ\g‘
pare of the larger’ crystals.

in p

HsHAR ramaval (ideald

opulalien densily,

L tpmd

Figurs 3.3 Hypothetical semilog populacion demsicy plec for a MSMER
erystallizer with classified product removal
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3.3,2 Population balance eq\.-atf.on when direct birth into the
measursd gize ranges occour

The general population balance equation 3,3 darived in section 3.
sppearad as follows:

Qin.
fa . & ¥ 533
s:+sL(G“)+“d:+D‘B 7

Diract birth océurs whem nucleation occurs bscause of the acerition of
axisting crystals in the system. Bdciise nuclai ars produced at a size
other chan zera, the GSD can no longer be used to calculate nuclaation
rages unless the variation of growsh rate with crystal siza is
{ndependently known. If the variation of growth rats with crystal size
is not known, equation 3.3 contains two unknown futictions of particla
siza, namely size-dependent growch rate G{L} and the “birth
distribution function B(L). The bircth function, B(L), &nd the death
funetion, D(L) are idvarrelated., Thus, it {s patently fmpossibls <o
uniquely specify both silze-dependent functions B(L) and G(L) using
ouly the single size dependant mehsurement n(L) withour further
simplifying prions &z ind E . T this
problem, Randolph and Cise (1972), and Youngquist and Randelph (1972)
have assumed that all auclei ave produced at zare size, thus B(L)=0.

For cthe purposa of this discussion, a steady stata crystallizer with
mixed product vemoval, liquid faeds, and a cuystal system in whiek
lineax growth rate 1is indspendent of size, will be assuied. Taking
this inte consideration, aquation 3,3 rzaducss to:

Randelph (1969) svaces that the birth aad death functions, 3 and D
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raspectively, are ingluded in the population balance to account for
the fact, that crystal breakage invelves a lass of particlas at che
size broksn, and a gain of particles at chs size of the resultant
places.

Iﬁ 1s obvious from the above population balance equaticn that the onty
way to solve this equatdion is if expressions for the birth and death
functions are presentad, 4 complete descripeion of chese exprasgions
ara prasentad by Randolph (1969).

3.3,3 Population balance aquacion when growth rate dispersien
oceurs in the MSMPR crystallizer

According t£o de Jong (1984) there is substantial experimental evidencs
that, when exposud to. constant extarnal conditions. of

o ation D and &k & , different cryscals of
the same size and of the same macerial can grow at differeqe ractes,
This phenomenon has become known as growch raty dispersion. MHost of
tha researchers doing work om this subjact support the view thag,
although diffarent crystals have diffsrsat ‘rowth ratas, a given
crystal usually grows at & consc.it rata at lsast for periods u to a

fow hours, This meang that sizs dependent growth does not occux.
o Another explanation for the obsufved non-ideal behavicur of the MSMPR
. erystallizer is d by thase S

1f growth raca dispersion occurs, che mass of crystals with high
growth rates {ncrease mova rapldly chan those of crystals wich low
growth rates, Orystals with high growsh rates then comsribuce
relatively more to the total mass, and the total increase in mass is
larger than would be expected oun the basis of the average growsch rats.
The growth rate cthus appears to increase with crystal size and
exparimental measurements can be Incarprated in tamms of a
size-dependent growch race model. Any subsequenc siza analysis tends
ta ssparate the larger fastar-growing from the smaller slower-growing
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crystals, and 1f these size fractions are usad for subséquent growth
B =i, Jap growth rates are again observed.

The causes of growth rate digspersion can be explained wting the same
surface integration process as will be discussed in section 3.3.4, In
this case'howevér it is sssumed that differant crystals have different
vaiues of s, the roughness of a crystal surface, and crystal size is
not taken Llite account, )

To modify che population balance in oxder to incorporate the effect of

grouth vate digpersion, Jamse and de Jomg (1976) ‘suggest "fp the

growth rate ‘G must be handled s ‘.  distributed variall,
authors integrated the balance equation ovar ths growtu.’
distribution to give an equation for n as 4 funcelon of the a
growth rate G on the assumption thac G obeys a gamma distributish,
The result was not very favourable siac two additional parametexs in
the emp»irical on for G were i These two parameters
needed to be determined experimentally which could only be.done i the
¥ of the CSD wds great enough.

Not all the fnvestigators working in ths fleld of crystallization
support  this view of growth rate dispersion. In faet, much
experigental work has been interpreted 4n tarms of size dipendent)
growth rates (Garside, Mullin and Das, 1974: Carside and Jancic, 1976)°
and several size depéndent growth rate aquations have been proposed
(Branson, 1960; Cannimg and Randolph, 1967 and Abegg, Stevens and
Larson, 1968) for use in combination with populaiion balance equations
in G8D modelling. A further discussion of size dependent growth rates
will ba presentad in the following section.
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3.3.4 Population balance aquation when the crysusl growth rates
are size dapendant

It is reported by Abegg, Stevens snd Larson (1968) that crystal growch
consists of three basic steps:

a.[ The citi.fquion of soluts molacules from the bulk of the
solution to the cxrystal-golucien intarface, followed by

k’)‘ 8 surflagy reacricn as the solute molecules arrange themsaelves
iaco sgal lactice, and

¢) thé . ',ion of the heat of crystallization from chg cr.-yS -
solution intsrface back into the bulk of vha solutiom,

According to this author the sffect of the last stap on the overall
groweh process is small in comparison with the first two sceps and can
be Lgnored,

- >
1£ the growch vrata is limited by the ¥ate of diffusfon through a -
laminar ~film, che growth rate 1s sald to bs diffusiom-camtwelled. If*-
the diffusicn rasliscances is lass than the ‘rasistance dus to %he .
surface yreaction, tha growth rate is resaccion dontrolled,

Ic was mentioned in sacticn 2.4 that {n ovder for a MSMPR crysvallizex
to behave i{deally, certain constraints mnust be met. One of thega
constzaints 1s crystal growch rates must be size iIndependanc. Various..
investigators such as abagg, Stsvens and Larsen (1968) have shown that w‘
this constwaint is difflcult o meet and the non idaal behaviour of a
KSMTR  crystallizer is wusually tha rasulf of sizs dependent gremh'
ratas sthibitad by the eryscals.
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Three mechanisms for size dependent growth have been comsidered by
Abegg, Stavens and Larsen (1968):

a) The effect of bulk or wvelume diffusion of soluta to the
cryssal surface,

b) the effect of orystal size on the squilibrium s¢lubllicy
corragponding to that size - i.e, the so-called Gibhs.Thompsen
affect,

g) and tha effect of size d surface i Lon kineties.

Catside, Phillips and Shah (1976) suggest that the First twe effacts
are uniikely to bs imporuant over the size rarge 1-100 um, Howewas:,
tha pert 1 studias fox the sake of this dissextaticn
pragent evidence for borh the f£irst and third mechanisms.

Each of rthese three siss dependent growth mechanisms will now be
dipeuszed mora fully.

Bulk or velume diffuaion

For large oxyatals, 1f cha growth rave is diffusion contréllad, siza
dependent prowth rdatss ogour. The lavgar corystals have a higher
settling veloeity and henca & greater relative cxystal-solution
valoclcy, Stnce the diffusion boundary layer and the diffusion resls-
tance decraase as the valocity incréases, the growth rate of the axys-
tals in a mixed suspension will be expscted to iIncrsase with
increasing crystal size, This Is oxactly vhat Ls demonstratad in
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figure 3.4: The slope of the cuxve decresse with 2n {ncreass ip
exystal siza and hence che orystal growth race increase with an
increase in crystal size, (The absolute - inverse of the.slope is

proportional to the crystal growth rate as explained in section
3.2.)

populalion densily, in o

T Tpnd

Figuze 3.4 Hypothetical plot of an increasing growth raca wich b
{increasing crysval size

This bulk diffusion maechanism for large ecrystals does not slways
eusyrs thut growch rate {ncreases with cxystal size because Badnet
(1962) presented data which fndleated exystal growth rates which ware’
inversely proportional te crystal size. This phenotienon is
{lluscraced im figure 3.5. Benmet belleves that this affect is caused
by classificatlon taking place at holling suxfaces where the super:

sl Ve w
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saturation may be considersbly higher than in the bulk of the ¢rystal
suspension. His views are not supported by other experimental obser-
vations and the £irsc idea of an increasing growth rate with an
increasing crystal slze ssems mors appropriate.

\

Popuialion density. in n

L tpnl

Figurs 3,5 Hypothetical plot where growch race is {aversely
proportiotal to crystal size

Garside, Phillips and Shah (1976) report that for smsll crystals
{1-200 um) the partiele Reynolds numbsr will be small, and as the
Reynolds number tends to zero the mass transfer coefficisnt kd will be
given by a limlting value, 1f growth in this region is diffusion’
controlled the growrh rates will then incrsase wiih dacrsasing crystal
size,
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It will be shown in chapter & ‘:‘ha: this phenomenan of a slight
Increase in crystal growth rates with a decrease in crystal size, for
very small corystals, does occur in the tungstic acid crystallization
system studled in this disser=ation.

Gibbs-Thomsen affact

A complste discussion of the Gilbbs-Thomson effact hay been, presanted
by Garside (1980) and Garsida and Davay (1980). A brief summary of
theiz findings is presentad hera:

The . solubiliey, ep, of a small exystal is related to its dlametar, L,
by the Gibbs-Thomson equation:

°L
== = aug(ily / RTpel) 3.8
o .

Where: cp=Solution aquilibrium concencration for cryszal size L.
&¥=3ulk solution equilibrius conceutratien.
M =Helecular weighc,
7 =Surface ensrgy.
R «Gas constant,
T ~Absoluta tamperatuzre.
pemCrystal densiry,
L =Characteristie crystal size.

From equation 3,2L ic follows chat cha effact of cryscal size on the
solubility of a eryucal is such as to increase the solubllity with
decreasing size, The driving force for growth, and hence the groweth
rate of smnll cryscals is thevefore less than that for larger
eryatals, The size at which this effect bacomes significant depends on
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the interfscial tenmsion for the material in question. Although this is
a quantity that is difficult to measura or predicc with any accuracy,
calculations performad by Garside (1980) using typical values indicate
that the effect is unlikely to be significant for crystals larger than
about 1 um.

Surface integration kineties

si. d surface & n kineticy have basn found te apply
for the ctystallizacicn of potassium sulphate (Garside, Mullin and
Das, 1974), potash alum (Garside, Janssan-van Rosmalen and Bennema,
1875) 4nd hickel sulphata (Phillips and Epstein, 1974) crystals, Thr
surface integration rates ware found to incraase with jncreasing size
for all these salcs and the results could be empirically correlated by
a powar law aquation of the form:

Ggp a LY 3.22

Whers: GgywGrowth rate when surface Lntegration kinetiss 1s the
limiting eensctraing,
1 ~=Characteristic crystal sizs.
¥ =0,7 for K950, and 0.5 for both porash alum and nickal
sulfate.
The observation that surface {ntagratlion rates incrsase with an
inerease in exystal siza, is explalned as follews by
strickland-Constable (1972). Vexy small cxystals may often be born in
a near-perfect state virtually frea from defacts, In & multi.crystal
system guch as a cryscallizer, the fraction of crystals of a given
siza ocontalning dislocations will then incwraase with increasing size,
Since it is easiar for a rough surface to grew chan a smooth surfacs,
this leads to an increase in the avarage growch rate with an increase
in the erysval size.
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The increase in the number of dislocaticns with an increasing crystal
size may oceur for a number of repsons. Mechanical stress and the in-
corporation of impurity atems into the lattice may both be imporzant
factors-in initiating dislocacious. In additiom, the energy of crystal
collisions will be greater for larger sizes and the chances of a crys-
ta} colliding with the impeller, wall or other erystals will also be
grearer as a vresult of the increasing imervia of the crystal. These
more energetic collisions may increase both the amount and severity of
damage to the crystal surfaca.

The £fact ‘that a réugh surfaced crystal grows easier can ba explained
using the theory of Burton, Cabrara and Frank (1951) that suggascs
that . the surface-reaction contxolled growth rate of 3 crystal face is
given by an exprescion of the form:

R

g

G-C—'Tanh(s

P 3.23
Wnere: G = Linear growth rata,
G = Constant.
§ = Supersaruration.
And
o Su8ya
e " S 3.26

Where: y = Surface snergy.

a = Distance between growth units in crystal latvice.
s = Measure of the "roughness® of the crystal face.
k =~ Boltzmann censtant.

T = Absoluts camperatuxe.

Agm Mean displacemenc of surface.
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‘The value s is a measure of the "roughness® of the crysral face and
Bennema and Gilmer (1973) suggested that as new dislocations are
produced by méchanical stress, damage ete., the value of s may thus
increase. The consequent . reduction: in 7, in equation 3.24 will
result in increasing growth race G in equation 3.23 if all the other
parametars in the above equation 3.23 rémain constant, This appears to
happen in the current tungstic acid system, and will be Llluscratéd in
section 6.4.3. Y

A very thorough discussion of siza-dsfandent orystal grewth mechanisms
has been preserited here. This is nécddsary since it Wil B shom«r
section 6.4.3 that size-dependent crystal girouth valek ‘ag
mechanism "which lsads to uon-ideal MSHFR crystallizer re,
prasent tungstie acid crystallization study.

3.4 Selection of a gize dependant growth rate modal

Enough evidence has been obtained from the experimencal work in
section 6.4.3 to be able to say with confidence that the main reason
for mnon ideal MSMPR behaviour obsexrved for the tungstic acid system,
is because of size dependent growth rates which occur, 4 size
dependent growth raté model must now be proposed and tested on the
exparimental CST data.

Abegg, Stevens and Larson (1968) - list & number of desirable
properties which -uzz be included in a realistic and useful growth
rate model:

1) The growth rave model should be continuous in a region which
includes L=0,

2) The growth rate model should satisfy che condition G(0)AD.
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3) Tha =zeroth moment and all positive moments of the population
gensity distributions generated by the growth rate model should
converge as discussed in section 3.2.

4) The wedal should bs capable of fivting data which exhibit a
groyth rate proporticmal to srystal size,

Several suthors have proposed -wempirical size-dependent growth rate
models (Bransom, 1360;  Canning and Randolph, 1967 and HcCabe and
Stevens, 1951). However, unone of these models satisfy all of the above
desirable progerties.

A growth rate model which does satisfy all of the above points has
‘been presented by Abegg, Stevens and Larson (1968) as follows:

G(Ly = 6 (+L)® lsh<l 3.25
L=z0

Where: G(L)} = Size depandent growth rate.
6" = Growsh rate of the nuclai sized erystals.
L = Characteristic erystal dimension.
v = 1/(6"r), whexe
T =~ Drawdown time of the crystallization vessal.

In addition, this model is capable of dascribing systems where growth
rate s inversely proportional to size.

If this growth race model is incorporated inte the general population
balance equation 3.3, and the only deviation from ldeal behaviour is
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size-dependent - growth, then the steady state population distribution
corresponding te this model is:

LiLyl-b
(L4vL) } 3,26

nw Kgn (Ll P exp[- T

Where. n = Crystal populatiom demsity,
Ry = exp(1/(1-B)]
n = Nuclei population density.
s:isb<gl

For bewd this  model gives the same yesults as Ythe ideal MSMFR

crystallizing system.

Introducing two dimensionless verisbles y and x, where y=n/u and
x=vL, the abova population balance can ba rewritten das:

(1+x)1-b
+L=b<l 3.27

- X b .
¥ = Ra(l+x) axp[ %

Plots of some of these dimensionless population distributicns for
different values of b are presented in figure 3.6. It is apparant from
this figure that the ideal population distribution will be obcair}ed if
b=Q, For b values betwven O and 1 the population distribution id such

yhat an increase in crystal size relults in an increase in oxystal
growth rates. For b values between <1 and O the growth rates ave
inversely proportional to the crystal size,

This proposed growth rate medel 3,28 will be testad and the rqsults

prasented in chapter 6.
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Inly2

Dinensioniess populalion density.

AN
s..a,.\h.\u 5

Dimensionless Iixi

Figure 3.6 & ploc of the dimensionless population density
distributions for different values of b as
caleulaced using equation 3.27
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&, CRYSTAL NUCLEATION THEORIES

In order to fully define a crystallization system, the type of
i the crystallization process must be

nucleation mechanism
ndwn and expressed with an explicit exprassiom.

Describing the nucleation and growth rates of a crystallizing system
with sxplicit aquations allows:

1.  The results of ewperiments to be manipulated and graphed in
ways thdt allow undergvanding of the crygtallization proeess.

2, The crystallization kinetics to be incorporatad Into
analytical scale-up and/or design procadures.

sccording to Randolph and Larsen (1971) varlous investigators have
shown that new crystal formatioh can result from one, or a

combination, of the following four pucleation mechanisms: Homogeneous
nucleation, heteroganeous nusloation, sacondary nucleation, and
aterition,

Homogehwous nucleation oceurs f£rom clear, highly supersaturated
solutions when aggregates of solute molecules attain sufficienr order
and size to form a stabla, solid particle, Heterogeneous nucleation
generally refers to new particle formation resulting from the presence
cf foreign insoluble mavevials, eg. dust ste, These foreign materials
provide sitas where crystals ecan form becauss of reduced energy
réquirements. Secondary nucleation reférs to pucleation induced by the
presence of suspended crystals c¢f the solute. It is to some degree
similar to haterogenaous nucleatlon. It has alternatively been called
breeding, ancillary nucleation, ate. actrition {s simply the
mechanical degradation of suspended crystals in which pleces and
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chips of the crystals become growing crystals. This type of nucleation
i{s basically the same as secondary muclsation and will not be further
dealt with as a saeparate nucleation mechanism. Each of the other tiarae
nucleation mechanisms will now be discussed in sections 4.1 to 4.3
whila the effects of nucleation and growth kinetfcs on GSD will be
illustratad in section 4.4,

4,1 Homogeneous nucleation

The Ffundamental ex;:3ssion for the rate of homogenects nugleation was
proposed as an Agrhenius-type ralarcivnship by Randelph and Larson
(1571):

B'G EXP(-aG*/T) 4.1

Wheza: 3 = Homogeneous nucleation ravs,
G = Proportiondlity comstant,
4G¥~ Frae energy of formation of 2 nucleus.
k = Boltzmamn’s constant.
T = Absvlute tamperatire.

