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Abstract. The main topic of this study was to estimateithgact of the off-bottom impeller clearance
on the metastable zone width, nucleation kinetiosl @he crystal size distribution of borax
decahydrate. The importance of impeller positiors wtudied in baffled stirred crystallizer with a
volume of about 2 L, equipped with straight fouad# turbine (4-SBT) cooling at constant cooling
rate. Metastable zone width was determined by Visigdhod, while concentration changes during the
process were monitored in line using ion-selectlectrode. The nucleation behavior in the batch
cooling crystallizer was presented according todvieann's criteria. On the basis of the experimental
results and observations it is evident that in gitated batch crystallizer metastable zone width,
nucleation rate, crystal growth as well as crysiak distribution are significantly influenced by
hydrodynamic regime in the system determined byeifepused and its position.
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1.INTRODUCTION

Borax decahydrate is a product of great industntdrest. It is the refined form of natural
sodium borate used widely in detergent and cleaftingulations, as fungicide, disifectant or
herbicide. Borax has important role as an agentt whadifies the structure of glasses,
especially in the production of ultra thin scrednsorder to produce crystals of borax with a
specified purity and crystal size distribution (QSI minimum cost, it is necessary to operate
the crystallizer at the optimum conditions.

Crystallization is usually carried out in aspansion and for this reason the study of
crystallization requires knowledge of mixing. Migincan have a dramatic effect on the
properties of the product, including CSD, purityonphology and polymorphic form.
Regardless of size, each crystallizer requiresopgarselection of the mixing characteristics.
Choosing the proper position of the impeller in drgstallizer is one of imperatives for
optimum mixing. Although it has been empiricallydawn that the geometrical configuration
in the crystallizer has a considerable effect oa pmoduct crystal size distribution, this
problem has rarely been quantitatively investigdtdd The aim of the present work is to
investigate the effect of the off-bottom impelldearance on the metastable zone width,



nucleation, crystal growth and product crystal simdribution and to clarify the mechanism
involved.

2. EXPERIMENTAL PROCEDURE
2.1 Experimental set-up

The experimental work was carried out in a stitvatth cooling crystallizer with a volume of
about 2 L. The solution was stirred by 4-SBT imgelthat is 4-straight blade turbing/¢; =
0.4; number of blades — 4; blade width — 0Q)2In all experiments the agitation speed Mas
= 300 rpm because at this speed the state of ctenglespension was achieved. The
crystallizer was the cylindrical flat bottom vesdéted with four baffles placed at ®9@round
the vessel periphery. The baffle widths were eqoabne-tenth of vessel diametek/(10).
Temperature control of the crystallizer was accashgld by a programmable thermostatic
bath provided with a cryostaH(ber Compatible ControlCC3) with a temperature control
accuracy #.01°C and data acquisition system. All experiments veargied out at constant
cooling rate of 6°C/h from the saturation temperature of 3D. During the process
concentration changes of borax solution were mositoin line usingNa-ion selective
electrode (ISE). The power consumption was detexchinsing torque meters produced by
Lightnin-LabMaster. Crystal growth and shape were determined Qayl Zeiss optical
microscope with an enlargement of 100 times, wthigefinal product of crystallization were
sieved to obtain the crystal size distribution bsigint.

2.2 Measurement of solubility

The solubility of borax was determined in the rafigen 3 to 35C. Saturated borax solutions
were prepared by dissolving analytically pure bodaxahydrate in ultrapure water. A flask
containing the saturated solution and excess sphdse of borax was put into a
thermostatically controlled bath, and it was stirfer 6 h to attain equilibrium. After attaining
saturation, the equilibrium concentration of boneas determined by volumetric titration with
NaOH in the presence of mannitol and phenolphthaleindisators [2,3].

