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ABSTRACT 

C r y s t a l growth rates determined under c o n t r o l l e d conditions 

can be used to test theories of the mechanism of c r y s t a l l i z a t i o n , while 

d i s s o l u t i o n rates determined under comparable conditions allow an 

attempt to assess the r o l e of mass transfer i n the o v e r a l l growth process. 

Laboratory-scale studies of f l u i d i z e d - b e d c r y s t a l l i z a t i o n are also 

of i n t e r e s t as aids to the design of f u l l - s c a l e c r y s t a l l i z e r s of the 

advantageous suspended-bed ("Krystal") type. Measurements on c r y s t a l 

growth rates under conditions simulating those i n i n d u s t r i a l c r y s t a l l i z e r s , 

e s p e c i a l l y " K r y s t a l " c r y s t a l l i z e r s , are s t i l l r e l a t i v e l y scarce. 

In t h i s study, growth and d i s s o l u t i o n rates of n i c k e l s u l f a t e 

a-hexahydrate were measured as functions of the concentration d r i v i n g 

force i n a laboratory-scale f l u i d i z e d - b e d c r y s t a l l i z e r , for the 

temperature range 35-50°C and the c r y s t a l s i z e range 0.5-4.0 mm. The 

growth of 1 mm c r y s t a l s at 40°C was measured by two d i f f e r e n t methods. 

D i s s o l u t i o n rates at a given temperature and c r y s t a l s i z e 

were f i r s t order i n the undersaturation (c* - c ) . Growth rates were 

about one-quarter of d i s s o l u t i o n rates and depended on a higher power 

(around 1.3) of the supersaturation (c - c * ) . This power had no 

s i g n i f i c a n t dependence on c r y s t a l s i z e , but decreased s i g n i f i c a n t l y 

as temperature increased. The apparent v a r i a t i o n of growth rate 

i t s e l f with c r y s t a l s i z e at constant temperature was s l i g h t . 

The nature of the dependence of the growth rate on 

temperature and on c r y s t a l s i z e supports the d i f f u s i o n theory concept 



of c r y s t a l growth as a two-step process, i . e . mass transfer of solute 

to the c r y s t a l surface, followed by i n t e g r a t i o n into the s o l i d l a t t i c e . 

In the present case, the growth rate appears to be mainly but not 

wholly c o n t r o l l e d by the surface i n t e g r a t i o n step. Making the 

assumption that the (unknown) rate constant f or the mass transfer step 

of growth can be represented by the (known) r a t e constant f or d i s s o 

l u t i o n , the apparent k i n e t i c s of the surface i n t e g r a t i o n step of growth 

have been extracted from the o v e r a l l k i n e t i c s of growth. 

For the growth of 1 mm c r y s t a l s at 40°C, growth rates found 

by the "Batch Method," i n which the void f r a c t i o n was 0.998, were i n 

agreement with those found by the "Continuous Method" i n which the void 

f r a c t i o n was 0.80, close to i n d u s t r i a l l e v e l s . Since other workers 

have found agreement for other systems between growth rates from the 

Batch Method and from s i n g l e c r y s t a l t e s t s , the i m p l i c a t i o n i s that 

only s i n g l e c r y s t a l tests need be made to p r e d i c t f a i r l y c l o s e l y the 

growth rate which would p r e v a i l i n an i n d u s t r i a l type f l u i d i z e d bed. 

This should considerably s i m p l i f y the problem of c r y s t a l l i z e r design. 
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1. INTRODUCTION 

There were two main purposes behind this work. One was 

to obtain pr e c i s e data on c r y s t a l growth and d i s s o l u t i o n rates, i n 

order to examine current theories of the mechanism of c r y s t a l l i z a t i o n 

and i n v e s t i g a t e the i n t e r a c t i o n between the mass transfe r and the 

surface phenomena which are believed to contribute to the growth 

process. Here the use of n i c k e l s u l f a t e a-hexahydrate as the c r y s t a l l i z 

ing substance gave c e r t a i n experimental advantages (Section 3.2). 

However, n i c k e l s u l f a t e a-hexahydrate has some commercial s i g n i f i c a n c e 

i n i t s own r i g h t , being a by-product of copper r e f i n i n g and being used 

mainly i n e l e c t r o p l a t i n g , i n the preparation of c a t a l y s t s and as a 

fungicide. Hence a second purpose of the work was to provide growth 

rate data determined under conditions simulating those i n i n d u s t r i a l 

" K r y s t a l " c r y s t a l l i z e r s for a commercially s i g n i f i c a n t compound, one 

for which no p r i o r growth rate data could be traced. The growth 

rate data determined might then be u s e f u l i n the design of f u l l -

s cale c r y s t a l l i z e r s for n i c k e l s u l f a t e a-hexahydrate, while some of 

the conclusions reached for n i c k e l s u l f a t e a-hexahydrate i n t h i s work 

may be generally a p p l i c a b l e to the design of " K r y s t a l " c r y s t a l l i z e r s , 

regardless of the compounds for which they are intended. 
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2. LITERATURE REVIEW 

2.1 Introduction 

The l i t e r a t u r e on many aspects of c r y s t a l growth i s volumin

ous. However, good data which are i n a form u s e f u l f o r the design of 

i n d u s t r i a l c r y s t a l l i z e r s are s t i l l r e l a t i v e l y scarce. 

Only a b r i e f o u t l i n e of the l i t e r a t u r e w i l l be attempted 

here. M u l l i n [ l a , l b ] has given a very good account of the chemical 

engineering aspects of c r y s t a l l i z a t i o n , with many references to the 

o r i g i n a l l i t e r a t u r e . Other very useful reference texts with a chemical 

engineering approach are those by Nyvlt [2], Strickland-Constable [3], 

Buckley [4] and Bamforth [5]. 

U n t i l i t s d i s c o n t i n u a t i o n i n 1970, the jou r n a l " I n d u s t r i a l 

and Engineering Chemistry" gave very comprehensive annual reviews of 

the c r y s t a l l i z a t i o n l i t e r a t u r e [6], Since 1970, the annual reviews 

alone have been continued i n book form [7]. 

2.2 General K i n e t i c s of C r y s t a l Growth from Flowing Solutions 

2.2.1 Early work 

The e x i s t i n g theories of c r y s t a l growth may be put into three 

main categories, namely, "surface energy," "adsorption l a y e r " and 

" d i f f u s i o n " theories. The surface energy theories [lb] have l a r g e l y 

been abandoned, but adsorption layer and d i f f u s i o n theories are both 

s t i l l i n use. For a b r i e f d e s c r i p t i o n of the adsorption layer theories, 

see Section 2.2.3. 



Unlike the adsorption layer theories, the d i f f u s i o n theories 

consider the processes occurring i n the s o l u t i o n surrounding the growing 

c r y s t a l as w e l l as the processes occurring at the c r y s t a l surface i t s e l f . 

Thus i n one of the e a r l i e s t d i f f u s i o n - t y p e approaches, Noyes and 

Whitney [8] considered c r y s t a l l i z a t i o n to be a simple process of d i f f u s i o n 

of solute molecules from the bulk supersaturated s o l u t i o n to the c r y s t a l 

surface, where they believed the s a t u r a t i o n concentration to e x i s t . 

The growth rate was then expressed by 

r = k (c - c*) (1) m 

where r i s the growth rate, c i s the bulk (supersaturated) concentration, 

c* i s the s a t u r a t i o n concentration and k i s a constant. C r y s t a l 
m 

d i s s o l u t i o n was also considered to be a d i f f u s i o n process and c r y s t a l l i z 

a t i o n and d i s s o l u t i o n were thought to be simply the reverse of one 

another. 

Nernst [9] then concluded from the f i l m theory that 

k m 6 (2) 

where D i s the d i f f u s i o n c o e f f i c i e n t and 6 i s the laminar f i l m thickness, 

The term 6 v a r i e d i n some inverse manner with the v e l o c i t y of the 

s o l u t i o n past the c r y s t a l and so the growth rate was expected to 

increase with s o l u t i o n v e l o c i t y . Several observations by Marc [10], 

however, indicated that the above Equation (1) was inadequate. Marc 

found experimentally that k did not increase i n d e f i n i t e l y with 



increasing solution velocity, but reached some limiting value. He also 

found that, under similar conditions of temperature and concentration 

driving force, crystallization was generally slower than dissolution, 

indicating that the mechanisms of the two processes were different, 

while Miers [11], by refractive index studies, showed that the solution 

at the crystal surface was not in fact saturated, but was supersaturated. 

Berthoud [12] then considered crystallization as a two-step 

process: diffusion of solute to the crystal surface, followed by some 

surface integration process, in which material was incorporated into 

the solid lattice. The rates of the two processes were written 

r = k (c - c.) (3) m m v x' 

r = k (c. - c*) (4) r r l 

where k , c and c* are as above, c. is the (supersaturated) concentration m I 

at the crystal surface, r is the rate of arrival of solute at the 
m 

surface by diffusion from the bulk solution and r is the rate of 
r 

integration into the solid lattice. 

At the steady state 

r = r = r (5) m r 

Then, eliminating c , which is difficult to find experimentally, 
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r = K(c - c*) (6) 

where 

1 
K 

1 
r 

(7) k 
m 

This rat e Equation (6) resembles Noyes and Whitney's o r i g i n a l one, 

except that k i s replaced by K. The dependence of K on k^ as w e l l 

as on k allows K to remain f i n i t e even when k becomes very large ( i . e . m m 

at high s o l u t i o n v e l o c i t i e s ) and so explains Marc's observations. 

D i s s o l u t i o n was s t i l l thought to be purely d i f f u s i v e and the absence 

of a surface i n t e g r a t i o n step i n d i s s o l u t i o n explained why d i s s o l u t i o n 

was f a s t e r then c r y s t a l l i z a t i o n . 

dependence of c r y s t a l growth rate on supersaturation (c - c*) was 

greater than f i r s t order. This may be expressed e m p i r i c a l l y by 

w r i t i n g 

where N i s now a p o s i t i v e number, greater than unity, not n e c e s s a r i l y 

an integer. Values of N greater than unity have since been found 

experimentally f o r many systems. The i m p l i c a t i o n i s that the surface 

i n t e g r a t i o n process may be of higher order than one (the d i f f u s i o n 

step i s not expected to be of an order other than one) and, instead 

However, Marc had also noticed that, for some solutes, the 

r = K(c - c*) N (8) 
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of Equation (4), we should really write 

r = k (c. - c*) r r 1 
n (9) 

where n is a positive number greater than unity, not necessarily an 

integer, and in general 

1 < N < n (10) 

Equations (3) and (9) together then express the most general situation, 

when the surface integration rate is not first-order in the concentration 

driving force (c_̂  - c*) and when the diffusion and surface integration 

steps occur at comparable rates, that is, neither step is rate-

determining. 

2.2.2 Attempts to separate the kinetics of the mass transfer and  

surface integration steps in crystal growth 

As is implied in Section 2.2.1, the usual experimental approach 

to growth kinetics has been to measure the growth rate as a function of 

supersaturation, holding constant or almost constant other factors such 

as crystal size, solution velocity and temperature. Once this basic 

dependence on supersaturation is known, the effect of these other 

variables can be investigated. Experimental methods by which the growth 

rate can actually be measured are discussed in Section 3.1. 

The kinetics of crystallization would be completely 

characterized in terms of the diffusion theory i f the two rate constants 



k and k (section 2.2.1) could be separately determined, together with m r 

the apparent order, n, of the surface i n t e g r a t i o n process. However, 

because of the complex interdependence of the qua n t i t i e s involved, a 

general assumption-free separation of the constants has not yet been 

achieved. Often, one can only express the growth rate i n the empirical 

form of Equation (8). 

A novel attempt at a general separation was made (unsuccess

f u l l y ) i n the present work as out l i n e d below. Consider again Equations 

(3) and (9): 

r = k (c - c.) (3) m m l 

r = k (c. - c * ) n (9) r r I 

Equating r and r and el i m i n a t i n g c , as before, we have m r l 

1/n 

m r 

as an expression r e l a t i n g the separate rate constants f o r the two steps 

to the experimentally determinable q u a n t i t i e s r and (c - c * ) . In 

general, i t i s impossible to make r the subject of th i s expression. 

Nevertheless, i t i s expected that estimates may be made of the qua n t i t i e s 

k , k and n by a s u i t a b l e c u r v e - f i t of experimentally determined values m r 
of r and (c - c * ) . This approach has advantages of directness and 

freedom from assumptions. More d e t a i l s of an attempt to determine 

k , k and n by t h i s method are i n Section 7.3.2. m r 
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The remainder of this section reviews prior work on the 

separation of the diffusion and surface integration steps. In subse

quent discussion, we shall replace the term "diffusion step" by the 

term "mass transfer step" to emphasize that molecular diffusion is not 

in fact the only mechanism whereby solute can reach the crystal 

surface from the bulk solution: eddy diffusion may also be important. 

One of the more general separation techniques is as follows. 

Experimentally, as the solution velocity is increased at constant 

temperature, a limit on growth rate is reached. There is then assumed 

to be purely surface integration control of the growth rate and the 

first term on the left hand side of Equation (11) is assumed to be 

negligible. Then 

r = k r(c - c*) n (12) 

and k^ and n can be obtained directly from a logarithmic plot of r 

against (c - c*). Mullin and Garside [13a, 13c] used this technique on 

potassium alum, finding a value for n of 1.62 for (111) faces, which 

predominated the crystals: in general both k̂_ and n are different 

for different crystallographic faces, even on the same crystal [14, 15, 16]. 

Substituting their values of n and k̂_ into Equation (11), they calculated 

k^ for different solution velocities in the range where growth rate s t i l l 

depended on solution velocity. They found k^ to be much greater than 

their experimental values of k., the rate constant for dissolution, 
d 

defined by Equation (13), below: 
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rd = k d ( c * ~ c ) ( 1 3 ) 

As they themselves pointed out, the assumption that the mass transfer 

resistance is completely absent at high solution velocities is suspect. 

Garside [17] has shown that even at quite high solution velocities, 

the growth rate, although i t may appear experimentally to be independent 

of the velocity, may actually s t i l l be increasing somewhat with 

velocity. Nevertheless, they found agreement between the form of 

their measured limiting growth rates[13a] and that of the surface 

integration rates predicted by Chernov [18], and likewise Cartier 

et al. [19] found agreement between the form of their data and the form 

predicted by Amelinckx [20] for surface integration rates. Clontz 

et al. [21] used this limiting growth rate technique on magnesium 

sulfate heptahydrate, but found a value of n of unity. Their experimental 
values of k were much higher than values of k. calculated from the m d 
Frossling equation for mass transfer. 

Another separation technique can be used when, experimentally, 

although the growth rate is of higher order than unity at low tempera

tures, the order tends to unity at higher temperatures. This happens 

because the surface integration rate increases much more rapidly with 

temperature than does the mass transfer rate. Thus at the higher 

temperatures, crystal growth becomes purely mass transfer controlled. 

In this case, from Equation (11), 
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r = k (c - c*) (14) m 

and k^ at the different high temperatures can be found directly. 

Rumford and Bain [22] used this technique on the growth of sodium 

chloride, in a fluidized bed. They found that there was mass transfer 

control above 50°C. Their experimental values of k were in good 
m 

agreement with values of k. calculated from the mass transfer 
d 

correlation of Chu et al. [23]. 

As described below, several sets of workers have used a 

separation technique whereby i t was assumed that k , the growth mass 
m 

transfer coefficient, and k,, the dissolution mass transfer coefficient, 
d 

were equal. When k̂  values, obtained by calculation or directly from 
dissolution experiments, were substituted for k in Equation (11), 
values for k and n could be found, r 

In a few cases of simple flow, a theoretical expression 

for the laminar film thickness, 6, has been derived, and so an independent 

estimate of k̂  could be made, using Equation (2). Brice [24], for 

example, has used such estimates to solve Equation (11) for k̂  and n, 

obtaining n = 2 for two separate cases. 

Hixson and Knox [25] calculated k, values for single crystals 
d 

by means of a correlation due to Williams [26]. Using these values to 

solve for k̂  and n and permitting only integer values of n, they found 

the best f i t of their data was with n = 2 for copper sulfate penta-

hydrate and with n = 1 for magnesium sulfate heptahydrate, this latter 

value agreeing with the findings of Clontz et al., mentioned above. 
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In cases as below, where i t can be e s t a b l i s h e d e x p e r i m e n t a l l y 

that n = 1, u s u a l l y by showing that N = 1 i n Equation (8) by a d i r e c t 

p l o t of r a g a i n s t (c - c*) , the s e p a r a t i o n of k and k becomes e a s i e r , 
m r 

as Equation (7) i s then v a l i d . With t h i s technique, F a s o l i and N a p o l i 

[27] c a l c u l a t e d k^ values f o r a s t i r r e d tank, by means of a c o r r e l a t i o n 

due to T r e y b a l , and used them as k values when p l o t t i n g 1/K and 1/k 
m m 

a g a i n s t c r y s t a l Reynolds number on the same axes. The d i s t a n c e between 

the two curves was independent of Reynolds number and represented 1/k . 

S h i r o t s u k a et a l . [28] argued t h a t , by analogy w i t h mass t r a n s f e r 

c o r r e l a t i o n s , the dependence of k on c r y s t a l s i z e and c r y s t a l Reynolds 
m 

number should be of the form 
R e 1 / 2 

k - ^ e _ _ ( i s ) m L 

where L i s the c r y s t a l s i z e . Using Equation ( 7 ) , they p l o t t e d 1/K 
1/2 

versus L/Re and obtained a s t r a i g h t l i n e w i t h i n t e r c e p t 1/k^. 

Watts [29] and Bransom et a l . [30] s t u d i e d the growth of magnesium 

s u l f a t e heptahydrate i n a s t i r r e d tank, concluding that N and hence n 

were both u n i t y . They showed that f o r a s t i r r e d tank 

k °= ( s t i r r i n g r a t e ) (16) m 

and s u b s t i t u t e d t h i s r e l a t i o n s h i p i n t o Equation (7). They then 

estimated k^ by assuming v a r i o u s values of k^ and, f o r each one, 

making a l o g a r i t h m i c p l o t of ( l / K ) - ( l / k r ) a g ainst s t i r r i n g r a t e . The 

value of k^ chosen was that value which gave the best s t r a i g h t l i n e 



for this plot. Equation (7) was then used to find k . The logar-
m 

ithmic plot also gave the power x. An expression summarizing this 

investigation of k was then used to effect a separation of k and k 
m m r 

in another study using similar equipment [31]. 

Tanimoto et al. [32] were the first workers to back up their 

growth experiments (using stirred tanks) with dissolution experiments 

deliberately made under very similar hydrodynamic conditions so that 

the values of k̂  from their dissolution experiments could be used with 

more confidence as values of k . For copper sulfate pentahydrate they 

found n = 1. However, in their calculation they had assumed without 

experimental verification that N = 1 in Equation (8), thus begging 

the question. Ishii [33] continued this work, measuring growth and 

dissolution rates of potassium sulfate in both stirred tanks and 

fluidized beds, again finding n = 1. The constant, k̂ , might be expected 

to be independent of the hydrodynamics and thus values of k^ from 

stirred tanks and from fluidized beds might be expected to agree. 

Ishii claimed such agreement, but his data show serious scatter and 

the agreement is not convincing. Randolph and Rajagopal [34] compared 

their results from stirred tanks with Ishii's,finding poor agreement. 

They discuss possible reasons for the difference. Mullin and Garside 

[13b, 13c] measured growth and dissolution rates of potassium alum in 

lean fluidized beds (void fraction about 0.95), and performed the 

separation of k^ and k̂_ without assumptions about N. They found n 

was close to two, while k̂  s t i l l retained some dependence on crystal 

size. 



Although this technique of separation using the assumption 

of equivalence between dissolution and growth mass transfer has been 

popular, and indeed is used later in the present work (Section 7.3.1), 

it must be borne in mind that the assumption has not yet been 

justified. Mullin and Garside [13c] discuss physical considerations 

which undermine the assumption (Section 7.3.1) and the difference 

observed by them and by Clontz et al. [21] between k, and k found using 
d m 

the limiting growth rate method of separation (described above) also 

undermines the assumption. Again, there is evidence that, in some 

cases, dissolution is not wholly a mass transfer process itself (see 

Section 2.2.3). However, the agreement found by Rumford and Bain [22] 
between k from mass transfer controlled growth and k, calculated from m d 
the correlation of Chu et al. [23] is evidence in favour of the 

assumption. 

Nyvlt [35] has reported a separation of k^ and k^ by 

calculation, for the case of n = 2. He derived an equation relating 
i t 

N to k , k and (c - c*) , where (c - c*) was a constant for given m r 
values of N, k and k , and was the supersaturation obtained by solving m r 
together the curve-fitted empirical growth rate expression, i.e. 

Equation (8), and the curve-fitted theoretical growth rate expression, 

i.e. Equation (11), with n = 2. The experimental value of N was 

substituted in the derived equation and hence values of k and k 
m r 

were obtained. 

Finally i t should be recalled that in general both k̂_ 

and n are expected to be different for different crystallographic 
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faces, even on the same crystal. Thus if the crystal (or crystals) 

under test shows more than one crystallographic type of face and if 

the growth rate is found via an overall weight increase rather than 

by direct measurement of the displacement of separate faces (Section 

3.1), then only an average k and an average n across the different 

faces can be found, as has been done in the present work (Section 7.3). 

2.2.3 Theories of the surface integration process 

So far l i t t l e has been said to describe the integration 

process at the crystal surface whereby molecules or ions are accepted into 

the solid lattice. At the time of their introduction, neither Berthoud's 

original Equation (4) nor the more general Equation (9) describing the 

surface integration process had much theoretical justification. However, 

since then, considerations of the physical situation at the crystal 

surface have led to the proposal of several mechanisms for the integration 

process. 

It is here that we shall introduce the "adsorption layer" 

theories of crystal growth referred to at the beginning of Section 

2.2.1, as most theories of the surface integration process are in this 

category. In the original theory, Volmer [36] supposed that crystals 

grew layer by layer. Molecules or ions arriving at the surface were 

not immediately integrated, but were initially just loosely adsorbed 

so that they could s t i l l migrate across the surface. For a layer to 

grow, a critical number of these adsorbed species first had to come 

together to form a two-dimensional nucleus. The layer was then 

completed by migration of other adsorbed species, after which the 



next layer was nucleated and so on. In a modification of this theory, 

Kossel [37] considered that kinks could exist along the step at the 

edge of a partially completed layer and that the kinks would be 

energetically the most favourable places for newly-migrating species 

to join the growing layer. However the rates of growth predicted by 

these theories were many orders of magnitude smaller than those 

observed experimentally. The difference was explained by Frank [38], who 

showed that the screw dislocations usually present in crystals allowed 

growth to continue indefinitely without a need for the slow surface 

nucleation step. Burton, Cabrera and Frank [39] then reported a theory 

which allowed for the presence of screw dislocations and which predicted 

rates much closer to the experimental rates than did the earlier 

theories. The cases of control by surface diffusion and by volume 

diffusion were both considered. These theories and a volume diffusion 

theory due to Chernov [18] a l l predicted n = 2 for very low super-

saturations and n = 1 for high supersaturations. Brice [40] and 

Bennema [41] presented data verifying this in a few cases. Brice [40] 

has also tabulated the values of n predicted for several different 

types of surface. In a somewhat different approach, Amelinckx [20] had 

earlier used an analogy to the kinetic theory of gases to calculate 

the rate of attachment of particles at the crystal surface. The net 

rate of integration was given by the difference between attachment and 

detachment rates. 

The various modern theories which consider the fundamental 

processes at the crystal surface in attempts to predict crystal 

growth rates are discussed in detail in a recent book by Ohara and 

Reid [42]. 



Although dissolution is s t i l l generally thought to be 

purely a mass transfer process, in some cases [43, 44, 45] dissolution 

rates have been found which are greater than first order in under-

saturation (c* - c), indicating that sometimes dissolution, like 

crystallization, may involve a surface process. The phenomenon of 

etch pits in dissolution is evidence that crystal surfaces do not 

dissolve homogeneously. Homogeneous dissolution would be expected 

if the properties of the surface had no influence on the dissolution 

process. 

2.2.4 Dependence of the growth rate on solution velocity and  

crystal size 

Consider again Equation (11) 

1/n 
CfO + (f") = (c - c*) (11) 
m r 

The rate constant k^ for the surface integration process is expected to 

be independent of the mass transfer situation in the solution surrounding 

the crystal, and thus at constant temperature to be independent of 

the crystal size and of the velocity of the solution past the crystal. 

However, k is expected to behave as a normal mass transfer coefficient m 
and should thus show a dependence on crystal size L and solution 

velocity V of the usual form 

k • L R 

Sh( = ) oc (Ref-'Scf (17) 
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when Sh is one or two orders of magnitude greater than unity. 

Extracting the predicted dependences on V and L only, we have 

k oc V
B • L 2 " 1 (18) m 

Thus, while in the case of fully surface-controlled growth ( K
m
> ; > k ) , 

we expect no dependence of the growth rate on solution velocity or on 

crystal 'size, in the case of fully mass transfer-controlled growth 

(k » k ) we expect dependences as given by Expression (18). 

Two problems arise when attempting to compare this predicted 

behaviour with experimental findings. Firstly, much of the experimental 

data are in the regime where neither surface integration nor mass 

transfer is fully controlling, and in this regime, justifiable separation 

of k and k has been possible only in certain cases (Section 2.2.2). m r 
Under these circumstances, often the best that can be done is to look 

at the size and solution velocity dependence of K, the overall growth 

rate constant in the empirical Equation (8). Using this approach, 

Mullin and Garside [13a], for example, found 

K « v 0 , 6 5 (L constant) (19) 

for 0.003 < V < 0.15 m/s for a single crystal of potassium alum. 

Secondly, V and L can only be independently varied i f the crystal is 

anchored. Most work has been done on freely-suspended crystals and 

in this case V and L are related in some manner, the actual form of 



which depends on the hydrodynamics. Also i t is often difficult to 

estimate the effective velocity of the solution over the crystal surface, 

as usually one can only measure some bulk velocity in the cross-section 

near the crystal or crystals. Nevertheless such a measured velocity 

should at least be proportional to the true velocity ("slip velocity") 

seen by the crystal or crystals. 