The frse energy of formation a6* {5 the sum of & bulk and a surface
coatribution, It is difficult to assign a meaningfull value zo this
quanticy becausa of che very small surface area of the nucleus and the
virtual impossibility of measuring such quantivies. Scudies purporting
to verify this equation genmerally involve calew!asing the sunfase
ensrgy from the exparimencal muclaation rate date and then making a
3 ag to the bleness of {ts magnitude. Most results have
been inconslusive, however (Randolph and Larson, 1971).

4.2 Herarogenmeous nucleation
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A‘nocher nucleation model has besn proposed by Randolph and Larsoun
(1971) wbich accounts for heterogeneous niicleation effects:

3 By m[-u/m<1am73v/3kmagzs)b] 4,2

Where: B° - Nucleation race. 3
By,  Dapendent on the number of nucleus sites svailable for

nuclaation.
= Boltzmani's constant,
= Tha gurface tensiocun.
= Absclute temperaturs. B .
= Supersaturacion of the czystallizing selution, P
= A factor less than oue.

o we e ox

. ¥
Little suecess has been achieved in pradicting experimental behaviour
using this equacion,

4.3 Secondary nucleation E '

Recent wotk attempting to characterize the nucleation phanomena in
crystallizers has shown that the principal phenomenon is secondary
nucleation (Larson, 1981; Desai, Rachow and Timm, 1974 and Youngquistc
and Randolph, 1972). Hence, much effort has been devoted to detarwine
tha mechanisms and kinetics of sacondary nucleation.

Several imvestigators have provided insight into these mechanisms.
Mason and Strickland-Canstable (1966) have suggested that three types
of nucleation oceur in the prasenge of seeds, The first is initial
breeding which results when dry ses .. :. laced in solution and when
microscopie crystal dust washes -~ 11 sesds to form nuclei. The
second Ls needle brseding resv ;. l.om the breaksge of large
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dendritic  growths. The third is collision breeding in which
nucleation is {nducad by collisions of seed exystals with solid
surfaces, Of these, only the last 1is a major source of secondary
muelel in well-designed crystallizers.

Lal, Mason and §trickland-Constable (1969) were the first fo
demonstrate conclusively the existence of collision breeding, Using
Mgs0, 7H0, KCl, and K erystals, they showed that fluid 'shear alone
does not give rise to nucleation when a cured seed cxystal is placed
in a supersaturazed soluriom, Crystal-solid contacts, howaver, did
produce nuclel. Clentz and MeCaba (1971) observed cthat single
ecrystals subjected to fluid shearing forcgs at intermediate to low
levels of supersaturation did mot give rise to sSpontaneous nucleation,
but a crystal contact was required to iniclate nucleation. When 2
crystal collided with a surface or with a second cxystal, profuse
rucleation occurrsd. Grystal/erystal surface contacts were more
fruitful than crystal/non-grystal coantgcts, Crystal edge collisions
and $liding contacts greatly Lncreased the number of nuelei.

Johnson, Rousseau and McCabe (1970) extended this work to show that
surface roughness and hardness of the crystal face as well as the
hardness of the contacting surface affsct the nunber of nucled
produced.

These studiss have shown that Sacbndazy nucleation is predominantly
due to collision breeding. That fg, nuclei result from the collision
of saed crystals with solld suxfaves, which in the cass of a MSMPR
exystallizer may be other crystals, impeller blades, or erystallizer
surfaces.

The intrinsic mechanism fér collislon hreeding is unknown., Powers
(1963) postulated a two-step growth mechanism by which solute
aggregates flrst diffuse to crystal surface reglons and then become
ineorporated into the intricate lattice stxucture. If the lattice
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incarporation step is vate detarmining, & surface zome of partially
oriantad silute aggrogates develops. Upon collisien this partially
orianted material is displaced £rom, the ' crystal mother ligquor
interfacs inte the bulk of che fluid. If the size of the dacached
cluster exceeds the critical radius, a nucleus will be formed.

1f 4t is assumed that collision brmeding &onstitutes the main part of
secondary aucleation, explicit aquations for this secondary nucleation
can chen be postulated, Three different modals have been proposed and
each of thess medals will now be discussed:

A) Sccording to-Desai, Rachow and Timm (1§74) 1f the rige of collisian

breeding is related to the frequency of collision, one would expect
secondary nucleation to cerrelate wich the total number of crystals

within the suspended magma. Inasmuch as rha < sl nucleus size and
the exusne of ‘aggregats oriedsation * .. boundary layer azs
functions of on pergacuration’ will alss be a
variabla.

BT - Ry 55 NP 4.3

Whara: B’ = Secondary mucleatfon racs as a function of tha tatal
number of crystals in the suspendsd megma.
Ky = Proportionality constanc.
§ = Solution supersaturatlon,
Ny = Total number of crystals in %nd magma.
¢ und p are both kinetlc ordars,

B) Caysy and Estrin (1967) observad =pian L& was necessary for seed
erystals to excead a nfnlmum siiz Gefore they bhesame nucled
generators, Since the total number of oryywals in & steady state MSMBR
crystallizer 1s ocomprised prineipally of particles near nuelsi in
size, an argument exists for the invesgigsclion of other nuelsatien
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rvate models, Shor and Larson (1971) postulated that the surface of a
¢rystal may be composed of a mumber of -crive sites, pdssibly formed

by surface fons, They d thdat a surfactant would
increase the veactivity of sites, wheréas an adsorbed ionic impurity
would decrease such activity. Experimental obgervations wers

consistentl with such a modal., If it is further reasoned chat the
number of s$ites per iurface area is counstant, the rate of nucleation
would be expected to beé a funetion ¢f the total interfacial cryscal
arsa as well as the fundamental mass transfer driving force, L.e.
supersaturation. Their model was as follows:

B® w Ky S ALK 4.4

Where: B" = Secondary nucleation rate 4s a function of the total
intarfacial crystal area.
Ky = Proporrionality constant.
§ =~ Solution suparsaturation, 4
Ay = Total interfacial erystal area, ’
v and k are both kinetic orders.

C) The assumption that secondary nucleation iz dependent wupon
suspension density has been made by Larson, Timm and WolEf (l968), and
Rosen and Hulbert (1971):

3" =gy stoud 4.5

. Whera: B' = Sacondary nucleation rata as a function of thas
suspension density of the crystal magma.
Ky = Proportionality conatant.
8§ = Selution supersaturation.
My =~ Suspension deusity of the crystal magma,
i and § ars boch kinetie ovders.
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Desal, Rachew and Timm ({1974) showed tvhat the model represented by
equation 4.5, where the vate of nucleatisn {s correlatad in terms of
ded wagma density, is the most appropriate
model to use to exprass tha secondary nucleation kinetics in a MSMER
erystallizer inm an axplicit equation. This is also the expressien
which will be used in this dissercatien.

tion and

In many systews, j was found £o be unity. It is important to note that
the temperaturs level and the presence of foreign soluble or insoluble
material can also effect all quantities and parameters in the above
axpresaion 4.3,

4.4 Effacts of nueleation and growth kinetics on C5D

This gection ignores the fact that crystal growi rates may be a
function of & variable otber than simply supersaturation. Although
thig 1Ls fimcorrect as has been proven in this dissertacien, it
satisfactorily serves to illustrata the offects which nucleation and
growth kinetics may have on CSD.

Various empirical expressions for nucleation rates wers prasented in
seqvions 4.1 to 4.3. The empirical expression usually used by Randolph
and Larson (1971) for the erystal growth rate i{s a simple funczion of
suparsaturation;

G = G(3) 4.6

Larson, Timm and Wolff (1968) developed a power law model to aid in
evaluating crystallization systems whera homogensous nucleation is the
dominant source of nuclei. This sysrem Ls modelled by the kinetie
aquations:
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B -y st and %
ks 4.8

Where: B' = Crystal nucleacion rats.

= Proportionality consianc.

=~ Supersaturation of the soluktiom.
= Kinetic oxder,

Crystal growth rata.

= Proportionalicy constant,

&Fornorx
'

8y combining equacions 4.7 and 4,8, the supersaturacion can be
aliminated to obtain:

B = Xy GF 4.9

Tae value of 1, the kinactic order, can be found by plotting ln B
versus 1ln G. The model is an adaquata represeutation of chs
erystallizacion system when the plet is a straight line. The slope is
then equal te 1.

When the above equation {s an adaquate model of the crystallization
system, the crystal size is svhancsd when the suspension densicy is
inerzased. The lower c<he order of i, the greater will be chis
anhancament, Figura 4.1 shows tuypical effects of different
population densities on the CSD of a erystallizer. The davelopment of
the equaticns relaving suspension demsity to growth rave, nuclel size,
and domipant crystal size are given in a articla by larson, Timm and
Wolff (1968).
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frz >

nn

Populalion densiby.

Tl

Figure 4.1 Comparison of ¢SD from crystallization's with differsme
sugpension deasities (nonsecondary nucleacion)

When secondary nucleation is the dominant nucleation mechanism in ths
crystallizer, the effects of both sup ion and s d solids
must be included in the nucleation modsl. Such a model has been
presentad in section 4.3:

B m iy st d as

Eliminating supersaturation using a linear form of the growch rate
modsl (equation 4.8) gives:

3" = kg Gl 4,10

This model tacitly assuames that aucleatlion occurs only in the prasance
of suspended solute solids.
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Larson, Timm and Wolff (1968) again showed the davelopment of the
equations velating suspension density to growth rate, nuclel density,
aod  dominant erystal size. For the case where j=1 the suspemsion
density 1s linearly relaced to the nucleation rate, The same GSD
resules for differenc suspension dansiciss regardless of the kinetic
order of its on on. This is 111 d by
the parallel lines iﬂ figurs 4.2,

1o n

Populalion density,

T Cpmd

Figura 4,2 Comparison of CSD from ¢rystallization’s wich diffsrent
suspension densities (secondary nucleation)

Por che cass of 0<j<l, the overall ¢SD will be enhanced by increasss
in suspension density, The maximum snhancement will oceur as j
approaches O, For the case of J>1, che overall €SD will be raduced as
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suspension dansity is lncrsased.

It is impewtant to do. an analysls . of the kinetic - data for a
crystallization system, since this can yield an underscanding of the
fundamental - factors crolling the crystallization Qf equal
importanca is the need to determing the effect of the contxollable
varidbles upon properries desired in the product being producad in the
“erystallizer. Interrelationships of the ixdspeadent parametérs need to
be determined. A designed experiment can bring o light which
parameters are significant and what on of these

can optimize product proparties.
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This chaptar has been divided in four sections! The first section
deseribes the experimental apparatus which was used to gemerate the
exparimental data. Section 5.2 describes the reagents used in the
experimencs, Section 5.3 summarises the amalytical tachniques used to
analyse the experimental vwesults, and finally section 5.4 dascribes
the exparimental procedures adopted for the experiments.

5.1 Apparatus

Two sats of appardtus were ‘used: 4dn -electrolytic uewbrane éell
arrangement which convertad _sodium tungstate solution to a tungstic
aelt golumion, and a MSHFR crystallizer srrangement whidh Wi G8sd to
crystallize cthe ctungstic acid crystals out of the elactrolytically
produced tungstic acid solution. The first piece of apparatus was
used merely ¢to produce the llquar with which the actual
erystallization eXperiments wers performed while the sacond apparatus
was the plece of aquipment used to generate the experimental GSD data,

5.1.1 The slectwolytic cell arrangement

The elactrochemical cell consisted of an anode compartmenc separated
from a cathode compaxtment by a cation sélective membrane. The anode
compartment coatained a DSA 4107-47  anode plate wich a TIR-2000
oxygen-evolving coating. The cachoda compartment contained z 3tainless
steel plata, The anode and cathods plates wers parallal to sach other
and separated By a cation selective membrans. There was a gap of
approximately 10mm between elither of the plates and the membrane, The
dimensions of both the anode and cathode platas wers 20 cm long by 10
cm wide,
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The cation selective membrane comsisted of a physical support upon

which a polymer with highly ionisable functional groups is supported,
The xesult was & rugged shest having fon selectivity and corrosion
resistance dependént on the nature of the polymer used. The membrane
used was manufactured by Ionec Chemlcals (USA) and was ildentified as
the MC-3470 type membrane, For a complete dascription of the chemical
composition of the membrane refer to Appendix E.

The makers, Ionac Chemlcals, quote the following specifications:

Electrical resistance: 0.1N NaGl = 12 0/em? (A.C. measurement)

1.0 NaCl = 6 B/cn?- (A.C, measurement)

% Perm. selectivity : 0,5N NaCl/ 1.0N NaCl = 96.2%

Ton exchange capacity: 1.%22 mEq/g

Water permeability : <30 ml/hr/vt2/Spsi

Plastic turbulence promotors wers used in both the anode and cathods

compartments to promote the turbulence In the compartments and to
ensure that the electrode plates did not contact the membrane. A Repce
powar supply rectiffed alternating current to direct current and was
used to maintain a constant electrical current to the cell.

The temperatures of the catholyte and anolyte golutioms were kept
constant with the use of two heat exchangers and two heaters,
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The entire elactxolytic cell is
figure 5,1.

Paver Supply

Hembrane  Calhode

—d

promclers

Coater Sachaiyle recycls
fnoiyte reéyels
]
V“" frvnaign atve
Heat 1ng

] Al
| e e

i =i .unnnuﬁ

Centoirugal oump Centnifugal pump

Filgure 5.1 Schematic rapresentation of the entire alectrolycic
ecell apparatus .




Chapter 5 Page 63

5.1.2 The MSMER crystallizer

A discusslon is presented in section 2.4 which justifles the use of a
MSMPR erystallizer, In additien, the reason for using an evaporative
crystallizer 1s explained by Randelph and Larson (1971). Acmording to
them, the evaporative technique s suitvable for solutions which have
product solubllities with small or negative temperature dependence.
Since the solubility of Tungstic acid in vater is very low at high and
low  tenmperatures (Perry and Chilten, 1372; Weast, 1976), the
evaporative MSMPR crystallizer sesmed to be the most appropriate
crystallizar to use,

The solutlon was evaporatdd by boiling under atmospheric prassure
bacause sccording to Stephen ind Wang (1981), if the tungstic acid-&s
d at a low the white/ amorphous £érm of macatungstic
acid achydrids (W03.28,0) vesults. With a high temperature (X100 °()
the crangs-yallow crystalline monohydrate - (W03.Hy0) form can be
produced.  Since the crystalline form {s the desirad form iz follewed
that boiling under acmesph,ric pressure is the correct way ‘o
evaporate the solution. i

Basic requivementa for a MSMPR crystallizer

According to Randolph and Larson (1971) certain procedures needed to
be followed to meet the requiraments of the idealized MSMPR
eryscallizer as closely as possibla:

1. The crystallizer had to ba well mixad.

2. The product stream had to be removed in a manner that did net
change  any properties from the values of the overall crystal-
lizer.
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3. The vessul had to be large enough so phat adequate samples
could be obtained without appreciable disturbance to the system.

_ &, The experiment had to be run long enough to reach steady
state,

Great cars was taken to try and satisfy all chese wequiremencs., The
way this was done is explained in the following paragraphs:

The £irst requirement (uniform suspepsionm, well-mixed) can usually be
accomplished in'.a laboratery scals quite easily, but this. becomes more
difficult to athieve as the scale of size is incressed. In order to
sacisfy the first raquirement, a crystallizer with 2z draft rube was
designed. Agitation wag provided with' a propellax placed
concentrically in che draft tube. Vertival vanes in the annular space
helped to raduce the radial moticn of ‘che circulating slurry. The
draft tube is uwsually suitable for minimizing power input to achievs a
maximum uniformity  of suspensiofi. This is vary important if studies
intanded to decermine the effacts of crystal-crystal contact on
nucleation rate dre to be made.

The second requirsment, chat of obtalning a repressatative product
stream, was Ldportant but was not always easy to obtain, TIdoally the
withdrawal procedure should be iseckinetic, Randolph and Larsonm’
(1971) recommendsd the usa of a withdrawal tubé placed parsllal to the
diraction of the slurry flow, Furthermore, the withdrawal velocity
should reasomably mateh the circulatlon flow valecicy at the
withdrawal tube ouip. The flow rate in the sampling tube should alse
be sufficient to prevent appreciable settling. Becauss of the small
crystallizer volume and rasidence cimes chosan, the flew rate out of
the ecrystallizer was small, Matching valocitiss necsssitacad very
small diameter ctubing at the withdrawal point, affecting the abilicy
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to remove different size crystals equally, Therefore intermittent .
product removal was necessary. This was accomplished using
aonductivity probes and a vacuum withdrawal system. The vacuum
withdrawal system ensured that no crystal breakage oecurred during
product ramoval as would have occurred had a pump been used,

Requirement number thrse stated that the volume of the crystallizer
had to be adequate. According to de Jong (1984) previous investigators
performed - chelr crystallization studies in large volumed test
equipment (i,e. from 1 to 100 L). Becausé thess people used sieves to
analyse the crystals and obtdin the CSD of the experiment, this
required large sampling volm‘iies‘ According to Pandolph and Larson
(1971) o ‘#ioke than 10 % of the erystallizer contents should be
removed during oné intermittent product removal <ycle so that
residence time is not significantly changed. Because of this, very
large crystallizers volumes were required in order for the system to
sbsorb the disturbance created by taking a semple, In the present
study however, a Malvern particle gize analyzer was used to determingé
the CSD, This procedurs required only small sauples of the
erystallizeér magma with the vesult that the czrystallizer could also be
much smaller than those used by previous experimenters. Another
advantage of the small crystallizer volume was that becauss of the
high cost of tungsten smallex amounts of tungstic acid solution was
required to complete each experiment,

The fourth vequirement was steady state operation. According to
Randolph and Larson (1971) steady state is usually attainsd in 10 to
15 residence times for opexations where residemce time is in the range
of 0.25 to 1 hour, In order to satisfy this requirement the first
sampka was taken only after approximately ten residance times were
expirnd. '
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The erystallizer arrangement
U
}

The crystallizexr apparatvgijcnsisted of s one liter Pyrex glass beaker
with a draft cube arrangen in it as shown in figure 5.2. This draft
tube consisted of a SOudi*didmeter Pyvex glass tubs open at both ends
with four Pyrex glass vanes adhered vertically to the tubs. The tube
was arranged vertically in the beaker with the varnes fixed to the tube
in such a way that the vanes actaed as fhe lags of the tube. This
created '3 spacing between the glass tutie and the bottom of the beaker
wich the result thac solution could flow in and ouc of the draft tube,
The dimemsions of the draft tube was such that the top of Lt was
submersed in the vrystallizing solution for the complets period of
each run.