2.3 M easurement of metastable zone width

Supersaturated solutions exhibit a metastable zaviech constitutes the allowable

supersaturation level during every crystallizatiprocess. Within this metastable zone
spontaneous nucleation is not likely to occur. Qmyyfurther increase in supersaturation, a
certain degree of supersaturation will be reachedhéch spontaneous nucleation occurs [4].
In this work the metastable zone widths of bordutsans were measured by the conventional
polythermal method. A solution with known compasitiwas prepared in accordance with
solubility data. The saturated solution was coaledn at a given linear cooling rate until the
shower of visible nuclei appeared. Than, this methonsists in the determination of the

maximum undercoolin@Tmax
AT =T.-T (1)

whereTs is saturation temperature aifiglis temperature at which the first nuclei have been
observed. The difference between these two temperis called metastable zone width.

The relation of maximum supersaturation to the mmaxn undercooling can be expressed by
the following equation [5,6].



ACmax = (dijATmax (2)
dT

2.4 M easurement of growth rate

During the crystallization process, the crystakrsiiwas withdrawn from the crystallizer in
order to estimate the variation of crystal sizeimgfaelapsed process time. Slurry was
withdrawn using special type of syringe. Samplirggnp was located above impeller plane
(zZH = 0.8;1/(dt/2) = 0.4), in the middle plane between adjaceriflds|a The withdrawn
samples of crystals were sized immediately by nsicope with an image analyzer in order to
investigate the effect of the impeller positiontba overall crystal growth rate.

3.EXPERIMENTAL RESULTSAND DISCUSSION
3.1. Solubility and metastable zone width

Fig. 1 shows the solubility curve which indicatésttthe solubility of borax increases as
temperature increases. Solubility data obtainethimwork are in very good agreement with
those given byBorax Inc. [7].

The variations of metastable zone width fdfedént saturation temperatures at four off-
bottom impeller clearances are also presentedgn EiThe experimental results show that
impeller clearances affect the metastability raagd however little this effect might be, it
could be noticed. The metastable zone width isatitest atc/H = 0.1. With increasing off-
bottom clearance the metastability range decredsest is evident that there is no regular
trend. The metastability range is the narrowest/ldt= 0.3, while metastable zone widths
obtained at positioe/H = 0.4 and 0.5 are situated between these two quslyi mentioned
values ofc/H. Recorded differences between metastable zonésvidiuld be attributed to the
hydrodynamic conditions in the system caused byellap used and its different positions
that will be discussed in detail later.
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Figure 1. Variation of metastable zone width with off-bottom impeller clearance



3.2 Nucleation

It is well known that the nucleation kinetic is cheterized by relationship between the
metastable zone widtAC .y and the mass nucleation r&e

B=k, 4AC" 3)
wherek, is nucleation rate constant aA@,.x the maximum allowable supersaturation. The
exponenn is referred to as apparent order of nucleatiore tbtal rate of nucleatio, is the
sum of the four contributions of different mechamss

B=B + Bhet + Bsur + Batt (4)

hom

where Brom Bhes Bsur and By are the rate of homogeneous nucleation, heterogsne
nucleation, secondary surface nucleation, and #te of attrition induced secondary
nucleation. However, one contribution is dominanaigiven range of supersaturation [8]. In
the unseeded batch cooling crystallizer, the pynmarcleation occurs dominantly. Mersmann
et al. [9,10] suggested a rapid, simple and indirectho@tto determine the nucleation
mechanism in a classical nucleation theory by nmaaguhe degree of supersaturation and
solubility at a constant cooling rate. Using thisthod it was found that the heterogeneous
primary nucleation is the dominating mechanismha examined system. In this case the
nucleation rate can be calculated by the followgggation:

713 *y |3
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where ¢heiis the heterogeneity factor ahds the reduction factor for the nucleation workr F
heterogeneous nucleation 0 < 1, and depends on the contact angle betweerutfecs of
the foreign particles and surface of the nucleds. [ag is a bulk diffusivity € 10'° m%s in
the low viscous solutions) and, = (Cc/Na)™° where Na is Avogadro number. The
calculation was carried out wifbag = 1x10'° m?/s, Cc = 4.48 mol/dm which was valid for
estimated parameters gfe; =10"* andf = 0.1. In our experiment, nuclei may be generaged
the heterogeneous primary nucleation that occursapgearance of "active" particles
(heteronuclei) in solution with foreign surfacdse(ivalls of the vessel, impeller, baffle etc.).
In Table 1 are shown the nucleation rates raieg to the different off-bottom impeller
clearances. The nucleation rate is determined dcgpto equation 5, taking into account the
metastable zone width which varies with impellesipon in the way previously described.
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Table 1. Nucleation rates according to the different off-bottom impeller clearances

c/H 0.1 0.3 0.4 0.5
Nucleation rate 1.406 x16° 20.311x16 1.375x16° 1.207x16°
(No./n? s)

It is evident that the nucleation rate was sigaifity increased when impeller was located at
the clearance noted afH = 0.3. This is a consequence of the fluid-dynaregime in the



tank generated by the impeller type used and isstipo. Radial-flow impeller discharges
flow toward the wall of the vessel. As the discleafigw impinges on the vessel wall, it splits
into two streams near the wall forming two loopstle tank. However, if a radial-flow
impeller is sufficiently far from the vessel bakege recirculation flows above and below the
impeller are present. The lower flow loop is chéedzed by weaker impact on the tank
bottom. On the other side, if impeller is placedyvelose to the tank bottom, the lower
recirculation flow changes its shape and its charatics as well. It is plain that SBT
impeller positioned at/H = 0.3 provided hydrodynamic conditions in the tavikch caused
the highest nucleation rate.

3.3 Crystal growth and Crystal size distribution

The mean crystal sizes were measured to investigeimpact of off-bottom impeller
clearance on the crystal growth. The overall lingaowth rate of crystal at any timeof
process [12] can be obtained by the direct measeneof the crystal sizé,, and be expressed

by

G= L -Lg
At

(6)

Fig. 2 shows the results of the measured meanatrggtes according to the batch time at
cooling rate of 6°C/h and impeller speed of 300 rpm. After nucleatiba formed crystals
continued to grow causing supersaturation decrebise. example of typical variation of
supersaturatioAC against elapsed time is also shown on the Figr 2/H = 0.1. The crystal
size reached an asymptotic value (~2860) within 150 minutes. For all impeller clearances
examined, the crystal growth behaviors were alnesttical. However, regardless of small
variations in results can be noticed that the gnolghavior at/H = 0.1, in the range of the
batch timet > 150 minutes, differs from those at other cleaganased. The fluid-dynamic
regime in which a radial impeller operate/at = 0.1 is different from the more conventional
cases in which the impellers are placed highehentank. 1t was suggested that the suspension
of crystals obtained by mixing at this clearancevmted the relatively high concentration of
settled crystals at the bottom of the crystalliaad produced agglomerated crystals which
resulted in larger mean crystal size.
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Figure 2. The changes of crystal size and supersaturation AC against elapsed time
for different off-bottom impeller clearances



The size distributions of product crystal dfedent off-bottom clearance are presented in
Fig. 3. As off-bottom clearance increases, thetiivacof smaller crystals does not change
much. The distributions show that the fraction aédim crystals increases as off-bottom
clearance increases, while the fraction of largestats decreases. This may indicate that
agglomeration took place more frequently for medisime crystals as the off-bottom
clearance was increased.

Figure 3. Crystal size distributions for different off-bottom impeller clearances

The photographs of the final products of bareystals obtained with an optical microscope
at various off-bottom impeller clearances are giveRig. 4.

Figure 4. Photographs of crystals obtained at different off-bottom impeller
clearances

It is evident that in an agitated batch crjigier the nucleation rate as well as crystal
growth and crystal size distribution are signifidannfluenced by the hydrodynamic regime
in the system. Working with the SBT radial impel&drdifferent off-bottom clearances and
using VisiMix 2000 Turbulent program have been obsé different liquid flow patterns
during the flow visualization experiments (Fig. ®hen the stirrer is set rather far from the



vessel bottomdH = 0.3) two well-defined ring vortices, above andobe the impeller,
persist in the vessel. Two loops were also notingtie system when the impeller clearances
werec/H = 0.4 or 0.5. At these values of ratitH the lower loop has a less pronounced
impact on the vessel bottom then at impeller pasitioted ag/H = 0.3. Because of weaker
mixing efficiency close to the tank bottom, pakilhave a tendency to cluster together. The
results therefore, indicate that a further incraagbe clearance would be absolutely counter-
productive.