In an early study, McCabe and Stevens [46] held copper sulfate 

pentahydrate crystals between parallel screens and passed solution 

through the screens. Crystals of different sizes grew at the same rate 

when subjected to the same solution velocity, leading them to make the 

general statement that growth rate was independent of crystal size at 

constant solution velocity. However, at most of the solution velocities 

they used, growth was almost completely surface controlled (that is, 

the growth rate was almost independent of solution velocity) so the 

general statement was not justified. They expressed the variation of 

growth rate with solution velocity V at constant crystal size and 

supersaturation empirically by 

1 1 1 - = = + — (20) r r + B ' V r K ' mO r 

where r is the overall growth rate, r . is the mass transfer rate at 
mO 

zero solution velocity, r^ is the inherent surface integration rate 

and B is a constant. Hixson and Knox [25] verified the general form 

of Expressions (17) and (18) for anchored single crystals of copper 

sulfate pentahydrate and magnesium sulfate heptahydrate. However, 

they pre-supposed a value of 8 = 0.6 in their i n i t i a l calculation 
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of k, (which they used f o r k ). d m 
We now t u r n to the case of freely-suspended c r y s t a l s , 

where V and L are not independently v a r i a b l e . Expression (18) s t i l l 

holds but i f we know the r e l a t i o n s h i p between V and L, a s i m p l i f i e d 

form can be obtained. In p a r t i c u l a r , f o r f l u i d i z e d beds, i f the range 

of c r y s t a l s i z e considered i s not too l a r g e and i f the v o i d f r a c t i o n 

i s constant, then approximately 

V * L 3 (21) 

as i s found from measurements of c r y s t a l f l u i d i z a t i o n v e l o c i t i e s [Figure 

D.l and references 5(Figure 77), 47, 48]. ( T h e o r e t i c a l l y , f o r s i n g l e 

spheres, a = 2 i n the Stokes f l o w regime and a = 0.5 i n the Newton 

flow regime.) Hence i n f l u i d i z e d beds 

k <* L b (22) m 

where b = g(a + 1) - 1 (23) 

Thus i n f l u i d i z e d beds the growth mass t r a n s f e r c o e f f i c i e n t apparently 

depends on c r y s t a l s i z e o n l y , although i n f a c t p a r t of t h i s dependence 

on s i z e i s r e a l l y dependence on s o l u t i o n v e l o c i t y , as seen from the 

general Expression (18). 

As we now r e c a l l , k^ i t s e l f i s g e n e r a l l y not a v a i l a b l e . Some 

workers have neglected the f a c t that K of Equation (8) i s not a true 

mass t r a n s f e r c o e f f i c i e n t and have expressed the apparent dependence 
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of K i t s e l f on c r y s t a l s i z e i n the same form as Expression (22) , to 

give 

In t h e i r study on the growth of potassium alum c r y s t a l s at constant void 

f r a c t i o n i n lean f l u i d i z e d beds, M u l l i n and Garside [13b] found b' = 0.63, 

and i n a s i m i l a r study on potassium s u l f a t e M u l l i n and Gaska [49] found 

b 1 = 0.6. Bransom [50] a r r i v e d at Expression (24) by a more empirical 

argument and l a t e r [51] applied the expression to the growth of 

potassium n i t r a t e i n a f l u i d i z e d bed, f i n d i n g b' - 1 at 20°C. Some 

authors have used Expression (24) on growth rates found i n equipment other 

than f l u i d i z e d beds. Bransom himself [50] applied Expression (24) to 

the s i n g l e c r y s t a l data of Hixson and Knox [25], f i n d i n g b' = 0.65 for 

copper s u l f a t e pentahydrate and b' = 0.3 for magnesium s u l f a t e hepta-

hydrate. McCabe and Stevens [46] found b* = 1.1 for copper s u l f a t e 

pentahydrate i n a s t i r r e d tank. The case b' = 0 leads to the AL law [52]. 

design but a more general expression, i n which the s o l u t i o n v e l o c i t y 

and c r y s t a l s i z e dependences of K are not combined, i s obtained by rep l a c 

ing k d i r e c t l y by K i n Expression (17), to give 

K cc L (24) 

The s i m p l i f i e d Expression (24) i s us e f u l i n c r y s t a l l i z e r 

m 

Sh' ( = K ' L D ) - (Re) 3'. (Sc) (25) 

M u l l i n and Gaska [49] found 8' = 0.87 for potassium s u l f a t e at 20°C. 

By analogy with Equation (23) for pure mass t r a n s f e r , we can write 
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b' = 3'(a + 1) - 1 (26) 

Rosen and Hulburt [53] expressed the solution velocity dependence of 

the growth rate of potassium sulfate in a fluidized bed by a semi-

empirical equation with an exponential term. Unlike expressions such 

as (25), this equation could describe the approach of the growth rate to 

its limit at high solution velocities. 

Bujac [47] compared the growth of ammonium alum as single 

crystals, in fluidized beds and in stirred tanks. For single crystals, 

he found 

K °= V 0' 4 7 (L constant) (27) 

For fluidized beds, he found b' = 0.36 in Expression (24) and for stirred 

tanks he found the dependences on crystal size and stirring rate to 

be 

0 35 

K L (stirring rate constant) (28) 

0. 25 
K N (crystal size constant) (29) s 

In their stirred tank study of magnesium sulfate heptahydrate growth, 

Bransom et al. [30] separated k and k (see Section 2.2.2), showed that 
m r 

there was no effect of crystal size on the growth rate and correlated 

k^ with stirring rate at constant crystal size by 
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k ,0.75 (30) m s 

They claimed agreement between this result and an equivalent expression 

for k , found by experiment. 

crystal size when attempting to predict the product crystal size distri

bution for an industrial crystallizer. In an early study, McCabe [52] 

assumed growth rate to be independent of crystal size in deriving the 

so-called AL law. As discussed above, growth rate is expected to be 

strictly independent of crystal size only when there is f u l l surface 

control. Bransom [50] used his proposed size dependence, discussed 

above, in predicting crystal size distribution and other variables for 

several modes of crystallizer operation. Other empirical size-dependent 

overall growth rate expressions have been proposed and tested against 

experimental data by, among others, Canning and Randolph [54], Abegg 

et al. [55] and Sherwin et al. [56]. 

2.2.5 Dependence of the growth rate on temperature 

Most authors who have measured growth rates at different 

temperatures have tested them against the Arrhenius relationship: 

It is important to know the variation of growth rate with 

rate constant oc exp[-E/RT] (31) 

where E is an activation energy for the process in question, R is the 

gas constant, and T is the absolute temperature. Although almost any 
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data will yield close to a straight line when plotted in this way, 

the magnitudes of the resulting values of E have some usefulness in 

indicating the nature (chemical or physical) of the process being 

considered. As with the dependence of growth rate on solution velocity 

and crystal size (Section 2.2.4), the rate constants k and k should 
r m 

strictly be tested separately against Expression (31), but the separate 

rate constants cannot always be found and in some cases authors have 

tested the empirical rate constant K directly. 

Rumford and Bain [22], in their fluidized bed study of sodium 

chloride growth, found that although N in Equation (8) was greater than 

unity at temperatures below 50°C, N was unity above 50°C, implying 

that growth was fully diffusion controlled above 50°C. The activation 

energy over the range 50-73°C was 22.6 kJ/mol (5.4 kcal/mol), while 

an activation energy calculated from diffusion coefficient data was 

20.1 kJ/mol (4.8 kcal/mol). This agreement was more evidence that 

growth was diffusion controlled at temperatures above 50°C. 

Mullin and Gaska [49], in their fluidized bed study of 

potassium sulfate growth and dissolution, found an overall activation 

energy for growth, based on K of Equation (8), of 18.0 kJ/mol (4.3 

kcal/mol), and an activation energy for diffusion, calculated from 

diffusion coefficient data, of 20.1 kJ/mol (4.8 kcal/mol), concluding 

that growth was diffusion controlled, although they found a value for 

N of 2, whereas N = 1 would be expected in the case of diffusion 

control. The activation energy for dissolution, found from their 

own dissolution experiments, was 14.2 kJ/mol (3.4 kcal/mol). 

In their study of potassium alum growth and dissolution 
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at d i f f e r e n t temperatures i n le a n f l u i d i z e d beds, M u l l i n and Garside 

[13c] separated k and k by the method of assuming equivalence between r m 
d i s s o l u t i o n and the mass t r a n s f e r step of growth ( S e c t i o n 2.2.2), and 

found an a c t i v a t i o n energy f o r surface i n t e g r a t i o n of 43 kJ/mol (10.3 

k c a l / m o l ) , w h i l e f o r d i s s o l u t i o n the a c t i v a t i o n energy was 12 kJ/mol 

(2.9 kcal/mol) from t h e i r own d i s s o l u t i o n r a t e data. From d i f f u s i o n 

c o e f f i c i e n t data, the a c t i v a t i o n energy f o r d i f f u s i o n was 17 kJ/mol 

(4.1 k c a l / m o l ) . 

In g e n e r a l , processes w i t h p h y s i c a l mechanisms are expected 

to have a c t i v a t i o n energies l e s s than about 30 kJ/mol (7 kcal/mol) and 

processes w i t h chemical mechanisms are expected to have higher a c t i v a t i o n 

energies [ 2 ] . For many compounds, d i s s o l u t i o n r a t e data (and d i f f u s i o n 

r a t e data) give a c t i v a t i o n energies around 20 kJ/mol (5 kcal/mol) and 

sur f a c e i n t e g r a t i o n r a t e data g i v e a c t i v a t i o n energies i n the range 

40-80 kJ/mol (10-20 k c a l / m o l ) . Thus f o r the su r f a c e i n t e g r a t i o n step on 

magnesium s u l f a t e heptahydrate, Hixson and Knox [25], Watts [29], 

Bransom et a l . [31] and Clo n t z et a l . [21], r e s p e c t i v e l y found 102, 64, 

50, and 69 kJ/mol (24.3, 15.3, 12.0 and 16.4 kcal/mol) and, f o r copper 

s u l f a t e pentahydrate, Hixson and Knox found 57 kJ/mol (13.6 kcal/mol) 

w h i l e Tanimoto et a l . [32] found 51 kJ/mol (12.3 k c a l / m o l ) . For 

potassium s u l f a t e , I s h i i [33] found 72 kJ/mol (17.2 k c a l / m o l ) . These 

values lend support to the i d e a that s u r f a c e i n t e g r a t i o n occurs by 

a quasi-chemical mechanism (see S e c t i o n 2.2.3). 
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2.3 Crystallization in Fluidized Beds 

Crystallization work has been conducted using a wide variety 

of experimental set-ups, including anchored single crystals, both 

stationary and rotated on rods, stirred tanks, fluidized beds, stationary 

and reciprocating cages, screw agitated crystallizers and so on. However, 

in this section, a review is made of kinetics work specifically in 

fluidized beds. 

Particular aspects of several of these papers have already 

been discussed in Sections 2.2.2, 2.2.4 and 2.2.5. On a laboratory scale, 

measurements made so far in fluidized-bed crystallizers have mainly been 

of crystal growth rates, although Bransom and Palmer [51] presented a 

few data on size classification while Bransom and Trollope [57] measured 

supersaturation as a function of height in the bed: the supersaturation 

distribution depends on the growth kinetics and on the degree of mixing 

in the solution. Bransom and Trollope assumed a certain growth rate law 

and hence estimated an eddy diffusivity for axial liquid mixing. Mullin 

et al. [58] and Rumford and Bain [22] have made rough measurements of 

nucleation rates and hence of the metastable limit during growth on 

seed crystals. Gaska [59, 49] reported more detailed nucleation 

measurements. 

Rumford and Bain's study [22] was made to investigate the 

possibility of using a fluidized bed for growing large sodium chloride 

crystals industrially. Besides their investigations on the effect of 

temperature on growth rate and on the mechanism controlling growth 

(Section 2.2.5), they grew sodium chloride crystals in a laboratory-

scale (and later a pilot-scale)"Krystal" crystallizer, finding that 



large crystals could indeed be successfully grown in such equipment. 

Ishii [33, 60] studied growth and dissolution of 

potassium sulfate in both conical fluidized beds and in stirred tanks. 

For both types of equipment, he separated k and k , using the 
r m 

assumption that dissolution and the mass transfer step of growth were 

equivalent (Section 2.2.2), and he compared k̂_ values from the two 

types of equipment. Shirotsuka et al. [61] developed a design method 

for a fluidized-bed crystallizer and tested i t against experimental 

data on sodium chlorate, with fair success. 

Mullin and Garside [13] grew potassium alum both as single 

crystals and in lean fluidized beds at a constant void fraction of 

around 0.95. Their method for growth rates in fluidized beds forms 

the basis of the "Batch Method" in the present work (Sections 3.1 and 

5.4). Their separations of k and k and their investigation of 
m r 

the effects of temperature and of crystal size on the grov/th rate have 

been outlined in Sections 2.2.2, 2.2.4 and 2.2.5. When adjusted to 

equivalent solution slip velocities, the absolute values of the growth 

rates for single crystals and for crystals in lean fluidized beds were 

in good agreement, implying that only single crystal tests are needed 

to predict growth rates in fluidized beds, at least those with high 

void fraction. 

Using similar methods, Gaska [59] grew potassium sulfate as 

single crystals [16] and in lean fluidized beds [49], but also in much 

denser fluidized beds with void fraction about 0.85 [62]. He too found 

agreement between growth rates for single crystals and for crystals in 



lean f l u i d i z e d beds. When working w i t h dense f l u i d i z e d beds, he used 

the fore-runner of the "Continuous Method" of the present work 

(Sections 3.1 and 5.5), f o l l o w i n g the f a l l - o f f of s u p e r s a t u r a t i o n by 

ta k i n g a s e r i e s of s o l u t i o n samples and a n a l y z i n g them g r a v i m e t r i c a l l y . 

Provided the c r y s t a l s i z e was the same i n each, the growth r a t e s i n 

the dense beds and i n the le a n beds were i n agreement [59]. This 

f i n d i n g extended the comparison made by M u l l i n and Garside: i t i n d i c a t e d 

that even growth r a t e s i n dense f l u i d i z e d beds (with v o i d f r a c t i o n s 

c l o s e to i n d u s t r i a l l e v e l s ) could be p r e d i c t e d f a i r l y c l o s e l y from 

s i n g l e c r y s t a l t e s t s . The i m p l i c a t i o n s f o r i n d u s t r i a l c r y s t a l l i z e r 

design are f a r - r e a c h i n g . 

Again using s i m i l a r methods, Bujac [47] grew ammonium alum 

as s i n g l e c r y s t a l s and i n both le a n and dense f l u i d i z e d beds, but 

a l s o i n s t i r r e d tanks. He again found good agreement between growth 

r a t e s f o r s i n g l e c r y s t a l s and f o r c r y s t a l s i n le a n f l u i d i z e d beds. 

With the dense beds he automated the method [63] w i t h a continuous 

r e c o r d i n g s p e c i f i c g r a v i t y meter: t h i s automated method forms the b a s i s 

of the "Continuous Method" of the present work (Sections 3.1 and 5.5). 

V e r i f y i n g Gaska's o b s e r v a t i o n s , he found agreement between growth 

r a t e s i n l e a n beds and i n dense beds having v o i d f r a c t i o n s around 

0.90. He found that the growth r a t e s i n s t i r r e d tanks were somewhat 

higher than the growth r a t e s i n the other equipment at comparable 

s o l u t i o n . s l i p v e l o c i t i e s , and he suggested that the d i f f e r e n c e was 

due to d i f f e r e n c e s i n turbulence l e v e l s . 

The v e r s a t i l e l a b o r a t o r y - s c a l e f l u i d i z e d - b e d c r y s t a l l i z e r 

[13b] used by Garside, by Gaska and by Bujac (and, i n s l i g h t l y modified 



form, in the present work) has been used by several other workers 

besides: Glasby and Ridgway [64] investigated the growth of aspirin 

from ethanol, concluding that i t was surface integration controlled. 

Rosen and Hulburt [53] studied the growth of potassium sulfate at 

constant temperature. They found a value of N in Equation (8) of two, 

which agreed with Gaska's value [49]. Graeser [65] investigated the 

effect of temperature and of surfactants on the growth of potassium 

sulfate. Paxton [66] studied the growth of calcium sulfate dihydrate 

(gypsum), again finding surface integration control. 

2.4 Mass Transfer in Fluidized Beds 

As has been seen (Sections 2.2.1, 2.2.2 and 2.2.4), mass 

transfer is an important part of the crystal growth of many compounds 

and, since dissolution usually appears to be a pure mass transfer process, 

some authors have backed up their crystal growth rate measurements with 

crystal dissolution rate measurements, hoping by a comparison of the 

two to assess the role of mass transfer in crystal growth. Such 

dissolution rate measurements have been made on nickel sulfate ct-

hexahydrate as part of the present work (Section 7.2). We shall now 

review prior crystal dissolution rate measurements from fluidized beds 

and outline how they compare with some well-known correlations for 

mass transfer in fluidized beds. 

We shall present the correlations fi r s t . That due to Rowe 

and Claxton [67] for spheres fluidized by water at Reynolds numbers 

10~3 - 10 7 is 
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Sh = A + B ( R e s ) m S c l / 3 (32) 

1/3 
where A = 2 / [ l - ( l - e) ] (33) 

B = 2 / 3 e ( 3 4 ) 

and ' (2-3m)/(3m-l) = 4.65 Re 0 - 2 8 (35) 
s 

The Reynolds number, Re g, i s based on the s u p e r f i c i a l water v e l o c i t y , 

V . The form of t h i s c o r r e l a t i o n makes i t s u i t a b l e f o r use as v o i d s 
f r a c t i o n tends to u n i t y . This i s an advantage i n the present work. 

The c o r r e l a t i o n due to Chu et a l . [23] i s 

J D = 5 . 7 [ R e g / ( l - e ) ] 0 , 7 8 f o r 1 < R e g / ( l - e ) < 30 (36) 

and j = 1.77[Re /(1-e)] ° " 4 4 f o r 30 < Re / ( l - e ) < 5000 
S S (37) 

where j Q = (• * y ) S c 2 / 3 (38) 
s 

Again, the Reynolds number i s based on the s u p e r f i c i a l f l u i d v e l o c i t y , 

V , as i s the j - f a c t o r . The c o r r e l a t i o n was o r i g i n a l l y formulated 

f o r the authors' experiments on c y l i n d e r s and spheres f l u i d i z e d by 

a i r but was found to be e f f e c t i v e f o r many other sets of data, i n c l u d i n g 

some from l i q u i d - f l u i d i z e d beds, although most were from f i x e d beds. 



The form of the correlation makes i t unsuitable for use as void 

fraction tends to unity. This is a disadvantage in the present work. 

In the case of crystal dissolution, the particles of 

course have shapes other than spherical, but the great majority of 

general heat or mass transfer work has been done on spherical 

particles. However, in one of the few studies which considered other 

regular shapes, Glaser and Thodos [68] found no great effect of 

particle shape on heat transfer in fixed beds of spheres, cubes and 

cylinders. 

Ishii [33, 60] correlated the results of his experiments 

on the dissolution of potassium sulfate fluidized in vertical cones by 

(Sh) • e 1 / 2' = 2 + 0.75(Re)1/2 • ( S c ) 1 / 3 (39) 

Here the Reynolds number is based on the interstitial solution velocity 

Mullin and Garside [13c] correlated the results of their experiments on 

the dissolution of potassium alum in lean fluidized beds, at a constant 

void fraction of 0.95, by 

Sh = 0.37(Re)°'62 (Sc) 0' 3 3 (40) 

again using a Reynolds number based on the interstitial solution 

velocity. Using the length of an edge as the linear dimension of 

their (octahedral) crystals, they found a maximum difference of 16% 

between their values and those predicted by Rowe and Claxton. They 

found a maximum difference of 18% between their values and those 
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predicted by Chu et a l . Bujac [47] found good agreement between h i s 

experimental r e s u l t s from the d i s s o l u t i o n of ammonium alum i n lean 

f l u i d i z e d beds and the values predicted by Rowe and Claxton. 

Although they did not themselves conduct d i s s o l u t i o n rate 

measurements, Rumford and Bain [22] compared t h e i r values of the growth 

mass transfe r c o e f f i c i e n t k , found under conditions of f u l l mass 
m 

transfer c o n t r o l , with values of k. c a l c u l a t e d from the c o r r e l a t i o n of 
d 

Chu et a l . They found good agreement. j 

The equating of k^ with k^ permits an e x t r a c t i o n of the 

apparent surface i n t e g r a t i o n k i n e t i c s from the o v e r a l l growth k i n e t i c s 

(Sections 2.2.2 and 7.3.1). There i s doubt, however, that the two 

c o e f f i c i e n t s are r e a l l y equal (Section 7.3.1), but even i f they are not, 

we should s t i l l be able to express the dependence of ei t h e r k^ or k^ 

on the hydrodynamics i n the usual way, v i a Expression (17). Any 

diffe r e n c e s between mass t r a n s f e r i n growth and i n d i s s o l u t i o n are 

expected to a f f e c t p r i m a r i l y the d i f f u s i o n c o e f f i c i e n t and the mass 

transfer c o e f f i c i e n t . 
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3. EXPLORATORY WORK 

3.1 Possible Methods for Measuring Crystal Growth Rates 

The two common ways of expressing a crystal growth rate 

are as a rate of advance of the crystal surface (m/s) in the direction 

perpendicular to the surface and as a mass flux, or rate at which unit 
2 

area of surface gains crystal material (kg/m • s). The latter is 

perhaps more frequently seen, being used in many different mass transfer 

situations, but the two expressions can easily be related via the density 

of the crystal material. 

Each of the two expressions indicates different possible 

approaches to the experimental determination of crystal growth rates. 

Firstly one can measure directly the rate of advance of the crystal 

surface. When a crystal can be held stationary during growth, the 

advance of a surface can be followed using a travelling microscope 

[19, 13a, 16, 47, 21]. When the crystal cannot be held stationary 

during growth, some reference point within the crystal is necessary, 

relative to which periodic measurements of the position of the surface 

can be made. A distinctive flaw such as a veil within the crystal 

might be used or if the crystal is of a substance for which isomorphous 

substances exist, then an overgrowth of the substance under test can be 

made on an i n i t i a l crystal of an isomorphous substance of a different 

colour [69, 70]. An advantage of this direct type of method is that 

the different growth rates on different faces of a crystal may be 

found independently. A disadvantage is that this method can be used 

only on single crystals and not on a collection of many crystals. The 



second type of method involves finding the overall rate at which 

one or more crystals gains weight, usually by finding the weight 

increase occurring in a known time [25, 22, 13b, 49, 47]. The mass 

flux is then obtained by division of this rate of weight increase by the 

crystal surface area across which the weight increase has occurred. 

Alternatively, in the special case of crystal shape being independent 

of crystal size, the growth rate may be expressed directly as a rate 

of advance of the crystal surface (in m/s), without having to find the 

crystal surface area, by equating the ratio of the i n i t i a l and final 

sizes to the cube root of the ratio of the i n i t i a l and final weights 

[53, 65]. Advantages of this second type of method include basic 

measurements which are precise and are easy to obtain (weighings 

and timings) and applicability to collections of many crystals. 

Disadvantages include the difficulty of finding the crystal surface area 

and the fact that the method can only give an average growth rate over 

a l l the different faces of the crystal. However, i f as additional 

information the ratios of the rates on the separate faces under given 

conditions are available, then the absolute individual rates on the 

separate faces under those conditions may be estimated (see Appendix J). 

Since the aim of the present work was to measure the 

growth rates of a collection of crystals in a fluidized bed which was 

intended to be a model of a full-scale industrial fluidized-bed 

crystallizer, the second type of method was employed here. Nevertheless 

there is evidence [13b, 59, 47] that growth rates measured for single 

crystals (by the first type of method) are directly applicable to 

collections of crystals growing in a fluidized bed. 



34 
Two approaches, both of this second type, have been used 

in the present work. In the fir s t , called the "Batch Method" (Section 

5.4), a series of separate growth experiments was made for each 

temperature and crystal size considered, the supersaturation level 

being almost constant within each experiment but different between 

experiments. Growth rates were found from the weight increase occurring 

in a known time. In the second, called the "Continuous Method" 

(Section 5.5) the supersaturation was allowed to f a l l by a large 

amount while being continuously monitored. The instantaneous rates 

of f a l l of the supersaturation then allowed the determination from a 

single experiment of growth rates at many different supersaturation 

levels. Any convenient property of the solution could be monitored 

in this method, but in the present work, the specific gravity was 

used (Section 3.3). 

3.2 Selection of a Suitable System 

After considering various substances for use in the crystal 

growth rate experiments, nickel sulfate a-hexahydrate was chosen for 

the reasons outlined below. The a-hexahydrate is the normal commercial 

form of nickel sulfate. It is that solid form which is in equilibrium 

with the solution in the temperature range 31.2 - 53.3°C. Some other 

substances which were considered and the reasons for their rejection 

are briefly discussed in Appendix A. 

Initial considerations indicated that in general inorganic 

substances would be more suitable than organic substances because of 

higher mechanical strength of the crystals and better chemical 
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stability of both crystals and solutions. The two major factors con

sidered next were crystal shape and maximum metastable supersaturation. 

The crystal shape should be as simple as possible, to facilitate 

determination of the crystal surface area. The shape of nickel 

sulfate a-hexahydrate crystals is relatively simple, being a combination 

of two tetragonal bipyramids (Figure 1 and Appendix J). The maximum 

metastable supersaturation is the maximum supersaturation which a solution 

can withstand before nucleating, and should be as large as possible to 

allow determination of growth rates over a good range of supersaturations. 

The maximum metastable supersaturation is considerably smaller for a 

solution in which seed crystals are present than i t is for an unseeded 

solution. Preliminary measurements on nickel sulfate a-hexahydrate 

in an apparatus as reported by Nyvlt [71] indicated a maximum metastable 

supersaturation in the presence of seed crystals of 1.5 wt% hexahydrate 

(or 4.5 °C of supercooling). Later, the maximum metastable super-

saturation for seeded solutions in the laboratory-scale fluidized-bed 

crystallizer was estimated from tests to be 1.3 wt% hexahydrate (or 

about 4°C of supercooling). This is a relatively high level for a 

solution of an inorganic salt. 

In the laboratory-scale fluidized bed crystallizer used 

in the present work, the supersaturations were induced by cooling. 