Candustivily
prabee
Agqitaton .

Cryatailizen 4 Yacuss praduat

Titndeuwsl
fee 1 tL

Lo

Sslenold vaive

asnpa
cryataliizes

anact
Luke

Yaottaal
yanee

311 bath

N

Figure 5.2 Schematic representation of the entizs crystallizer
apparatus
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The glass besker was fmmersed in an oil bath which acted as the heat
sourcae . to boil the solution In the beaker and to Lnsulaze che beaker
en the sidas. Stirring of the solution in the crystallizer was
accomplished using a glass propeller fitted concentrically in the
drafr tube, It forced the solution down the draft tube an up on the
outside of the draft tube, between the draft tube an the wall of the
beakax.

This stirrer was calibrated before use. The ragulting celibracien
cuzve is ghown in figuwe 5.3.

RiFH.

Actual

ECO. ¢ ~

. 500 150 2,50 150 4,50
Stirrer seiting.

Figure 5,3 Calibration curve for the stirrer used in the MSMPR
crystallizer

2

o
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The level in the crystallizer was contrelled with a conductivity level
switch, type €A, manufactured by Terry Ferraris & C. This
conductivity level control system consisted of two elements:

- A conductivity probe

- An elecrronit signal board.

The principle of the level *control operation depended ou the
measurement of the electrical conductiviity inside the tank to be
contrellad. The electrical corductivity was measure/ betwesn the
probe and the couriter electrode #s shown in figure 5.4, The system
operated on two differenc conductivity values; ome was produced during
the conditiohs when the electrodes were immersed in alr or gas, and
the second in which the liquid was present between probe and counter
electrode. ‘Tha conductivity variation between thesa two conditiocns
was medsured by the probes and passed to the electronic signal board
which switched che output vrelay, which in turn swicched a twwo way

/shut
Frwseense] 381557

anat
axrd

T T oo e
i 1 N Lank

Sauater
elactrade

Figure 5.4 Schematic representacion of che comductivity level
controller in the exystallizer
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direet acting solenoid valve in an open or shut position. This valva
was part of the product withdrawal machanism which enabled
intermictsnt product withdrawal using & KNF Neuberger disphragm vacuum
pump .

The solid-free crystallizer feed coutaining dissolved tungstic acid
was pumped into the crystallizer wusing a variable speed, H. R.
Flow-inducer type MHRE, peristaltiec pump. This periscaltic pump was
calibrated befors wusing ic. The calibration was done using a typical
tungstic acid solution at a constanc room temperaturs of 25 °C, The
resulting calibration curve is prasented in figure §.5.

8
5

CEfmin).

Flowrata

2,00+

Figure 5.5 Calibracion curve for the variable speed peristaleic
pump used tc pump the tungscic acid solution into the
MSMPR crystallizer
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5.2 Rragents

Initially sodium tungstate solutions acquired from Beard Hardmatals
(Pry) Led wara usad, These solutions contained impurities such as
molybdenum, silica, phosphorus, arsenic, and chlorides. All rhese
impurivies, except the chlorides, could be removed using the methods
destribed in Appendin 4.

The prasence of the chlorides pesed a problem that would not have been
present had tha soda ash pressura leaching process been used to
produce the sodium cungstace:

According to Comey and Haha (1921) cthe solubility of tungstic acid in
warer increases dramatically in the presence of chlorides. The resuls
was cthat no rtungseic acid crystals could be formed in a reasonabla
cime in che evapcrative MSMPR crystallizar because of che high
equilibrium solubility in the presence of chlotide fonms.

Reslising that this problem would not arise using solucious from a
soda ash pressure leaching process, it was decided to prepare sodium
cungstaté solutions thact were frse of chlorides, and for that mattar,
free of any other impuricies, Besides the fact that no chlorides would
ba present, this procadure alse aided to achisve reproducible
crystallization results.

ou of godium solucion

The preparation of such a pure sodium tungstate sol..icn was done as
follows:

Pure  aamonium  paratungstate crystals were obtained from Boart
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Hardmetals (Pty) Led, These crystals were dissolved in a
stoichiometrlc excess amount of hot caustic soda solution., The
following reaction occurred:

2NaOH + (NH,)qWO, w NagWo, + 2NH,OH 5.1

The vresulting ammonium hydroxide in soluticn disscciaced to form
emmonia and water and thes ammonia was then driven off by boiling the
solutipn.

NH;.OH Ve HpO # NH;T 5.2

Any residual ammonis in the sodium tungstate solution entered into the
electrolytic cell along with the sodium tungstats. Here it was eicher
driven off because of tha heat of the solution or it was transported
soross the wmembrane in cthe form of NH,* fons along with the Na*
ions.

A vary dllute caustic soda solution was used as the catholyts soluciow
in the electrolytic cell arrangement and a very dilute hydrochloric
acéid solucion was used to wash the crystals obtained f£rom the
crystallizer.

5.3 Analytical techniques
The various Analycic'al tachniques usad ars described balow,

5.3.1 Analysis of the Na and W contents {n tha elactrolytic cell
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During = the production of the ctungstic deid solution in the
electrolytic membrane cell the Na:¥W ratio in the anode had to be
closely momitored in oxder for this ratio wnet to drop below a cartain
preset lavel, This was done for reascus that will be discussed in
seckion 6.1.3, These analyses of the socdium and tunmgsten
voncentravions in the anode were done using an Atomic Absorptionm
machine.

5.3.2 Determination of the specific gravity of the tungstic acid
erystals

The specific gravity (5.G.) of the tungstic acid erystals produced in
the crystallizer had te be -megsurad. This was done using a liquid
pychnometer. The following pracedure was follewed (Fourie, 1983):

1. Measure tlie weight of the dry 5.¢. boscla, (&)

2, F1ll the dry S.G. bottle with watsr, allowing uo air bubbles
to be present, and measure the welght of this cénfiguracion. (B)

3. Dry the 8,6, ‘bortle, put in the tungstic acid sampls and welgh
again. (Q) .

4, Fill cthe bowtle containing the tungstic acid sampls wich
water, with no alr bubblas present and weigh, (D)

The caleulation of the §.6. is then as follows!

c-a
§.G. = TEIE)- (AID)
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$,3.3 Reteruining an X-vay diffraction pattern for the tungstile aedd
crystals

An X-ray alffrsccion pattern of the tungstic acld crystals vas
cbtained, This was done becsuse according to Reed-Rill (1948) X-ray
diffrection patterns c¢an hé used to determine whether a substance is
cyystalline ox not,

5.3.4 Detarmining the CSD for each experimental wun

Representative sdmples of the crystalline material suspended in
solution wera taken from the MSMPR cryatallizer after Y
cen  oryscallizey residence times, whereafter steady stace condicions
could then be assumed {Randalph and Larson, 1971),

The wolume of the slurry sample was measured and the sample was than
immediately filtered using a pressure filtar. The crystals were then
resuspended In a slighely acidified distilled water sclution. This
prevented redissolving of vhe crystals or further growth of tha
erystals. It did not mattsr chat the crystals wera suspended in a
different volume of a dLfferemt I1iquid becauss the samples were
analysed using a Malvern Particle Sizer 3500 E type and the results
were prasented as % mass fractlons in the dt{ferent size frastions. An
sxample of such a rvesult sheet is prasented in saction 6.3,

5.4 Experimental procsdurss

5.4.1 Operation of the alectrolytic cell

The anolyte solution consisted of a pure sodium tuagstats solution
containing small amaunts of ammonium hydroxide. The preparation of

“r
i [
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this solution was discussed in section 5.2, The catholyte solution was
a diluted caustic soda solution., Bath tha anolyte and catholyte
solution volumes was initially 6 L.

Beforas the cell operation was started, the cation selective membrana
naeded to be thoroughly watted, Thiz was accomplished by pumping the
anolyte and catholyte solutions through the cell for approximately
one hour. Tha temperaturas of both the anolyte and catholyte solutions
were heaksd up to a comstant temperaturs of 30 °C,

after cthis the agount of sodium in the anslyta was determined and the
curfent density chosen. The time needsd to comvert all the sodium lons
icross the membrane was then caleulated using Pavady’'s equationm.
(Refer to Appendix C for a shoret sumiary of this equation.) Ouly after
all these procsdutas wers compléBed was the cell ‘operacion startad.

During che cell operation frequent samples of the anolyte solutien
wers taken in order for the Na:¥W rawio im che solucion to be
monitorad. -

After the desired Na!W racio had been obtained (approximataly 1:80 by
mass) cthe cell cperaction was stopped, and the resulting tungstic acid
solution transporzad to a contalner from whera the crystallizacian
part of the operation tock place.

5.4,2 Operacion of the MSMPR cryseallizer

The tungstic acid solucion produced in the electrolytic cell was
scored in a 25 1 glass storage . The solution was

kepc constant at 30 °C and the solution was continuously stirrad, From
here the solution was continuously pumped into the cryscallizer using
a variable speed peristaltic pump, Different flowrates wara used for

T
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different experimental rzuns. Great care was taken to ensure that the
solution going into tha crystallizer contained nv tungstic acid
crystals, In the crystallizer thae solution was stirred continuously
using the glass stizver in tha drafs tuba,

The tungstic acid solutioun in the MSMER crystallizer was heated for a
sufficiant length of time until it reached a constant beiling
remperatura of 95°C after which the ssed crystals were introduced into
the crystallizer, The introduction of seed crystals at the beginning
of the run was dona omce only for each run, Sesd crystals were
necassary since no crystallizacion qecurred ia the crystalizer if uno
initial geed cxystals wexs added, A comstant amount of 0.1 g seed
détystals, with a CSD, was 1 d in each of the runs.
After the introduction of the seed crystals the erystallizer gystem
was lefr undisturbed for a duracien of at lesst fan resids
befors sampling of the crystallizer contents was conductad,

times

Yellow tungstic acid crystals were Tormed in the crystallizer.
According te Stephen and Wang (1981) the monohydrate, W03.Ry0, will
be formed if the crystallizatien temperature is approximately 100°C.
Agcording to Perry and Chilton (1972) this monohydrate of tungsten has
either o rhombie or an or ¢ cry %al with a specific
graviey (8.G.) of 5.5,

The liquid level in the crystallizer was controlled using the
conductivity probag in the bheaker which activatad a relay valve in the
product removal line Ln an open or shut position. The product ramoval
iine was connected to a vacuum line with which the product was removed
frem the cxystallizer. The product removed Exom the crystallizer was
stored in another 25 1 glass storage contaimer.

Samples from the erystallizer ware taken manually using a piece of
tubing with the same di{ameter as the product removal line, The
diameter of this line was such that tha vector veloeity inside the
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product removal line was approximekely the same as that inside the
erystallizer, This dlamater was abtalaed expeximentally and the
diameter used £or the sake of vhe axperiments was 8 mm, Using a
separate pilece of tublng for the samples ensured that no dead volumes
occurred in  the sampling volume which halped to improve the
raliability of the samplas.

'
The heat squrce for the crystallizer Was an oil bath. The temperatura
of this oil bath was kept constant dugping a run by means of a heating
soll wich a zontrollar & d Lo it. The variance of
this oil bath temperaturs during a run was negligibly small,

Various xuns were conducted with various different conditions. All
the data-are presented in Appendix G,
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6 EXPERIMENTAL RESULTS

This chapter summarises all the euperimental rssults obtained from the
various ¢xpériments conducted for the purpose of this dissetrtatiom.
Section 6,1 describas an experimeént using tha electrolytic membrane
cell  operation which was conducted to determine the wmembrane
efficiency of the cation selective wmembrane for the electrolytic
removal of sodium from sodium tungstate to produce dissolved tungstic
a¢ld, Section 6.2 briefly summariyes the experiments which were used
€0 investigate the crystallization'ef the tunmgstic acld crystals from
solution. It is concluded that tie spéelfic gravity of the ctrystals
produced is close to that of thd tungsten memchydrate, WO3.Hz0, It
i3 also -shown 'that an Xwray dififraction pattern exists for thass
crystals which indeed proves that the materifal {s crystalline.

Section 6.3 explains the method ugsed to calculate the C5D for each
erystallization expeviment which wis conducted. It s shown that the
assumption of a spherical shape ‘for the erystals s justified,
Sectien 6.4 investigates the - posdible causes for the non-ideal
Bahaviour of the MSMPR crystallifer, and it is comcludad that siza
depéndent  growth of the ecxystalsii¢ the niain reason for this
behaviour., The subsequatic slze dependenc growth rate model to be
incorporated in the population balance dquation to account for this
non~ideal behaviour is then summarisad in yection 6.5 and the fitting
of chis model to the experimental) data is- discussad, The jeint
confidence region for the two phrametar growth rate modsl i3
caleulated in section 6.6, Section 6,7 discusses,ths major nucleation
procaesses apparant in the cuxrent crystallization systam, and come to
the conclusion that secondary nucleation is the dominant nucleation
mechanis® in this system, The behavicur of che crysrallization system
with varying experimental ccaditions is discussed in sections 6.8 and
6.9 and the empirical sxprassions used to describe tha nucleation and
growth kinetics are derived in section §.10,




Chaptar & . Page 78

6,1 Elactrolysis of dissolved sodium tungstats to produca dissoived
tumgstic acid

Experiments weve conductad which imvolved the production of tungstic
acid solucion in tha electrolytic membrane cell, and them Invelved
erystallizavion of pura tungstle acid cryscals in the MSMPR
srystallizer.

An  experiment was performed which permitted calculation of zhe
weibrane eificlency of the el hemical call for ing
sedium  jons from ths sodium. tungstats anolyte solution across the
cation salective memibrane to the caustic soda catholyta solution. This
axpariment is described in section 6,1.1, The change in voliage drop
during the axperiment gzeported iIn sectlon 6.1.1 is describéd in
section §,1.2. : )

. o
It was obsary’ Shat wungstic acid solidsi ware Formed in the
elactrolycie <L i”ithe cell was run far a sufficiantly long period
of . .time. T . '+ s were amorphous and & nulsance in the efficienc
working of ¢, ;/.(1, This probleam was overcowe by regulating the
sodium  contam "7 the anolyte solucion. Section §.1,3 has.a complete
description of afs aspact.

§.1.1 Membrane efficiency for tha elsctrolytic removal of sodlum frow
sodium tungstate using a catlon sslective membrane

Figure 6.1 shows a plot of sodium lon concencracion in the catholyrs
versus time during electrolysiz Ln the electrolytic membrane cell. The
ravw data for this run is prasented in Appendix L. This plot shows chaz
that theve ars two distiner peglons present. Initially, sodfum flux is
constant at a wmembrane efficiency of 693, At a catholyte ¥at
concentration of arvound 12 g/L the flux drops very rapidly to a

value ponding to a effielency of approximataly
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18%, Refer to Appendix D for definicvions and details coucerning the
caleulations of these membrane efficiencies,

0
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Figurs 6.1 Plot of sodium iou cencentration in the catholyte versus
the electrolysis time in the electrolytic membrane cell.
Refer to Appendlx L for the daca which was used to
construct this plot

A possible explanacion for the obsarvation of two distinet membrane
efffciency reglons is that che transition £rom a high to a low
membrane efficisncy occurs at the point whars nearly all the sodium

- Ry
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iong have been ted acrsss the b and the dissociation of

watar bacomes excessive. From the experimental data in Appendix L it
is seen that this might be the case bécause the Na” concentration in
the anods compartment dropped belo. 2 g/l in the low efficlency
region.

Previous imvestigators, Verbaan, Greenslade and Wade (1984), reported
membrane efficisucies for the removal of Na from NajyWO, as high as
80%. In their case the anode solution had only one cation species,
¥at, and not two as’in the present case whera bothi Na' and a small
amount of NH,' were presemt. The reason for the presence of this
second, species has been explained in section 5.2. In this case both
the cation. species may -have been -simultaneously cranspozred chrough
the membrane wich the result that the net membrane efficiency fox the
¥a flux was lower than expected,

6.1.2 Voltage drop across the cell

Figure 6.2 shows the observed voltage drop across the cell during the
electrolysis experiment reported in section §.1.1:

Inicially the voltage drop d as the run ded and ther'ic
reached & minimum value before increasing again, The decrease in
voltage drop could be attributed to an increase in the initially-Jow
catholyte concentration since the electrdcal resistence of the cell is
governed largely by the conductivity in the anolyte and catholyte
compartments. The increage in voltage drop may have been the risulc
¢f the deersase {n the amount of available cucuons in the anode
solution. +
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Figura 6.2 Plot of observed vultage dzop across the cell versus the
slsctrolysis time in'Ehd eldctrolytic membrane cell. Refar
to Appendix L for the data which was used to c?ns:rui‘.c
this plotv !