When the stirrer is close to the bottamH(= 0.1) the lower vortices are almost absent, i.e.
the flow undergoes a transition from the standardbte loop pattern to one with impeller
stream directed downwards [13,14]. In this case, liblk flow near the vessel bottom is
directed from the stirrer to the periheral zonerriba wall where the solid particles tend to
accumulate. Thus, in this zone there exists some & "forced" agglomeration.

If the aim of process requires larger, morgoum and less agglomerated crystals of borax
off-bottom impeller clearance afH = 0.3 may be considered as a more viable optiaeun
present experimental conditions.

Figure5. Smulations of flow patternin crystallizer at various values of ¢/H

3.3 Power consumption

Torque measurements were performed for all offdmtimpeller clearances examined. Since
the crystallization is process in which a new, d@hase forms from supersaturated solution,
a data acquisition software package was used tdemswithe possible changes of power
consumption during the process. In this work thegroconsumption is expressed in terms of
power consumption per unit mass of suspension.

From Fig. 6 can be seen that valuesRdfj are almost constant with an increase of the
off-bottom impeller clearance. The obtained resalé® indicated that values of this parameter
do not change significantly over the process ti@bviously, presented results can not be
taken for granted, because experiments in this weeke carried out in crystallizer of
relatively small volume. These effects should hedistd further in greater detail employing
experimental units of larger scale. Namely, for #uale-up of crystallization process the
power input is of fundamental interest.
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Figure6. (P/m)vs. (¢/H) and (P/m) vs. processtime

4. CONCLUSIONS

In an agitated batch crystallizer metastable zowkhwnucleation rate, crystal growth as well
as crystal size distribution are significantly udhced by hydrodynamic regime in the system
determined by impeller used and its position. Thigeemental results show that off-bottom
impeller clearances affect the metastability rangd however little this effect might be it
could be noticed.

Using Mersmann's criterion to determine theleation mechanism, it was found that the
heterogeneous primary nucleation is the dominatimgchanism in this work. In our
experiment, nuclei may be generated by the hetegmes primary nucleation that occurs by
heteronuclei in solution with foreign surfaces. SBpeller positioned at/H = 0.3 provided
hydrodynamic conditions in the tank which causedhighest nucleation rate.

On the basis of the experimental results absevations shown above, the impact of
impeller clearance on the crystal size distributiorthe product line is an important factor
that should be taken into account. If the aim afcpss requires larger, more uniform and less
agglomerated crystals of borax off-bottom impetierarance o€/H = 0.3 may be considered
as a more viable option under present experimentaditions.

In the examined system the values R} do not change significantly at different off-
bottom impeller clearances. The obtained resu#is addicated that values of this parameter
are nearly constant over time, so they do not ohahging the process of crystallization
regardless of the fact that during process the swia phase forms.

5. NOMENCLATURES

B total rate of nucleation, No.As D impeller diameter, m

c off-bottom clearance, m G overall linear crystal growth rate, m/s
C solution concentration, kmol/n H height of liquid from tank bottom, m

Ce crystal molar density, kmol/n | radial sampling position from the tank
C* solubility, kmol/n? wall, m

AC supersaturation, kmol/m L crystal size, m

ACrex Maximum supersaturation, kmoffm m suspension mass , kg

d, particle sizepm N impeller sp_eed, rps or rpm

dr tank diameter, m q mass fraction, /



(P/m) power consumption per unit mass z axial sampling position from the tank
(W/kg) bottom, m

S relative supersaturation, / n number of ions per molecule

t process time, min

T temperature’C

Ts saturation temperaturtg

ATmax  maximum available undercoolint;
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