Therefore for convenience the substance to be used should have a 

suitably large temperature coefficient of solubility. Nickel sulfate 

a-hexahydrate's temperature coefficient of solubility of approximately 

0.33 wt% hexahydrate/°C was satisfactory. Other factors in favour 

of nickel sulfate a-hexahydrate included easy availability in pure 
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Figure 1 Simplified shape of nickel sulfate a-hexahydrate 
crystals 



form, stability of the solid hexahydrate in ordinary atmospheres, 

some importance as an industrial product (Section 1) and of course the 

fact that, despite this latter, crystal growth of this compound had hardly 

been studied by previous workers. Finally, preliminary growth tests 

had shown that, even at supersaturations of up to 2.4 wt% hexahydrate, 

the growth of nickel sulfate a-hexahydrate was well-behaved, proceeding 

without the development of dendrites, whiskers or other irregular 

forms. 

3.3 Possible Methods for Measuring Solution Concentration 

A large variety of methods for measuring concentration have 

been used in crystallization work. Many could not be considered for the 

present work as they were not sufficiently sensitive and in fact only 

two methods were seriously considered. These were specific gravity 

measurements and direct gravimetric measurements (evaporation of samples 

of the solution to dryness, followed by heating of the solid residue to 

a constant weight). Of the two, the former was finally selected. 

Specific gravity measurements on any of the solutions were 
3 

always made in duplicate, using 25 cm bottles, with the temperature 

controlled to give random fluctuations of not more than 0.05°C and with 

a systematic (thermometer calibration) error of not more than 0.1°C. 

The pooled estimated standard error from many pairs of measurements 

was 0.00004 S.G. A calibration of specific gravity versus concentration 

was prepared (Appendix D.l). When this was used to convert from the 

specific gravity of a given solution to the concentration of that 

solution, the resulting concentration value had an estimated standard 
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error of 0.006 wt% hexahydrate. 

A serious attempt was made to use the direct gravimetric 

method because this method was expected to give concentrations with a 

higher precision than did the specific gravity method. It would also 

have been a more basic method, avoiding the specific gravity method's 

conversion step with its possibility of introducing further errors. In 

the direct gravimetric method, weighed samples of the solution were 

evaporated to dryness and then the solid residues were heated to constant 

weight. Because of the water of hydration present in nickel sulfate 

a-hexahydrate, the temperature of this heating was critical. A thermo-

gravimetric analysis was made (on a Du Pont 950 instrument) of nickel 

sulfate a-hexahydrate to determine its thermal decomposition characteristics, 

in particular whether any plateaux existed where residue weight was 

independent of temperature. The analysis (Figure 2) was performed at the 

minimum heating rate (l°C/min) and the minimum purge air flow (40 cm /min), 

to simulate most nearly the conditions in the drying oven. The analysis 

indicated that there was no plateau until about 450°C. At that 

temperature, dehydration had gone to completion and the residue was 

anhydrous nickel sulfate. This present analysis agreed reasonably 

with an analysis from the literature [72]. 

The main disadvantage of the direct gravimetric method was 

that very long times at 450°C (tens of hours) were needed before the 

weight of the residue became constant. Also, when the method was 

tested on known weights of hexahydrate, the actual weight of the 

residue was usually slightly but significantly lower than calculated, 
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indicating that perhaps decomposition of the anhydrous nickel sulfate 

itself (to sulfur trioxide and nickel oxide) had begun. Because of 

these problems the direct gravimetric method was abandoned in favour 

of the simpler, more rapid (but less precise) specific gravity method. 

Indirect gravimetric methods such as precipitation with 

dimethylglyoxime would also have been very precise but again would 

have been very slow and tedious and so were not considered. 

The laboratory-scale fluidized-bed crystallizer was equipped 

with a continuous recording specific gravity meter (Section 4.2) which 

facilitated the determination of solution concentration via specific 

gravity, especially during crystal growth by the Continuous Method 

(Section 5.5), although the meter s t i l l had to be calibrated over a 

suitable range, using specific gravity bottles. 

Recently, solution concentrations have been determined 

in situ via refractive index [73, 74, 75]. A big advantage of this 

method is that i t can be used for the concentration of the interstitial 

solution in even a thick slurry, while the methods discussed above are 

really only suitable for use with clear or almost clear solutions. 

3.4 Expression of the Concentration Driving Force 

Dissolution of a crystal into an undersaturated solution is 

usually believed to be a purely mass transfer process and crystal growth 

is believed in general to involve a mass transfer step. For small 

mass fluxes, mass transfer rates are governed by 

(41) 
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where r is the mass flux and (Ac) is the concentration driving force m m to 

for mass transfer. For dissolution of a crystal, 

(Ac) = c* - c (42) m 

where c* is the saturation concentration (which is the interfacial 

concentration, in the case of dissolution) and c is the bulk(undersaturated) 

concentration. For crystal growth: 

(Ac) = c - c. (43) m x 

where c is the bulk (supersaturated) concentration and c^ is the inter

facial (supersaturated) concentration. Throughout the present work, 

for both dissolution and crystal growth, the concentration driving forces 

have been small (not more than 2.4 wt% hexahydrate) and mass fluxes 
-5 2 

have been small (not more than 130 x 10 kg/m • s) so Expression (41) 

has been considered satisfactory. When large mass fluxes occur, a 

modified mass transfer expression should be used [76]. Strictly mass 

transfer involving crystals should be corrected for the rate of advance 

or retreat of the crystal surface [25, 77] but usually this rate is 

negligible relative to the mass transfer rate itself. 

Many different units of concentration have been used when 

considering mass transfer rates, particularly in crystallization work. 

In the present work, two questions arise. In terms of what species 

should the concentration unit be expressed and what concentration 



unit in terms of that species should then be used? It was decided 

to express concentrations in terms of hexahydrate, as the solid 

form was itself the hexahydrate. It is doubtful that the real diffusing 

species is the hexahydrate, but neither would i t be the anhydrous sulfate, 

which is the other obvious candidate for the expression of concentration: 

the true solvated ion diffusing species is probably nearer to the 

hexahydrate than to the anhydrous form. In any case, a concentration 

expressed in terms of hexahydrate should at least be proportional to a 

concentration expressed in terms of the true diffusing species and 

any constant of proportionality can be taken up by the mass transfer 

coefficient. The concentration unit then decided upon was weight 

percent hexahydrate. Concentrations as weight of solute per unit 

volume of solution have more theoretical justification but, because of 

thermal expansion, the concentration of a given solution is somewhat 

temperature-dependent when expressed in these units. This is a serious 

disadvantage. A weight ratio (weight of solute per unit weight of 

solvent) could have been used instead of a weight percentage, but 

this was rejected as being even further from the basic theoretically 

justifiable unit. Nevertheless when calculating the results of experi

ments by the Continuous Method (Section 6.2) i t was convenient to convert 

concentrations temporarily into these units. 
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4. THE LABORATORY-SCALE FLUIDIZED-BED CRYSTALLIZER 

4.1 Basic Construction 

The crystallizer (Figure 3) was a slightly modified version 

of that reported originally by Mullin et al. [58] and in later form by 

Mullin and Garside [13b]. It consisted basically of a vertical 
3 

rectangular circuit of total capacity about 0.012 m (12 £) built from 

industrial glass piping (Q.V.F. Ltd., Scarborough, Ontario). Super

saturated solution was continuously pumped round the circuit by a small 

stainless steel centrifugal pump. Technical specifications for the pump 

and for other mechanical and electronic components of the apparatus are 

given in Appendix B. 

Most of the glass piping was 25 mm internal diameter, but 

the 900 mm long crystallization section was 50 mm internal diameter, 

while directly above the crystallization section was a calming section 

of 150 mm internal diameter. Unlike a conventional fluidized bed, the 

crystallization section had no bottom grid. Instead, the position of 

the bottom of the bed of crystals was defined by the tapering reducer 

between the 50 mm I.D. crystallization section and the 25 mm I.D. feed 

pipe below i t , since the upward velocity of the solution decreased 

sharply at the reducer. Similarly the top of the bed of crystals was 

defined by the tapering reducer between the 50 mm I.D. crystallization 

section and the 150 mm I.D. calming section. Above the calming section, 

the crystallizer was closed at the top by a lid of 2 mm Teflon sheet, 

secured by a metal flange. In the lid was a central 25 mm hole, for 



44 

PROBE FOR 
T E M P E R A T U R E 
C O N T R O L L E R 

CRYSTALS 

T H E R M O M E T E R 

TO AND F R O M 
!:y S.G. M E T E R 

PRODUCT 
R E M O V A L 
S T O P C O C K 

E L E C T R I C 
H E A T E R 

PUMP 

^ T H R O T T L E 
VALVE 

COOLING 
COIL 

FLOW 
MEASURING 
ORIFICE 

Figure 3 The laboratory-scale fluidized-bed crystallizer 
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charging make-up solution or seed crystals, and also a 6 mm hole at 

the side, through which passed the platinum resistance probe of the 

temperature controller. When not in use, the charging hole was 

covered by a clock glass to keep out dust and to prevent evaporation. 

The product crystal removal valve was a conventional Standard Taper glass 

stopcock (Pyrex brand) of 12 mm bore, fused to a standard Q.V.F. 25 mm 

I.D. flared end-piece. An auxiliary drain valve was provided by a 

conventional Teflon-barrel stopcock of 8 mm bore, fused to the Q.V.F. 

U-section at the low point. Connections between the glass piping and 

the pump were via Teflon bellows, to prevent the transmission to the 

glass of vibration from the pump motor. 

When working with smaller crystals (size less than 1 mm) 

it was found that a few of these crystals tended to be carried through 

the calming section and were then drawn into the pump inlet pipe. To 

prevent this occurrence by deflecting these crystals from their upward 

path, a conical Teflon baffle of bottom face diameter 25 mm was fitted 

to the platinum resistance probe just above its bottom end, at the top 

of the crystallization section. 

Most of the gaskets between the glass pipe sections were 

equipped with standard Q.V.F. U-section Teflon sheaths. However, 

because the end-pieces of the pipe sections had I.D.'s up to 2 mm 

oversize while the I.D.'s of the standard gaskets were always exactly 

on size, the joints between pipe sections in the vertical crystalliz

ation section presented ledges on which crystals smaller than 1 mm 

could be trapped. Therefore, in the crystallization section only, 

the standard gaskets were replaced by gaskets machined from solid 



sheet T e f l o n , i n d i v i d u a l l y s i z e d so as to give a smooth i n s i d e w a l l 

across each j o i n t . 
3 

The maximum c a p a c i t y of the c r y s t a l l i z e r was about 0.012 m 

(12 &), wh i l e the minimum volume of s o l u t i o n necessary f o r o p e r a t i o n 
3 

(that i s , s u f f i c i e n t to f l o o d the pump i n l e t ) was about 0.011 m 

(11 I). 

Because of the deep colour of concentrated n i c k e l s u l f a t e 

s o l u t i o n s , c r y s t a l s growing i n the c r y s t a l l i z e r could not be viewed 

p r o p e r l y by d a y l i g h t alone. A d d i t i o n a l l i g h t i n g was i n s t a l l e d behind 

the c r y s t a l l i z a t i o n s e c t i o n , the product c r y s t a l removal v a l v e and the 

calming s e c t i o n , so that the growing c r y s t a l s could be observed more 

e a s i l y , by t r a n s m i t t e d l i g h t . The c r y s t a l l i z a t i o n s e c t i o n and product 

c r y s t a l removal v a l v e were i l l u m i n a t e d by f l u o r e s c e n t gas tubes w h i l e 

the calming s e c t i o n , being t h i c k e r , r e q u i r e d the more int e n s e l i g h t 

provided by a bank of three 150 W tungsten f i l a m e n t r e f l e c t o r floodlamps 

For the Continuous Method (S e c t i o n 5.5) i t was necessary to 

reduce the e f f e c t i v e bed volume. This was achieved by f i t t i n g i n s i d e 

the c r y s t a l l i z a t i o n s e c t i o n a 25 mm I.D. c o n s t r i c t i o n (Figure 4) 

machined from T e f l o n . The lower s e c t i o n of the c o n s t r i c t i o n simply 

tapered g r a d u a l l y from 50 mm I.D. to 25 mm I.D., but the upper s e c t i o n 

of the c o n s t r i c t i o n reproduced the shape of the lower glass reducer 

which had p r e v i o u s l y defined the bottom of the c r y s t a l bed. Thus the 

c o n s t r i c t i o n defined the new higher p o s i t i o n of the bottom of the 

bed. The c o n s t r i c t i o n was s i z e d e x t e r n a l l y such that i t was a t i g h t 

s l i d i n g f i t i n s i d e the c r y s t a l l i z a t i o n s e c t i o n , so by pushing or 

p u l l i n g i t to d i f f e r e n t p o s i t i o n s w i t h i n the s e c t i o n , l a r g e changes 

of the e f f e c t i v e bed volume could c o n v e n i e n t l y be made. 
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Figure 4 Teflon constriction for reducing bed volume 



4.2 Solution Concentration Measurement 

The solution concentration, c, and hence the supersaturation 

level, (c - c*) was found from measurements of the solution specific 

gravity at a known temperature, the relationship between solution 

specific gravity and concentration having previously been precisely 

determined (Appendix D.l). The crystallizer was equipped with a 

sensitive continuous recording specific gravity meter (Appendix B) which 

had a flow-through sampling chamber. The chamber was mounted in a short 

by-pass loop in which connections to and from the main crystallizer 

circuit were made by 250 mm lengths of 6 mm I.D. Teflon-lined tubing. 

A pressure drop to cause sufficient flow through the loop was induced 

by an orifice plate placed in the main circuit between the inlet and 

outlet ports of the loop. The orifice diameter was 5 mm for crystal 

sizes below 3 mm and 9 mm for crystal sizes above 3 mm. As the output 

of the specific gravity meter was sensitive to variations in the 
3 

sampling chamber flow-rate(0.0001 S.G. per cm /s) this flow-rate was held 

constant at 10 cm /s by adjusting a conventional Teflon-barrel stop

cock mounted in the inlet tube to the sampling chamber. The sampling 

chamber flow-rate was measured by a small calibrated rotameter tube 

mounted in the outlet tube from the chamber. 

The output of the specific gravity meter was a d.c. signal 

which was in the range 0-100 mV and which was almost linear with the 

solution specific gravity. For the small specific gravity ranges 

(0.02 S.G.) used in this work, the non-linearity was negligible. 

The sensitivity of the meter under the conditions of this work was 

approximately 0.00025 S.G./mV. The signal was recorded with a 



conventional s t r i p chart Recorder (Model 7101 B, Hewlett-Packard Co., 

Palo A l t o , C a l i f o r n i a ) with an input impedance of 1 ffi and f i t t e d 

with a damping capacitor of1000 uF. This combination gave very r a p i d 

responses ( f u l l response to a step change of density within a few 

seconds) and had a f i n a l s e n s i t i v i t y of 0.0025 S.G./chart inch. Thus 

when readjusting the concentration a f t e r a change, any given concentration 

could be reproduced during the same day to within 0.0001 S.G. or, i n 

terms of concentration, to w i t h i n 0.01 wt% hexahydrate. However, day-

to-day v a r i a t i o n s i n the response of the meter to a s o l u t i o n of given 

concentration were t y p i c a l l y 0.0001 S.G., so to achieve the highest 

p r e c i s i o n and accuracy the main s p e c i f i c g r a v i t y measurements at the 

beginning and end of each main experiment (Section 5) were made with 
3 

25 cm s p e c i f i c g ravity b o t t l e s . Two b o t t l e s were used each time and 

the estimated pooled standard e r r o r from many p a i r s of measurements 

was 0.00004 S.G. The s o l u t i o n samples were drawn from a conventional 

T e f l o n - b a r r e l stopcock i n a T connection at the o u t l e t of the meter 
3 

sampling chamber. A f t e r the f i r s t 30 cm had been discarded, the 

samples were allowed to flow d i r e c t l y i n t o the b o t t l e s , which were held 

i n a thermostatic water jacket surrounding the sampling chamber. The 

temperature of the jacket was held within 0.1°C of the temperature of 

the growth experiment. When sampling at the end of a growth experiment, 

the sampling j e t was f i t t e d with a piece of 38 )Jm s t a i n l e s s s t e e l wire 

c l o t h to f i l t e r out any n u c l e i and a v i s u a l check of the b o t t l e s 

for absence of n u c l e i was always made immediately a f t e r they had been 

f i l l e d . This precaution was to ensure that the f i n a l s p e c i f i c g r a v i t y 
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measurements of the experiment were made on the clear solution rather 

than on a slurry containing nuclei as well as solution. 

Despite the fact that themain specific gravity measurements 

were in the end made with specific gravity bottles, the meter was 

invaluable throughout the work as i t permitted very rapid adjustment 

of concentration to within a small margin of any desired value: only 

then for the highest accuracy measurements were the bottles needed in 

the Batch Method (Section 5.4). Meanwhile in the Continuous Method 

(Section 5.5), although the meter was calibrated by bottle measurements 

of the in i t i a l and final specific gravities, the specific gravities 

prevailing during the run could be conveniently obtained only from the 

meter trace. 

4.3 Flow-Rate Measurement and Control 

The solution flow-rate was measured with an orifice meter, 

the pressure drop across which was registered in millimetres of the 

solution itself in an inverted glass manometer tube with air entrapped 

at the top. (A safety switch sensed the pressure of this air. If this 

pressure f e l l during unattended running, for such reasons as solution 

leakage or pump seizure, the switch cut off a l l power to the equipment.) 

The orifice was mounted between pipe sections of 25 mm I.D. and two 

orifice sizes were used, a 10 mm orifice when crystal sizes were below 

3 mm and a 16 mm orifice when crystal sizes were above 3 mm. 

Particularly because of the orifice's non-standard location, 

with an obstruction (the heat exchanger coil) upstream and a pipe bend 
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downstream, i t was decided to perform a calibration. Since large volumes 

of liquid were needed, the nickel sulfate solution itself could not be 

used. Instead, after the experiments had been completed, the 

orifices were calibrated over the appropriate range of orifice Reynolds 

numbers (700-7000), using mains water. It was found that the coefficient 

of discharge was within the range 0.64 ± 0.01 throughout the range of 

flow-rates used. Literature values of the coefficient of discharge [78] 

are somewhat higher at the lower Reynolds numbers but these values are 

for orifices installed far from obstructions in the pipe. 

The solution flow-rate was controlled by a straight-through 

glass valve (Q.V.F. Ltd.) of the globe type, in which a Teflon-sheathed 

plunger could be tightened down on to a seat. The valve was mounted 

in the circuit immediately on the outlet side of the pump. The valve 

offered perfectly satisfactory flow control except when large numbers 

of crystal nuclei (estimated total weight of nuclei greater than 100 g) 

were circulating with the solution (see Section 5.6), when there was a 

tendency for the flow to f a l l off as nuclei partially plugged the 

annular space between the valve's plunger and seat. Frequent re

adjustments of the flow-rate were then necessary. 

4.4 Temperature Measurement and Control 

The temperature of the solution in the crystallization section 

was measured by a sensitive mercury-in-glass thermometer. The thermometer 

was graduated from -1 to 101°C in divisions of 0.1°C. Each division 

had an actual length of 0.5 mm and as the readings were taken with a 
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four-power magnifier, the temperature could be read to 0.0l°C. The 

thermometer was calibrated against a standard quartz thermometer 

(Model 2801 A, Hewlett Packard Co., Palo Alto, Calif.) to give a 

calibration error of not more than 0.03°C. 

For heating the solution, the crystallizer was equipped 

with three separate 600 W mineral-insulated, copper-sheathed heating 

cables (Pyrotenax Ltd., Trenton, Ontario) wound directly on to the 

horizontal glass pipes, one on the upper pipe and two on the lower-

pipe. The cable on the upper pipe was simply used for rapid heating 

between runs while the two cables on the lower pipe, both equipped 

with variable transformers, were used respectively as the"maintenance" 

heater and "trimmer" heater of the temperature control system. The 

"maintenance" heater was adjusted to a steady wattage just insufficient 

to hold the required temperature and then the "trimmer" heater, switched 

by a temperature controller and usually adjusted to 50 W output, supplied 

the final control heating. The temperature controller itself (Appendix 

B) was a sensitive electronic controller of the "on-off" type, 

employing as a sensor a platinum resistance of base resistance one 

hundred ohms, and having a switching differential of 0.025°C. 

The errors on the steady state temperature in the crystalliz

ation section, as measured by the main thermometer, were as follows. 

The difference between the mean temperature given by the thermometer 

and the reported set temperature was never more than 0.05°C. The 

half-wave amplitude of the sinusoidal variations in the instantaneous 

temperature, caused by the temperature control system, was never more 

than 0.07°C. 
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For cooling the solution, the crystallizer had a glass heat-

exchanger section in which the solution flowed past a coil of glass 

tubing which carried water at 9°C from the mains supply. 

4.5 The Thermostatic Water Jackets 

Previous forms of the crystallizer had been operated with 

solutions having viscosities not greatly different from that of water. 

These were reported [13b] to give temperature differences between the 

ends of the crystallization section of only 0.05°C even at an operating 

temperature of 50°C. However the solutions used in the present work 

had viscosities several times that of water (Appendix D.2) and consequently 

the solution circulation rates necessary to fluidize the crystal bed 

were correspondingly smaller. Hence at 50°C, the temperature difference 

between the ends of the crystallization section was greater than 0.05°C, 

particularly along the wall. Therefore the crystallization section was 

fitted with a clear acrylic jacket (Plexiglas brand). Between the 

jacket and the glass pipe inside i t was pumped water at a temperature 

within 0.2°C of the temperature of the crystallization experiment. 

With the jacket fitted, the temperature difference along the crystallization 

section f e l l to not more than 0.05°C. Because of the deep colour of 

nickel sulfate solutions, this temperature difference could not be 

measured directly by observing thermometers suspended inside the 

crystallization section. Instead, the following indirect method was 

used. With the temperature controller set at a value near 50°C, and 

the solution circulation rate at the maximum which the manometer could 

accommodate (about 180 cm /s), the mean temperature shown by the main 



thermometer was noted. The circulation rate was then reduced to the 
3 

lowest value that would be encountered (about 25 cm /s), a l l 

temperatures were allowed to re-equilibrate without the controller set 

temperature having been changed, and the main thermometer was then 

reread. At high circulation rates, the temperature difference along 

the crystallization section was negligible, as shown by the fact that 

for a l l high circulation rates, the main thermometer registered the 

same mean temperature. Therefore the difference between the mean 

temperature registered by the main thermometer at high circulation rates 

and the (higher) mean temperature registered by the thermometer at the 

minimum circulation rate gave the maximum temperature difference along 

the crystallization section. 

The sampling chamber of the specific gravity meter was 

immersed in a well-stirred plastic tank containing water at a temperature 

within 0.1°C of the temperature of the growth experiment. This was 

intended to prevent nucleation and possible errors in the specific 

gravity measurements. Both could have been caused if the solution 

cooled as i t passed through the sampling chamber. 

Except briefly, when in use, the product crystal removal 

stopcock was also immersed in a similar well-stirred tank of water. 

This prevented the stopcock from seizing up by preventing crystallization 

in the film of solution between the ground surfaces of .the stopcock 

and thus allowed the stopcock to be used without grease. 

Finally, the flow-rate measuring manometer and its leads 

were also equipped with a jacket through which water was pumped. 
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Without a j a c k e t , the s o l u t i o n i n the manometer and le a d s , being 

e s s e n t i a l l y stagnant, would have been p a r t i c u l a r l y s u s c e p t i b l e to 

c r y s t a l l i z a t i o n through excessive c o o l i n g . 

Although not an i n t e g r a l p a r t of the c r y s t a l l i z e r i t s e l f , 

the s i n t e r e d glass Buchner funnel which was used to c o l l e c t the c r y s t a l s 

on d r a i n i n g them from the c r y s t a l l i z e r at the end of an experiment 

was a l s o equipped w i t h a thermostatic j a c k e t . This prevented the 

c o o l i n g which would have caused unwanted f u r t h e r weight increases i n 

the product c r y s t a l s during t h e i r f i l t r a t i o n p r i o r to the f i n a l washing 

and r i n s i n g operations (see S e c t i o n 5.4.1). 

4.6 M a t e r i a l s of C o n s t r u c t i o n 

Even p a r t s per m i l l i o n of c e r t a i n i m p u r i t i e s can r a d i c a l l y 

a l t e r c r y s t a l growth [ l b ] , so e f f o r t s were made to ensure that the 

c r y s t a l l i z e r was h i g h l y i n e r t to i t s contents. (The author v i s i t e d 

an ammonium s u l f a t e p l a n t (Cominco L t d . , T r a i l , B.C.) having two l a r g e 

" K r y s t a l " c r y s t a l l i z e r s i n p a r a l l e l . One c r y s t a l l i z e r was of rubber-

l i n e d s t e e l , the other of s t a i n l e s s s t e e l . Thus both were supposedly 

r e l a t i v e l y i n e r t to t h e i r contents. Nevertheless from s i m i l a r feed 

s o l u t i o n s , the s t a i n l e s s s t e e l c r y s t a l l i z e r produced c r y s t a l s w i t h f l a t 

faces and sharp edges w h i l e the r u b b e r - l i n e d c r y s t a l l i z e r produced f u l l y 

rounded " r i c e g r a i n " c r y s t a l s w i t h no d e f i n i t e faces or.edges.) 

In the present c r y s t a l l i z e r , a l l Q.V.F. parts were of the 

standard b o r o s i l i c a t e g l a s s and a l l other glass tubes, connections and 

so on were of Pyrex. Most wetted parts of the c e n t r i f u g a l pump were 

of Type 316 s t a i n l e s s s t e e l , although the mechanical s e a l contained 
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minor p a r t s of T e f l o n , ceramic and g r a p h i t e . Both o r i f i c e p l a t e 

assemblies were of Type 316 s t a i n l e s s s t e e l . The sheath of the platinum 

r e s i s t a n c e probe and the holder f o r the main thermometer were of 

Type 303 s t a i n l e s s s t e e l . A l l gaskets were e i t h e r Teflon-sheathed 

or of s o l i d T e f l o n . The f l e x i b l e tubing l e a d i n g to the manometer and 

to the s p e c i f i c g r a v i t y meter sampling chamber was of T e f l o n . In the 

s p e c i f i c g r a v i t y meter i t s e l f , the plummet was g o l d - p l a t e d but i t s 

housing and the sampling chamber were both of epoxy r e s i n , the 

composition of which i s i n Appendix B. A l l through i t s use the r e s i n 

r e t a i n e d the smooth surface and high gloss i t had shown when new so there 

was no i n d i c a t i o n that i t was l o s i n g components i n t o the s o l u t i o n . 