1.3 Effsct of residual anolyte sodium fom concentration on the
precipitation of amorphous tungstic acid, during electrelysis of
sodium tungstate to form dissclved tungstic acid solution

Soluble cungstic acid is formed in the anolyte when Na* ioms are
vemoved from the sodium tungstata sclution and transported zcross the
membrane. (Refar .to Appendix B for a description of the chemistry in
the cell,) The tungstic acid formation resultad in a rapid pH drop
until it reached a point where the tungstic acid sfarted to
precipitate in the cellicircuit,

The prscipitation of such amerphous tungstic acid in the cell circuit
was undasirable, so the concentraclon of Na¥, relative to the
tungsten cehcentration in the anolyts solution was checked so that the
iolutlon could be removed befora the [Na®] to (WO*] ratio dropped
toe low. This ratie was in the ordéer of approximactaly 1:80 g/l. The
rasldual sodium lons -were present as NagW0,, which did moc play o
4wl du the subsequent crystallization of HyWO, 1iIn the MSMER
wa, Mrisfizer,
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6.2 Crystallization of the tungstic acid solution

after the production of the tungstic acid solution in the anode
compartment of tha aleactrolytic ceill it was cransferred to a storage
container from whieh the contimions feed to the USHMPR crystallizer was
pumped using a peristaltic pump.

The tungstic acid solution in the MSMPR crystallizer was heated for a
sufficient Llength of time until it xeached & constant bolling
temperatura of 95°C after which the faed crystals were introduced inte
the ecrystallizer, The Introduction of feed ciyrdils ar the beginning
of the run was done once only for each run. {‘

Fead crystals wers nacessary since no crystallization occurred in the
erystalizer If no initial seed erystals were added. A constant amount
of seed crystals, with a 8D, ‘were 1 d in all the
runs. This constant amount was 0.1 g,

Yellow tungstic acid crystals wers formed in the crystallizer. .

According to Stephen and Wang (1981) the monohydrate, W0j.HsO, will
be formed when the erystallization temperature is approximately 100°C.
According to Peryy and Chiltom (1972) this monohydrate of tungsten has
sither a rhombic or an orthorhombic crystal with a specific
gravity ($.G.) of 5.5.

The S.G. of the formed materfal was determined with the metl d
described in section 5.3, The $.G, of the material was found to be 5.6
which was close to the literatura value of 5.5 if experimental error
is taken into account. This indicated that the tungstic acid formed
was indeed 1In the monohydrate form. Iu addition to chis, the yellow
s tungstic .acid material formed in the crystallizer was tested to see
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whather it was crystalline, and to see if Lt was che ortho-cungscic
acid erystalline form that was formed. This was dene by using the
X-ray diffraction mathod described in sadtion 5,3,

The vrasults dbtained wusing this X-ray diffraccion method was as
follows: X-ray diffraction patterms were found. Tha saet of
interplanar spacings that was calculated was exactly chose of the
wonohydrata, W03,HqO, Figure 6.3 is a plot of the incansity of the
X-ray reflactions versus the Interplanar spacings. Both ths X-ray
Diffraction Data Index and the experimencal {nterplanar distanceés are
presantad in table 6.1.
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«Figurs 6.3 Intensity of che X-ray diffractions versus che
interplanar spacings in the tungsweic scld crystals
producad in the MSMPR crystallizer
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Data Index Experimental

4 ah /T 4@ 1%
5.39 75 5.60 75
2
2.626 12 2.6 12
2,570 25 2.57 25
2.360 8 2.36 ]
2.322 6 2,32 8
1.979 4 1.98 b -
1.875 &4 1.88 5
1,856 10 1.85 11
1.837 14 1,838 14 v
1.73% 10 1.74 14
1.637 8 1.64 10
1,611 8 1.6L 8
1.504 3 1.50 b
L.211 2 121 2

Tabla 6.1 Comparison between the experimentally obtained
intarplanar ‘distances and the values from the
K-ray diffraction data for ctungstic acid ecryscals,

Thesa iasul:a indicavéd that the product from the MSMPR erystallizar
was indesed erystalline g , of tungstic acid, Thess
crystals were {n the form of W0j.Hp0 and this indicated that
caleining the cryscals would ansure the formation of cungsten oxide,
W3y, an late in ths don of g: metal powder,
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6.3 Calculating the CSD for asch rum

Representative samplag of tha cuystellinme material were taken from the
MSMPR crystallizer after approximately 10 crystallizer residance times
as steady state conditious could then be mssumed,(Section 5.1.2.)

The sample solution was immadiately £iltered using a pregsure filter,
and the erystals vesuspended in a slightly acldid distilled water
solution, This prevented, redissolvimg of the crystals or further
growth of the ecrystals. It did npt mattar that the crystale wers
suspended in a different volume £ liquid since the samples were
analysed using a Malvarn Particle Sizexr 3600 E type and the results
ware as % mass fractlons in the different size fractions. An
axample of such a;result sheet is presented in table 6.2. The radt of
tho-zaw data, for LHd different runs, are presented in Appendix G.

USER ENPERIMEMTAL B SAMPLE DEIAILS

2048 L1A Lo
Rig 1 zaras ’
RESUL TS B s
RUM_MUFBER= 10 TiME=9 | B8 =18 LOG_DIFFERENCE= 5,88
SAMPLE 3 VOLUME CONCEMTRATIONs B.0877 . BEAM OBSCURATIONS 21
s1zE WE TGHT WE 1GHT_ IN_BAND LIGHT BNERGY @
MIERG(s % ONDER MICROMS Vi3 CALCULATED ™ FEASURED
e 2.0 i i !
] i@6.g | l1s.4~ P4.3 ‘p.m gz 49
7 lga.e 1 g4.3- 337 @l 167 127
B g8 | 3 g3l7 By 272 a1 .
z 8a.p 23:3° TLf - 9ls a26 aad
§ I R O SRt - 665 650
3 82,1 13ig-  fals 2.7 1891 933
M EEFA I 2 27.9 1422 1448
3 Zols 8.2~  ¢.4  g4.2 1853 ez |
i 3B §.4- 5.8 18.8 2047 2037 i
& 1.5 5.9~ 3.3 2.5 isgl FECE
g bE | 3ls~ 38 0.5 1358 1389
4 @4 3g-  Bla 2.7 1185 1195
§OB | OFE IO o o=
3.8 18- 12 e.8 1586 1263

Table 6.2 An example result shest for the Malvern 3600 Particle Size
analyser in which the mass fractions of crystals In the
different size ranges are presentad
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The suspension density of the crystalline solution was determired for
each experiment, This was dome using part of the sampla that was taken
from wthe crystallizer, 7The solution was £iltered, tha weight of the
dry orystals datermined and the volume of f£iltrate measured, The
suspension density was then calculated,

A volums shape factox had to be detarmined for the crystals. Electron
microscope photsgraphs wore taken of the erystals and {t was found
that most of the crystals had a spherical shape as shown in figure
6.4, A spherical shape was thus assumed for the crystals.

Pigure 6.4 Elsctron microscepa phatagraph of the tungstic acid
erystals confirming the roundness of the crystals
(Magnification x 150)
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A deseription of the calcularion of the erystal population density for

ze Eraction is prasented in Appendix H. In order to caleulace

the shape factor
the absoluts densivy of the crystals

the waight fraction of crystals In the size range Ly to Ly

the suspension density of the crystallizer magma.

this pepulation density for each size the following unknowns had to be
determined experimentally:

All thesa valuas were calculatad and the crystal population dansizy
for each siza fraction could then ba caleulatad and plotted versus the

size, for each exparimedt, Tha vesulcing populagion dansicy

data for all the experimental runs ars prasentad in Appenix I.
exazple of such plots s shown Ln figura §,5.
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Figure 6,5 Semilog plec of eryscal populatien demsicy versus the

eryseal aize for runs 17, 224 and 22C, Rafer to Appendix G
for the experimencal conditions of thess runs
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The plots of population density versus crystal size for various
expariments can be intexpreted to establish the nucleacion kinetics
and cxystal growth kinetics sas discussed in Chapter 3,

6.4 Interprating the exparimental CSD's to detarmine the nucleation
and growth kinetles of the tungstic acid crystallizing system

The populacion balancs equation for an ideal MSMPR crystallizer, vhere
groweh rate is size independent, was shown in 1ection 3.2 to be as
follows:

nen exp(-L/Gr) 6.1

If the assumption of ldsal conditions as defined in saction 2.4 helds,
a plot of ln n versus L should give a stralght llne:

From ctha experimental results presanted in Figure 6.6 it Ls evident
that non-ideal condibions must exist sirice the plét of Ln n versus L
is curved and not linear, The curvature of the plot indicates that the
erystal growth rate is pot a constant valus for the complets size
ranga of the crystals, It is observed chat the growth rate is
preportional to the absolute inverse of che slops of the curve, and
that ths glope decreases with an incresse in crystal size. This means
that the crystal growth rate incrsases with an increase in crystal
siza, The data for tha experimental rusults plotted on figura 6.6 are
pregented in Appendix I.
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Figure 6.6 Semilog plot »f exystal population: density versus the
erystal siza to illustrare that fien-idsal condicions axist
in the MSMPR crystallizer.
fun 224: r=78.6min, M =0.97g/1, $=13.1g/1. !

As digscussad in section 3.3, ome of four explanations for this trend
in erystal prowth rate can be proposed:

6.4.% Classified product removal from the ecrystallizer

As  discussed in gection 3,3, che obsarvation that erystal growth rats
increasad with an increase in crystal size could be explained if
clagsified product removal occurrad In the systew,
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In the experimental apparatus great cagfe was taken to prevent
classified product removal from taking placi. Refer to section 5.1.2
for a conplete description of the efforts made to pruvent ¢lassified
product removal, o

'6.4.2 Direct birth into the measured size rangs

3

According to Randolph and: larson (1971) the present system undar
¢onsidaration (i.s tunggtic seid in water) is a sclass I type
orystallizing system. :

i i

This means that the r-pass yheld of r.hq crystal

“Uaphnds on the fhroughpue through the crybrallizer. The Lasulting
erystal growth rate wiil be low and Acunrding to Gargide and Davey
(1980) the lower tha g:}w:h rate, the smooﬁhar tha erystal-solution
interface and the less amount of needls- uks dendritic growths take
plaga on the surface,

In section 3.3 it was explained that direct Qi‘:th into the measured
size range occurs becauss of the attrition of needle-lika dendricie
growthg from the suxface of the orystalsi Thus, if the amount af
needla-like dendritic growths are minimized, o direct birth into the
measured size range occurs. Furthermore, the maximum erystdl size in
this systam 1is approximately 85sm, which again minimizes the
probability that large secondary nuclei are produced in ths measurabla
size range.

1f the praceding discussion holds, Lt can be assumed that no secondary
rucled are born Ln the gize range 2-20um, and the observed effact that
erystal growth rate is a function of size can ba attributed anly to
either size dependent growth kinatics or growth rats dispersiom,
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6,4.3 Size dapendent groweh kinatics

It is diffixful\: to deaida which of the last two possibla explanacions
apply to the * ntem ur}dst consideration. (l.e. Site dependant growth
kinetics or growiii rate dispersion.) .
In the following discussion an attempt ls made to explain why the
former of the two axplanations is assumed to be the most Liksly causs

why the growth rata ‘4 a function of crystal size,

From the results ?”zssen:ed on figure 6.7 it {s noted that for a
erystal sizs up to sbout ZSum, the curves are almos: linear (slightly
curved downward) and obey MeCabe's AL law, Accdrding to Abegg,
Stevens and Larson (1948) this is to be expected bggause with very low
relacive cryscal. solution velocitiss, the vate of diffusion is
probably the limiting factow. In section 3.3 Lr wa predicced chac if
diffusion ls the limizing factor for small c}ys:alsl an opposits twand
as what usually could bs expaqtud”wmu.d hava been notad, L.a. the
crystal growth raca dacrsases with an increase In size. [Vote that
for small erystals che mass transfey coefficient increases with a
decrease in crystal sizas.)
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Figuxa 6.7 Plocs of ln u versus crystal siza to {llustrate the
thac sizs dep growth kinecics is the
dominacing factor in the presant cungstic acid
erystallization systam, Run 15: re48,émin, Mem18.6g/1,
Sw=41,2g/1. Run 20t r~5lmin, M~12.1g/1, S=26.8g/1.
Refler vo Appendix G for the experimental conditions
..of these runs _
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Careful examination of figure 6.7 shows exactly this trend: For small
erystal sizes up to about 23pm the curves are slightly curved downward
with the result that the growth rfates decrease slightly with size.
This presents evidence that bulk diffusion is the liniting factor for
exystal 5rcwtf§,~\for crystal sizes up to approximately 25um.

When the crystals excsed 25um the relavive crystal-solucion velocity
must have increased sufficiently so that diffusion deases to be the
limiting factor and surface integracinn kinetics becnme the limiting
factor, This can be, ﬁédue\\d because the growth Tates in figurd 6.6
stuxt to inéyease wir)t an increase in crystal siza from approximately
25pm. o

with - erystal size Occut§ because of an increase in the dislecati
densicy of the crystals, is given by ‘alactron microscops photo’s taken
of the crystals. From figurds §.8 snd §.9 it can be obsarved that the
smaller crystals have a much lower ¢islocation density them the larget
‘ones, and this corresponds with the theory ptesentad ip section 3.3. "

the #lfst observation, that of diffusion resistance, is mot very
iwportant because the curves ave fairly close &y straight lines in
eompa\hson to the second part of the curve wherex‘suxﬁaca reaction
befiges ipostans.  Thus, the first parc of all the curves shall be
hatpilewd a3 - 4£. 1€ were obeylng McCabe’s.AL lav (AbSRS, Stavens and
Lafash, 1968).

The ohservation that both diffusion and surface , reaction can be

appwamf\ is not & pew conzept, Rumford\ and Bain (1960), in studying P

the  drystallization of NaCl found thelr Rystes to be either diffusion A

or ra,wénem eontralled, depending on the system conditfous.
i
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Flgure 6.8 Electron microscops photograph of a fairly small crystal
" (<20u). Grystal.obtained from Run 17.

Flgure 6.9 Elactron micrascape photograph of a falrly large crystal
{(>40p). Crystals obtained from Run 17.
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6.4.4 Growth rate dispersion

As discussed in the previous section it is assumed that growth rate
dispersion had no influence in the growth rate dependence on erystal
size. Some experimantal evidence as presented in the preceding
section exlsts to prove that size dependent growth kinetics do play
a role in the observed trends, but thars is no evidence to prove that
growth rate dispersion doas not play a part in the system. Taking this
into account, the asswiption that growth race dispersion does not piay
a part in this tungstic acid system must be accelited with caution.,
Mora experiments will have to be performed to be able ®a ignorz the
effect of growth rate dispersion.

6.5 Hodelling of tha siza dependent growth rate

Becaus® the crystal grewth rate is significancly size dependent, the
product size distribution differs significantly from that predicted by
che ideal population balance equation 3.2 discussed in section 3.2, In
the derivation of this idesl population balance squation k
size-independent growth races were assumed, Obviously, in order to
correctly pradict and analyze the experimental size distributions, a
size-dependent growth rate expression is required.

The tarematical lon for si. growth rate, and the
resulting population balance aquation which will be used, has been
derived and discussed in section 3.3 and for the saks of convenience
is reproducad as follows:
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G(L) = G (1L)P lsb<l 6.2
Lzo
. b TS
a(L) = Kgn' (Ll Pexp |- 3—?—'1—11* 6.3

o %5 = wxa{ i)
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According to Ramanarayanan, Athieya -and ZTarson (1980) the nuclei
population demsity n' and G', the .growth rate of these small
crystals, asymtote towards the y-axis, with the rasult that thése tuo
values can ba trsated as parameters along with the paramecar b, The
size-dependant growth rate model was thus first of all treated as a
three paramever model. Least square fits of this proposed growth rate
model to the data f£or all the experimental runs were done, and the
following comclusion was reachad: For all the experiméntal runs the
value of the paramecer b was approximacely the same. Remembering that
this value of b should only be a function of the type of system, and
not of the spacific system conditions, & constant average value of &
for all the runs was assuged and the growth rate model treated as &
two pardmeter model, with n" and 6" being the two parameters.

The averaga of the different b values for all the experimeutal tuus
was caloulated and tsken as the valus of b for the tungstic scid
system. A constant average value of b=0.58 was agsumed and used in the
groweh rate model. Tha Eltting of this growth rate model to the
experimental GSD data was chen done as follows:

Section 6.4.3 contains a discussion of why it can be assumed than
McCabe’s AL law holds to an extent for small sizes in the systsm under
consideration. Thus the first part of all the experimental plots of in
n versus L should result in a straight line with a slope equal to
<1/6°+ and an intezcept equal to the logarithm of the nuclei density
n’. The corractness of this assumption was wot very lmportant since
it was only used to predict laltlsl values for G and n .
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Using cthese initial values for n snd G, and the constant valus of
b=G.58, a trxial and error procedure was used to determine the values
of n and G wnlch gave the best least squares £it of the
dimensionless population distribution defined by equation 3.27 to each
of the different, experimental CSD's.

The Fortran program calculating the twe parameters o' and G', with b
4s a constant value of 0,38, for the best least sguares f£it of the
model to the data is p in M, with a
discussion of the procadure which the program follows.

The resulting .model which was found to £it the data reasonablysyell
and which can thus be used to predjet the size-dependent erystal
¢ growth ratss in a tungscic acid crys:alixzing system can be expressed
as Follows:

G(L) = 6" (Liqpy ¥ 58 1< 6.2
Lz0

Whera: 7 - G—I‘;

and the wvaluess of G., n' and 7 are dependent on the specific system
cenditions that exist.

Using this growth rate model enables the calculation of the nuecleaction
rate ag well because according to Abegg, Stevens and Larson (1968) the
value of B', the nucleation rate, for size-dependent crystal growth
rates 1is given by n'*G' and both thase values have besn determined
in using the size.dependent growth rate model.

Figurss 6,10 to 6.12 compare some of the sxperimental results aud the
corresponding values predicted by the size dependent growth rats
model., The experimental data and model expressions for thease yuns
cogether with all the othey runs are prasented in Appendix I.
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Flgura 6.12 Comparison between the experimental data for Run 17 and
the resules dbtained from using the growsh vata model
given by equation 6.2 with £ictad values of
n°=2,5E9 number/ml.sm and 6 =7.08-3 pm/min, (r=67,5miz,
Momilg/l and $=57.5g/1.)

6.6 Joint confidence reglon for tha two paramdter modsl

With b given a constant value of 0,58, the sensitivity of the groweh
. .
rate model toyaxds n and & wag examined,

It Is possibla to show that confidenca veglons for different !
probabllivies of the parumeters are givan by areas contained within
specific sum of squares coutours, According to Box, Hunter and Hunter
(1978) these areas can be caleculated as follows:
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For a l-a joint confidence region of o and G the area is bounded
by a sum of sguares contour, $, such that:

5= Sa{l";% F.,(p.mp)] 6h
wheze! Sp = The laast sum of squares,
[ = Numbez of data poidts.
P = Nunber of parameters.

Folpinep)= Signifigance point of the F distriburion with p
and n-p dagrees of Erédedom,

& 0,1 fox a 90% confidence leval.

The shaded area in figuze 8.13 enclosed within the § contour supplies
the 90% donfidetnice ragiow, The obliqué orientation of the contours
implies that the two valuas 0’ and @' ave negatively covrelacad,

The $08 confidenea region implies that 4% an experimenu is repeated
many times and a region caleulated as desgribad gbove, then 90% of the
caleulated reglons will inelude the twue parameter point and 108 will
exclude iz, From Figura 6,13 {r iz noted that ths 90% cenfidance
interval strstohes ever large chavgas In n' and G, This fmpnes
shat  for a %08 confidence reglon the calgulaced values for n' and G
pan vary over lavge ranges of values, and not vary accurats values for
n" an 6" cou be obtained, This is understandable 1f it iy remsmbersd
that thesa two veluas ars caloulatad frem that part of the population
dlstribution that approaches the population density axis
asympeotically,

2
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Figuze 6,13 an exampls of a joint confidsnca vagion for the two
parametar growth rata model %o s}mv t.‘-xa 90% confidence
region for the two pavametars n' and G, Data from Run
17. (r=47.5min, H,=4lg/L and $=37.5g/1.)

6.7 Major nucleation processes apparent in the present system

In section 4.1 a brief daseription of the different nucleation
tiachanisms that can oceur in a arystallization syscem was presented
Reasons ars presented here to support the view that thé only
nuclearion process cccurring in this present system, iz conzaet
secondary nucleation. Each of the three types of nucleation is now
discusgsed in the light of the experimental avidence,
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6.7.1 Homogenaeous nuclestion -

Homogeneous nucleation occurs when nuclei are formed solely because of
the supersaturation driving force, In class I systems this kind of
nucleation is rarely observed because it {s basically a low yleld
system, In fact several investigaters such as Randolph and Larson
(1971) suppers  the wiew thet homogeneous nucleation 1s rarely
obsarved in any kind of industrial crystallizers,

Te verify the ption that no
the tungstic acid-water system under investigatior, two experiments
with  ideneical oparating conditions wewe parformed. In one of the
experimencs no seed crystals wers added at the baginning of the zun,
The experiments were run for a sufficlent time to verify the fact that
with fio seed crystals in che erystalllzer absolutely tiothing happéned.
The experimental wesults weras that uo crystals were £aried in the
exreriment withoutz saed crystals, while the usual crystallization of
rungstic acid crystals was observad in che other crystallizer with the
sead crystals present., The 1 data ng these two
runs are presented in Appendix N, .

nucleation in

Thus the ption that h nucleation does not ocsur is
Justified,

6.7.2 Hetaroganaous nucleation

This typa of nucleation only oceurs if forelgn insoluble material is
present in the systau. Realising that the experimental apparatus
described in ssction 35.1.2 was utch that dust, ete. could well have
entersed the system, this typa of nuclsation could have pessibly playad
& part in the erystallizacion ¢f tungstic acid,
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This possibility was eliminated after performing the swperiments
mentioned above in section 6,7.1, ds bork the experiments could have
contained some form of forelgh materwal, yst only the experiment
containing seed crystals resulted in the crystallization of tungstic
acld crystals taking place, "

6.7.3 Sacondary nueleation

A deseripticn of tho three types of secondary uucleation that can take
place in a8 orystaliizing systam Ls pragerted iIn section 4.1, A
thorough explanation is also presentad to support the view that only

ona of the thvea possible types, collision breeding, Ls imporvant.

In the ‘present system under consideration, this view is supported
although 4 study of che electren wmicragraph photsgrephs of the
crysualsy shown in figures 6,8 and 6.9 suggests that the relativaly
largsy crystals tend to be rounded, This might indicate that sterivion
of the ecrystals takes place whiech can cause direct birth into the
measured size range. The likeliness that attrition does take place is
low if ‘the discussion in section 6,4.2 is assumed to be correast, It
wds mentioned thare that the predent tungstic acid system is a class I
type system wich smooth erystal-solution  intarfaces, According to
Garsida and Davey (1980) another ekplanatton for the rounded crystals
can ba preserited. Thers 1s 2 possibilivy of local plastic daformetion
distorting cthe erystal latzice so as ta {ncrease locally the
solubilicy and produce roundsd crystals. according to Rande,gh (1$80)
the appearance that crystals tend to gat rounded as the exystal size
incygeases is also an  indiecation that sl d crystsl growth
rates ara appareant,

Alchough {msufficlent experimental svidence exists to distingulsh
between the thras types of sacondary nucleation, the following
avidence can be presentad ta confirm thet secondary aucleation &s in
fact tha.majer nucleating mechanism occurring in the present system:
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a) In section 6.4.3 1t 1is confirmed that the primary crystal
growth mechanism consists of surface integration kinetics. This
implies that 4 surface zone of partially oriented solute
aggragatas davalass which, according o Powers (1963), is
pracisely what is needed fer collision breeding,

b)in sections 6,9.1 and 6.9.2 it is shown “hat the nucleation
rate ineresses with an increase in either stirrer speed or
erystal suspansion density, This 1is further evidenca that
secondary nucheation is Ghe major nucleation wechanism

in cthis system, because an incraase in the amount of collisions
rasult in 4n increase in the amount of nuclel produced. This is
what was predicted for contaet secondary nuclsacion.

6.8 Behaviour of the crystal growth rate, G, with varying
erystallizauion couditidns

it was shown in rthe prevlous sections of chis chapter that size
dependent growth of the crystals occurs, In order to comparz the
different experiments, a crystal growth rata at a coustant crystal
size had to be caleulatad for each experimsnt, For the sake of the
following discudsions the growsh rate of tha nuelel sized crystals was
used as a standard value to compare the different experimental results
with,

6.8,1 Effact of differant nuclei population densities om the erystal
growth rate G

From figure 6.14 it can ba seen that the axyscal growth rate increasss
with a decresss in nuelel population denmsity. This phenomenon ean be
explained 1L it 1s considerad thas the prasent system is a class I
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crystallizing system. That :dr; the crystallization driving force is
solely because of the evaporation of the solvent while the
on stays all the time,

Henea, an increase in the amount of nuclsi present in the system will
have the effect thac the available .driving forse will be spread
amongst a larger number of crystals with the resulc that the growth
rate wf the individual crystals decreases. The overall growth rate
will stay eonstant hovever.

7,90+

x

ey Jun 23 4.T.3.

ity - (Hhamsisk. b

2.3 25.0 365
tun/miad, x 187

Figura 6.14 Plot of nuelei population densicy versus crystal grow

rate of the nuclel sizad crystals. The experimencal
conditions for chese runs are presentad in Appendix G.
Run 23a: n'=8.4E7 number/ml.gm G =3.3E-3 gm/min
Run 23C: n'=1.7E7 number/ml.pm G =1.5E-2 pm/min
fun 23D: n ~l.3E6 number/ml.um G =2.98-2 pm.min
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6.8.2 Effect of varying stirrer speads on cyystal growth rate [

From figure 6.153 £ is noted that an increase in stirrer spead results
in a decrease - im c¢rystal growth rate. In section §.9.1 it is shown
that an increase in stirrer speed results in an increase in the nuclei
population density. So, the observation that erystal growth rate
increases with a decrease in.stlrrer speed i3 in agresment with.whae
was said in the above section 6.8.1 che 1 e of
nucleation rata and growth \<acg. -
BTN .

EN
2 188

x

< s

3

3

Z

3 a0

H

5

3

H

% ase *
b4 |

S

z:co 2500 236 3000 3260 3405 800
Stiprar spasd (rpa)

Figurs 6,15 Plot of crystal growth rata of the nuclei sized
cryssals «m 3 the stirrer speed {n the crystallizer,
The experiaonsil condicions for these runs ara presented
in Appendix G. :

Run 224: G =1.058-2 pm/mia  Stirrer sacting:24C0 rpm
Run 220: G'=8.00E-3 pm/mln  Stirrar secting:3000 rpm
Run 22D: G =3.91E-3 pm/min  Scirrer setting:3600 rpm
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6.8.3 Effect of varying supersaturation on the crystal growcth rata
o

The supersaturation of a solution usually indicates the differsnce
between the actual sgolution concentration of a species and the
solution equilibrium cencentration of that species, In the presant
tungstic acid system the solution oquilibrium concentration of
tungstic acid in water is zero because tungstic acid is completaly
insoluble in hot or cold watar (Perry and Chiltom, 1972). For the sake
of this dissertation supersaturation of a sungstic acid solution will
thus iridicate the actusl solution concentration of tungsten.

It can be observed on figure 6.16 that at high crystal suspension
densities the -crystal growth rates decrease with an increase in
supersaturacion.

It can also be observed on figure §.16 that at low crystal suspeasion
densities - crystal growth :ace)s increase with an increase in
\

supersaturation.
.

The following explanation is possible; At high suspension densicy
(i,e. Hg) values the nucleation machanism is mére dominant than the
growth mechanism, and with an increase in supersaturation the
secondary unucleation rata {increases, More nuckai are thus produced,
and the growth rate dgcxeasss as discussed in sectivn 6.8.1.

At low M. values, the growch mechanism is fiore dominant than the
nucleation mechanism ( because of the linear relationship between the
nucleation rate and Mg, the nuclestion rate is low if M is low)
with the result that the amount of new nuclei produced is small and an
inersase in supersaturation causes an Lncrease in the crystal growth
rate.
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6.15 Plot of crystal growth rate of the nuclai sized
crystals versus the supersaturation of che tungstic acid
solucion. The experimeutal conditions for thass runs are
prasenced in Appendix G.
High suspfnsien dami:}:n

Ron 19: ¢ =1,0E-2 pm/min $=32.7 g/1 :
Run 17: ' =7.0E-3 pm/min 5=57.5 g/1 ¥
Run 18: G'w4.9E-3 pm/min §=65.7 g/l

Low suspension dsnsity:

Run 238: G =1.8E-3 sm/min S=33.0 g/1
Run 23C: G =1.6E-2 pm/uin 5=65.7 g/1
Rup 23D: G =2.9E-2 po/min S=57.3 g/l
Run 224: G'=1.038-2 pa/sia s=13.1 g/1
Run 22C; G =3.0E-3 wm/min Sw16.1 g/l
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6.9 Behaviour of the crystal nucleation rate with varying
erystallization conditions

4ll ths data used for the discussion of this and the previcus section
are summarised in Appendix I,

6.9.1 Effect of -arying stizrer speeds on the muclastion rate

From figure 6.17 it can be saen that an increase inm stirrer speed
results in an increase in the nucléstion rate. This is exactly what
'should happen If contact secondary nucleation dominates ths system.

An  increase in stirrer speed results in a larger amount ¢f
crystal-erystal and srystal-nonerystal collisions. The co.llisions
becoma more Intense as well. Because the collisions cause the nuclei
to form, it is obvious that mére nuclai and hence & larger nucleation
rata, should be formed with an increase in stirrer speed.

It was also observed in figure 6.17 that when the crystal suspension
density was very low the nudleation rate stayed apptroximately constant
while the stirrer speed was varied between two certain ragions. When
the stirrer speed was increased even more, the usual trend of an
increasing nucleation rate was observed. This phenomenon can be
explained once again if secondary nucleation is considered: With a
wvery low crystal suspension density a small increase in stirrer speed
will not 4increasé the number of collisions so drastically and the
nucleation xate will stay approximately comstant. If the stirver
speed increases much more the increase in the number of collisions
will become significant and hence the nucleacion rate will increase.
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runs are presented in Appendix G.
Run 224! B =7.484 number/ml.min Stirrsy setting:2400 rpm
Run 22C; B ~§.8E4 nuobér/ml.min §rirrer setting:3000 rpm
Run 220: B'w1.5E5 numbex/ml.min  Scirwsy setting:3600 rpd

460G

Figurs .17 Plot of nucleation rats versus the stirrsr speed im the
erystallizer for various runs when the erystal suspension
densicy is lew. The experimental conditions for these
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6.9.2 Effsct of different crystsl suspension demsities on the
nucleation rate

In section 6.10 it is shown thdc a linear relationship.exists between
nucleation rate and crystal suspension density for this speecific
system. Once again the. number of collisions plays a part and henes
leads to contact secondary nuclsation. The same explanations as in the
previous sections hold,

6.9.3 Effect of varying supersaturations on the nuclaation rate

From £igure 6.18 1 can be noted that at a high crystal supension
density the nucleation rate inereases with an increases in
supersaturation. At a lew crystal  sguspension density the
suparsaturation has no effect on the nucleuion rate.

The following explanation {s possible: At high suspensicn densities
the nucleation mechanism is more dominant than the growth mechanism
because many oxystal-crystal collisfons take place which causs the
nucleation rate to be very high. An increass in supersaturation will
thus only causa the nucleation rata to inerasase.

At low suspension demsity values, the growth mechanism is morze
domipant than the nucleation mechanism ( because of the linear
relationship between the nucleation %ate and M., the nucleation rata
is low 1if M. 1is low) wich the result that the amount of new rnueclel
produced is small and an increa in N causés an
increase in the erystal growth vata,
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High suspension density:

Run 19: B'-7,2E6 number/ml,min $~32.7 g/l :
Rus 17: B'w1.8E7 number/ml.min §=537.5 g/1

Run 18: 8°=4.9E7 number/ul.min S=65.7 g/l

Low suspension density:
Run 23A; B w4.SES numbex/ml.min §=100.1 g/1
Run 23B: B'=6.2E5 numbar/ml.min S$=33.0 g/l
Run 23G: B2 8ES number/ml.min S=65.7 g/l
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6,10 Empirical expressions for the nuclsation snd growth kisetics

In section 4.1 a discussion was prasentad which showed thac Lf
secondary nucleation is the dominant nucleation wmechanism in the
crystalliser, cthe following sdpirical nucleation expression could be
used:

3 =gy st . 6.5

The empirical expression gemerally usad ¢o describe the crystal groweh
vate is a simpla function of supersaturacion;

6 ~a(sy 6.6

In cthe present cungstic acid system, however, the growth rate is size
dependent and the following empirical growth rate exprassion was
prasented in saction &.5: >

G =G (L1058 6.2

Where 4 = l/G.r
6= Growth. rata of the nucls) ‘sized cryscals,

In order to usa tha above expressisn 6 must be known. It is agsumad
chat ¢ 4s a simple function of supesjaturation:

o
<

6" = RS
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Gombining equations 6.5 and 6,7, and eliminating the supersaturation
gives the following expressien:

. 1 gel
B =iy Mo G

For a system where the suspension density is linearly related to the
nucleacion rate che value of j equals 1. It can be noted from figura
6.19 cthat because the cuxves ave parallel chis s the case in the
presant system since the same CSD arisas when two different suspemsion
densitiss azre usad, '

:
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Figure 6.19 Semilog plot of population density versus crystal size
for two diffarent suspensior densizies. The experimental
condirions for chese two rur: ava prasented in Appendix G.
Run 19;
M#52.6 /1 n'=7.258 numbesjal gm G =1.0E-2 a/min

Run 22D

¥,=9.3 g/1  n'=1 9E§ qumbsr/ml.am G =3,9E-3 um/min
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ith the wvalue of ] known, the value of i can be cbtained. This is
dona by pletting log B versus log G for different expariments, all
with tha same suspension density. This curve should be a straight line
with a slops equal to i, This has béen done in £igure 6,20 and the
rasulting valua of 1 has been obtained as approximatsly -2.9.

~~ mrmme Run 23 38,0
~ | B s fun 17,18, 13,

Laglyr « 237 - 3,73 tegta

Hom/ul. mind.

Vagep) + 072« 212 lagtny

Huclgatian rate
.

s T g g

T aa
Crystal grawth reza C(ua/nind.

Flgurs 6.20 Log log ploc of nucleation rate versus crystal growth
rate of the nuclel slzed crystals in ovder to caleoulats
the valus of the kinetic arday L. The experimental
condicions foxr thesa tuna ara prasentaed in Appendix G,
Run 23B: B w6,2ES number/ml.min G =1.8E-2 pm/min
Run 230: B w2,6ES numbar/ml . min G'ml.6E-2 LY TS

: Run 23D: B'=5,3E4 numbar/ml.min G w2,9E-2 pm/min i . i

by Run 17: B'«l,8E7 number/ul.uin G'=7.0E-3 sm/min s El

E Run 18; B ~4,9E7 number/ml.min G =4.9E-3 pn/uin

Run 19; B'~7.2E6 number/ml.min G =l.0E-2 gm/min
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7. CONCLUSIONS AND RECOMMENDATIONS

The civstallization of tungstic acid from an glactrolytically produced
supersaturaed solutien is a new concept that Has not enjoyed much
attention in the 11 The various aims of the research were

chus to:

a) Investigate the possibility of experimentally producing
tungstic aeid crystalline materlal from an electrslytically
ducad sup tungatic acid solution,

b) Study the nucleation and grewth kinetics of this system,

The possibility of producing tungstic acld erystals was nonfirmed when
yellow rtungstic acid material was produced in an evaporative MSMPR
crystallizer after sseding the crystallizing solution, The material
had an X-ray diffraction pattern which confirmed that the monchydrate
form, W03.Ho0, was. formed and that the matarial was crystalline.
During the nryscallizaciog experiments it was also cuufirmed that the
prasent orystallizing system {s a class I type crystallizing system.