A l l of the stopcocks i n the c r y t a l l i z e r had T e f l o n b a r r e l s 

except the l a r g e product c r y s t a l removal stopcock, which had a g l a s s 

b a r r e l but which was kept immersed i n a hot water j a c k e t as described 

above ( S e c t i o n 4.5). Therefore a l l need f o r grease, a p o s s i b l e con

taminant, was e l i m i n a t e d . 

A f t e r the c r y s t a l l i z e r had been assembled i n i t s f i n a l form, 

but before the proper c r y s t a l growth experiments were begun, a l l p a r t s 

of the c r y s t a l l i z e r except the s p e c i f i c g r a v i t y meter sampling loop were 

cleaned by c i r c u l a t i n g s u l f u r i c acid/dichromate mixture at 50°C f o r 

three hours. 
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5. THE EXPERIMENTAL METHODS FOR OVERALL CRYSTAL GROWTH AND DISSOLUTION RATES 

5.1 F i l l i n g the C r y s t a l l i z e r 
3 

About 0.012 m (12 £) of s o l u t i o n were needed. Reagent 

s p e c i f i c a t i o n s are given i n Appendix C. The s o l u t i o n s were i n i t i a l l y 
3 

made up i n a 0.020 m (20 i) Pyrex g l a s s b o t t l e and were preheated to 

about 20°C above t h e i r s a t u r a t i o n temperature i n a l a r g e pot c o n t a i n i n g 

water heated by e l e c t r i c a l immersion heaters. Meanwhile the c r y s t a l l i z e r 

was f i l l e d w i t h d i s t i l l e d water which was c i r c u l a t e d and heated to 

60°C to preheat the c r y s t a l l i z e r p a r t s . Then t h i s water was q u i c k l y 

drained out, the preheated s o l u t i o n was q u i c k l y poured i n at the top 

and c i r c u l a t i o n was s t a r t e d again. 

5.2 Running Conditions Between Experiments 

Between experiments and overnight the s o l u t i o n was c i r c u l a t e d 

at the maximum r a t e at a base temperature of 60°C, which f o r a l l the 

s o l u t i o n s used was w e l l above the s a t u r a t i o n temperature. A l l the 

thermostatic water j a c k e t s were a l s o heated to 60°C. Thus any c r y s t a l 

n u c l e i and any s t r a y c r y s t a l s remaining from the previous experiment were 

completely r e d i s s o l v e d (as i n d i c a t e d by a steady output s i g n a l from the 

s p e c i f i c g r a v i t y meter) before the next experiment was begun. With 

t h i s technique the c r y s t a l l i z e r could be run continuously f o r many weeks, 

even on s o l u t i o n s having s a t u r a t i o n temperatures over 50°C. The 

c r y s t a l l i z e r was shut down and the s o l u t i o n drained out only when 

maintenance was necessary. I n s p e c t i o n revealed no v i s i b l e c o r r o s i o n 

of the wetted s t a i n l e s s s t e e l p a r t s of the c r y s t a l l i z e r at any time. 
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3 An estimated 50 cm of s o l u t i o n was l o s t from the c r y s t a l l i z e r 

per experiment, mainly through normal product c r y s t a l washing operations 

and i n e v i t a b l e leakage. This l o s s was made up w i t h f r e s h s o l u t i o n 

poured i n at the top. Thus although the c r y s t a l l i z e r was run f o r long 

unbroken p e r i o d s , t h i s l o s s and make-up provided a u s e f u l purge of any 

i m p u r i t i e s which might have been b u i l d i n g up i n the s o l u t i o n . 

5.3 P r e l i m i n a r y Adjustments of the Concentration 

When p o s s i b l e , necessary adjustments of the c o n c e n t r a t i o n 

of the s o l u t i o n i n the c r y s t a l l i z e r were made when the s o l u t i o n was 

s t i l l at 60°C, before i t had been cooled to the a c t u a l temperature of 

the ensuing experiment, because m i x i n g - i n of added s o l u t i o n was more 

r a p i d at the higher temperature. A 10 mm diameter T e f l o n s t i r r i n g rod 

was used to a s s i s t mixing i n the calming s e c t i o n . Here again, the s p e c i f i c 

g r a v i t y meter was i n v a l u a b l e as i t r a p i d l y showed when mixing had been 

completed. 

Stocks of s o l u t i o n s of conc e n t r a t i o n s up to s a t u r a t i o n , f o r 

use i n the adjustment of c o n c e n t r a t i o n , were he l d i n a water bath at 

60°C. A l l a d d i t i o n s of s o l u t i o n were f i l t e r e d through 38 um s t a i n l e s s 

s t e e l wire c l o t h on t h e i r way i n t o the c r y s t a l l i z e r . When gross increases 

or decreases i n c o n c e n t r a t i o n were necessary, pure s o l i d n i c k e l s u l f a t e 

or pure water were used r e s p e c t i v e l y . 

A f t e r adjustment of the c o n c e n t r a t i o n , the high-accuracy 

s p e c i f i c g r a v i t y measurements f o r the i n i t i a l s o l u t i o n c o n c e n t r a t i o n 
3 

of an experiment were u s u a l l y taken (with 25 cm s p e c i f i c g r a v i t y 

b o t t l e s ) at 60°C, again f o r reasons of convenience, s i n c e , before 
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cooling, the solution was in an undersaturated state. However, in 

a few cases, to check the previously determined effect of temperature 

on solution specific gravity (Appendix D.l), another pair of measure

ments was made after the solution had been cooled to the temperature 

of the experiment, the solution then being in a supersaturated state. 

No significant difference was ever found between the concentrations 

derived from the specific gravity measurements at the two different 

temperatures. 

5.4 The Batch Method 

5.4.1 Crystal handling losses 

In order to check that the weight change in the crystals 

observed during an experiment could be attributed solely to crystal growth 

or dissolution and not to other factors such as hold-up of crystals 

within the crystallizer, dummy runs were made as follows. A solution with 

its concentration accurately adjusted to a saturation temperature of 

32°C was circulated within the crystallizer at 32°C. This temperature 

was used in order to minimize possible errors due to cooling: i t was the 

lowest temperature at which the a-hexahydrate was the equilibrium 

solid form of nickel sulfate. Ten grams of crystals of size 425-500 um 

(this was the smallest crystal size used and so was the most susceptible 

to hold-up within the crystallizer) were preheated for fifteen minutes 

in a bath at 32°C. The flow control valve was then completely closed 

and the crystals were quickly charged into the crystallizer, where they 

settled through the crystallization section and on to the product 

crystal removal stopcock. For 425-500 um crystals this settling 
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took several minutes. During this time, although the solution circula

tion rate was zero, the thermostatic water jackets prevented cooling of 

the solution in the crystallization section and above the product 

crystal removal stopcock. 

After 210 s, when no crystals could be seen s t i l l settling, 

the flow control valve was opened for a few seconds to give a burst of 

flow at the maximum rate and then closed once more. This burst of flow 

brought down a few more crystals (estimated maximum weight 50 mg) which 

had been held up in such places as piping joints, on the bulb of the 

main thermometer and on the sloping surface of the lower glass reducer. 

Then, sixty seconds after the burst of flow, when these crystals had 

joined the others on the product crystal removal stopcock, a l l the 

crystals were drained out through the cock, filtered of accompanying 

solution, washed quantitatively, rinsed and dried. Details of the washing 

and rinsing operations are given in Appendix E. 

The weight of crystals charged and the weight of crystals 

recovered differed by not more than 25 mg. Corresponding tests on the 

larger crystal sizes produced s t i l l smaller weight differences. Thus 

there was no serious hold-up of crystals inside the crystallizer. The 

use of the burst of flow was retained during the tests on the larger 

crystal sizes, but in practice bursts never brought down a significant 

weight of crystals for sizes greater than 1.0 mm. 

The sieving of the product crystals to determine their size 

distribution subsequently caused a weight loss not exceeding 20 mg. 

Thus the overall handling loss of crystals through a l l stages of the 

experiment did not exceed 45 mg. 
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5.4.2 End correction tests 

Although the weight of crystals suffered no significant change 

due to hold-up (Section 5.4.1), the weight of crystals suffered consider

able increases when the crystals were settled through a supersaturated solu

tion, as at the beginning or end of a growth experiment by the Batch 

Method, because of crystal growth. Weight increases were also expected 

to occur during the time the majority of the crystals were delayed on 

the product crystal removal stopcock while the stragglers finished 

settling and again weight increases occurred during filtration of the super

saturated solution from the product crystals after drainage into the 

Buchner funnel assembly. The growth rates at which these weight increases 

were produced were expected to be very different from the growth rates 

prevailing during the main period of the experiment. Therefore these 

weight increases were treated as end effects. Corrections were made 

for them to the raw overall weight increase to give the weight increase 

occurring only during the steady period of the experiment, that is, 

after charging was complete and before final settling was begun. The 

corresponding growth time for the steady period alone was then taken as 

the time between (a) opening the flow control valve when the seed crystals 

had settled into position in the crystallization section after charging and 

(b) closing the flow control valve to allow the product crystals to 

begin settling on to the product crystal removal stopcock at the end 

of the experiment. 

The magnitudes of the end corrections were found by performing 

dummy runs similar to those of Section 5.4.1 except that they were now 

performed with supersaturated solutions rather than with saturated 

solutions. Thus known weights of sized crystals were preheated and were 



then s e t t l e d through s t a g n a n t s o l u t i o n s which were a t the a p p r o p r i a t e 

t e m p e r a t u r e s . The c r y s t a l s were removed f o r f i l t r a t i o n , washing, r i n s i n g , 

d r y i n g and r e - w e i g h i n g as soon as s e t t l i n g was complete. The c r y s t a l s 

used i n an end c o r r e c t i o n t e s t had the same s t a r t i n g s i z e as had the 

seed c r y s t a l s used i n the c o r r e s p o n d i n g main experiment, so as to 

re p r o d u c e as n e a r l y as p o s s i b l e i n the end c o r r e c t i o n t e s t the s i z e 

changes o c c u r r i n g d u r i n g t h a t main experiment (see S e c t i o n 5.4.3). 

S t a n d a r d time d e l a y s ( T a b l e I) were used between the v a r i o u s s t a g e s o f 

the t e s t s such as the b u r s t o f f l o w and the d r a i n i n g o f c r y s t a l s i n t o 

the Buchner f u n n e l . These same d e l a y s were then used i n the c h a r g i n g and 

w i t h d r a w i n g s t a g e s o f the main B a t c h Method experiments themselves, i n 

o r d e r t o ensure the v a l i d i t y of the end c o r r e c t i o n s . D i f f e r e n t d e l a y s 

were used w i t h d i f f e r e n t c r y s t a l s i z e s . The o v e r a l l d u r a t i o n of the 

end c o r r e c t i o n t e s t s v a r i e d g r e a t l y w i t h c r y s t a l . s i z e as most o f the 

time f o r a t e s t was needed f o r the c r y s t a l s e t t l i n g i t s e l f (see T a b l e I ) . 

P r e l i m i n a r y t e s t s c o n f i r m e d t h a t f o r a g i v e n c r y s t a l s i z e 

the magnitude o f the end c o r r e c t i o n , as e x p e c t e d , was p r o p o r t i o n a l to 

the w e i g h t o f c r y s t a l s s e t t l e d . T h e r e f o r e a l l end c o r r e c t i o n t e s t s were 

performed w i t h w e i g h t s o f c r y s t a l s c l o s e to t h a t mean weight o f c r y s t a l s 

which would o c c u r d u r i n g the b a t c h growth e x p e r i m e n t s ( t h a t i s , c l o s e 

to seven grams) and the end c o r r e c t i o n s were then e x p r e s s e d as weight 

i n c r e a s e s per u n i t of the average weight o c c u r r i n g d u r i n g the end 

c o r r e c t i o n t e s t o r growth experiment. For each temperature and c r y s t a l 

s i z e c o n s i d e r e d , two r e p l i c a t e end c o r r e c t i o n t e s t s were made a t each 

o f t h r e e d i f f e r e n t s u p e r s a t u r a t i o n l e v e l s . F r e s h c r y s t a l s were used 

f o r each end c o r r e c t i o n t e s t . I n a l l c a s e s the c u r v e o f end c o r r e c t i o n 
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Table I Standard times i n 
stages of the end 
main experiments, 

seconds between the v a r i o u s 
c o r r e c t i o n t e s t s and of the 
i n the Batch Method 

For the end c o r r e c t i o n t e s t s , t = 0 and the c r y s t a l s 
s e t t l e s t r a i g h t through. For the main experiments, 
t i s the d u r a t i o n i n seconds of the steady p e r i o d of 
the experiment 

C r y s t a l s i z e 0.5 mm 1 mm 2 mm 4 mm 

s t a r t c l o c k s t a r t c l o c k 
10 10 10 10 10 10 10 10 

c r y s t a l s enter 
s o l u t i o n 

40 20 10 5 40 20 10 5 

s t a r t flow s t a r t flow 

t t t 

stop flow stop flow 

160 45 20 10 160 45 20 10 

bur s t of 
flow 

60 30 15 10 60 30 15 10 

remove water 
j a c k e t from 
product v a l v e 
and f i t d r i p 
guard 

remove water 
j a c k e t from 
product v a l v e 
and f i t d r i p 
guard 

25 25 25 25 25 25 25 25 

d r a i n and 
begin 
washing 

t o t a l time 
between s t a r t 
i n g c l o c k and 
d r a i n i n g 

t + 295 t + 130 t + 80 t + 60 
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(per u n i t of average weight) against s u p e r s a t u r a t i o n could be f i t t e d 

without s t a t i s t i c a l l y s i g n i f i c a n t l a c k of f i t by a s t r a i g h t l i n e 

through the o r i g i n . These l i n e s are given i n Appendix L . I . 

E x a c t l y the same procedure was used to o b t a i n end c o r r e c t i o n s 

f o r batch d i s s o l u t i o n experiments except of course that i n t h i s case 

the s o l u t i o n s through which the c r y s t a l s were s e t t l e d were under-

s a t u r a t e d . In the case of 0.5 mm c r y s t a l s at 40°C onl y , the s t r a i g h t 

l i n e f i t through the o r i g i n gave some s i g n i f i c a n t l a c k of f i t . There

f o r e , i n t h i s case o n l y , a q u a d r a t i c f i t through the. o r i g i n was used 

i n s t e a d . This curve then gave no s i g n i f i c a n t l a c k of f i t . The d i s s o l u 

t i o n end c o r r e c t i o n curves are given i n Appendix L . 4 . 

5 . 4.3 The main procedure f o r growth experiments by the Batch Method 

This procedure was based on that reported by M u l l i n and 

Garside [13b] f o r experiments on the growth of potassium alum. As 

discussed i n S e c t i o n 5.3, before c o o l i n g from 60°C to the temperature of 

the experiment, the s o l u t i o n c o n c e n t r a t i o n was f i r s t adjusted to the 
3 

de s i r e d value and s p e c i f i c g r a v i t y measurements were made w i t h 25 cm 

b o t t l e s to determine t h i s the i n i t i a l c o n c e n t r a t i o n f o r the experiment. 

The s o l u t i o n and the water i n the thermostatic j a c k e t s were then 

r a p i d l y cooled to the temperature of the experiment and temperatures 

were allowed to s t a b i l i z e at t h i s new value w i t h the s o l u t i o n c i r c u 

l a t i o n r a t e s et at the value expected f o r the experiment: t h i s 

depended on c r y s t a l s i z e . The s p e c i f i c g r a v i t y meter was very u s e f u l 

here f o r i n d i c a t i n g when the temperatures had f u l l y r e - s t a b i l i z e d . 

Meanwhile an a c c u r a t e l y known weight (about f i v e grams) of h i g h l y r e g u l a r 
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seed crystals a l l within one size interval in the full U.S.A. Standard 

Sieve Series [79] was preheated for fifteen minutes at the temperature 

of the experiment. Preliminary tests had demonstrated that even the 

smallest crystals used (425-500 um), with the largest specific surface, 

showed no dehydration when heated to the highest experimental temperature 

(50°C) for fifteen minutes. Details of the preparation of seed crystals 

are in Appendix G. The flow control valve was then fully closed 

and the preheated seed crystals were quickly charged into the top of 

the crystallizer. When they had settled into position in the 

crystallization section, the flow control valve was re-opened and the 

flow-rate adjusted to fluidize the crystals so that they were uniformly 

distributed throughout the crystallization section. The moment of re

opening of the valve was taken as the start of the crystal growth period 

for the corrected weight increase. Some instability of the temperature 

was inevitable after the valve was re-opened but this always decayed 

within about two minutes. Even during the instability, the mean 

temperature was close to the steady state mean value, as the instability 

was basically a damped oscillation. 

Growth was continued until the total weight of crystals 

was about nine grams. The times needed for this amount of growth varied 

from about five minutes to several hours, depending on the growth 

conditions. 

As the crystals grew, the solution circulation rate had to 

be increased slightly (by about 15%) to maintain uniform distribution 

of the crystals within the crystallization section. Slight readjustments 

of the specific gravity meter sampling loop stopcock were then also 
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3 necessary, to maintain the sampling loop flow-rate constant at 10 cm /s. 

Because the bottom of the crystal bed was defined by the 

change in cross-section at the lower pipe reducer and because there was 

no grid at the bottom of the bed, the velocity profile across the bed 

was unlike that occurring in a conventional fluidized bed (which is 

approximately plug flow). Rather, there was a central core of fast-

moving solution with a surrounding annulus of much slower-moving solution. 

This caused a circulation pattern of the crystals similar to that of 

a spouted bed. The central core contained only a few, fast-rising 

crystals. Most of the crystals remained in the annulus, falling 

slowly until they were caught in the core once more and thrown upwards. 

That this pattern differs from that in a conventional fluidized bed is 

not necessarily a disadvantage, as the crystal bed in an industrial 

"Krystal" crystallizer, which the present apparatus is intended to 

model, has the same lean and dense regions. The lean region occurs 

below the central downcomer through which feed solution enters the 

crystallizer and the dense region occurs where the solution rises in 

the annulus surrounding the downcomer. 

In a l l experiments by the Batch Method, the supersaturation 

level was almost constant throughout an experiment. The calculated 

fall-off of supersaturation due only to loss of solute to the growing 

crystals (ignoring the effects of nucleation) was only about 0.02 wt% 

hexahydrate or 0.0002 in terms of specific gravity. For supersaturations 

below about 1.3 wt% hexahydrate, the observed fall-off agreed with the 

calculated and thus the percent fall-off in supersaturation ranged 

from 1.5% when the supersaturation was 1.3 wt% hexahydrate to a 

maximum of 15% when the supersaturation was 0.13 wt% hexahydrate, the 



smallest value used. At supersaturations above 1.3 wt% hexahydrate, 

significant amounts of nucleation occurred, causing increases in the 

observed fall-off over the calculated fall-off. This was actually 

the main factor limiting the maximum supersaturation which could be 

used. As at the low end of the supersaturation range a limit of 15% 

was set on the allowable percent fall-off. This in turn proved to 

limit the maximum useable supersaturation to around 2.4 wt% hexahydrate 

(see Section 5.6). The supersaturation then reported for a given batch 

experiment was the arithmetic mean of the supersaturations found from 

the i n i t i a l and final specific gravity measurements of that experiment. 

Another consequence of the requirement that supersaturation 

not f a l l off substantially during a Batch Method experiment was the 

relatively low limit of five grams on the weight of seed crystals 

which could be used. This in turn meant that the void fraction of the 

fluidized bed of crystals was very high. When calculated directly from 

the overall bed volume and the volume occupied by the crystals themselves, 

the mean void fraction was 0.998, the same value of course applying to 

al l batch experiments. However, lower void fractions, closer to the 

industrial levels, could be and in fact had to be used in the Continuous 

Method (Section 5.5). 

After sufficient growth had occurred, the flow control valve 

was completely closed and the product crystals began to settle towards 

the product crystal removal stopcock. The moment of closing of the 

valve was taken as the end of the crystal growth period for the 

corrected weight increase. After allowing the standard settling 
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times both before and a f t e r the bur s t of flow (see Sections 5.4.1 and 

5.4.2), the c r y s t a l s were drained d i r e c t l y i n t o a Buchner funnel 

assembly which was already under s u c t i o n . 
3 

The Buchner funnel was of 600 cm volume and had s i n t e r e d 

g l a s s of "coarse" grade (pore s i z e range 40-60 um). The funnel was 

equipped w i t h a j a c k e t through which c i r c u l a t e d water at the temperature 

of the experiment. Suction was provided by a r o t a r y vacuum pump. The 
3 

funnel was mounted on a 2000 cm c o l l e c t i n g f l a s k and was f i t t e d w i t h 

a g l a s s extension tube 200 mm long and 90 mm O.D. which was connected to 

the funnel by a T e f l o n adapter p i e c e . The extension tube prevented 
l o s s of c r y s t a l s or s o l u t i o n by s p l a s h i n g during d r a i n i n g . Roughly 

3 

300 cm of s o l u t i o n were drained i n t o the f u n n e l : t h i s volume was 

s u f f i c i e n t to ensure that a l l product c r y s t a l s were f l u s h e d through the 

product c r y s t a l removal stopcock. The s u c t i o n took ten seconds to draw 

o f f a l l the s o l u t i o n i n the funnel except that l e f t c o a t i n g the 

c r y s t a l s . The funnel and extension tube were then q u i c k l y t r a n s f e r r e d 

to another c o l l e c t i n g f l a s k and the c r y s t a l washing and r i n s i n g 

operations were performed immediately. F u l l d e t a i l s of these operations 

are i n Appendix E. 

Right a f t e r t h i s , s p e c i f i c g r a v i t y measurements were taken 

f o r the f i n a l s o l u t i o n c o n c e n t r a t i o n of the experiment, the samples 

of s o l u t i o n being f i l t e r e d of p o s s i b l e n u c l e i as discussed i n Sectio n 4.2. 

S o l u t i o n c i r c u l a t i o n was then r e - s t a r t e d and the water j a c k e t s and the 

s o l u t i o n i n the c r y s t a l l i z e r were re-heated to 60°C. 

A f t e r a f i n a l d r y i n g , the product c r y s t a l s were sieved by 

hand according to A.S.T.M. recommendations [80], to separate them from 

any n u c l e i which may have accompanied them from the c r y s t a l l i z e r , and 



to obtain their size distribution, which was in general a l i t t l e 

wider than that of the seed crystals. The product crystal specific 

surface average size was then calculated (see Appendix H). Hand 

sieving was used because the crystals were relatively fragile and 

machine sieving was found to cause severe abrasion of their edges. All 

the sieving done in this work was done with the same set of previously 

unused sieves. 

For any given temperature or crystal size, once one or two 

growth experiments had been made at different supersaturations, a close 

estimate could be made, by the extrapolation of growth rates, of the 

growth time necessary to reach the target product weight in subsequent 

experiments. The target product weight was such that nearly a l l the 

product crystals would f a l l within one size interval in the fu l l U.S.A. 

Standard Sieve Series. If this condition was fulfilled, errors in the 

calculation of the mean product crystal size were minimized (see 

Appendix H). As indicated above, for nickel sulfate a-hexahydrate 

crystals the condition implied that a product weight close to nine grams 

should be grown from a seed weight close to five grams. The main product 

crystal size interval was then the next larger to the seed crystal size 

interval in the fu l l U.S.A. Standard Sieve Series. Thus, for example, 

seed crystals of 850 Um - 1.00 mm would be grown until they were 

almost a l l 1.00 - 1.18 mm, a size increase of about 20%. 

The smallest size of crystals which could be considered was 

0.5 mm (that is: seed size range 425-500 Um, product size range 

approximately 500-600 um) because for crystals smaller than this, the 

fluidization velocity and hence the solution circulation rate was too 
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small to a l l o w s a t i s f a c t o r y temperature c o n t r o l . Because these c r y s t a l s , 

being s m a l l , had a high s p e c i f i c s u r f a c e , only short growth times (a 

few minutes) were needed to achieve the weight i n c r e a s e from f i v e grams 

to nine grams, w h i l e because of t h e i r s m a l l s e t t l i n g v e l o c i t y , they 

gave long end c o r r e c t i o n t e s t times and hence l a r g e end c o r r e c t i o n weight 

i n c r e a s e s . Thus f o r high s u p e r s a t u r a t i o n s the end c o r r e c t i o n weight 

increase became a considerable f r a c t i o n of the main uncorrected 

weight i n c r e a s e . Therefore, because the end c o r r e c t i o n weight inc r e a s e s 

showed greater standard e r r o r s than d i d the weight i n c r e a s e s from the 

main experiments, an a r b i t r a r y l i m i t was set that the o v e r a l l end 

c o r r e c t i o n weight i n c r e a s e should not exceed 20% of the o v e r a l l 

uncorrected weight i n c r e a s e due to growth. A p p l y i n g t h i s l i m i t to 

the growth of 0.5 mm c r y s t a l s meant that no s u p e r s a t u r a t i o n above 

1.0 wt% hexahydrate could be used. 

In order to estimate the standard e r r o r of the weight 

in c r e a s e from the main experiments, at l e a s t one p a i r of r e p l i c a t e 

growths at the same s u p e r s a t u r a t i o n was made f o r each temperature and 

c r y s t a l s i z e considered. 

5.4.4 The main procedure f o r d i s s o l u t i o n experiments by the Batch Method 

As f a r as p o s s i b l e , the procedure f o r d i s s o l u t i o n experiments 

by the Batch Method was made the same as f o r growth experiments by the 

Batch Method. Thus approximately nine grams of seed c r y s t a l s were 

d i s s o l v e d down to approximately f i v e grams of product c r y s t a l s , so that 

both the average weight of c r y s t a l s and the average c r y s t a l s i z e during 

an experiment were c l o s e to those of the corresponding growth experiment. 
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The dissolution rate at a given dissolution driving force (c* - c) 

was several times the growth rate at a growth driving force (c - c*) 

of the same magnitude. Thus dissolution experiments lasted shorter 

times than the corresponding growth experiments, end correction 

weights were larger and the arbitrary limit mentioned in Section 5.4.3 

that the overall end correction weight change should not exceed 20% 

of the uncorrected main weight change was used to define the maximum 

undersaturation which could be investigated. In the case of dissolution, 

where nucleation was of course absent, no reheating and recooling of 

the solution in the crystallizer was necessary between experiments. 

Inevitably some rounding of the edges of the crystals occurred during 

dissolution but the crystal shape was s t i l l well-defined at the end 

of a batch dissolution experiment. 

A phenomenon observed during dissolution experiments which 

had not been observed during growth experiments was that of crystal 

cleavage. The tendency to cleave was more marked for larger crystals. 

Not more than an estimated 12% of the crystals were observed to cleave, 

usually symmetrically, along the (001) plane (see Figure J.l) during 

the main stage of an experiment. This was not expected to affect the 

overall crystal surface area greatly: . besides, any small increase in 

the surface area due to cleavage would be offset by the slight decrease 

in the surface area due to rounding of edges. 

A good deal more cleavage occurred during the product 

crystal draining and washing stages and again during the final sieving 

of the product crystals to determine their size distribution. Thus 



the f i n a l t o t a l proportion of c r y s t a l s which had cleaved was up to 

about 50% f o r the lar g e s t product c r y s t a l s ( s i z e range approximately 

3.35 - 4.00 mm) although i t was much lower for a l l smaller c r y s t a l s . 

Of course only the cleavage occurring during the ac t u a l d i s s o l u t i o n 

stage could a f f e c t the o v e r a l l c r y s t a l surface area a v a i l a b l e f o r 

d i s s o l u t i o n . Microscopic i n s p e c t i o n of the cleaved surfaces a f t e r an 

experiment was used to estimate the amount of cleavage occurring during 

the d i s s o l u t i o n stage alone. When cleavage had occurred during the 

d i s s o l u t i o n stage, the cleaved surfaces had l o s t t h e i r f i n e structure 

by d i s s o l u t i o n and appeared "polished," while the edges bounding the 

cleaved surfaces had become rounded. When cleavage had occurred only 

a f t e r the d i s s o l u t i o n stage, the cleaved surfaces retained t h e i r f i n e 

s tructure and therefore appeared somewhat rough, while the edges 

bounding the cleaved surfaces were s t i l l sharp. 

When s i e v i n g to f i n d the s i z e d i s t r i b u t i o n of a set of 

product c r y s t a l s containing some cleaved c r y s t a l s , the e f f e c t s of cleavage 

were treated as follows. I f a p a r t i c u l a r sieve s i z e i n t e r v a l was found 

to contain only or almost only cleaved fragments then the weight of 

these fragments was considered to belong with the next l a r g e r s i z e 

i n t e r v a l (which i n a l l cases contained nearly a l l the uncleaved c r y s t a l s ) , 

on the grounds that during the ac t u a l d i s s o l u t i o n experiment most of 

these cleaved c r y s t a l s were s t i l l i n the form of whole c r y s t a l s from t h i s 

l a r g e r s i z e i n t e r v a l . Unless a s i z e i n t e r v a l contained only or almost 

only cleaved fragments, the weight i n the i n t e r v a l was reported without 

any such adjustment. ' 
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5.5 The Continuous Method 

5.5.1 Design of the experiments 

This method was based on that reported by Bujac and M u l l i n 

[63] f o r experiments on the growth of ammonium alum. As w i t h the Batch 

Method, the Continuous Method can be used f o r both growth and 

d i s s o l u t i o n experiments. In a p p l y i n g the Batch Method f o r a given 

temperature and c r y s t a l s i z e , a s e r i e s of separate experiments was performed, 

each experiment at a d i f f e r e n t s u p e r s a t u r a t i o n , t h i s s u p e r s a t u r a t i o n being 

h e l d almost constant w i t h i n each experiment. In the Continuous Method, 

i n c o n t r a s t , the s u p e r s a t u r a t i o n , i n i t i a l l y at a high l e v e l , was permitted 

to f a l l by a l a r g e amount as the s o l u t i o n gave up s o l u t e to a l a r g e weight 

( s e v e r a l hundred grams) of growing c r y s t a l s . This gross f a l l of super-

s a t u r a t i o n w i t h time was c o n t i n u o u s l y monitored w i t h the s p e c i f i c g r a v i t y 

meter. Then, by equating instantaneous r a t e s of r e d u c t i o n of the 

s u p e r s a t u r a t i o n (obtained from the meter trace) w i t h instantaneous r a t e s 

of growth on the seed c r y s t a l s , growth r a t e s f o r a whole range of super-

s a t u r a t i o n s could be found from a s i n g l e experiment. More d e t a i l s of the 

method of c a l c u l a t i n g growth r a t e s from the meter t r a c e are i n 

S e c t i o n 6.2. 

While v o i d f r a c t i o n s were n e c e s s a r i l y high (around 0.998) i n 

the Batch Method, they were n e c e s s a r i l y much lower (around 0.80) i n the 

Continuous Method. An advantage of t h i s was then that i n the Continuous 

Method, the f l u i d i z e d bed of c r y s t a l s more n e a r l y represented the bed 

i n a f u l l - s c a l e i n d u s t r i a l f l u i d i z e d - b e d c r y s t a l l i z e r , where operating 

v o i d f r a c t i o n s are u s u a l l y around 0.80 [81> 82]. 



The lower void fraction in the Continuous Method was a 

consequence of the very large weight of seed crystals (several hundred 

grams) which had to be used: only a very large weight of seed crystals 

could undergo the large weight increase necessary to absorb the gross 

reduction in solution supersaturation, without meanwhile suffering an 

excessive increase in size. In the present experiments the weight of 

seed crystals was so chosen that their size increase would be the same 

as that in the Batch Method experiments, that is from one size interval 

in the f u l l U.S.A. Standard Sieve Series to the next larger one. This 

was intended to make comparison of results from the two methods more 

valid, for the average crystal size during an experiment by the 

Continuous Method was then close to that during any one experiment by 

the Batch Method. However, the equivalence of results from the two 

methods was not exact, as can most easily be seen by considering the 

following example. In a l l of the Batch Method growth experiments at, 

average crystal size 1 mm, whatever the supersaturation, the seed 

crystals were of size 850 ym - 1.00 mm and the product crystals were of 

size approximately 1.00 - 1.18 mm. However in the corresponding 

experiment by the Continuous Method, the crystals were of size 850 pm -

1.00 mm at the i n i t i a l (high) supersaturation, and gradually increased 

to size approximately 1.00 -• 1.18 mm at the final (low) supersaturation. 

Therefore each of the growth rates calculated for different super-

saturations in the Continuous Method strictly applied to a slightly 

different crystal size. As it happened, the growth rate was found to 

depend only weakly on crystal size (Section 7.1.2), so this was not 

a serious source of error. 
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What range of s u p e r s a t u r a t i o n 
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> t By mass balance 
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a t i o n to be 
covered 
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Figure 5 Chart f o r design of experiments by the Continuous 
Method 
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Once the weight of seed crystals had been chosen, the 

bed volume was adjusted by the use of the moveable Teflon constriction 

(Section 4.1) so as to give an average calculated void fraction during 

the experiment of 0.80. (The i n i t i a l calculated void fraction was 0.85 

and the final calculated void fraction was 0.75.) The value of 0.80 

was used so as to approximate the voidage conditions in an industrial 

fluidized-bed crystallizer. 

The mass balances on which the Continuous Method was based 

assumed that a l l solute lost from the supersaturated solution was 

transferred to the seed crystals as crystal growth. Thus no significant 

nucleation could be tolerated in growth experiments by the Continuous 

Method. This meant that the maximum useable supersaturation for growth 

by the Continuous Method was well below that for the Batch Method (in 

which considerable nucleation could be tolerated), particularly as 

the amount of nucleation occurring at a given supersaturation was observed 

to depend on the weight of seed crystals added (perhaps because nucleation 

occurred by the " i n i t i a l breeding" mechanism; see Section 5.6) and the 

weight of seed crystals used in the Continuous Method was over sixty times 

the weight used in the Batch Method. A l l seed crystals used in growth 

by the Continuous Method were, before use, treated for the removal of 

crystal dust from their surfaces (see Appendix F) but even so, crystal 

growth without significant accompanying nucleation could not be achieved 

in the Continuous Method at supersaturations above about 1.3 wt% 

hexahydrate. 

A supersaturation of 1.30 wt% (representing a supercooling 

of about 4°C) was therefore chosen as the starting supersaturation for a 
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growth experiment by the Continuous Method at 40°C with an average 

crystal size of 1 mm. The amount of growth which would have been 

produced if this supersaturation had been allowed to f a l l to zero 

in one stage would have been unacceptably large: to observe the limit 

stated above on the increase of crystal size during an experiment, 

such a large weight of seed crystals would have been needed that the 

void fraction, even with the bed volume at a maximum, would have been 

well below 0.80. Also, with such a large weight of seed crystals, 

the rate of fall-off of supersaturation would have been undesirably 

high. Therefore the supersaturation range was covered in two separate 

experiments, both of which were duplicated. In the first experiment, 

supersaturation was allowed to f a l l from a starting value of 1.30 wt% 

hexahydrate to a final value of around 0.67 wt% hexahydrate, while in 

the second experiment i t f e l l from a starting value of 0.67 wt% hexahydrate 

to a final value close to zero. Both experiments used 320 g of seed 
3 

crystals and a bed volume of 1080 cm (adjusted with the Teflon 

constriction). These appropriate values of seed crystal weight and 

bed volume were calculated as explained above (see also Figure 5). 

5.5.2 The experimental procedure 

In most aspects the procedure for experiments by the 

Continuous Method was the same as that for experiments by the Batch 

Method. Thus the solution concentration was adjusted and measured 

at 60°C, the solution was then cooled to the temperature of the 

experiment and after temperatures had re-stabilized, the preheated seed 

crystals were added. 



78 

Because of the lower v o i d f r a c t i o n , however, the s o l u t i o n 

f l o w - r a t e to f l u i d i z e the c r y s t a l s u n i f o r m l y throughout the bed volume 

was somewhat l e s s (by about 10%) than f o r the Batch Method. A l s o , i n 

the Continuous Method, the o v e r a l l s o l u t i o n volume must be a c c u r a t e l y 

known, f o r use i n the mass balance c a l c u l a t i o n f o r the growth r a t e s . 

In the present experiments the s o l u t i o n volume was found d i r e c t l y from 

a p r i o r c a l i b r a t i o n of the c r y s t a l l i z e r volume. A l t e r n a t i v e l y i t can 

be c a l c u l a t e d from the o v e r a l l weight i n c r e a s e on the seed c r y s t a l s , 

by mass balance [63]. 

When the s u p e r s a t u r a t i o n had f a l l e n to the d e s i r e d end value, 

as estimated from the s p e c i f i c g r a v i t y meter t r a c e , the s o l u t i o n 

c i r c u l a t i o n was stopped and the b o t t l e s p e c i f i c g r a v i t y samples f o r the 

f i n a l s u p e r s a t u r a t i o n were q u i c k l y taken. Then the product c r y s t a l s 

were drained out, washed, r i n s e d and d r i e d by the u s u a l method 

(Appendix E). 
3 

Because of the f i n i t e volume (350 cm when assembled) of 

the s p e c i f i c g r a v i t y meter sampling chamber, there was a l a g i n the 

sampling system. Thus at a given time the s o l u t i o n i n the sampling 

chamber d i d not have e x a c t l y the same c o n c e n t r a t i o n as d i d the 

s o l u t i o n i n the main body of the c r y s t a l l i z e r at that same time. 

Instead i t had t h e , c o n c e n t r a t i o n which had been present i n the main body 

of the c r y s t a l l i z e r a short time beforehand. The sampling chamber 

was assumed to behave as i f w e l l - s t i r r e d , an assumption which had 

been v e r i f i e d by Bujac and M u l l i n [63]. The c o n c e n t r a t i o n i n the 

sampling chamber (c) and the c o n c e n t r a t i o n i n the main stream at the same 
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time (c) could then be r e l a t e d ( S e c t i o n 6.2). 

To minimize the l a g i n the sampling system, the f l o w - r a t e 

through the sampling loop was kept as high as p o s s i b l e . In p r a c t i c e 
3 

a constant f l o w - r a t e of 10 cm /s was used, g i v i n g a mean residence 

time i n the sampling chamber of 35 s. When higher f l o w - r a t e s were 

t r i e d , there was a s i g n i f i c a n t l e v e l of e l e c t r i c a l n o i s e on the s p e c i f i c 

g r a v i t y meter output t r a c e . 

Of course the tr a c e from the s p e c i f i c g r a v i t y meter r e f e r r e d 

to the sampling chamber c o n c e n t r a t i o n , c, and so d i d the c a l i b r a t i n g 

s p e c i f i c g r a v i t y measurements, because the stopcock used f o r the s p e c i f i c 

g r a v i t y samples was l o c a t e d d i r e c t l y at the o u t l e t o f - t h e meter sampling 

chamber. Thus the v a r i a t i o n of c w i t h time had to be c a l c u l a t e d from 

the observed v a r i a t i o n of c w i t h time before the main c a l c u l a t i o n of 

the growth r a t e could be made. For a l l experiments by the Batch Method, 

the l a g (c - c) was n e g l i g i b l e f o r a l l times. Even f o r experiments 

by the Continuous Method, (c - c) was never l a r g e r than 0.02 wt% 

hexahydrate. 

Because i n the present work the o v e r a l l s o l u t i o n volume was 

found d i r e c t l y , the o v e r a l l weight i n c r e a s e on the seed c r y s t a l s was 

a v a i l a b l e f o r an independent mass balance check on the experiment. 

Thus the c a l c u l a t e d t o t a l weight of s o l u t e l o s t by the supersaturated 

s o l u t i o n was obtained from the s o l u t i o n volume and the known i n i t i a l 

and f i n a l s u p e r s a t u r a t i o n s . This was then compared w i t h the observed 

weight incre ase on the seed c r y s t a l s . In the present work, because of 

the l a r g e weight of product c r y s t a l s , a few grams of them were 

i n e v i t a b l y l e f t i n the c r y s t a l l i z e r when d r a i n i n g out the product 
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c r y s t a l s . Also no check was made that the washing o p e r a t i o n was 

e x a c t l y q u a n t i t a t i v e f o r such a l a r g e weight of product c r y s t a l s . Never

t h e l e s s , the c a l c u l a t e d and observed values of the weight t r a n s f e r r e d 

from s o l u t i o n to seed c r y s t a l s never d i f f e r e d by more than 3%. 

5.6 N u c l e a t i o n during C r y s t a l Growth Experiments 

In the present work, n u c l e a t i o n was considered only as a 

nuisance, and was s t u d i e d only to the extent necessary to be able to 

minimize i t s e f f e c t s • T h e o r e t i c a l work on n u c l e a t i o n by most mechanisms 

[ l b , 3] p r e d i c t s that below some c r i t i c a l range of s u p e r s a t u r a t i o n (the 

"metastable l i m i t " ) the r a t e of n u c l e a t i o n i s s m a l l , but that i t 

i n c r e a s e s very r a p i d l y as soon as s u p e r s a t u r a t i o n s i n c r e a s e above the 

c r i t i c a l range. Many f a c t o r s i n f l u e n c e the value of t h i s c r i t i c a l 

s u p e r s a t u r a t i o n , but the main one i s the presence or absence of seed 

c r y s t a l s : the c r i t i c a l s u p e r s a t u r a t i o n i s much lower when seed c r y s t a l s 

are present i n the s o l u t i o n then i t i s when the s o l u t i o n i s unseeded. 

Observations during the present experiments g e n e r a l l y up

h e l d the p r e d i c t e d behaviour, but the value of the c r i t i c a l s u p e r s a t u r a t i o n 

i n the presence of seed c r y s t a l s appeared i n a d d i t i o n to depend g r e a t l y 

on the p r o p e r t i e s of the seed c r y s t a l s themselves. I t was b e l i e v e d that 

the main f a c t o r here was the amount of c r y s t a l dust (microscopic c r y s t a l 

fragments) present on the surfaces of the seed c r y s t a l s . The surfaces 

of the seed c r y s t a l s could never be completely f r e e of c r y s t a l dust, 

w h i l e any s i e v i n g o p e r a t i o n on the seed c r y s t a l s g r e a t l y increased 

the amount of surface c r y s t a l dust. 
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Thus with seed crystals which had not been sieved before 

use, the critical supersaturation was estimated from tests to be 

2.0 wt% hexahydrate, while with seed crystals which had been sieved 

before use i t was about 1.3 wt% hexahydrate. This difference indicates 

that nucleation by the " i n i t i a l breeding" mechanism [3] was 

important. 

, Where necessary, to reduce the amount of nucleation, the 

seed crystals were treated before use (but after a l l sieving) for 

removal of much of their surface dust by settling them through a 

saturated solution. More details of this procedure are in Appendix F. 

Of course the absolute amount of nucleation occurring during 

an experiment depended not only on the value of the critical super-

saturation, but also on the duration of the experiment and on the 

weight of seed crystals used. Thus in the Batch Method supersaturations 

of over 2 wt% hexahydrate could be used with the smaller crystals 

without treatment for surface dust removal, as, with their larger 

specific surface, they required shorter growth times, while in 

order to use supersaturations up to 2 wt% hexahydrate with the larger 

crystals requiring longer growth times, surface dust removal was 

necessary. Meanwhile in the Continuous Method with its very large 

weights of seed crystals, long experiments and, unlike the Batch 

Method, an inability to tolerate much nucleation at a l l , surface dust 

removal was highly necessary for supersaturations above 0.7 wt% 

hexahydrate. In fact, as a precaution, a l l seed crystals used in 

the Continuous Method, regardless of the supersaturation range they 

were intended for, were treated for the removal of surface crystal 

dust. 



6. DATA HANDLING 

6.1 C a l c u l a t i o n of Growth or D i s s o l u t i o n Rates from the Batch Method 

The f o l l o w i n g procedure, based on that reported by Garside 

[83], i s discussed i n terms of growth r a t e s , but an analogous procedure 

was used f o r d i s s o l u t i o n r a t e s . 

Having found the raw weight increase undergone by the seed 

c r y s t a l s during the experiment, the f i r s t step towards c a l c u l a t i n g the 

growth r a t e was to apply the end c o r r e c t i o n s which had been obtained as 

explained i n S e c t i o n 5.4.2. The end c o r r e c t i o n s were expressed as the 

weight i n c r e a s e s during charging and withdrawing, per u n i t of the 

average weight of c r y s t a l s o c c u r r i n g during the experiment. This average 

weight was taken to be the a r i t h m e t i c average of the weight of seed 

c r y s t a l s and the uncorrected weight of product c r y s t a l s . This uncorrected 

average weight e x a c t l y e q u a l l e d the true average weight o c c u r r i n g 

during the steady p e r i o d of the experiment only i f the t o t a l end 

c o r r e c t i o n weight i n c r e a s e r e s u l t e d from equal increases during charging 

and during withdrawing. From p h y s i c a l c o n s i d e r a t i o n s , the c o n t r i b u t i o n s 

to the t o t a l end c o r r e c t i o n from charging and from withdrawing should 

have been of the same order. Besides, the end c o r r e c t i o n was never 

more than 20% of the uncorrected weight i n c r e a s e , so the e r r o r s i n the 

c a l c u l a t i o n of the average weight could never be l a r g e . 

The t o t a l end c o r r e c t i o n was thus found and hence the 

correct e d weight i n c r e a s e o c c u r r i n g only during the steady p e r i o d of 

the experiment. The d u r a t i o n of the steady p e r i o d was known, so the 



c o r r e c t e d weight i n c r e a s e per u n i t time was then found. This had to 

be d i v i d e d by the average o v e r a l l c r y s t a l surface area, to give the 

growth r a t e as a mass f l u x . The method of c a l c u l a t i n g the o v e r a l l 

surface area of a known weight of p a r t i c l e s having a r e g u l a r shape and 

known s i z e d i s t r i b u t i o n i s given i n Appendix H. This method was used 

to f i n d both the seed c r y s t a l and product c r y s t a l o v e r a l l surface areas. 

As above , the uncorrected f i n a l weight was used, i n the case of 

the product c r y s t a l s . The average o v e r a l l c r y s t a l s urface area was 

then taken as the a r i t h m e t i c average of the i n i t i a l and f i n a l o v e r a l l 

s u rface areas and the c r y s t a l growth r a t e was thus found. The procedure 

discussed here i s i l l u s t r a t e d by a sample c a l c u l a t i o n ' i n Appendix K . l . 

6.2 C a l c u l a t i o n of Growth or D i s s o l u t i o n Rates from the Continuous Method 

The f o l l o w i n g procedure, based on that reported by Bujac and 

M u l l i n [63], i s discussed i n terms of growth r a t e s , but an analogous 

procedure would be used f o r d i s s o l u t i o n r a t e s . In the present work, the 

Continuous Method was only a p p l i e d to growth of 1 mm c r y s t a l s at 40°C. 

The b a s i c data from the Continuous Method were recorder traces 

g i v i n g the s p e c i f i c g r a v i t y of the s o l u t i o n i n the sampling chamber 

of the s p e c i f i c g r a v i t y meter as a f u n c t i o n of time. P o i n t s were picked 

from these t r a c e s and, using a t a b l e of s p e c i f i c g r a v i t y against con

c e n t r a t i o n (Appendix D . l ) , the concentrations c of the s o l u t i o n i n the 

sampling chamber at d i f f e r e n t times a f t e r s t a r t i n g were found. For 

each of the two s u p e r s a t u r a t i o n ranges used, d u p l i c a t e experiments were 

made. The values of c at a given time from the d u p l i c a t e experiments 
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never d i f f e r e d by more than 0.01 wt% hexahydrate. By l e a s t squares 

f i t t i n g , the average concentrations from the d u p l i c a t e s vjere represented 

by a polynomial f u n c t i o n of time, of the lowest order which gave no 

s i g n i f i c a n t l a c k of f i t . These concentrations c d i f f e r e d s l i g h t l y 

from the main-stream concentrations c at the same times, because of 

l a g due to the f i n i t e volume of the sampling chamber. The chamber was 

assumed to be w e l l - s t i r r e d . T his assumption was v e r i f i e d e x p erimentally 

by Bujac [47] f o r c a l c u l a t e d residence times of one or two minutes. 

In the present work, the residence time found d i r e c t l y from the known 

constant sampling loop f l o w - r a t e was 35 s, so the assumption i s even 

more j u s t i f i e d here. By mass balance [63], c i s then r e l a t e d to c by 

c = c + T ( 77 ) (44) at 

We thus o b t a i n the main-stream c o n c e n t r a t i o n c as a f u n c t i o n of time. 

In the present work,, the l a g (c - c) i n f a c t never exceeded 0.02 wt% 

hexahydrate. We now perform an instantaneous mass balance on the 

contents of the c r y s t a l l i z e r [63]. Assuming no n u c l e a t i o n , a l l s o l u t e 

l o s t by the s o l u t i o n i s gained by the seed c r y s t a l s : 

dW = -W • dc (45) s 

where W i s the instantaneous t o t a l weight of c r y s t a l s , Wg i s the t o t a l 

weight of water (a constant f o r each experiment) and c i s the s o l u t i o n 

c o n c e n t r a t i o n , now expressed as kilograms of hexahydrate per kilogram 

of water. The instantaneous growth r a t e r i s given by 
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1 d w 

r = - • — (46) 

where A i s the instantaneous o v e r a l l c r y s t a l surface area. Thus 

W 
S dC , , n\ 

r = - T • - (47) 

To f i n d A, we use 

2/3 

A 0 UQ _ (48) 

where s u b s c r i p t zero denotes the s t a r t i n g v a l u e . In t h i s expression i t 

i s assumed that c r y s t a l shape i s independent of s i z e . This i s a good 

assumption w i t h n i c k e l s u l f a t e a-hexahydrate c r y s t a l s (Table J . I ) . 

The i n i t i a l o v e r a l l surface area of the c r y s t a l s i s given by 

A Q = ( r - f I - ) • WQ (49) 
c 0 

(see Appendix H) and, by cumulative mass balance, the instantaneous 

t o t a l c r y s t a l weight i s given by 

W = WQ - W g (c - c Q ) (50) 

A computer was used to perform these c a l c u l a t i o n s . Using time t as 

a dummy v a r i a b l e , growth r a t e s at a s e r i e s of d i f f e r e n t s u p e r s a t u r a t i o n s 

were found. As discussed i n S e c t i o n 5.5.2, W was found d i r e c t l y from 
s J 

a c a l i b r a t i o n of the c r y s t a l l i z e r volume and from the known i n i t i a l 
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solution concentration. The procedure discussed above is illustrated 

by a sample calculation in Appendix K.2. 

6.3 Calculation of Other Experimental Variables 

In a fluidized bed, the true solution velocity seen by the 

crystals is the interstitial solution velocity, V. This is related 

to the superficial velocity (or "empty-tube velocity"), V , by 

V 

V = f (51) 

In the present work, for both Batch and Continuous Methods, Vg was 

calculated from the flow-rates found from the orifice meter, assuming 

plug flow in the crystallization section. The reported value of V̂  

was the arithmetic average of the i n i t i a l and final values. The void 

fraction e was calculated directly from the average volume of crystals 

during an experiment and from the calculated bed volume. This gave a 

value of e = 0.998 for a l l experiments by the Batch Method, so for 

this method the differences between Vg and V were in fact negligible 

(Table II). In this work, for a given crystal size, Vg and V appeared 

to be independent of temperature. Because the true velocity distribution 

across the crystallization section was far from plug flow (Section 

5.4.3), the calculated value of V was not expected to equal but only 

to be proportional to the true average velocity seen by the crystals, 

but since this true average was difficult to find, use of the 

calculated value of V was retained. Values of V and of single crystal 

terminal velocities V (Appendix D.4) as functions of crystal size 



Table II Solution velocities, void fractions and 
crystal Reynolds numbers corresponding to 
different crystal sizes 

average 
crystal 
size 

L 
[mm] 

average 
superficial 
solution 
velocity, V , 
from orifice 
meter 
[mm/s] 

average 
void 
fraction 

£ 
[dimension
less] 

average 
interstitial 
solution 
velocity 

V 
[mm/s] 

approximate 
crystal 
Reynolds 
number 

V'L 
V 

[dimension
less ] 

Batch 
Method 

0.51 12.1 . 0.998 12.1 1.5 

Batch 
Method 

1.01 29,4 0.998 29.5 7.1 Batch 
Method 2.03 68.9 0.998 69.0 33 
Batch 
Method 

4.03 130 0.998 130 125 

Continuous 
Method 1.01 26.5 0.80 33.1 8.0 
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at 40°C are p l o t t e d i n Figure D . l . 