After accomplishing the crystallization of tungstic acid crystals,
varlous runs wera conductad t£o study the nucleation snd groweh

kincties of the system. The literature suggested that thers are
basically three nuclestion mechanisme that can play a part in a
crystallization  system, It also suggested that most MSHPR

crystallizing systams behave ideally. It was found experimensally
that contact secondary nucleation was the maln mucleation mechanism in
the crystallization of cungstic acld, and that the MSMPR crystallizer
did not behave ideally. The non-idesl behaviour arese bacause of the
size dependant ocrystal growth mechanism which ocsurred in the system.
This size dependenca of the growth rates sould be explained if surface
integration kinetics were assumed to be tha dominating mechanism for
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crystal growth in the system. Experimental evidencs was found to
support this assumptien.

A size dependent growth rate model was proposed and tested and used to
incorpprate this size dependence of the erystal growth rates in the
population balance equation. The model wused, and the resulting
population balance equation which was fitted to the experimental data,
were as follows:

GL) = 6 (1yL) 058 Lao 7.1

Whersy G(L) = Size dependent crystal growth rate.
6" = Grystal growth rate of the muclei sized crystals.
v =16
L = Characteristic crystal dimension.

s 0.42
(L) = Kgn (1+1L)‘°-55ex\=[- Lo ] 7.2

Whers: n(L) = Population density as a function of crystal size.
Ky = exp(1/0.42)
n = Population density of the nuclei sized crystals.

A confidence interval was calculated to determine the accuracy of the
o caleculated valuss G and n' and it was found that these two

values could vary over a wide range.

Experiments were then conducted to invegtigate the behaviour of the
crystal growth and nucleation kimwtics with varying crystallizatien
conditions. It was found thac:

1). Crystal growth rates decrsasad with increase in nuelei population
density.
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2) Crystal growth rates decreased with increasing stirrar speeds.

3) For a high suspension density: Crystal growth rates decreased with
increase in supersaturation.

%) For a low suspansion density: Growth rates increasad with increase
in supérsacuracien. T

5) Nucleatiom.rates incredsed with ihcrease in stirrer speed.

65" A linear relationship sxisted between nucleation rate and crystal
suspension density for this specifc sysrem. -—i--

7) For a high suspension density: Nuclaation ratas incressed with
increase in supersaturation.

8) For a low suspension demsity: Nucleation rates were not affected by
changes in supersaturation.

Finally, the following empirical —expresslons were derived for the
nucleation and growth rates: :

For the secondary nucleation rate:
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B = Ky sty I 7.3

Where: B'= Secondary nucleation rata.
Ky= Proportionality constant.
§ = Supersaturatisn.
M= Suspension density,
i and j are kinetic orders.

For the size dependént crystal growth rates:

6 = ¢ (11058 . 7.4

Whare: G = Size dependent crystal growth rate.
6= Growth rate of the nuciei sized crystals.
v =1/6"r P
L = Characteristic dimension of the crystals.

If it was .assumed that G was & simple function of supersaturation,
equation 7.3 could then be rewritten as:

ol
=~k M @ -

From the experimental results it was found that j=1. This meant that
for the tumgstlc a&cid crystallization system, the suspension density » -
was 1linearly related to the nucleation rate. With the value of § i
known, the value of i was obtained. The resulting value of i was found o

to be approximately -2.9. This indicated that an inverse relationship :

exlsted between the mucleation rats and the growth rate of the nuclei "

sized crystals, &




Chapter 7 Page 119

Recommendations for further work

1)  No conclusive experimental evidence was obtained to prove that
growth tate dispersion did not play a part in the crystallization of
the tungstic acid erystals. This is an important phenomenon that must
be further investigated.

2) It was concluded thet secondsary nucleation is the main nucleation
mecianism in  the tungstic acid crystallization process, The

1 avidence that h nucleation did
dot play a part in the system is not very reliable, and some further
h  into this should be done. There was also mot

enough  experimental evidencs to distinguish between the three
sacondary nucleation rechanisms. .

3) Another iImportant factor which must be detiérmined is whether the
tungstic aecid crystals produced cam be or .4 Pizectly to produce
oxide, an te in the pr¢ :-rion 5 tungsten. If this
is possible the APT intermediate In 'we™. 5 process can be
eliminated which will mean additional saving.,  the process.

4) Another important assessment that must be mide is whether the GSD
wof the crystals can be controlled to a certain accuracy with the help
of the kinetics established in this dissertation, and whether the
overall size of the crystals can be enlarged by using several
crystallizers in serias.
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APPENDIX A

Purification of the sodium tungstate leach solution £wom impurities
such as silica, phosphorous, arsenic and molybdenum.

4.1 The praliminary silica-removal step

According ‘to Topkaya snd Exie (1982) sodium cungstate leach
solutians are

gerierally contaminated with silica, phosphorous, arsenic, and melvb-
denum, which are wusually present in the raw material, These uust he
reduced to acceptable levels before further processing of the leach
solucion. If cthe silica lewvs} 1Ls above 2 to 5 g/l a preliminary
silica-rahoval step is raquired,

The first step is the addition of alum (A15(80,)3.18H,0) aud
magnesium sulphats -(Mg50,.7H;0) to . the leach solucion béfore che
filtration of this solution to remeve the unresctad gangue. The alum
and nmagnesium sulphate are added in quantitiss of between 0,03 ind
0.08 kg per kilogram of WOj, respectively. Tha soluzion is stirred
for 1 hour at 70 to 80 C and then filtered. This procedurs dscraases
the silica level in the solution to 2 g/l or below. After filteéring,
the solution is treated oncs more with alum and magnesium sulphata o
dscrease the silica level to the range 0.03 o 0.06 g/l. Both puri-
ficacion steps are conductad at a pH value betwéén 9 and 9.5, Fil-
taring after the sscondary step aust be performed with more cars, pas-
sibly by the use of a filcer aid such as cellulose. The tumgstan loss
during these processas is about 1 % of the tocal value.

The pertinent pracipitation rsactions are as follows:
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May6i0 + Aly(504)y + 0 + WayCly
Nay0:41504. 26105 My0 + 2004 + 3Nay§0, a1
and

¥ag$104 + IMESO, + NapCO wa 2Mg0.510, + 2MaySO, + GOy A2

A mixture of alum and magnesium sulphate will also remove phosphorous
from the solution. . B

4.2 The preliminary molybdanum-removal step

According to Topkaya and Eric (1982) molybdenum removal is pexformed

Lphida, o . aoms

The firse step is the formation of thiomalybdate loms by the, reaction:
2- 2- 2- -
M00,27 + 432° 4 4HpO e Mo§,2" + BOH a3

The sulphide is added as sodium gulphide or sodium hydregen sulphide
at a pH>10. Conversion of the thiomolybdate is complete in 1-2 hours
at 80-85%C. The amount of sulphide required for acceptable molybderum
removal depends upon the ratlic of Mo:W and upon the concentration of
tungsten, Usually, three times the amount of sulphide required stoi-
chiometrically is sufficient for a Mo:W ratic of 0.01 to 0.02. a
decreasing MoiW racio requires am increasing sulphide additiocn.
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formation of the thiomolybdate complex, molybdemum is
MoSy by acidifying to pH 2.5-3 while stirring the

solucion at B80% over a period of 2-9 hours. The pertinent reaction

is:

Mo§,2" + 20" = NoSg + HpS +2H0

During this rocess, precipitation of other sulphide-forming elements,

espacially
sible.

ancimony,

The molybdenum trisulphide and other
present, are ¥removed by filtration,
slightly acidic water to minimize

the

e Lybdanum

— melybdenum

avel

redusss

Tungsten losses

2tep-

the removal of silica and molybdenum,

reduced to less thaa 20mg/i

tungsten loss.
level
in this step are about 1 % of the throughput. During

and 3mg/l, vespectively,

arsenic, biswuth, copper and lead are also pos-

sulphide - precipltates, if
The cake is them washed with
The fiolybdenum

less than 18

o wg/L.
phosphorus and arsenic ara

No special

purificacion steps for these two contaminants are therefors necessary.
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APPENDIY. B

Electrochemistry in the two electrolytic membrane processes.

According to Verbaan, Graenslade and Wade (1984) there are two
distinet veglons pressat 1in the eleccrolytic conversion of sodium
carbenate dnd tungstic acid if boch of these sclutions are presanc in
the anode solution, Initially, che sodium flux is comstant at a
membrane efficlency of 98 ¥, a value that is charactaristic of che
removal of sodium from jodium carbemate. At - a certain catholyte
concentration of sodium ions the flux drops very rapidly to a constant
value t a i} rEficlency of approximately &0 8,
The cacholyta comcentration vhsta this drop in membrame sfficisncy
cccurs 1s dt the point where nearly all the sodium carbonate has been
convertad to carbonic acid and sod{um removal is Zxom the sodium
te alone,

Because of this obsarvatien the two slegtrolytic membranme processes,
i.a., the alectrolytic removal of sodius from sodium carbomare snd che
slectrolyvic removal of sodium from sodium tungstara, will be greatsad
as two independant processes which take placa.

‘3.1 Elactrolytic remevdl of sozdium from sodium carbenacs

4 schematic raprasentation of the chemistry I{nvolved is shown in

figure 3.1,
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Figura 3.1 Schemacic representation of the aleccrolytic zémoval
of sodium foms from sodium carbonate

In both the anode and cathcuda compartments, the disscelatilon of watar
occurs, Oxygen is liberaced at the anods and hydrogen at the cathoda:

anode: Rp0 w 2H 4+ 207 + 1/2 95 ¢t 8.1

Cathode: 2H;0 + Ze” w= J0H™ + Hy t 3.2

The ecation salsctive membrane which separates the anode from the
cathode compartment ideally only allows movemenc of posiciva fong
rhireugh L. In this case the anslyve 1s a sodium carbonats solutionm,
with the result thac the only cazions present ars the sodium fons and
protens arising from the dissociation of water at the anode,
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As these catloms migrate through the membrane they combine with the
hydroxide fons fin the cathode to produce caustic soda and water
respedtivaly as follows:

" 4 OH" e Hz0 5.3

¥at + OH" = NaOH B.4

As the anolyte loses sodium through the membrane, the carbonate ions
will take up protoms to form carbonic acld:

Na,C0g = NaCO;” + Na¥ B.5
NaC03~ + HY e NaHCO; B.6
NaHCO — HCO;T  + Nat 8.7
Hoo3© 4+ BF - HyCOy 5.8

At atmosphieric pressure, carbonic acid readily decomposes inte carbon
dioxide and water!

HyG03 = GOyt + Hg0 8.9

It is important to know that the competition of the H' Lons with the
Nat  lons, and the backmigration of OH™ lons cause membrane
inefficiency.
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B.2 Electrolytic vemeval of sedium from sodium tungstate

A schematic representation of the chemiscry involved is shown in
figure B.2. Once again water is dissacistsed st the elactrodes and
because the tungstats radical doas not form any posiltive complexes,
Pourbalx {1974), the only cations that compete to move through the
cation selective membrane are the protons and sodium ioms.

Ha0 Hay40, Salution
T
| l
7 | 1
]
|
@ “ !
o -
= Ne® ol & ®
w . ™
ié -
a [ § [
2 £ 1 + a
= =3 1 =
- 13 =)
< B - i . z
(%) o H ————— ° -4
o~ | 2
= H =
i
‘ ] '
1
i
. - - ‘
. i }
NaQH Solution Hauo 4 .
Figure B.2 Schematic representatiod of the eloctrolycie vemoval “‘
of sodium iens from sodium tungstate i
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Sodium removed from the tungstate radical will be replaced with pro-
tous from the dissoclation of water at the anode to produce tungstic
acid:

NagWo,, —  YaWo," + Nat B.10
NaWo,* + HY e NaMiO, - B.11
Nalwo, = Na¥ + mHO,” 3.12
HW0L" + HP e HpWO, 3.13
Because the tungstie acid formed in the anods solution has a very high

supersaturation it can be crystallized out directly using an
evaporative MSMPR erystallizer.
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APPENDIX G

Faraday's Law,

In both the elactrolytic membrane processes outlined in Appendix B,
the time ndeded cta transport & glven amount of redium ious from the
anoda to the cathoda compartmenus can e caleulated using Faraday's
Law (Moora, 1962) as follows;

Where:t

S K EmN

ke

twmZF
s c.1
Time (s).

Mass of sodium fons to be transported per unit arvea
(g/n?).

Numbsr of charges on the sodium ion (-},

Fapaday's constant, (96485 G/mel)

atomic weight of sodium (g/mel).

Curreat densicy (Amp/m2).

Membrane efficlancy (-).
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AFPENDIX D

Definition of the slectrolytic call membrans afficisncy.

‘The cukvent supplied-to the elactrolytic membrane process s used to
transport- all the availabla cacions from the anode scroess the membrane
to che : cathodas, This wmeal:s that protons which are prasent in the
precesses as. & result of the disscciation of water are also
transported actoss the cation selective membrane. This phencménon is
undssireable becauss it reduces the sodfum fiux through the membrene.
o aliminate the latter effect, Lt is economical tg choose operating
conditions so as to maximise the sodium ion flux through the membrane,
dnother factor which may contribute towArds membrane lnefficiemcy is
the possible backmigration of OH™ ions- across the membrzne, Thls
affect also reduces the sedium flue through the membrane,

In order to draw comparisons batween wvirlous experimental rums it is
convenient to define the sembrane efficlency as:

Observed sodium £lux

" Theorecical masimuam flux * 200 * 0.1

The maximum flux Ls the flux which will be observed if sodium lens are
the only dLons vhich move through the membrand. This is given by
Faraday’s law (Refer co Appendix G):

Whers:N = Molar £lux of sodium ions (mcl/s.m2)<
I = Currenc density (Amp/m?).
F = Favaday's constant, (96485 C/mol)
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APPENDIX E

Nature of the caticn salactive membranes.

Ton exchange membranes consist of a physical support upen which a
polymer with highly {onisabla functional groups is supperted. Thesa
fonisable groups consist ¢f £ixed anions and mobile counter cations in
a cation sslective membrane. The vesult {s a rugged sheet having iom
selectivity and corresion vrasistance, dependsnding on the nature of
the polymer used.

S The membranes ave esseutially impermesble to water but highly
o permaabla te ions of oppcsits charge to the charge on the fixed
{onised functiomal groups in the membrane. lons of the same charge as
s the fixed fons however, ars repelled and ava ideally {mpermeable.

It has been suggested by Yeager and Stesck (1981) that the membrans iy
can be considered to consistc of three structural zomes; a 3

a)Reglons impermesble ta Lons, regardlass of thalr charge, which
consists of the polymer backbona and the physical support.

L ‘iﬂ b)The active sitas chrough which fLon transport occurs., Thase reg-
Lok ions ars viewed as being of relatively large fractional voidags,
: 5 These volumes contain a small amount of sorbed water and fom

clustars,

¢)A veglon lLoosely tsrmed as the transition between the above two
" of raglons, .
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ldeally then, the curvent through 4 mewbrane will be solely due to the
movement of charge.carrying species through the active sites and not
due to any bulk transport through the membrane.

@
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APPENDIX F

Davivation of the populatien balance equation for the {deal MSUPR
crystallizex.

In a given volume the number of crystals of each size range must be
conservad . for the system to be in equilibrium. The crystal population
balance is:

Nutber in by feed stream + Number in by grewth = Number out by product
stroam + Number ocut by growch,

QqnyALAT & VnyGyAT = QRALAL + VnyGpat . f F.1

Where: ny=~ number crystals of size Lj in volume V.

ng= mumber crystals of size Ly in volume V.
Ac=Time interval.

Gy=Crystal growch rate at size Lj.

GpaCrystal growth rate at size Ly.

Qg=Volumetric £low rate in.

Q »Volumetric flow rate out.

AL-51ze difference, 1y-L;.

V «Total volume of the crystal magma.

T =Average population demsity in size range Ly to L,. s

Rearyanging equation F.1:
V(Gymy -Gy ng )= (Qf-Q8R)aL F.2

as AL approaches zeto, the average values of n bacome point values and
squation F.2 takes the form:

R !

o
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Vd(Gn
Fd - gm -

atiough to be in the size range under consideration, wy = 0 and:

) Rl
vl 4G un) .
B 252 v n -

For the idealized cryscallizer the 4L law holds

funetion of size L. Alsc, the residence time, r, i3 defined as V/Q.
Then:. B -

Gr (dn/dl’) +'a =0

Then' u® is
size is close to zero, With this boundary condition, equation F.§
be {ntegrated as:

Giving: n=n® exp ( <L/ G )

Thisiis the fundamental populacion balance equation.
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For an unssedad system or oune with o crystals in the feed large

and G {3 not a

defined as the populaticn density of the nuclei as their

F.3

can
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Raw data from the MSMPR erystallizer exhibiting the weight fraction of
crystals in each size range.

The first thirtean rums ara not used since varlous exparimencal
problems wers encountersd during these runs which made thesa runs
meaningless.

The following parameters wers determined during each runm:

Otibath : The
the M3USR crystallizer was immersed.

of the heating medium in which

Stirrer speed: The rocation speed of the ssirrei which was used to
keep the crystals in the MSMPR crystallizer in suspension.