Other workers.have used d i f f e r e n t methods to f i n d both V 

and e. M u l l i n and Garside [13b] found as i n the present study, but 

then used the Richardson-Zaki [84] equation, w i t h measured s i n g l e 

c r y s t a l t e r m i n a l v e l o c i t i e s V , to c a l c u l a t e £ and hence V. This 

method gave much lower values of £ (around 0.95), but the Richardson-

Za k i equation i s not s t r i c t l y v a l i d when, as i n t h i s study, there i s 

p a r t i c l e c i r c u l a t i o n i n the bed. Gaska [59] c a l c u l a t e d the v o i d 

f r a c t i o n d i r e c t l y , as here, but used measured s i n g l e c r y s t a l t e r m i n a l 

v e l o c i t i e s V as values of V i n the Batch Method. At v o i d f r a c t i o n s 

c l o s e to u n i t y , the d i f f e r e n c e s between V, V and V -are a l l s m a l l . 
s t 

Bujac [47] used the Richardson-Zaki equation to estimate 

the d i f f e r e n c e s of i n t e r s t i t i a l v e l o c i t y i n beds of p a r t i c l e s of the 

same s i z e but w i t h d i f f e r e n t v o i d f r a c t i o n s . He c a l c u l a t e d that 

the i n t e r s t i t i a l v e l o c i t y was reduced by 20% when the v o i d f r a c t i o n was 

reduced from 0.995 i n the Batch Method to 0.90 i n the Continuous Method, 

remarking that d i f f e r e n c e s of technique i n the two methods may mask 

any e f f e c t of t h i s v e l o c i t y d i f f e r e n c e . In the present work, the 

observed s u p e r f i c i a l v e l o c i t y was reduced by only 10% when the v o i d 

f r a c t i o n was reduced from 0.998 i n the Batch Method to 0.80 i n the 

Continuous Method. This i s a much s m a l l e r r e d u c t i o n than that p r e d i c t e d 

by Richardson and Z a k i . Again, the d i f f e r e n c e may be due to the 

c i r c u l a t i o n o c c u r r i n g i n these beds. The d i f f e r e n c e i n the c a l c u l a t e d 

i n t e r s t i t i a l v e l o c i t i e s f o r the two methods used i n t h i s work i s 

then only about 12% (see Table I I ) . A lso shown i n Table I I are. the 

approximate c r y s t a l Reynolds numbers, based on the i n t e r s t i t i a l 

v e l o c i t i e s . 



The reported c r y s t a l s i z e during an experiment was the 

a r i t h m e t i c average of the i n i t i a l and f i n a l values of the s p e c i f i c 

surface average s i z e . The v a r i a t i o n of t h i s reported s i z e between 

experiments w i t h i n a s e r i e s i n the Batch Method was always small 

(see Appendix L.2 and L.5). The v a r i a t i o n was a l s o s m a l l between 

corresponding s e r i e s of growth and d i s s o l u t i o n experiments. 

Supersaturations were expressed as a c t u a l c o n c e n t r a t i o n 

minus s a t u r a t i o n c o n c e n t r a t i o n and undersaturations as s a t u r a t i o n 

c o n c e n t r a t i o n minus a c t u a l c o n c e n t r a t i o n . S a t u r a t i o n concentrations 

had p r e v i o u s l y been p r e c i s e l y determined (Appendix D.3). In the 

Batch Method, the reported s u p e r s a t u r a t i o n or u n d e r s a t u r a t i o n was 

the a r i t h m e t i c average of the i n i t i a l and f i n a l v a l u e s . 
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7. THE EXPERIMENTAL RESULTS 

7.1 The C r y s t a l Growth Rates 

7.1.1 General r e s u l t s from Batch and Continuous Methods 

The growth r a t e s found by the Batch Method f o r d i f f e r e n t 

c r y s t a l s i z e s at 40°C and f o r d i f f e r e n t temperatures at a c r y s t a l s i z e 

of 1.01 mm are p l o t t e d as f u n c t i o n s of s u p e r s a t u r a t i o n i n Figures 6 and 

7 r e s p e c t i v e l y . The rat e s are f u l l y t a b u l a t e d i n Appendix L.2. A l l 

the growth r a t e s measured i n t h i s work are s t r i c t l y growth r a t e s 

averaged over the d i f f e r e n t types of face present on the c r y s t a l : 

s t r i c t l y , each type of face grows at a d i f f e r e n t r a t e , but these 

d i f f e r e n t r a t e s on the d i f f e r e n t types of face cannot be s e p a r a t e l y 

determined s o l e l y from o v e r a l l weight increases of the c r y s t a l . With 

n i c k e l s u l f a t e a-hexahydrate, there i s evidence (Appendix J) that i n 

f a c t the d i f f e r e n c e s i n the growth r a t e s on the d i f f e r e n t types of 

face are not great.' 

The estimated absolute standard e r r o r (estimated standard 

d e v i a t i o n of the sample mean) on the s u p e r s a t u r a t i o n s was constant at 

0.007 wt% hexahydrate. The estimated percentage standard e r r o r on 

the growth r a t e s was constant w i t h i n each s e r i e s of experiments 

at a given temperature and c r y s t a l s i z e , but was d i f f e r e n t f o r d i f f e r e n t 

s e r i e s , ranging from 1.1% to 2.2%. R e p l i c a t e experiments were made to 

estimate the standard e r r o r of the c r y s t a l weight change i t s e l f , but 

i n most cases, the major c o n t r i b u t i o n to the standard e r r o r of the 

growth r a t e s was from the standard e r r o r of the c a l c u l a t e d o v e r a l l 
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surface-volume shape f a c t o r , due to the v a r i a t i o n s of L^/L and L^/L 

(Appendix J) between i n d i v i d u a l c r y s t a l s . 

In the present work, the Continuous Method was only a p p l i e d 

to growth and only at a temperature of qO°C and f o r a c r y s t a l s i z e 

of 1.01 mm. In separate experiments, the s u p e r s a t u r a t i o n ranges 0.00 -

0.67 and 0.67 - 1.30 wt% hexahydrate were covered, d u p l i c a t e experiments 

being made f o r each range. The r e s u l t i n g curves of growth r a t e 

against s u p e r s a t u r a t i o n are shown i n Figure 8 and are a l s o tabulated 

i n Appendix L.3. The estimated percentage standard e r r o r of the 

growth r a t e s was 1.1%, the major c o n t r i b u t i o n again being from the 

c a l c u l a t e d o v e r a l l surface-volume shape f a c t o r . For.comparison, r e s u l t s 

from the Batch Method f o r 1.01 mm c r y s t a l s at 40°C are a l s o shown i n 

Figure 8. The agreement i s good over the range of s u p e r s a t u r a t i o n 

0.00 - 0.67 wt% hexahydrate, but over the range 0.67 - 1.30 wt% 

hexahydrate, the r e s u l t s from the Continuous Method are about 15% lower 

than those from the Batch Method. 

The reason f o r t h i s d i f f e r e n c e i s u n c e r t a i n . N u c l e a t i o n 

can be r u l e d out as a cause: h a r d l y any n u c l e a t i o n was observed and, 

besides, n u c l e a t i o n would i n c r e a s e the r a t e s of f a l l - o f f of super-

s a t u r a t i o n and hence apparently increase r a t h e r than decrease the 

growth r a t e s . Another f a c t o r i s that the true ( i n t e r s t i t i a l ) s o l u t i o n 

v e l o c i t i e s past c r y s t a l s of a given s i z e are somewhat d i f f e r e n t i n the 

two d i f f e r e n t methods, because the i n t e r s t i t i a l s o l u t i o n v e l o c i t y v a r i e s 

w i t h the v o i d f r a c t i o n , as discussed i n S e c t i o n 6.3. However i f 

t h i s were the cause of the-observed d i f f e r e n c e s i n the r e s u l t s from 

the two methods, i t would be expected to a f f e c t not one but both of 
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the ranges of s u p e r s a t u r a t i o n used i n the Continuous Method. With 

higher s u p e r s a t u r a t i o n s , the growth r a t e s are higher and hence the 

r a t e s of f a l l - o f f of s u p e r s a t u r a t i o n are higher. The c a l c u l a t i o n of 

these r a t e s of f a l l - o f f from the recorder t r a c e i s expected to be 

more s u s c e p t i b l e to e r r o r f o r the higher r a t e s of f a l l - o f f . This 

would e x p l a i n why a d i f f e r e n c e from the Batch Method i s observed w i t h 

the higher s u p e r s a t u r a t i o n range but not w i t h the lower one. 

A l l the (1 mm) seed c r y s t a l s used i n the Continuous Method 

had been p r e v i o u s l y t r e a t e d f o r the removal of su r f a c e dust (Appendix 

F ) , to reduce the l i k e l i h o o d of n u c l e a t i o n during the experiments, 

w h i l e none of the 1 mm c r y s t a l s used i n the Batch Method were so 

t r e a t e d . The agreement between r e s u l t s from the two methods (good, 

f o r the low s u p e r s a t u r a t i o n range; f a i r , f o r the higher s u p e r s a t u r a t i o n 

range) t h e r e f o r e helps to v e r i f y t h a t the dust removal treatment 

di d not otherwise a f f e c t the seed c r y s t a l s . 

There has been c r i t i c i s m [85, 86] of the methods used i n 

t h i s work to the e f f e c t that l a r g e undetected changes i n the e f f e c t i v e 

o v e r a l l c r y s t a l s urface area may be o c c u r r i n g at the beginning of 

a growth experiment, because of the " h e a l i n g " of impe r f e c t i o n s i n the 

surface or the presence of c r y s t a l dust on the s u r f a c e . These changes 

would then cause l a r g e e r r o r s i n the c a l c u l a t e d growth r a t e s . Hoxrever, 

when end c o r r e c t i o n s are made i n the Batch Method, as has been done 

i n t h i s work, any such changes i n the surface area should be at l e a s t 

p a r t l y absorbed i n the end c o r r e c t i o n s . A l s o , the agreement between 

r e s u l t s from the Batch Method and the Continuous Method, i n which l a t t e r 
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no such changes of surface area can occur except at the very beginning 

of an experiment, i s evidence that e r r o r s from such causes are not 

great. 

Curves of the e m p i r i c a l form 

r = K • (c - c * ) N (8) 

were f i t t e d to the Batch Method growth r a t e measurements as f o l l o w s . 

Logarithms were taken of both growth r a t e s and s u p e r s a t u r a t i o n s . In 

t h i s form, the absolute estimated standard e r r o r s on the growth r a t e s 

were constant w i t h i n each s e r i e s , so unweighted l i n e a r l e a s t squares 

f i t s were performed on these l o g a r i t h m i c v a l u e s . In most cases these 

f i t s gave no s t a t i s t i c a l l y s i g n i f i c a n t l a c k of f i t . The slope of 

the l i n e a r f i t d i r e c t l y gave N, together w i t h i t s estimated standard 

e r r o r and the i n t e r c e p t of the l i n e a r f i t gave l o g K together w i t h 

the estimated standard e r r o r of l o g K. From these, K and the estimated 

standard e r r o r of K were c a l c u l a t e d . These values of K and N are given 

i n Tables I I I and IV, and the f i t t e d l i n e s are shown i n Figures 6 and 

7. 

7.1.2 The e f f e c t s of s o l u t i o n v e l o c i t y and c r y s t a l s i z e on the  

growth r a t e 

As has been discussed i n S e c t i o n 2.2.4, the most general 

way of expressing the dependence of the o v e r a l l growth r a t e constant K 

on s o l u t i o n v e l o c i t y V and c r y s t a l s i z e L i s i n the form of a pseudo-mass 
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Table I I I Best f i t parameters of Equation (8) f o r growth 
of c r y s t a l s of d i f f e r e n t s i z e s at 40°C 

mean 
c r y s t a l 
s i z e 
[mm] 

K estimated absolute 
standard e r r o r of* K 

[kg/m 2 • s . (wt% hexa.)^] 

, : : 
N estimated absolute 

standard e r r o r of N 

[dimensionless] 

0.51 lO.OTxlO - 5 O . l l x l O - 5 1.267 ' 0.013 

1.01 

, 

13.68xl0~ 5 O . l l x l O - 5 1.282 0.011 

2.03 I k . 9 3 x l 0 - 5 0 .26xl0~ 5 1.21+5 0.029 

H.03 19.5^xl0~ 5 0 . 6 l x l O ~ 5 1.232 0.01+7 
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Table IV Best f i t parameters of Equation (8) for growth 
of crystals of size 1.01 mm at different 
temperatures 

temperatureJ K estimated absolute 
standard error of K 

N estimated absolute 
standard error of N 

[deg C] 2 N [kg/m" • s • (\rt% hexa.) ] [dimensionless] 

35.00 9.02xl0"5 0 .05xl0~ 5 1.390. 0.009 

1+0.00 13 .68xl0" 5 O.llxlO - 5 1.282 0.011 

45.00 19.10xlO_5 0.07xlO"5 1.216 0.007 

50.00 25.1+1x10""5 O.lTxlO - 5 1.155 0.011 
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t r a n s f e r c o r r e l a t i o n such as Expression (25), which, f o r convenience, 

i s r e s t a t e d here: 

Sh' (= ̂ - ^ ) « ( R e ) 3 ' • ( S c ) a ' (25) 

This expression i s v a l i d when, as i n t h i s work, Sh' i s one or two 

orders of magnitude greater than u n i t y . In f l u i d i z e d beds at 

constant temperature and constant v o i d f r a c t i o n o n l y , when V i s 

r e l a t e d to L by 

V a L 3 ' (21) 

the s i m p l i f i e d expression 

K « L b ' (24) 

i s a l s o v a l i d . 

When attempting to apply Expression (24) or Expression (25) 

i n order to f i n d the value of b' or of 3 ' , a problem a r i s e s i f the 

value of N i s d i f f e r e n t at d i f f e r e n t values of L. When t h i s i s so, 
2 ' N the dimensions of K, kg/m • s • (wt% hexa) , are d i f f e r e n t f o r 

d i f f e r e n t values of L and i t i s t h e r e f o r e of d o u b t f u l meaning to p l o t 

l o g K d i r e c t l y a g ainst l o g L. In the present work the d i f f e r e n c e s i n 

the values of N at d i f f e r e n t values of L (Table I I I ) were not 

s t a t i s t i c a l l y s i g n i f i c a n t , so the a r i t h m e t i c average value of N 
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was found (1.257) and the growth r a t e c u r v e - f i t s f o r d i f f e r e n t c r y s t a l 

s i z e s at 40°C were re-determined a l l w i t h t h i s f i x e d value of N. This 

gave the values of K shown i n Table V. These values were n u m e r i c a l l y 

c l o s e to the previous values of K (Table I I I ) but, u n l i k e them, 
2 1.257 were a l l of the same dimensions, kg/m • s • (wt% hexa) * , and 

thus t h e i r logarithms could be p l o t t e d against the logarithms of the 

values of L. When t h i s was done, and a s t r a i g h t l i n e f i t made 

(Figure 9 ) , the r e s u l t i n g value of b' f o r n i c k e l s u l f a t e a-hexahydrate 

at 40°C was 0.31, w i t h an estimated standard e r r o r of 0.05. Values 

of b' found by other workers are given i n Se c t i o n 2.2.4, and the 

expected range f o r b' i s discussed i n Se c t i o n 7.3.1. • 

In order to present the d i r e c t dependences of K on s o l u t i o n 

v e l o c i t y and on c r y s t a l s i z e f u l l y i n the form of Expression (25), 

s u i t a b l e d i f f u s i o n c o e f f i c i e n t data are needed so that the Schmidt 

number can be c a l c u l a t e d . In the present case such data were not 

a v a i l a b l e : the only d i f f u s i o n c o e f f i c i e n t measurements f o r n i c k e l 

s u l f a t e s o l u t i o n s which could be traced were those by Oholm [87], 

but these were at 20°C and f o r low co n c e n t r a t i o n s , and e x t r a p o l a t i o n 

to other temperatures and conc e n t r a t i o n s i s dangerous [88]. Nevertheless, 

the exponent 3' can s t i l l be found, by p l o t t i n g l o g (K • L) against 

l o g (V • L) at constant temperature. When t h i s was done, using 

the d i m e n s i o n a l l y c o n s i s t e n t values of K from Table V, and a s t r a i g h t 

l i n e f i t made (Figure 10), the r e s u l t i n g value of 3' f o r n i c k e l 

s u l f a t e a-hexahydrate at 40°C was 0.61, w i t h an estimated standard 

e r r o r of 0.03. 



Table V Values of K for different crystal sizes at 
40°C when growth rate curves were refitted 
using N = 1.257 for a l l crystal sizes 

mean crystal size 
[mm] 

K 
[kg/m2 • s • (vt% hexa.) 1' 2 5 7] 

0.51 10.01+ x i o " 5 

1.01 lk.lh x 10"5 

15.10 x IO""5 • 2.03 

lk.lh x 10"5 

15.10 x IO""5 

1+.03 20.22 x 10~5 



Figure 9 Logarithmic plot of overall growth rate constant (K) against crystal size (L) to find 
the exponent b' 

i— 1 

o 



Figure 10 Pseudo-mass transfer correlation of overall growth rate constant (K) with interstitial 
solution velocity (V) and crystal size (L) at 40°C 

o 
CO 
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When growth is fully mass transfer controlled, that is, 

when k is much greater than k , then K tends to k and S' tends r m m 
to 6. On the other hand, when growth is fully surface controlled, 

that is, when k is much greater than k , then K tends to k . Since m r r 
k̂_ is expected to be independent of the hydrodynamics and hence of 

both V and L, i t follows that, in the general case of neither step 

fully controlling, which we have in the present work, 3' is 

expected to be between 0 and 3. The experimental value from this work 

(3 ' = 0.61) as well as the experimental value obtained by Mullin and 

Gaska [49] of 3' =0.87 f a l l within the conceivable range of 3' of 

0 to 1, the possible range for 3 being 0.33 to 1 [89]. 

7.1.3 The effect of temperature on the growth rate 

The usual way of presenting the temperature dependence of 

a process rate is via the Arrhenius relationship: 

rate constant « exp [- E/R • T ] (31) 

As discussed in Section 2.2.5, i f the rate constants k and k were 
m r 

available, each could be tested separately against this expression, 

but unfortunately k and k are usually unavailable and we have to 
m r 

make do with K. At constant crystal size, the present values of N 

are different at different temperatures (Table IV). Therefore the 

dimensions of K, kg/m2 • s • (wt% hex"a)^, are different for different 

temperatures and a direct plot of log K against 1/T is again of 



doubtful meaning. The variation of N with temperature was too great 

to justify using a mean value of N, as was done above for the dependence 

of K on crystal size. In fact only upper and lower bounds could be 

set on the apparent activation energy of the overall growth process. 

This was done as follows. The growth rate curve-fits at different 

temperatures with a crystal size of 1.01 mm were re-determined, first 

a l l with N = 1.155 (the lowest value, from the unconstrained curve-fit 

at 50°C) and then a l l with N = 1.390 (the highest value, from the 

unconstrained curve-fit at 35°C). This gave two sets of dimensionally 

consistent values of K at the different temperatures (Tables VI and 

VII). An Arrhenius plot was then made of each set (Figure 11) and the 

resulting apparent activation energies of 49 and 56 kJ/mol (11.7 and 

13.4 kcal/mol) were taken to be lower and upper bounds on the apparent 

activation energy of the overall growth process for a crystal size 

of 1.01 mm. The values are of the order of magnitude expected for 

a process occurring by a chemical mechanism. 

7.1.4 Variations in the exponent N 

We have considered in some detail the effect of temperature 

and crystal size on K. What can be said about their effects on N? 

Quantitatively, l i t t l e can be said, but qualitatively their effects 

lend more support to the concept that crystallization involves a mass 

transfer step and a surface integration step in series. Experimentally, 
* 

the mass transfer rate (as represented by dissolution rates) increases 

more slowly with temperature than does the surface integration 

rate (as represented by the limiting growth rate at high solution 
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Table VI Values of K for different temperatures at 
crystal size 1.01 mm when growth rate curves 
were refitted using N = 1.155 for a l l 
temperatures 

temperature j K 
I ? IT [deg C] [kg/m • s • (vt% hexa.) ^] 

35.00 10.1+3 x 10" 5 

40.00 • 14.97 x 10~5 

45.00 19.55 x 10" 5 

50.00 25-1+5 x 10"~5 



Table VII Values of K for different temperatures at 
crystal size 1.01 mm when growth curves were 
refitted using N = 1.390 for a l l temperatures 

temperature K 

[deg C] [kg/m2 ' s • (vt% hexa.) 1 , 3 9 0] 

35.00 9.09 x 10 - 5 

Uo.oo 13.07 x 10~5 

J+5.00 17.91 x 10~5 

i 
50.00 25.22 x IO""5 
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Figure 11 Arrhenius p l o t s 
f o r the o v e r a l l 

to f i n d the apparent 
growth process 

a c t i v a t i o n energy 
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velocity). Thus as temperature increases, growth becomes more nearly 

fully mass transfer controlled and N is therefore expected to decrease. 

In this work the observed values of N for constant crystal size do 

indeed decrease as temperature increases (Table IV). 

In general, the mass transfer rate increases with solution 

velocity while the surface integration rate is expected to be independent 

of solution velocity. Thus as solution velocity (or, in a fluidized 

bed, crystal size) increases, growth becomes more nearly surface 

controlled and N is therefore expected to increase. In this work the 

observed values of N for constant temperature do not appear to increase 

with crystal size (Table III), although, taking into account their 

different standard errors, the hypothesis that N increases slowly with 

crystal size cannot be discounted.' 

In this respect, a plot of growth rate itself at a given 

supersaturation against solution velocity is also of interest 

(Figure 12). At high solution velocities the growth rate begins to 

level out, indicating an approach to f u l l surface control. However 

Garside [17] has indicated that even at very high solution velocities 

some resistance to mass transfer may persist. 

7.2 The Crystal Dissolution Rates 

7.2.1 General results 

The dissolution rates found by the Batch Method for different 

crystal sizes at 40°C and for different temperatures at a crystal size 

of 1.00 mm are plotted as functions of undersaturation in Figures 13 

and 14 respectively. The rates are fully tabulated in Appendix L.5. 
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F i g u r e 13 D i s s o l u t i o n r a t e s by B a t c h Method of d i f f e r e n t s i z e d n i c k e l 
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The estimated standard errors on the undersaturations and dissolution 

rates are the same as for the supersaturations and growth rates 

respectively. 

The dissolution rate measurements were first fitted by least 

squares straight lines constrained to pass through the origin. As their 

percent error, rather than their absolute error, was constant, the 

measurements were weighted accordingly. However, in a l l cases these 

constrained lines gave a statistically significant lack of f i t , so 

instead, unconstrained straight lines were used, again with weighting. 

These latter lines are shown in Figures 13 and 14. In most cases 

thay gave no statistically significant lack of f i t . The meaning of 

the small, but significant, positive intercepts on the undersaturation 

axis is not certain. Possibly the actual saturation concentration 

had fallen below the expected value because of a build-up of impurities. 

In the case of growth, such intercepts have been observed by other 

workers [e.g.,22,49] but in the present work they were observed only 

in the case of dissolution. Cooke [90] has reported that with sodium 

chloride, intercepts exist for both growth and dissolution. The 

dissolution rate constants k. in the equations 
d 

r d = k d • (c* - c) (13) 

were taken as the slopes of the unconstrained lines, ignoring the 

intercepts. These constants and their estimated standard errors 

are given in Tables VIII and IX. 



Table VIII Best f i t values of from Equation (13) for 
dissolution of crystals of different sizes 
at 40°C 

mean c r y s t a l s i z e k d 
estimated absolute 
standard error of k, 

d 
[mm] [kg/m2 . s • (vt% hexa.)] 

l 

0.50 51.33 x 10" 5 1.1+7 x 1 0 - 5 

1.00 50.62 x 10~5 0.35 x 10" 5 

2.00 52.52 x 10" 5 0.3U x 1 0 ' 5 

k.03 58.57 x 10" 5 0.83 x 10~5 



le IX Best f i t values of from Equation (13) f 
dissolution of crystals of size 1.00 mm at 
different temperatures 

temperature j 
j 

[deg C] [kg/m2 • 

estimated absolute ] 
standard error of k<j j 

s • {vb% hexa.)] f 

1 

35-00 1+3.96x10" "5 0 . 1 7 x l 0 - 5 

Ho. 00 50.62x10" "5 0.35xl0"" 5 

• 

U5.00 57.22x10" " 5 1.37xl0" 5 

50.00 66.97x10" "5 0.70xlO~ 5 
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7.2.2 The effects of solution velocity and crystal size on the  

dissolution rate 

In this work, as is usual, dissolution appeared to be purely 

a mass transfer process, and since the Sherwood number was one or two 

orders of magnitude greater than unity, the dependence of k̂  on crystal 

size and solution velocity could be expressed directly in the form 

of Expression (17). As outlined in Section 7.1.2, an absolute 

comparison with published fluidized bed mass transfer correlations 

could not be made here, because of a lack of diffusion coefficient 

data, but a plot of log (k • L) against log (V • L) at constant 

temperature (Figure 15) yielded B = 0.49 (with estimated standard 

error 0.03), a value close to those given by Rowe and Claxton [67] for 

spheres at similar Reynolds numbers. For the dissolution of potassium 

alum, Mullin and Garside [13c] found 3 = 0.62. 

7.2.3 The effect of temperature on the dissolution rate 

For the dependence of k^ on temperature, an Arrhenius plot 

for 1.00 mm crystals gave a good straight line (Figure 16) leading to 

an activation energy of 23 kJ/mol (5.5 kcal/mol), which is of the 

order expected for processes occurring by physical mechanisms. If 

diffusion coefficient data at different temperatures were available, 

the activation energy for dissolution could be compared with that for 

molecular diffusion. The two are expected to be of the same order 

when molecular diffusion through a laminar sublayer is the main 

mechanism of dissolution mass transfer. 
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7.3 The Apparent Kinetics of the Surface Integration Step of Growth 

7.3.1 Isolation of the apparent surface integration kinetics, using 

dissolution rate data 

In this work, both growth and dissolution rates have been 

found under hydrodynamic conditions deliberately made as similar as 

possible in the two cases. In this section, the apparent kinetics of 

the surface integration step of growth (Equation 9) are extracted 

from the overall kinetics of growth (Equation 8), by assuming that the 

mass transfer step of growth can be represented by dissolution rate 

expressions, in other words that under given conditions k equals k,. 
m d 

Before proceeding, i t is emphasized that although i t has been used 

by several workers (Section 2.2.2), this assumption is open to dispute. 

Illustrating this point, Mullin and Garside [13c] write: "During 

growth, solute molecules are diffusing towards the crystal surface, 

whilst during dissolution they are travelling in the opposite direction. 