Drawdown vtime of vessel: The mean residenca time of the crystals in
suspension.

Crystal suspension density: The suspension density of the crystallizér
magma at steady stats conditions.

on: The of a solucion usually indicatas
the differeance between the actual solution concentracion of a species
and the solution equilibrium concentraction of that speciss. In the
pressut tungstic acid system the solution equilibrium coneentration of
tungstic acid in water {s zero bacauge tumgstic acid is complataly
ingoluble in hot or cold water (Perry and Chilton, 1972). For the sake
of this dissertation supersaturation of a tungstic acid solution will

.

LT
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thus Lndicate the actual solufion concantration of tungstem.

Various runs were conducted, sach time varying one or moras of the
parametar values,
Run 14,
Otlbath temperaturs 160 ‘o
Stirrer speed 1 4000 rpm
Drzavdown time of vessal L 49.6 min
Crystal suspension demsity : 61.98 g/l
Supersaturation of tungsten: 51.14 g/l
Weight fraction Crystal size range
of erystals 3 from {pm) to (um)
1.5 54,9 33.7
§.0 33.7 23.7
16.9 23.7 7.7
28.4 17.7 13.8
18.7 13.6 10.5
7.7 10.5 8.2
3.2 8.2 6.4
§.7 6,4 5.0
5.8 5.0 3.9
1.8 3.9 3.0
0.8 3.0 2.4
0.4 2.4 1.9
.1 1.9 1.5
B v!fi\ &Q f \_,r k Z . <o
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Drawdown time of vessel

Appendix G

2180 ‘¢
} 4000 pm

;68,6 min

Ctystal suspension density : 18.5% g/1

Supersaturation of tungsten: 41.15 g/1

Erom-{

Cryscal size range

1

pRmeneRsLLBER
Loy
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Appendixz G
Rug 17,
Oflbath temparature 160 ¢
o Stirrer spead : 3600 zpm
Drawdown time of vessel i 87.5 min
R Crystal suspension density : 40,98 g/l

LE Supersaturation of tungsten: 57.45 g/l

Wekghe fractiou Crystal size range

of erystals & from (um) to (pm)
0.3 118.4 54.9
1.5 54.9 33.7
3,5 33.7 23.7
11.3 23.7 17,7
2.4 17.7 13.8
22.2 13.6 10.5
20.8 10.3 8.2
8.8 8.2 6.4
4.5 6.4 5.0
5.2 3.0 3.9
0.4 3.9 3.0
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Run 18
0ilbath Zemperature T 10 ‘e
Stixrer speed 1 3600 rpm
Drawdown time of vessal : 67,5 ain

Crystal suspension density : 57.12 g/1

Supersaturation of tungsten: 65.7 g/l

~

2 Welght fraction  |Crystal size range

: of crystals % from (um) te (pm)

g 0,3 54,9 33.7

: 3.1 33.7 23.7
14.8 23.7 17.7
17.1 17.7 13.6
9.9 3.6 10.5

g 6.7 10.8 8.2

: 10,1 8.2 6.4
10.4 6.4 5.0
5.2 5.0 3.9
4.6 3.9 3.0
6.2 3.0 2.4
5.0 2.4 1.9
2.2 1.9 1.5
1.1 1.5 1.2
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Appendix G
Run il
Otlbath temperatura 1140 ‘o
Stitrer spaad @ 3600 rpm
praudown time of vessel ! 67.5 min

Cryscdl suspension density : 32,36 g/1

Supersatuvxtion of tungsten: 32,73 g/i

Welght fractiom Crystal size range

of crystals $ from (pm)
0.2 54.9
5.3 33.7
33,2 23.7
3.1 7.7
5.0 13.6
0.9 10.5
11.8 8.2
3.2 6.4
0,0 5.0
0.0 3.9
0.3 3.0
Q.6 2.4
0.2 1.9
0.1 1.5




Qilbath tempsrature
StixTar spaed
Drawdowm time of vessel

Grystal suspension density

Appendix G

i 140 ¢
1 2500 rpm
t 51.0 min

112,10 g/1

Supdraaturation of tungsten: 26.78 g/l

Weight fraction Crystal size range |

of crystals % from (pm) €6 (pm)
0,2 33.7 23.7
2.4 23,7 17,7
1.7 17.7 13.8
26.7 13.6 10,3
26.9 10,5 8.2
13.3 8.2 6.4
8.3 6.4 5.0
7.0 5.0 3.9
1.7 3.9 3.0
0.7 3.0 2.4
0.9 204 1.9
0.2 1.9 1.5

”
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Q

Oilbath cam'petacuré
Stirrer speed
Drawdown time of vessel

Grystal suspension density

Appendix G

1160 g
;2600 rpw
;786 min

: 0,968 g/1

Supersaturation of tungsten: 15.45 g/l

Welght fraction Cryscdl sizs range

of erystals % from (pm) to {um)
5.2 118.4 54.9
12.9 54.9 33.7
6.2 33.7 23.7
10.3 23.7 7.7
9.5 17.7 13.8
7.8 13.6 10.5
9.0 10.5 8.2
13.6 8.2 6.4
13.6 6.4 5.0
6,1 5.0 3.9
1.5 3.9 3.0
0.3 3.0, 2.4




Cilbath temperatura

Seirrer spead

Drawdown time of vessal

Grystal suspension density :

Appendix G

160 ¢
13000 rpm
: 78,6 min

0.467 g/1

Supgrsdturation of tungsten! 16.14 g/l

of erystals %

Welght fraction

0.9
12.3

Crystsl size range
from (pm)  to {sm)
118.4 56,9
56,9 33.7
33,7 23.7
23.7 17.7
17.7 13.6
13.6 10.5
10.5 8.4
8.2 6.4
6.4 5.0°
5.0 3.9
3.9 3.0
3,0 2.4
2.4 1.9
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Run 22 D.
01lbath tamperature 1140 "¢
g Stirrer speed ! 3600 rpa
Drawdown time of vessel © 500, min
Crystal suspension density : 9.25 g/1
Supersaturation- .’ ungstan: 36.29 g/l
3 Weight fraccion Crystal siza range
& of erystals § from (pm) to (um)
: 1.5 23,7 177
8.5 17.7 3.6
- T 13 13.6 10.5
8 15.0 10.5 8.2
22.4 8.2 6.4
X 31.3 6.4 5.0
i 8.1 5.0 3.9
- v > A
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Oflbath temperature
S:i:zelr speed

f‘rawda;n tige of vessal
GCrys¥il suspension demslty :

Shpersaturation of tungsten:

Appendix G

1140 6
;3600 rpm

+ 368. min

22.14 g/1

100.1 g/1

Welght fraccion  |Orystal size range
of erystals % from (pam)  to (um)
o.L 33.7 23.7
1.2 23.7 177
7.9 17.7 13.6
19.5 13.6 10.5
22.8 10.5 8.2
15.45 8.2 8.4
12:9 6.4 5.0
14,2 5.0 3.9
4.9 3.9 3.0
9.7 3.0 2.4
0.2 2.4 1.9
e
N3
- e P
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Oilbath temperaturs s 140 ¢
Stirrsr speed 1 3800 rpm
Drawdown time of vessel  : 49.4 mln

Crystal suspension demsity : 0.643 g/L .

Suparsaturavion of tungsven: 52.99 g/l

Weight fraection Crystal size range

of crystals 3 from (sm) Eo (um)
9,1 13.6 10.5
2.0 10.5 8.2
8.3 8.2 6.4
9.1 6.4 5.0
20.7 3.0 3.9
16.6 3.9 3.0
13.0 3.0 2.6
9.5 2,4 1.9
3.4 1.9 1.5
4.3 1.5 1.2

M d's, e D




Cilbath tewparature

Stirre# spead

Drawdown time of vessel

Crystal suspethsion density :

Appendixz G

: 140 ¢
: 3600 zpm

: 109,35 min

2.45 g/l

Supersaturation of tungsten: 65.71 g/1

Weight fraction Crystal size range
of crystals % from (sm) to (um)
0.4 23.7 17.7
4.0 17.7 13.6
18.0 13.6 14.5
28.2 10.5 8.2
1.7 8.2 6.4
5.6 8.4 5.0
6.5 5.0 3.9
7.7 3.9 3.0
6.1 3.c 2.4
i 4.3 2.4 1.9
¢ 2.2 1.9 1.5
3.4 1.5 1.2
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Oilbach temperature 10 ¢
Stirrer speed + 3600 rpm
\ Drawdown time of vessel : 109.5 min
Crystal suspension density : 4,043 g/l
Suparsaturation of vungsten: 67.25 g/l
- Weignt fraction  |Crystal size rangs
of arystals 3 from {um) te (um)
H 0.2 33.7 23.7
4 6.0 23.7 17.7
;' 35.5 17.7 13.6
35.0 13.6 10.5
13.9 19.5 8.2
3.3 8.2 6.4
1.9 8.4 5,0
3.4 3.0 3.9
0.3 3.9 3.0
0.0 3.0 2.4
0,1 2.4 1.9
0.3 1.9 1.5
1
g
A
N v e g7 e v ({
N
- * e "“
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APPENDIX H

Numerical exampla of che calculaction of the crystallizacion kinacics
from an 4nalysis of the crystal size distribution obtained
experimentally for a specific run is prasented bekow.

Run 17 will be used to demonstrate the procedura.

1. A representative sample of the crystallizer magma for sach run is
apslyzed o determina the weight fraction of crystals in sach size
Eraction. This was done by MINTEK using a Malvarn particle sizs
analyzar and: the results shown in Appendix G. For run 17 che rasults
are:

Weight fraction of [Crystal sizs range

¢erystuls from (pm) to {(pm)
0.3 ' 118.4 54,9
1.5 56.9 33.7 %
3.5 33,7 23.7
11.3 23.7 17.7
21.4 17.7 3.4
22.2 13,6 A
20.8 10.5 §.2
8.8 8.2 6.4
4.5 6.4 5,0
5.2 5.0 3.9
0.4 3.9 3.0

2. The characteristic siza L for the size range corrésponding to each
mass fraction in the distribution is dotermined. This charactaristic
size i3 vaken as the mid-point of avery size range, i.e¢. for che aizs
range 33.7 um to 23.7 um the chazactsriscie size L is (33.7+23.7)/2.
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For run 17 the rasults are:

Weight Eraction of. |{Chardcteristic size
crystals & L ()
0.3 86.65
1.5 44,3
N 3.5 28.7
.3 20,7
214 15.65
22.2 12.05
20.8 9,35
8.8 7.3
- 4.5 5.7
5.2 4,43
0.4 3.45
N - . 7
3774 Suitable shapa factor for the srygrals is d di-according
to Sigure 6.4 the assumption of spherical crystals Ls adequate. Using
this -assumption and the expression for -the volume of a spherical

erydeal, che shape: factor can be caléulated ds follows:
L4

Yolume of crystal = k,.L?

Whers: k, =~ Volume shape factor,

L = Characteristic crystal sizs.

Using equation H.l and the known expression for tha volume of a sphare
k, is caleulatad:

Volume of sphers = n/6 L3 m k, 13

It follows from the above expression that k, is v/6.
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For run 17 the results are:

Weight fraction of |Chavactsristic sizs

crystals ¥ L {um)
0.3 86.65
1.5 44,3
3.5 28.7
1.3 20.7

; 21.4 15,68
22.2 12.08
20,8 9,35
8.8 7.3
4.5 5.7
5.2 4,45
0.4 3.45
3. A u shape factot foF the corystals 13 decermined, &ed iwwldg

to figure 6.4 the assumption of spherical crystals Ls adaquaca, . ‘-,
chis assumption and the expyeision for the volume of a spherical
crystal, the shape factor can be calculated ag follows;

Yolume of crystal = kL3 K1
Whera: k, = Volume shape factor.

L = Chazacteristic crystal size.

Using equavion H.1 and che known expression for the volume of a sphers
%, £3 caloulaced:

Volume of sphers = n/6 L3 =k, L3

Tt follows from the above sxprassion thas k, is r/§. i




Appendix H Page 138

4, The results obtaided fram MINTEK is in mass fractions, The
populacion density n caleulated for each size ramge is based on a unit
volume of crystallizaw slurry. In ovder to put the computation on this
basis the cxystal suspension density must be known and this must be
multiplied by the different mags fractions for each size range. Tha
rasult 1s the masa of crystals in-each size rangs pexr unit velume of
erystallizer slurry,

With chis wmass distribution per unit volume of suspension kmown, the
population density of aach characteriscic.size can be determined by
tha following exprassion:

)y, = (MeAW)/ (ol LAL) . 0.2

Where: (n)y = Population density as a funtion of crystal size

{number of crystals/ml.um).

¥y  ~.Crysual suspension density (g/ml).

&% = Weight fracwion of crystals in-the sizs range L) te
Ly ().

» = Absolute density of the crystalline specieg (g/ml).

ky = Volume shapa factox (<).

L = Uharsctaristic siza for the size range Ly to iy (pmy,

AL = Lgely (m).

Far run 17: (a), = (40.98 g/L % aW)/(5662 g/1 * § # L3 » a1

Using the data in che above ctwo ctables the resulwing population
densities for fum 17 can be caleulatad as:
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Crystal pepulation |Characteristic size

density (num/ml.pm) (L (um)
1.496 E6 3.45
7.416 E6 4,43
2,399 E6 5.7
1.737 £6 7.3

. 1,529 £6 9.35

5.657 ES 12.08
1.882 E3 15,65
2.935 Eb 20,7
2.046 E3 28.7
1.125 B2 44,3
1,004 86,63

3. A plot

crystallizazion kinécics

using this plot. This procedure will now be illustrated.

The semilog plot of population density versus srystal size for ruitl7

looks as follows:

Paga 159

of ln n versus L is plotted for each run and the
i.e, nueleation and growth rates caleulated

to!
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From the above figure it can be seen that the plot {s non-linear,
Reasons for this behaviour have been presented In sectien 6.4.3. It
was conciuded chat size depevndent growth kinetvics dominates the system
and a size despendent growth rats model was propésad, This model was
fitsed to the experimental results of run 17 wich che procedure
described in section 6.5, The following results wers cbtained.

Nuclei population density n' w 2,5E9 num/al,sm

Nuelei-sized crysrtal growth rate G% = 7,00E-3 /min

Size devendent crystal growth rate G = 7,00E-3(1#2.116 L)0-58 um/min

According to Abégg, Stevers and Larson (1968) the crystal tucleation
rate Ls the product of the nuclel populavion density and the
auelei-sized cryscal growth rata:

rystal nucleation raca B' = 1 7587 num/ml.min

. "y D mik P
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APPENDIX I
Calculated populatien density “‘stributions for the various rums.

The experimental condivions and raw data for each of these runs are
sumearised in Appendix 3.

The population density distributioas were calculaved for each run with
the method described in Appendix H. A size dependent growch rate model
was fitted tio these data and from this model thn growth and nucleation
kinetics of oryseallization followed: The nuclei population demsity
5’ and nuclei-sized crystal growth rate G'; were used as the two
parameters to fit the sizé dependent growth rate model to the dara,
According to Abegg, Stevens and Larson (1968) che crystal nucleation
rate is the product of these ‘ewo values n’ and &', The size
depandent crystal growth rate G is expressed by the growth rate model
£icted to the experimental data.
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¢ 2,21 E7 number/ml.pm
Nuclei-sized erystal growth rate (6°): 7.36 E-2 pm/uia.
MNucleation rate (B') : 1.63 E6 num/nl.min
Grystal, growth rate (G) : 7.368-2¢1+0.273 1)%38 sm/min
Crystal population [Chiractaristic size
density (num/ml.gm)|L (um)
1.064 &7 1.7
1,683 €7 2,13
1,416 £7 2.7
1,018 E7 3,45
1.251 E7 4,45
o 5,402 E6 5.7
1.552 E6 7.3
8.3561 E5 9,35
7.407 ES 12.05
3,778 ES 15.65
6.638 E4 20.7
5.305 E3 28.7
1.701 B2 44,3
i
i
Ve oL i
y
- - AW - - s .
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Nuclei population density (n') : 1.274 E7 memer/ul,um
Nuclei-sized crystal growch rate (G'): 6.07 E-2 sm/min.
Wueleation rate (B') 4 7.73 E5 num/ml.ain

Crystal growth rate (G) ¢ 6,07E-2(140,339 1)0:5¢ Lm/nin

Trystal populacion |Characteristic size
density (map/ml.pa) (L (sm)

8.494 E6
6.38% E6
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Nuclei population density (n')

{25 E9 mumber/ml.pm

Nuelei-sized crystal growch rate (G'):

Hucleation rate (B')

Qrystal growth rate (G)

7,00 E-3 pm/min,

1 1.73 E7 nun/wl.min

i 7.00E-3(1+2,116 1)0-58

Crykeal pepulacion
density (num/ml.pu) L (sm)

Charactaristic size

RS U N e

T

i

i
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Nuclei population densizy (') : 9.96 B9 mumber/ml.pm

Nuclei-sized arystal growth rata (G'): 4.94 E-3 sm/min. K
Nucleation rata (B) 6,92 E7 num/al,min

crystal grewth race (G) : 6,958-3(1+3,0 1058 pn/min

Crystal population iCharactaristic size g

densicy (num/ml.pm) L (pm) 5
1.064 E7 1.7 3
1,883 E7. 2,35 R
1.416 E7 2.7 . "
1.018 £7 343 I -
1.251 &7 4,45
5,402 £6 5.7
1.552 E6 7.3 f 1
§.561 £5 9.35 1"
7.207 €5 12,05 4
3,778 ES 15.65 4