It is possible that electrostatic charges attracting solute molecules 

to the crystal surface would increase the rate of diffusion in the 

former case but decrease the rate in the latter." Indeed, the values 
of k which they themselves calculated by estimating k from measure-m J J b r 
ments of the limiting growth rate at high solution velocities are 

considerably greater than the values of k.. for similar conditions, and 
d 

the same kind of discrepancy was found by Clontz et al. [21]. However, 

the values of k found by Rumford and Bain [22] from mass transfer m 
controlled growth were in good agreement with values of k̂  calculated 

from the mass transfer correlation of Chu et al. [23]. 
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Having made the assumption discussed above, we s u b s t i t u t e 

k = k, i n Equation (3) and hence c a l c u l a t e m d 

r / k = (c - c ) (52) m x 

Then 

(c - c * ) - ( r / k ) 
m 

= (c - c * ) - ( c - C i > 

(c. - c*) 

(53) 

P l o t s of r a g a i n s t (c^ - c*) thus computed are shown i n Figures 17 and 

18. Logarithmic c u r v e - f i t s then y i e l d e d the apparent values of k^ and 

n (Tables X and X I ) . The exponent n i s expected to be independent of 

c r y s t a l s i z e , and the present values of n at d i f f e r e n t c r y s t a l s i z e s 

are indeed not s i g n i f i c a n t l y d i f f e r e n t . The r a t e constant k might 

a l s o be expected to be independent of the hydrodynamics and thus of 

c r y s t a l s i z e . However, as yet there i s no convincing experimental 

v e r i f i c a t i o n of t h i s p r e d i c t i o n by the present method. C e r t a i n l y i n 

t h i s work the values of k r e t a i n a dependence on c r y s t a l s i z e 

(Table X ) , and d e s p i t e t h e i r s m a ller range of c r y s t a l s i z e and l a r g e r 

standard e r r o r of k , M u l l i n and Garside [13c] s i m i l a r l y r e p o r t some 

dependence of k̂_ on c r y s t a l s i z e . In the next paragraph, t h i s depen

dence on c r y s t a l s i z e i s considered more f u l l y . 

Consider the dependences of k , K and k on s o l u t i o n v e l o c i t y 
m r 

and on c r y s t a l s i z e , as expressed i n combined form f o r f l u i d i z e d 
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Table X Best f i t parameters of Equation (9) for growth 
of crystals of different sizes at 40°C 

mean 
crystal 

size 

k 
r 

estimated absolute 
standard error of k 

r 

n estimated absolute 
standard error of n 

[mm] [kg/m2 • s • [\ft% hexa. ) n] .[dimensionless ] 

0.51 13.1+3xl0~5 0.2l+xl0~5 1.3^9 0.020 

1.01 2 1 . T 8 x l 0 - 5 0.35xl0" 5 1.1+26 0.021 

2.03 23 .82xl0~ 5 0.76xl0~ 5 1.371 0.059 

1+.03 3l+.36xl0~5 2.70xl0~ 5 1.351 0.097 
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Table XI Best f i t parameters of Equation (9) for growth 
of crystals of size 1.01 mm at different 
temperatures 

temperature 

[deg C] 

k estimated absolute r 
« standard error of k 
,

 r 

[kg/m2 • s • (vt% hexa.) n ] 

n estimated absolute 
standard error of n 

[dimensionless] 

35.00 f l3 .00xl0~ 5 0 . l 8 x l 0 ~ 5 \l.5hk 0.025 

I J 

Ho.oo 21.78xl0~ 5 0.35xlO~ 5 1.U26 0.021 

H5.00 33.11xl0" 5 0,50xl0~ 5 1.3^2 0.023 

1.269 0.015 50.00 i+6.6Txl0 - 5 0.56xl0~ 5 

1.3^2 0.023 

1.269 0.015 

file:///l.5hk


beds at constant temperature by 

k « L b
 ( 2 2 ) m 

b' 
K a L ( 2 3 ) 

b" k cc L (54) r 

When there i s f u l l mass t r a n s f e r c o n t r o l , K tends to k • When there i s 
m 

f u l l s u r f a c e c o n t r o l , K tends to k̂ _. Thus i n the general case of 

n e i t h e r step f u l l y c o n t r o l l i n g , we expect 

b < b' < b" i f b < b" (55) 

or 

b > b' > b" i f b > b" (56) 

These expressions should hold r e g a r d l e s s of whether or not k^ and 

k̂  are equal. Now f o r the present c r y s t a l s , a - 1 i n Expression ( 2 1 ) 

(Figure D . l ) . A l s o , f o r o c t a h e d r a l alum c r y s t a l s , whose shape i s not 

g r e a t l y d i f f e r e n t from that of the present c r y s t a l s , Bujac [47] found 

a ~ 1 and I s h i i [ 3 3 ] used a - 1 f o r potassium s u l f a t e . Then, t a k i n g 

the usual 3 - 0 . 5 and using Equation ( 2 3 ) , we f i n d b - 0, that i s , 

i n f l u i d i z e d beds, at constant temperature, growth mass t r a n s f e r c o e f f i c 

i e n t k̂  i s p r e d i c t e d to be apparently approximately independent of 

c r y s t a l s i z e . I s h i i [ 3 3 ] reached the same c o n c l u s i o n . In support of t h i s 



p r e d i c t i o n , f o r the present values of k, (Table V I I I ) b = 0.06, 
d 

w i t h a standard e r r o r of 0.03, w h i l e Bujac [47] has a l s o reported that 

e x p e r i m e n t a l l y b i s c l o s e to zero. Now i n theory, k̂_ i s independent 

of both s o l u t i o n v e l o c i t y and c r y s t a l s i z e , so t h e o r e t i c a l l y b" i s 

zero a l s o . But as we have shown, b' should never f a l l o u t s i d e the 

range b to b" (Expressions 55 and 56). Therefore, i n f l u i d i z e d beds, 

t h e o r e t i c a l l y , b' i s a l s o zero, even without f u l l s u r f a c e or f u l l mass 

t r a n s f e r c o n t r o l . In p r a c t i c e b' i s o f t e n , as i t i s i n t h i s work 

(b' = 0.31), greater than zero, but Expression (55) should s t i l l h o l d , 

so i n p r a c t i c e b" should be g r e a t e r than both b' and zero. Thus i f , 

i n f l u i d i z e d beds, the o v e r a l l growth k i n e t i c s are apparently s i z e -

dependent, as they are here, the apparent surface i n t e g r a t i o n k i n e t i c s 

can never by the present method be found to be size-independent, and, 

more s p e c i f i c a l l y , must be found to be at l e a s t as size-dependent as 

are the o v e r a l l k i n e t i c s . This p r e d i c t i o n appears to h o l d f o r the 

present data: when the values of k̂_ were re-estimated u s i n g the mean 

value of n (as was done above f o r the v a r i a t i o n of K x^ith c r y s t a l 

s i z e ) and the logarithms of these values of k^ were p l o t t e d against 

the logarithms of L, the r e s u l t i n g value of b " was 0.45, w i t h an 

estimated standard e r r o r of 0.08, compared w i t h b' = 0.31. 

There i s some p r i o r experimental evidence both f o r and 

against the idea that k̂_ v a r i e s w i t h c r y s t a l s i z e . For example, at 

high s o l u t i o n v e l o c i t i e s , when the growth r a t e was almost independent 

of s o l u t i o n v e l o c i t y , McCabe and Stevens [46] and Rosen and Hulburt 

[53] found the growth r a t e to be independent of c r y s t a l s i z e as w e l l . 

M u l l i n and Gaska [47] found that t h e i r c r y s t a l growth r a t e s v a r i e d 



w i t h c r y s t a l s i z e . This f a c t , together w i t h the f a c t that the a c t i v a t i o n 

energy f o r growth was low, l e d them to conclude that growth of 

potassium s u l f a t e was d i f f u s i o n c o n t r o l l e d . However, they found 

N = 2 f o r a l l c r y s t a l s i z e s , whereas f o r d i f f u s i o n c o n t r o l N = 1 would 

be expected. Another i n t e r p r e t a t i o n of t h e i r data i s t h a t , s i n c e 

N = 2 f o r a l l c r y s t a l s i z e s , s urface i n t e g r a t i o n at l e a s t p a r t l y 

c o n t r o l s the growth r a t e and the sur f a c e i n t e g r a t i o n r a t e i s s i z e -

dependent. Bujac [ 4 7 ] has concluded from h i s experimental observations 

that the surface i n t e g r a t i o n r a t e does depend on the hydrodynamics, 

and he t h e r e f o r e considers the simple d i f f u s i o n theory of growth of 

the type used i n the present work to be inadequate. I t i s conceivable 

that some property of the surface (such as d i s l o c a t i o n d e n s i t y ) which 

may i n f l u e n c e the su r f a c e i n t e g r a t i o n r a t e , may change during the 

growth of batches of seed c r y s t a l s to t h e i r d i f f e r e n t intended s i z e s , 

thereby causing seed c r y s t a l s of d i f f e r e n t s i z e s to have d i f f e r e n t 

s u rface p r o p e r t i e s and hence causing a v a r i a t i o n of the surface i n t e 

g r a t i o n r a t e w i t h c r y s t a l s i z e . 

An i n e q u a l i t y s i m i l a r to Expression ( 5 5 ) holds f o r n as 

w e l l . Again by c o n s i d e r i n g the extremes of f u l l mass t r a n s f e r c o n t r o l 

and f u l l s u r face c o n t r o l , we can s t a t e t h a t , at constant temperature, 

1 < N < n ( 1 0 ) 

and from Tables I I I and X t h i s c o n d i t i o n i s seen to hold f o r the 

present data. Considering the e f f e c t of temperature on the apparent 

surface i n t e g r a t i o n k i n e t i c s , the observed behaviour of k and of n 



128 

is very similar to that of K and of N respectively. Using the same 

recalculation technique that was used on K, the lower and upper bounds 

on the apparent activation energy of the surface integration step were 

found to be 65 and 76 kJ/mol (15.4 and 18.0 kcal/mol) respectively. 

These values for the activation energy of the isolated surface 

integration process show the chemical nature of this process s t i l l 

more clearly than did the lower values of the activation energy of the 

overall growth process. 

7.3.2 An attempt to separate the kinetics of the mass transfer and  

surface integration steps by a general method 

We recall Equations (3) and (9) 

r = k (c - c.) (3) m m l 

r = k (c. - c*) n (9) r r I 

and also Equation (11), obtained from them by equating r and r and 
m r 

eliminating c^, the surface supersaturation, which is difficult to 

evaluate. 

1/n 
if- + ( Y~ ) = (c - c*) (11) 
m r 

It is expected that k , k and n can be estimated directly and without 
m r 

assumption by a suitable curve-fit of values of r and (c - c*). Such 

a curve-fit was attempted as follows. 
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Equation (11) has the form 

P j X + p 2 x P3 y (57) 

where p^, p^, and p^ are to be determined. This form cannot be l i n e a r i z e d , 

by t a k i n g logarithms or by any other method. A c u r v e - f i t of the growth 

r a t e s from the Batch Method of 1.01 mm c r y s t a l s at 40°C was attempted 

usi n g a c o n v e n t i o n a l n o n - l i n e a r l e a s t squares computer program [91] which 

used an i t e r a t i v e procedure based on Taylor expansions. However no 

convergence was achieved. A s e r i e s of c u r v e - f i t s were t h e r e f o r e made 

using a l i n e a r l e a s t squares program, h o l d i n g p^ constant w i t h i n each 

f i t but v a r y i n g p^ between f i t s . The standard e r r o r s of estimate of> 

(c - c*) from each of these f i t s were compared i n the hope of f i n d i n g a 

minimum standard e r r o r of estimate at a c e r t a i n v a l u e of p^. However 

there was no p h y s i c a l l y meaningful minimum. 

be the immediate f a c t o r preventing the success of t h i s approach. However, 

i n t h i s p a r t i c u l a r case, f a i l u r e may a l s o be caused by shortcomings of 

the data themselves. For example, i f we r e - w r i t e the e m p i r i c a l 

Equation (8) i n the form 

Mathematical l i m i t a t i o n s i n the c u r v e - f i t t i n g programs may 

1/N 
= (c - c*) (8) 

and compare t h i s w i t h Equation (11), we see 

Equation (11) r e q u i r e s the determination of 

that c u r v e - f i t t i n g 

three parameters r a t h e r 
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than the two. of Equation (8). Since Equation (8) in most cases fitted 

the present data without statistically significant lack of f i t 

(Section 7.1.1), i t is not in the present case statistically justifiable 

to introduce the third parameter. However, this is not necessarily 

true of other sets of data. The main contribution to the standard 

error of the growth rates in this work was from the standard error 

of the parameter L^/L of the crystal shape (Appendix J). Measurements 

on other compounds, where the crystal shape does not have this source 

of variation, may therefore produce growth rates with smaller standard 

errors, so that introduction of the third parameter may then be 

justified. Also, in the present work the term (r/k ) was expected to 

be considerably smaller than the term (r/k ) ^ n , since k, was observed 
r d 

to be several times k^, and k^ is expected to be greater than or equal 

to k̂ . Both these factors help to prevent the success of the approach 

described here, when i t is applied to the data from this work. However, 

when applied to data which do not give these disadvantages, the 

approach may be more successful. 

In the derivation of the least squares method of curve-fitting, 

i t is assumed that only the y quantities are subject to error. In 

the present work, the errors in r are greater than the errors in 

(c - c A) (Section 7.1.1). It would therefore be theoretically more 

justifiable to use r as the y quantity when curve-fitting Equation (11) 

than to use (c - c*) as the y quantity, as has been done here. However, 

in general, r cannot be made the subject of Equation (11). Some 

authors have restricted the value of n to an integer (usually n = 2), 



although there i s l i t t l e t h e o r e t i c a l j u s t i f i c a t i o n f o r doing so. When 

n = 2, r can be made the subject of Equation (11). The r e s u l t i s 

given by M u l l i n and Garside [13c], but i t i s complicated. When the 

present data for 1 mm c r y s t a l s at 40°C were c u r v e - f i t t e d using n = 2 

(but s t i l l with (c - c*) as the y quantity), the value obtained for 
-5 2 -5 was 30.7 x 10 kg/m • s • (wt% hexa) and for k^ was 43.5 x 10 

2 2 

kg/m • s • (wt% hexa) . However t h i s curve gave a hig h l y s i g n i f i c a n t 

lack of f i t , so t h i s approach was not pursued. 
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8. SUMMARY AND CONCLUSIONS 

Growth and dissolution rates of nickel sulfate a-hexahydrate 

crystals have been measured, the growth rates by two different methods. 

It has been clearly shown that growth and dissolution are not reciprocal 

processes. At a given concentration driving force (supersaturation or 

undersaturation), dissolution was about four or five times as fast as 

growth. Also, the dissolution rate was first order in undersaturation 

(c* - c) while the growth rate depended on a somewhat higher order of 

the supersaturation (c - c*). Dissolution appeared to be a pure mass 

transfer process and the dissolution rate constant has been expressed in 

the usual form of mass transfer correlation. The dissolution measure

ments made in this work are a contribution in their own right to the rather 

sparse data on mass transfer from non-spherical particles. The growth 

rate constant depended on solution velocity and crystal size and this 

dependence has been expressed in the form of a pseudo-mass transfer 

correlation. 

The nature of this dependence and also of the dependence 

of the growth rate on temperature supports the diffusion theory 

concept of crystal growth as a two-step process, i.e. mass transfer 

of solute to the crystal surface, followed by integration into the 

solid lattice. In the present case, the growth rate appears to be 

mainly but not wholly controlled by the surface integration step. 

Making the assumption that the (unknown) rate constant for the mass 



1 

transfer step of growth can be represented by the (known) rate con

stant for dissolution, the apparent kinetics of the surface integration 

step of growth have been extracted from the overall kinetics of 

growth. The surface integration rate, thus isolated, s t i l l apparently 

depended on crystal size, and the significance of this observation has 

been briefly discussed. 

The diffusion theory concept of crystal growth used in this 

work does have shortcomings. The diffusion theory cannot account for 

the formation of plane faces and sharp edges on crystals. The 

diffusion theory takes l i t t l e account of the physical conditions at 

the crystal surface, and cannot explain variations of c^ with position 

on the crystal surface nor the occurrence of periodic growth rates, 

both of which have previously been observed experimentally [92]. Never 

theless, as demonstrated by the present study, the diffusion theory 

retains some usefulness by virtue of its simplicity and ease of 

application, particularly in an engineering context, where the 

evaluation of phenomena at the crystal surface is not essential. 

These are believed to. be the first growth rate measurements 

reported for nickel sulfate, a compound of some commercial significance 

While i t is realized that in the industrial crystallization of 

nickel sulfate, the feed solutions are not pure, i t is suggested that 

the present measurements represent the asymptotic growth rates as 

impurity levels tend to zero. The absolute values of the growth 

and dissolution rates were comparable to those published for other 

simple inorganic salts. 



In the s u p e r s a t u r a t i o n range 0.0 - 0.7 wt% hexahydrate, 

which i n c l u d e s the usual i n d u s t r i a l l e v e l s [82, 93, 94] r e s u l t s from 

the Continuous Method agreed w e l l w i t h those from the Batch Method, 

d e s p i t e d i f f e r e n t v o i d f r a c t i o n s i n the two methods. This agreement 

r e i n f o r c e s and extends to lower v o i d f r a c t i o n s s i m i l a r f i n d i n g s by 

Bujac and M u l l i n [63] f o r ammonium alum and Garside et a l . [62] f o r 

potassium s u l f a t e . Since M u l l i n and Garside [13b] and M u l l i n and 

Gaska [16] have found agreement f o r other systems between growth r a t e 

from the Batch Method and from s i n g l e c r y s t a l t e s t s , the strong 

i m p l i c a t i o n i s that only s i n g l e c r y s t a l t e s t s need be made to p r e d i c t 

f a i r l y c l o s e l y the growth r a t e which would p r e v a i l i n an i n d u s t r i a l -

type f l u i d i z e d bed. This should c o n s i d e r a b l y s i m p l i f y c r y s t a l l i z e r 

design. 
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9. SUGGESTIONS FOR FURTHER WORK 

Si n g l e c r y s t a l s t u d i e s of the growth r a t e of n i c k e l s u l f a t e 

a-hexahydrate would be a v a l u a b l e complement to the work presented 

here. The growth r a t e s on the d i f f e r e n t types of face present on 

the c r y s t a l could then be s e p a r a t e l y determined and compared w i t h each 

other and w i t h the o v e r a l l growth r a t e s given here. I f the c r y s t a l 

were anchored, the e f f e c t s of s o l u t i o n v e l o c i t y and of c r y s t a l s i z e on 

the growth r a t e could be s e p a r a t e l y s t u d i e d . A l s o , the l i m i t i n g growth 

r a t e at high s o l u t i o n v e l o c i t i e s gives another estimate of the surface 

i n t e g r a t i o n r a t e . The mass t r a n s f e r c o e f f i c i e n t d u r ing growth can 

then be i s o l a t e d and compared w i t h the mass t r a n s f e r c o e f f i c i e n t during 

d i s s o l u t i o n . 

D i f f u s i o n c o e f f i c i e n t s i n near-saturated n i c k e l s u l f a t e 

s o l u t i o n s should be determined over a range of temperatures. The 

comparison of the d i s s o l u t i o n r a t e data given here w i t h standard mass 

t r a n s f e r c o r r e l a t i o n s could then be completed. 

More measurements should be made i n dense beds so that t h e i r 

behaviour can be more c l o s e l y compared w i t h that of lean beds and 

s i n g l e c r y s t a l s . I f more evidence can be found that growth r a t e s i n 

a l l three s i t u a t i o n s are q u i t e s i m i l a r , then the problem of c r y s t a l l i z e r 

design i s c o n s i d e r a b l y s i m p l i f i e d . Again, more r e s u l t s on the 

r e l a t i o n s h i p between s o l u t i o n v e l o c i t y and v o i d f r a c t i o n i n the 

f l u i d i z e d bed would be v a l u a b l e i n c r y s t a l l i z e r design. The e f f e c t 
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of impurities on the growth rate should be examined. Growth rates 

from typical industrial solutions would be particularly useful. 

Systematic investigations of the effects of impurities on growth rates 

have been undertaken only in the last very few years. 

A challenging but worthwhile project would be the direct 

determination of the surface supersaturation c_̂  during crystal growth 

from flowing solutions. Some work has already been done on finding c^ 

in stagnant solutions [92, 95, 96], but c^ may be very different with 

flowing solutions. If c^ were determined directly, an assumption-

free separation of the kinetics of the mass transfer and surface 

integration steps of growth could be made. 
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N O T A T I O N 

exponent of L in Expression (21) [dimensionless] 
2 

overall surface area of a collection of crystals [m ] 
exponent of L in Expression (22) [dimensionless] 

exponent of L in Expression (24) [dimensionless] 

exponent of L in Expression (54) [dimensionless] 

constant in 2 
Equation (20) [kg/m • s • (mm/s)] 

concentration of bulk solution, supersaturated in the case 

of growth, undersaturated in the case of dissolution 

[wt% hexahydrate] 

concentration of the solution in the sampling chamber of the 

specific gravity meter [wt% hexahydrate] 

in Section 6.2 and Appendix K.2, concentration of the solution, 

expressed as [kg hexa./kg water] 

saturation concentration [wt% hexahydrate] 

in the case of growth, the (supersaturated) solution concen

tration at the crystal surface [wt% hexahydrate] 

concentration driving force for mass transfer; used in 

Expression (41) [wt% hexahydrate] 
2 

diffusion coefficient [m /s] 

activation energy; used in Expression (31) [kJ/mol] 

surface area shape factor, defined by Equation (HI) 

[dimensionless] 



volume shape f a c t o r , defined by Equation (H2) 

[dimensionless] 

o v e r a l l surface-volume shape f a c t o r , defined by Equation 

(H3) [dimensionless] 

d i s s o l u t i o n mass t r a n s f e r c o e f f i c i e n t ; defined by Equation 

(13) [kg/m 2 •:• s • (wt% hexa.)] 

growth mass t r a n s f e r c o e f f i c i e n t ; defined by Equation (3) 
2 

[kg/m * s • (wt% hexa.)] 

surface i n t e g r a t i o n r a t e constant; defined by Equation (9) 

[kg/m 2 • s • (wt% hexa.) n] 

o v e r a l l growth r a t e constant; d e f i n e d by Equation (8) 

[kg/m 2 • s • (wt% hexa.) N] 

c r y s t a l s i z e [mm] 

parameters of the c r y s t a l shape; see Fi g u r e J.2 [mm] 

s i z e of the i ' t h s i z e f r a c t i o n of a p o l y d i s p e r s e c o l l e c t i o n 

of c r y s t a l s ; used i n Equation (H10) [mm] 

s p e c i f i c s urface average s i z e of a p o l y d i s p e r s e c o l l e c t i o n 

of c r y s t a l s [mm] 

exponent of (c - c*) i n Equation (9) [dimensionless] 

exponent of (c - c*) i n Equation (8) [dimensionless] 

s t i r r i n ' g r a t e ; used i n Expression (29) [radians per second] 

parameters i n Equation (57) 

2 growth r a t e [kg/m • s] 
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2 dissolution rate [kg/m • s] 

2 

mass transfer rate [kg/m • s] 
surface integration rate in growth; used in Equation (4) 

2 

[kg/m • s] 
mass transfer rate at zero solution velocity; used in 

2 

Equation ( 2 0 ) [kg/m • s] 

gas constant [= 8.31 J/mol • kelvin] 

time [s], or, in Appendix D, temperature [deg C ] 

in Expression (31), absolute temperature [kelvin] 

interstitial solution velocity = true velocity of solution 

past crystals [mm/s] 

superficial solution velocity = "empty-tube velocity" 

[mm/s] 

terminal velocity of single crystals in the 50 mm section 

[mm/s] 

terminal velocity of single crystals in an infinite medium 

[mm/s] 

overall weight of a collection of crystals [kg] 

total weight of water present in the solution in the 

crystallizer: used in Section 6 .2 [kg] 

weight of the i'th size fraction of a polydisperse collection 

of crystals; used in Equation ( H 1 0 ) [kg] 

exponent in Expression (16) [dimensionless] 
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a exponent of Schmidt number i n Expression (17) [dimensionless] 

a' exponent of Schmidt number i n Expression (25) [dimensionless] 

B exponent of Reynolds number i n Expression (17) [dimensionless] 

3' exponent of Reynolds number i n Expression (25) [dimensionless] 

6 laminar f i l m t h i c k n e s s ; used i n Equation (2) [mm] 

£ v o i d f r a c t i o n of a f l u i d i z e d bed [dimensionless] 
2 

V kinematic v i s c o s i t y of the s o l u t i o n [m /s] 
3 

p d e n s i t y of the s o l u t i o n [kg/m ] 
3 

d e n s i t y of the c r y s t a l s [kg/m ] 

T residence time [s] 

V • L 

Re p a r t i c l e Reynolds number = — ^ — . In f l u i d i z e d beds, t h i s 

Reynolds number i s based on the i n t e r s t i t i a l f l u i d v e l o c i t y , 

V 

Re i n f l u i d i z e d beds, the p a r t i c l e Reynolds number based on the 
S ' V • L 

g 
s u p e r f i c i a l f l u i d v e l o c i t y , V . Thus Re = 

J s s V 
Sc Schmidt number = ^ 

km * L k d ' L 

Sh Sherwood number = — or — - — — 
K • L 

Sh' Pseudo-Sherwood number = — - — 
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APPENDIX A 

SOME COMPOUNDS INITIALLY CONSIDERED FOR USE IN THE 

INVESTIGATION OF CRYSTAL GROWTH RATES 

A.1 Sodium c h l o r a t e NaClO^ 

The growth of t h i s compound i n a f l u i d i z e d bed had already 

been s t u d i e d to some extent [61]. I t c r y s t a l l i z e s i n cubes under 

normal c o n d i t i o n s and so gives the advantage of a very simple c r y s t a l 

shape. The shape i s i n f a c t g e o m e t r i c a l l y r e g u l a r and so a l l faces of 

the c r y s t a l s grow a t the same r a t e , another advantage. I t i s a l s o 

an anhydrous compound so there i s not the confusion over d i f f e r e n t 

c o n c e n t r a t i o n u n i t s which occurs w i t h hydrated compounds. Sodium c h l o r a t e 

has i n d u s t r i a l importance as a bl e a c h i n g agent and as a h e r b i c i d e . 