. 6.638 E4 20.7 s
5.305 E3 28.7 :
1.701 E2 5.3
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Nuclei population density (n') 1 7.17 E8 number/al.um
Nuclel-sized crystal growth rate (6'): 1.0 E-2 um/min.
Nucleation rate (B") t 7.17 E6 num/ml,min
Grystal xrowth rate (G) ¢ 1.0E-2(141.482 L)038 unjmin
Crystal population [Charactsristic size
dansicy (nua/ml.um)iL {um)
2,402 E7 1.3
1.804 £7 17
2,140 &7 2.13
4.503 & 2.7
£.797 ES 3.45
1.661 E6 5.15
2.987 €4 7.3
8,486 Ed 9.35
1.634 ES 12.05
4.411 E3 15.65
1.106 ES 20.7
3,974 £3 28.7
1.924 E1 4.3
o
- i
g ’ 3
H
)
: Lo o3 e :
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Run g9,

Nuclei population density (a'y
Nuglei-sized crystal growth zate (G):
Nuclsation rats (3°)

Crystal growth rata (G)

Page 146

¢+ 7,17 E8 number/ml,um

1.0 E-2 pm/min,

+ 7,17 E6 num/ml.min

b 1.0E-2(1+1,482 L)% 38 pm/nin

Crystal population {Characteristic size

deusity (num/ml.um)il (sm)
2.402 E7 1.35
1,804 87 1.7
2.140 E7 2.135
4.503 g6 2.7
4,797 ES 3.45
1.661 E6 5,13
2.987 €8 7.3
8.486 E4 9,35
1.634 B3 12,05
4,411 ES 135.63
1.106 ES 20.7
3.974 E3 28.7
1.924 B1 44,3




Appendix T Page 167
Rut 20
Nuclel population density (') t 2,07 E7 aumber/ml.pm
Nuclai-sized crystal growth rafe (G): 4.4 E-2 sa/min,
Bueleation race ") 4 9.12 ES num/ml.min
Geyytal groweh rate (G) t 6.4E-2(140,446 LA 38 un/min
Crystal population {Charactariscic size
denaity (rum/ml.gn) L (um)

4.155 E6 [ 1.7

7,394 E6 2.15

2,420 £6 2.7

1,878 E6 3.45

2,948 E6 4,45

1.307 E§ 5.7

7.754 ES 7.3

5.842 ES 9.35

2,017 ES 12.08

3,039 £ 15.65

1.841 E3 20,7

3.454 B 28.7

o . [
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Nuclel populatien density (n')
Nuclei-sized crystal growth rate (G'):
Nucleavion race (B')

Crystal growth rana (G)

Page 168

© 7.0 E6 nusber/ml.um

1.05 E~2 um/min,

¢ 7.35 E4 num/ml.min

t1,058-2¢14L. 201 1038 pu/nia

Crystal population

density (num/ml.pm){L (um)

Chaxacteristic siis

8.296
1.326
2.055
1.713
6,343
1.563
4.697
1,974
6,321
1.409
2.286
4.111
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uclel popuslation dansity (')

Nuclaivsized crystal grouch rate (6°): 8.00 E3 pm/min,

Nusleation rate (B')

Gryscal growch rats (G)

Appendix T

¢ 8.5 "E6 number/ml.pm

t 6.8 R4 qum/ml.min
7

1 8,008-3(141.590 1)0-58 ym/min

Qrystal populatioa
density (num/ml,um)

3,172 B4
735 E5
175 £5
969 E&4
§48 Eb

702 EA

R NS B s W N
Y
a3
>
=
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Nucleatidn rate (8°)

Grystal growth rate (G)
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Nuclei population density (n') : 3,91 E6 ununber/ml.pm

Nuclei-sized crystal growth rata (G'): 3,91 E<3 gm/min,

: 1.53 ES adb/ml.min

3.91E-3(140.512 1058 ym/min

Crystal population [Charactarisvic sizé
densizy (num/ml.pm) (L (sm)

£6 4,45

E6 5.7

ES 7.3

ES 9.35

B4 12.05

Eb 15.65

£2 20.7
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Nuelei population density (n') i 8.42 £7 number/ml.pm

Nuclei-sized crystal growth rate 6"y 5,31 B3 Hm/min,

Nucleation rats (B) ¢ 4.47 ES wam/al.min
Crystal growth rate (G) ¢ 5.318.3(140,511 )% pu/min
- .
»
Cryscal populatien |Characceristic sTze
density (num/ml,um) L (um)
3,505 £6 1.1%
4,426 'S8 2.7 y
9.699 E6 3.45 !
1.09 E7 4.43
3.715 £6 5.7 i
| 1,664 E6 7.3 .
9.036 ES 9.35
2,685 ES 12.08 3 .
3.754 E4 13,65
1,684 E3 20.7
3.8 E1 28.7 [
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Nuclei pepulation dansity (n') : 3,37 E7 n.aber/nl.pm
Nuclei-sized arystal growth zate (G'): 1,8 E-2 um/min.
Hucleatlon xats (B') t 6,21 E5 nua/ml,min

Crystal grewch rata (G) t1.868-5(141,008 1038 su/min

Grystal population [Charactaristic size
danaity (num/ml.pm) L (um)
2,878 £6
2.579 E&

[riavy

NublUsrrupun
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Nuclei population demsity (n') : 1.69 E7 number/ml.pm

Nuclel-sized crystal growech rate (G')x 1,55 E-2 um/min,

Nucleation rate (8°) ¢ 2,62 ES num/ml.min -
Crystal growvh rate () § 1,E$E-2(140,590 1)9+58 ym/min
[ .
Crystal popularion |Characteriscic size B
dansity (aum/ml.um)|L (um)
1,143 &7 1.35
9.251 E6 1.7
7.131 E6 2.13 .
4,268 E6 2.7 g :
L1.722 ES 3.45 g
5.541 ES 4.45
L.72L &5 3.7
1.817 25 7.3 £
1.239 BES 9.35 3
2.742 EG 12.05
2.103 E3 15.6%
6.211 E1 20.7 -
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Run 23 D E:
Nuclei population demsity (n’) : 1.93 £5 number/ul.sm ®

Nuclei-sized erystal growth rate (G ): 2,86 E-2 sm/min.
Nucleation rate (3°) ;5,51 E4 num/ul.min

Crystal growch rata (G) : 2,868-2(140,319 1038 uo/min g

Crygcal populacion (Gharacteristic size i ) o,
density (nusm/ml.pm)il (m) .

1.847 E6
2.082 E6

et

CwbNERE W
G

Numoin
&G

o
=
5
ES

B O N OB W R

-3




appendix J Page 175
APPENDIX J

Devalopment of thé predominant crystal size (Randolph and Larson,
1971).

The fundameuntal populacion balance aquation has been derived in
saction 3.2 as follows:

a-n em( 3 ERY

For the fundamantal population balanée equarion che quancity L/Gr is
dimensionless. 3y replacing it with the diwcnsionless length x = L/Gr
the following equation is obtained:

a=n' exp® J.2

The population aumber, lsngth, area and mass are obtained from
tormalized momenc dguations as shown in saction 3.2. The third momens
equation, normalized, of tvhe crystal populacion is:

x
j 2 e ax
By = & 1.3
I e ax
o

Equation J.3 is callad the normalized mass cumulative fraction.
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Aftar the integration of equatiom J.3:

-x

ppml-(lex+12xts16x’) e I

Differentiating eaquation J.4 with raspect to x gives the following
result:

4 plat of equarien J.4 is shown In Sigure J.1 and for squation J.5 ta
figuré J.2, From £lgure J.2 Lt is seen that the predeminant crystal
size is at a value of x = 3.

Since x=L/Gr the pradominant crystal size is where Le3Gr,

o

Cumulative mass, normalised Cpyd

Rimensionlesa langth, X

Figure J.1 Plet of the cumulative mass distribution
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Appendix J

txp/Edpy pastiesaou ‘ssew Jeiquavalsig

E3

fength,

Dimensiconless

Figure J.2 Ploc of the diffsrential mass distry)
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APPENDIX K

Derivation of the population balance aquation if size-dspendent growth
of the erystals is assumed.

i The general population balance equation derived by deriving the
- g population balance over a pic External Region will
be used as s starting peint to deviveé the population balance equation
if growth rate 1is size-dependent.

This population balance over a
Macroscopic External Coordinate Region has, heem derived by Randolph
7 and Larson (1971).

(Refer ta sectionm 3.% .ur the derivation of the
general populacion balance equation.)

Thi¥ general popuwlaticn balands can be wsed for describing transient
and steady-state particle-size distributions
: continuous; iscthermal vessels:

in  well-mixed,

, 5—:+—L—“"+D-B+ndl°v

Tue

Assuming that all

McCabe’s AL

the constraints for an ideal crystallizer, except
law,

hold the population balance equation for a e
crystallizing system with size-dependant growth can then be derived

Recause of the comstralnts of steady state, ao crystals in the Ffesd X
stream, and no birth and death terms aquation K.l reduces to

d(Gn’ - on
1 gL

F-o
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Stating that V/Qur and using e size dapendent growth rate sxprassion
GG’ (1+7L)P as described in section 3.4 equation K.2 reduces to:

b
d[ng (leyl) - T
o + 0

2.3
.
This squation K.3 can be simplified to give the following resuls:
dn 1 a 5 oL

[ 2- & ahoe - o [ o5 Koa

4 - :
and aftar intsgration of squation R.4:

L et
lng=lan’ + - -(ﬁ—) - bl (i4l) 2.5

which, Lf simplified, is the rasulting population balance squation for
a syscam with size-dapendent cryscal growth rates:

B b (LylyL-b
n=Kymn (LarL) 2%p |-

1%

e 5 = o | 75|

@°r
b <1
For bm0, equation .6 gives the size distribution corresponding vo

MeCabe's AL law,
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APPENDIX L ; é
1 .
N
Galculation of the membrame efficienciss for the electrolytic cell b
operation. * ?

The wembrame efficiency of 4n electrolytic call has previously been
defined in Appendix D as: B

Observed godium flux
- 7~ Theorstical maximum flux * 100 % Ll -

The maximum flux is the flux which will be observed if sodium lons are i
the only {ions .which move through the membrane. The expression fSor !
. maximum flux can be derived uging Faraday’s law as expressed in

Appendix 4: b

. Where: t = Time needed (s). T
T m = Mass of sodium Lons to be transported per unit area ’
. (g/cu?).

= Mumber of charges on the sodium lon ).

= Faraday's constant (96485 G/mol).

= Atomic weight of sodium (g/mol).

= Current density (A/cm?).

« Membrane efficiency (-), \ v

3 mE MmN

The maximum £lux will be obtained when the membrane eificisney is 1004 .
Thus, when n=l. The number of charges ou a sodium jon, and therafors
Z, is ome, Taking this into seccoume, equatien L.2 can be rearranged te g
give an expression for the maximum flux through the membrane:
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ya1 L3

Whera: N = Molar £lut of the sodium lons (mol/em?.s).

The actual sodium flux will be given as:

N 4Qey L

A actual “ Tde

Where 1 V = Catholyte volume,
R ¢ = Sadium concentration in catholyte.

Bon e
S If tha volume of the catholyte solution is comstant equation L,4 can
y be reduged to:
S v4C 5
: Vacrual = gt E3 L
This differential 1z the slope of thy curve obtained when the sodium .
. concentration in the catholyte iz pléedted against the running time of « s

the cell. It must be noted that, in order to use this equation, the
catholyts vwolume must be constant, This does not happen since samples
are taken from the solutliom to determine tha sodium concentration with
the result thit the volume decreases each time, This problem was
overcome by correcting the sodium concentration in the catholyte for
the loss in volume by ssmpling. This meant that all.the sodium
concentrations were based on the same volume basis, and hence equation
L.5 could be usad,

4 run was done to illustrate this procedura, The expérimeuntal data
3 look as follows: .
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Gurrent density = 1000 A/m®
Solution ter.arature = 40 °C
Gathalyte vol.sc = 6 1
Anolyte volume ~ &,4 1

Time (hzr)[Call voltage Catholyte Na |Corrected Na
cone. (2.1°1)jeone. (g.1"1)
0.0 11.5 0.075 0,075
0.5 1.0 0.897 0.893
1.0 10.5 2.069 2.06
1.5 9.5 2.862 2.84
2.25 8.5 4,552 4.51
3.0 8.5 6.138 5,07
4.0 8.5 8.138 8.03
4.5 9.0 9.172 9.03
5.0 8.2 10.00 9.82
5.5 9.3 11.034 10.81
6.0 9.3 11.897 11,64
6.25 9.4 12.241 11.96
6.5 9.5 12,414 12.11
7.0 9.6 12.758 12.42
7.5 9.7 12,931 12.56
8.0 9.8 13.276 12.88

These data are used bte plot the graph of Na coneentration in the
catholyte versus the ruming time of the cell as i3 dome in figure
6.1,

From figure 6.1 it follews that the slope of the first part of the curve
is 1.96. The volume of thae catholyte solution is known as 61 and cha
area of the slectrode plates is 200em?, Thus, from equation L.5:

¥, = (1.96 * §) / (200 * 23)

actual
= 0,0071 mol/s.cn?
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Kuowing that e current demsity in the electrolytic cell is 1000
a/cn® the umaxsmum sodium £lux can them be zalculatad using equation
L.3:

Nyag = 1000 / 96485
- 0.0104 mol/s.cm?

The membrane efficiency, n, s then (from equation L.1):

§ = (0.0071 / 0,0104} w 100
- 68.6 %

Yhe = same procedure can be followed to calculate the membrans
efficiency of the sacond part of the curve. The efficiency in this
part of the curve {s calculatad as 183,




Appendix M Page 184

APPENDIX ¥

WATFIV computer -program for the .simulation of che crystal size
distribution of the crystale ‘roduced in the MSMPR crystallizer,
(Refar te chapter 6,5) :

M.1 Algorichm

The main program initialises the program, and calls sn optimisation
routine fromw tha I.M.5.L. library to minimise the sum of squared
errors. The optimisation program ZXMIN minimises the sum of squarsd
errors caleulated Iin the subzoutine FUNC for the thyma parameters b,
¢’ and n'. Tha program ZXMIN uses a quasi-Newton method to find the
minimum of a function £(x) of N variables.

The subroutine FUNC calculates the sum of squarad differences betwsen
the measursd erystal size distribubion data and the simulated crystal
size distributions, as calculated using the proposed size dependent
erystal growsh rate model, for a particular combination of the
pazameters b, G' and a’.

K.2 Pregram.main

$J0B
EXTERNAL FUNC
INTEGER M,N,NSIG,MAXFN,IOPT,I, IER
REAL X(3),FF(20),W(9),H(8) G(3),F,¥(20),MM(20) ,L(20) ,T,KL,K2,NQ,
REAL K3,K4,K5,K6,LL(20)
COMMON /EXDA/Y, L, S, LL M, T

€ Read in the initial conditions and the measured data.

Y N 1
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READ (3,%)M,T
READ (3,%)X(1),X(2),X(3)
£O 5 I«l,M
READ(3,%)L(1),¥(1)

5 CONTINUE

¢ Secify the convergence critsrians, erc, for the I.M.§.L. subrourine
C ZXMIN,

N3

NSIG=12

MAXFN=5000

I0PT=3

GALL ZXMINCFUNC,N,NSIG,MAXSN, IOPT,X,H,6,F,W, IER)

C Printing the rasults obtained.

WRITE (7,1000)3(1),%(2),%(3)

1000 FORMAT(3X,FS.2,3X,F12.8,3X,F12.8)
WRITE(7,1001)IER

1001 FORMAT(SX,I6)
WRITE(7,1002)F

1002 FORMAT(SK,F8,4)
WRITE(7,1003)6(1)

1003 FORMAT(SX,F8.4)
WRITE(7,1004)G(2)

1004 FORMAT(5X, F8.4)
WRITE(7,1005)W(1)

1005 FORMAT(5X,F3.4)
WRITE(7,1006)W(2)

1006 FORMAT(5X,F8.4)
WRITE(7,1007)4(3)

1007 FORMAT(SX,F8.4)
DO 20 T-1,4
WRITE(7,101)LCT), ¥CI) (D)

101 FORMAT(SX,FS.2,3¥,F12.8,3K,F12.8)

* 20 CONTINUE
STOP

4
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END
G Subroutine to caleulats the sum of squares.

SUBROUTINE FUNG(N,X,F)
INTEGER M,N,I

REAL X(N),F,Y(20},L(20} ,K1,K2,83, K4, K5,K5,0N(20), T, LL{20) , FF(20)
REAL Y¥(20)

CGIRMON /EXDA/Y,L,NW,LL,M,T

KI=EXB(1.0/(1.0-X(1)))

K2=e1.0¥X(1)

F=0.0

DO 15 11,4

LL(Z3=4BS (L(T)/(X(2)*T))

TY(T)=ABS(Y(I)/R(D))

K3=LL(1)

Reom(1.0+K3 ) A%K2

K3=(L.0+K3)**(1.0-X(1))

KE=1.0-%(1)
EF(I)=(ALOG(YY(I)) -ALOG ( (KL#R4¥EXP (-1, 0%K5/RE)) ) )#2

FeF+EF(1)
WN{I)=R1*KG*EXP (1. Q*K3/KE)
15 CONTINUE
RETURN
END
$ENTRY

§sTor
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Run.23 A, -

Gilbarh tamperatuxs

Stirrer speed d
Drawdown time of vessel: H
Gryssal suspension dafaicy ©

Supersaturation of tungscen:

Appendix §

Seed erystals has been addad te this run.

Raw data for twe identical vuns, one with inivial seed crystals added
to the system and one with no seed cxystals,

Welgnt fraction
of erystals %

Crystal size ran
to (

Y
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K> seed crystals wera added to this run and na tungstic acid cryssals

were found.

0ilbath temperature 1160 ¢
Stirrer speed {2400 rpm
Drawdown time of vesiel  : 78.6 min

Crystal suspension demsity : 0.0 g/l

Supersaturation of tungsten: 15.05 g/l

.. . Semples wers-caken-from cthis experimenc and

ow-the ‘same 1
particle analyser as Rum 22 A. The rasults indicated that no crystals .
were present in the system.
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