The maximum metastable s u p e r s a t u r a t i o n i s not w e l l e s t a b l i s h e d , 

however. Bunn [92] quotes 7 wt% f o r s i n g l e c r y s t a l growth from 

stagnant s o l u t i o n s but S h i r o t s u k a e t a l . [61] used s u p e r s a t u r a t i o n s 

of no more than 1 wt% i n t h e i r continuous c l a s s i f i e d bed type 

c r y s t a l l i z e r . Sodium c h l o r a t e i s a somewhat hazardous compound as i t 

i s t o x i c , and i t i s a l s o a powerful o x i d i z i n g agent which can explode 

when exposed to organic substances. This was a major f a c t o r i n 

r e j e c t i n g i t s use. 

A.2 Ammonium i r o n alum (or " f e r r i c alum") (NH.).SO • Fe„(S0.) • 24H„0 4 — 2 — 4 2 4—3 1— 

Among other alums, potassium alum and ammonium alum had been 

s t u d i e d i n d e t a i l by previous workers [83, 47]. 
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As an alum, ammonium iron alum offered a simple crystal shape 

with geometric regularity, in this case an octahedron. The compound 

is used in volumetric analysis. However there were serious disadvan

tages. The solubility of the compound was not well-established and 

when in solution at any temperature significantly above room temperature, 

the ferric sulfate component of the alum was found to hydrolyse to 

produce ferric hydroxide. 

A.3 Caesium alum Cs„S0 •Al_(SO.) •24H„0 1 — 4 2 4—3——2— 

As with other alums, this compound gave the advantage of a 

geometrically regular crystal shape. However, this particular alum has 

no industrial significance. Tests in an apparatus as described by 

Nyvlt [71] indicated that the maximum metastable supersaturation was 

very low. 

A.4 Schonites (or Tutton salts) M'SO'M " SO •6H„0 
. 4 — j . 4 1— 

These make up a large family of salts. M' is a bivalent metal, 

for example, zinc, magnesium, copper, nickel. M" is monovalent and 

is usually potassium or ammonium. The crystal shape is usually relatively 

simple, being a parallelopiped but with some truncated corners. Test 

crystals grown in this work indicated that the potassium salts had 

less truncation of the corners than did the ammonium salts. Some 

schonites have industrial significance: nickel ammonium sulfate is 

used in electroplating, while ferrous ammonium sulfate is used in 

photography and in volumetric analysis. 

The growth of nickel ammonium sulfate has been studied by 
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Osman [14], who reports a maximum metastable supersaturation in the 

presence of seed crystals of about 0.9 wt% hydrate. The growth rates 

of single crystals of some of the other salts in the family were 

studied in some very early work by Wulff [69], and later by 

Bentivoglio [70]. 

A. 5 Fentaerythritol C(CH20H) 

This compound gives a tetragonal bipyramidal crystal shape, 

which although not geometrically regular, does give the same growth 

rates on a l l faces. The compound is used industrially in electronics 

and in the preparation of resins, paints and explosives. However i t is 

reported [97] that the aqueous solutions have a low maximum metastable 

supersaturation and that the crystals have low mechanical strength. 

A.6 Acetylsalicylic acid ("Aspirin") H00C(CGH^)0C0CH3 

In the early part of this study, the fluidized-bed crystallizer 

was used to prepare aspirin crystals by growth from solution in absolute 

ethanol under known conditions. These crystals were then used by 

other workers in a study on the mechanism of aspirin dissolution [98]. 

The system aspirin/ethanol was not seriously considered for 

use in quantitative work on growth rates in this study, because of the 

following disadvantages. The aspirin in solution quite quickly began 

to decompose to give salicylic acid. In this study, the solubility 

was found to be greater and the maximum metastable supersaturation 

much less than literature values [99, 64]. Also i t was very inconvenient 
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to work with a non-aqueous system on a laboratory scale. Despite 

such problems, two studies of aspirin growth from ethanol in a 

fluidized-bed crystallizer have been reported [100, 64]. 



156 

APPENDIX B 

SPECIFICATIONS OF THE EQUIPMENT 

B.1 Temperature controller 

Type TCB 9, Fielden Electronics, Manchester, England. On-off 

type, switching differential ±0.025°C. 

Sensor is a platinum resistance valued at 100 fi at 0°C. 

Canadian supplier: Kent Cambridge Ltd., Willowdale, Ontario. 

Recommended replacement in future work: Haake Bros. Type TP41. 

B.2 Specific gravity meter 

Type SGM 1/1, Sangamo-Weston Controls, North Bersted, 

Bognor Regis, Sussex, England. 

North American supplier: Martin Sweets Co., Louisville, 

Kentucky. 

The principle of operation of the meter has been described by 

Garside and Mullin [101]. 

The output of the meter is a d.c. signal which is in the 

range 0-100 mV and which is almost linear with specific gravity (linearity 

correction available). For the small specific gravity ranges used in 

this work (0.02 S.G.) the non-linearity was negligible. The specific 

gravity range represented by 100 mV is variable from a minimum of 

0.015 S.G.to a maximum of 0.4 S.G., when using the optimum plummet 

density. 
3 

Density of plummet used in the present work: 1.517 g/cm . 
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All wetted parts are of stainless steel, gold plate, Teflon 

or of epoxy resin with the composition given below: 

Composition of epoxy resin used in the 
construction of the specific gravity 
meter. 

Supplied by C.I.B.A. (A.R.L.) Ltd., 
Duxford, Cambridge, England. 

Epoxy resin MY 740 

Hardener HT 972 

Mica flour f i l l e r 50 wt% 

B.3 Centrifugal pump 

Type D-ll, Eastern Industries, Hamden, Connecticut. 

Generates 20 psi at zero flow and 5 psi at 6.2 U.S. gal/min 

pumping water. Average N.P.S.H. = 2.5 psi. 

All wetted parts are Type 316 stainless steel, graphite, 

Teflon or ceramic. 

Crane "Type 9" rotary mechanical seal. 

Totally enclosed explosion-proof motor, split phase induction 

type. It is difficult to vary the r.p.m. of this type of motor. 



B.A Water baths 

Type NB with mercury contact thermo-regulator, Colora 

GmbH, Lorch, W. Germany. 

Under the conditions of use in the present work, the half 

wave amplitude of the variations of temperature of the water in the 

bath was approximately 0.05°C. 

B.5 Ultrasonic generator 

Series 300, Artek Systems, Farmingdale, N.Y. 1 9 mm diamet 

dip-type probe. Generating frequency 20 kHz, maximum output 300 W. 



159 

APPENDIX C 

SPECIFICATIONS OF THE REAGENTS 

C.1 Nickel sulfate a-hexahydrate 

"Baker Analyzed" Reagent Grade from J.T. Baker Chemical Co., 

Phillipsburg, New Jersey. Meets or exceeds A.C.S. specifications. 

A.C.S. 
specifications 
(Maximum 
limits) 

Manufacturer's actual lot 
analyses 

A.C.S. 
specifications 
(Maximum 
limits) Lot 36060 Lot 38934 

Assay (NiSO *6H_0) 4 z — 99.3% 99.0% 
Insoluble matter 0.005% 0.002% 0.003% 
pH of 5% solution 

at 25°C - 3.8 4.3 
Chloride (Cl) 0.001% 0.0005% 0.0005% 
Nitrogen compounds 

(as N) 0.002% 0.002% 0.0005% 
Substances not pptd'. 

by (NH4)2S 0.10% 0.10% 0.04% 
Cobalt and manganese 

(as Co) 0.003% 0.002% 0.001% 
Copper (Cu) 0.005% 0.0005% 0.0003% 
Iron (Fe) 0.001% 0.0005% 0.0005% 

C.2 Water 

Singly distilled in a s t i l l in which distillate contacted only 

borosilicate glass and Teflon. Specific resistance not less than 0.4 

Mfi • cm. Stored in all-glass containers until used. 
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C.3 Methanol 

Reagent Grade from various suppliers. A l l met A.C.S. 

specifications. 

C.4 Benzene 

Reagent Grade from various suppliers. A l l met A.C.S. 

specifications. 

C.5 Carbon tetrachloride 

Reagent Grade from various suppliers. All met A.C.S 

specifications. 



161 

APPENDIX D 

PHYSICAL PROPERTIES OF NICKEL SULFATE SOLUTIONS 

Precise data on saturation concentrations and on the relation

ship between solution specific gravity and concentration were needed 

for this work. Existing literature values did not cover the whole 

range of interest and in any case were not in good agreement, so new 

measurements were made as part of this work. 

Viscosity has been measured too, so that crystal Reynolds 

numbers could be found. Finally, rough measurements were made on the 

terminal velocities of single crystals of nickel sulfate a-hexahydrate 

through a saturated solution at 40°C. 

The specific gravity, viscosity and solubility measurements 

were a l l made using crystals from J.T. Baker Lot No. 36060 and distilled 

water. Both reagents are fully specified in Appendix C. 

D. 1 Specific gravity 

The specific gravity bottle method [102] was used. The bottles 
3 

were approximately 25 cm in volume and had previously been calibrated 

precisely using distilled water. Solutions were prepared by weighing 

appropriate amounts of nickel sulfate a-hexahydrate and distilled water 

to the nearest milligram on an analytical balance and mixing (with 

heating i f necessary) to dissolve. Any evaporation loss during 

dissolving was made up immediately prior to pouring the solutions into 

the bottles. All weighings were corrected for air buoyancy. Concen-
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trations were expressed as wt% real hexahydrate, despite the fact that 

the manufacturer's assay for NiSO^ • GĤ O on the real hexahydrate was 

less than 100%. As shown later, the influence of hexahydrate purity 

variations on the properties studied in this work cannot be large at a 

purity level of 99% or better. The estimated limits of error on the 

concentration of solutions prepared by this weighing method were 

± 0.01 wt% hexahydrate. 

A Haake Bros. (Karlsruhe, W. Germany) Model FT water bath was 

used and the temperature within i t measured by a Hewlett Packard (Palo 

Alto, Calif.) Model 2801A quartz thermometer. Allowing for bath 

temperature fluctuations and the calibration error of the thermometer, 

the limits of error on the temperature of the bottles were ± 0.03°C. 

By repeating the bottle temperature equilibration and 

weighing steps on the bottle and contents but at successively higher 

temperatures, specific gravities at a l l temperatures could be obtained 

from just one f i l l i n g of the bottle for each concentration. 

When working in the supersaturated region, nucleation and 

crystallization of the solutions were always dangers, but by working 

reasonably fast, measurements could be made without appreciable 

nucleation on solutions supercooled by up to 10°C. To estimate repeat

ability, two runs were made on the same batch of solution for each 

concentration. To estimate reproducibility, two batches of solution 

made to the same concentration were run in a few cases. To estimate 

the effect of reagent purity on specific gravity, a few measurements 

were made on solutions made with nickel sulfate a-hexahydrate Lot No. 
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38934 which had a manufacturer's assay for NiSO^ • 6H20 of 99.0 wt%, 

as opposed to 99.3 wt% for Lot No. 36060. 

Table D.I presents the original specific gravity results. 

Each reported value is the mean of the values from two runs on the 

same batch of solution. These duplicate results never differed by 

more than 0.0003 and in most cases differed by not more than 0.0002. 

Their pooled estimated standard error was 0.00006. The mean specific 

gravities from the runs on duplicate batches of solution never 

differed by more than 0.0002 so there were no significant between-batch 

differences. 

No significant differences of specific gravity were found 

between solutions with the same concentration and temperature but 

prepared from the different lots of nickel sulfate having different 

purities. 

By least squares fitting i t was found that the equation 

S.G.̂  = 1.00229 + (0.6236 x 10~2) c + (0.2311 x 10~4) c 2 

4 
+ (0.1608 x 10~6) c 3 - (0.0135 x 10~2) t - (0.0296 x 10~4) t 2 

- (0.0470 x 10"4) ct + (0.0493 x 10~8) c 2 t 2 (Dl) 

in which c is the solution concentration in wt% hexahydrate and t is 

the temperature in degrees Centigrade, fitted the reported data with 

no statistically significant lack of f i t throughout the ranges of 

temperature and concentration considered, namely 20 to 60°C and 0 to 

60 wt% hexahydrate. The standard error of estimate of S.G.̂  from 

the equation was 0.00017. 
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Table D.I Specific gravity of nickel sulfate solution as 
a function of concentration and temperature 

The f i r s t column contains standard values of S.G.^ for pure water [103], 

Entries which are underlined are in the supersaturated region. 

t°c c wt$ hexahydrate t°c 

0.00 10.00 20.00 30.00 1+0.00 50.00 52.50 55-00 57.50 60.00 

20.00 0.9982 1.0622 1.1317 1.2080 1.2919 1.3838 

25.00 0.9971 1.0609 1.1299 1.2060 1.2899 1.3815 1.1+061 

30.00 0.9957 1.0591 1.1281 1.2039 1.2876 1.3791 1.1+037 1.1+287 

35.00 0.99^1 1.0572 1.1259 1.2016 1.2852 1.3767 1.1+012 1.1+262 

1+0.00 0.9922 1.0553 1.1237 1.199lt 1.2827 1.37^2 1.3988 1.1+238 1.1+1+97 

1+5-00 0.9902 1.0531 1.1211+ 1.1969 1.2802 1.3716 1.3962 1.1+211 1.1+1+71 

50.00 0.9881 1.0509 1.1190 1.191+1+ 1.2775 1.3689 1.3935 1.1+181+ 1.1+1+1+1+ 1.1*705 

55.00 0.9857 1.01+85 1.1161+ 1.1917 1.271+8 1.3661 1.3907 1.1+157 1.1+1+17 1.1+67? 

60.00 0.9832 l.Ql+60 1.1138 I.1889 1.2721 1.3633 1.3879 1.1+128 1.1+389 1.1+650 
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Of course in fitting a single equation throughout the whole 

range of concentration, it is assumed that the curves of specific 

gravity against concentration have no abrupt changes of slope. An 

abrupt change might be expected, for instance, at the point of 

saturation. However there was no evidence in the present work for 

such a change in slope. 

Comparing the results from this work with those from previous 

work, there is good agreement (present values higher by not more than 

0.4%) with the values given in the International Critical Tables [104] 

for solutions of concentrations 1 to 30 wt% hexahydrate at temperatures 

near 20°C, and good agreement (present values lower by not more than 

0.7%) with the values of Gelbach and Louderback [105] for solutions of 

concentrations 1 to 48 wt% hexahydrate at 25°C. There is poorer agreement 

(present values higher by not more than 2.8%) with the values of 

Dobrokhotov [106] for solutions of concentrations between 28 wt% hexahydrate 

and saturation at temperatures of 20 to 60°C. (Dobrokhotov also reported 

specific gravities at temperatures between 60 and 100°C). Dobrokhotov 

reported preparing his solutions, by weighing, from nickel sulfate 

containing 60.4 wt% anhydrous NiSO^. Since the expected limits on wt% 

anhydrous NiSO^ in the solid are 55.1 and 58.9, corresponding to pure 

heptahydrate and pure hexahydrate, respectively, Dobrokhotov's figure 

may itself be in error and may have led in turn to errors in his 

concentration calculations. With the values of Alamelu and Suryanarayana 

[107, 108] for solutions of concentrations up to 47 wt% hexahydrate 

between 30 and 60°C, there is good agreement (present values lower by 

not more than 0.3%) at concentrations up to 36 wt% hexahydrate but then 
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there is a rapid divergence above 36 wt% hexahydrate, so that at 47 wt% 

hexahydrate the present values are higher by 4.0%. 

D.2 Viscosity 

Cannon-Fenske viscometers were used to find the kinematic 

viscosities [109] and these were multiplied by the appropriate smoothed 

specific gravity values from Equation (DI), the numerical difference 

between specific gravity values and absolute density values in g/cm 

being only 0.003% and therefore quite negligible here, to obtain the 

absolute viscosities. The viscometers were size 50 and had been 

calibrated using distilled water. Solutions were prepared in the same 

way as for specific gravity except that evaporation losses were not 

made up, so i t is estimated that the concentrations may be up to 0.1 

wt% hexahydrate in error. A Precision Scientific Company (Chicago, 111.) 

"Temp-Trol" viscometer bath was used and the temperature within i t 

again measured by the quartz thermometer, this combination giving limits 

of error of ± 0.03°C on the temperature of the viscometers. 

By repeating the timings on the same viscometer but at 

successively lower temperatures, viscosities at a l l temperatures could 

be obtained from just one f i l l i n g of the viscometer for each concen

tration, the variations in sample volume with temperature being 

negligible. The same duplication procedures were used as for the 

specific gravity experiments. 

Table D.II presents the original kinematic viscosity 

results and the absolute viscosities derived from them. Each value 

is calculated from the mean of two timings on the same sample. These 
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Table D.1I Kinematic viscosity and absolute viscosity of 
nickel sulfate solution as a function of con
centration and temperature 

For each concentration and temperature, the top figure is the 
kinematic v iscos i ty in centistokes and the bottom one the 
absolute v iscos i ty derived from i t , in centipoises, except in 
the case of the f i r s t column, which l i s t s standard values for 
the kinematic and absolute v iscos i t ies of pure water [103]. 

Entries which are underlined, are in the supersaturated region. 

t°c c vt% hexahydrate t°c 

0.00 1 0 . 0 0 2 0 . 0 0 30 .00 1+0.00 5 0 . 0 0 5 2 . 5 0 5 5 . 0 0 5 7 . 5 0 60 .00 

20 .00 
1.001+ 
1.002 

1.223 
1 . 2 9 9 

1 . 5 6 2 
1 . 7 6 8 

2.130 
2.573 

3.175 
1+.105 

5.290 
7-321 

25.00 0.893 
0 . 8 9 0 

1.081+ 
1.150 

1 . 3 0 0 
1 . 5 6 0 

1.872 
2.258 

2 . 7 5 6 
3.55 !+ 

1+.503 
6 . 2 2 1 

5.19^ 
7.303 

30 .00 
0.801 
0 . 7 9 8 

0.971 
1.028 

1.23!+ 
1 • 392 

1.655 
1 -993 

2.1+16 
3.110 

3 . 8 9 8 
5 . 3 7 7 

1+.1+62 

6.261+ 
5 . 2 9 0 
7.558" 

35.00 0.721+ 
0.719 

0 . 3 7 6 • 
0 . 9 2 6 

1 . 109 
1.2l*9 

1.1+73 
1.770 

2.137 
2.71+6 

3.398 
1+. 679 

3.871 
5.1*21* 

1+.569 
6.517 

1*0.00 O .658 
0 . 6 5 3 

0 . 7 9 5 
0 . 8 3 9 

1 . 0 0 0 
1.12)+ 

1.321 
1.5S1+ 

1.903 
2.1+1+1 

2 . 9 8 3 
1+.100 

3 . 3 6 0 
1*.728 

3.963 
5 .6U3 

i*.6co 
6 . 6 0 8 

1+5.00 0 . 6 0 2 
0 . 5 9 6 

0.726 
0.761+ 

0.910 
1.021 

1.191* 
1.1+29 

1.709 
2.183 

2.61+5 
3.628 

2.983 
1+.165 

3.1+61 

l+.9!+7 
1*. 026 
5 . 6 2 5 

5 0 . 0 0 0 . 5 5 3 
0.51*7 

0 . 6 6 6 
0.7C0 

0.832 
0.931 

1.035 
1.296 

1.51+0 
1 .967 

2.360 
3.231 

2 . 6 U 8 
3 . 6 9 0 

3 . 0 S 8 
1+. 381 

3 . 5 5 6 
5.136 

1+. 121 
O . I 'Ol 1 

5 5 . 0 0 0.511 
0.501+ 

0.611+ 
o.6Ui 

0.761+ 
0.853 

0.990 
1 . 1 8 0 

1 . 3 9 9 
1 . 7 8 3 

2.119 
2 . 8 9 5 

2 . 3 6 7 
3 . 2 9 2 

2.753 
3 . 8 9 3 

3.160 
14 .555 

3.639 

6 0 . 0 0 0.1+75 
O.I167 

0 . 5 6 9 
0.595 

0.701+ 
0.731+ 

C906 
1.077 

1 .27U 
1 . 6 2 0 . 

1 .911 
2 . 6 0 6 

2 . 1 2 1 
2.9)+l+ 

2.1+56 
3.1*73 

2 . 3 1 0 
l*.0l+3 

3-215 
1+.710 



timings never differed by more than 0.3%. The mean timings from runs 

on duplicate batches of solution never differed by more than 0.7%. 

The contributions from viscometer calibration constants and from 

solution densities to the imprecision in the absolute viscosities 

were negligible. Full statistical treatment of the results was 

difficult because of the non-linear dependence of viscosity on concen

tration and temperature but since the main difference in duplicates was 

between batches, the standard error was estimated from the mean 

range of the means from duplicate batches, giving a value of 0.5% for 

the standard error and hence 3a limits on viscosity of ± 1.5%. 

Comparing the results from this work with those from previous 

work, there is good agreement (present results higher by less than 1%) 

with the values of Wagner [110] for solutions of concentration up to 

12 wt% hexahydrate at 25°C, poorer agreement (present results mostly 

lower; maximum deviation 20% of present value) with the values of 

Sri Rama Rao [111] for supersaturated solutions of concentrations 56.55 

and 53.72 wt% hexahydrate at temperatures between 30 and 60°C, and 

very poor agreement (present values higher by not more than 50% of 

present value) with the values of Alamelu and Suryanarayana [107] for 

solutions of concentration up to 47 wt% hexahydrate at temperatures 

between 30 and 60°C. Alamelu and Suryanarayana's absolute viscosity 

values would be increased by not more than 4% if they were re-calculated 

using the specific gravity values from the present work but this would 

do l i t t l e to reduce the 50% difference between them and the present 

absolute viscosity values. 
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D.3 Solubility of the a-hexahydrate 

The method was basically as outlined by Mullin [lb]. A suit-

able weight of solution (250 g) contained in a 250 cm Erlenmeyer 

flask with a ground glass stopper was immersed in the Haake Bros. 

Model FT water bath. An excess of a-hexahydrate crystals (size about 

800 pm) was added and the mixture stirred for 24 hours at about 

100 r.p.m. by a magnetic stirrer. After an hour's settling time, 

two samples were then taken with a warmed pipette fitted with a 

stainless steel 38 pm screen, their specific gravities found at the 

temperature of saturation (the specific gravity bottles being held 

in the same water bath) and hence their concentrations obtained via 

Equation (DI). The remaining mixture was then stirred for another 

12 hours, after which the sampling procedure was repeated. 

As with the specific gravity experiments, the limits of 

error on the temperature were ± 0.03°C. 

At each temperature the saturation point was approached from 

both supersaturated and undersaturated states. The i n i t i a l solutions 

were of such concentrations that they were saturated at about 4°C 

above or below the test temperature. 

To estimate the effect of reagent purity on solubility, one 

run was also made in which both the seed crystals and the crystals 

used to prepare the solution were from Lot 38934, which had an assay 

for NiS04 • 6H20 of 99.0 wt%, as opposed to 99.3 wt% for Lot 36060. 

After each run, the seed crystals were filtered off, 

washed of solution with methanol, rinsed with benzene, dried and 

examined under a low power microscope. In a l l cases they had retained 
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the characteristic green-blue colour and bipyramidal shape of the 

a-hexahydrate. 

The solubility results are given in Table D.III, both as 

the specific gravity measurements on the saturated solutions and as 

the saturation concentrations derived from these via Equation (DI). 

The specific gravities of the two samples taken at the same time 

never differed by more than 0.0002 and the mean specific gravities of 

pairs of samples taken during the same run after 24 hours' stirring 

and after 36 hours' stirring never differed by more than 0.00025. A 

grand mean of these two was calculated for each run, and for the 

runs at the same temperature on ini t i a l l y supersaturated and initially 

undersaturated solutions these grand means never differed by more 

than 0.0002. The final reported specific gravity at saturation is the 

simple mean of a l l eight measurements at each temperature. The 

simple pooled estimated standard error (standard deviation of the 

mean) was 0.00004, this estimate then incorporating errors due to 

the different times of sampling and to different i n i t i a l concentrations 

as well as to the specific gravity measurements themselves. 

No significant effect was found of reagent purity differences 

on specific gravity at saturation. 

The saturation concentrations derived from the final reported 

specific gravity values using Equation (DI) have an estimated standard 

error of 0.006 wt% hexahydrate, giving 3a limits of ± 0.02 wt% 

hexahydrate. 

By least squares fitting i t was found that the equation 
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Table D.III Solubility of nickel sulfate a-hexahydrate in 
water as a function of temperature 

Temperature t°C S.G.£ of a solution 
saturated at t°C 

saturation concentration 
c*t vt% hexahydrate 

derived from Equation (DI) 

32.00 1.1+013 52.35 

35-00 1.1+093 53.30 

1+0.00 1.1+233 5^.95 

1+5.00 1.^379 56.63 

50.00 1.U53U 58.38 

5 3 . 0 0 1.1+629 59.U3 



c* = 43.1726 + 0.2559 t + 0.0009611 t 2 (D2) 

in which t is the temperature in degrees Centigrade and c* is the 

saturation concentration of the solution at t°C in wt% hexahydrate, 

fitted the data with no statistically significant lack of f i t over 

the range of temperature considered, namely 32 to 53°C. The standard 

error of estimate of c* from the equation was 0.009 wt% hexahydrate. 

The solubility results from this work were compared with 

those from previous work. Linke [112] reviewed work up to 1958, 

commenting that there was only fair agreement (differences of 1 to 

3%) between the results of several individual workers, but presenting 

a set of "most probable" values. The present results are in good 

agreement with these values for the temperature range 32 to 53°C 

(difference of 0.6% at 53°C but less than 0.4% in the range 32 to 

50°C), thereby helping to confirm Linke's estimated values. 

Since Linke's review, Alamelu and Suryanarayana [107] have 

published solubility figures which are higher than those from this 

work by not more than 1.2% in the range 32 to 53°C. However doubt is 

cast on their data, at least at the lower end of this temperature 

range, by their failure to report confirmation of the identity of 

the solid phase in their solubility tests, particularly as they report 

that their original reagent solid was the heptahydrate rather than 

the a-hexahydrate. Linke reports that metastable solubilities in 

which the solid phase remains as heptahydrate can be achieved at up 

to 40°C. 
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D.4 Terminal velocity of single a-hexahydrate crystals at 40°C 

The terminal velocity is useful in crystallizer design when 

estimating the liquor circulation rate necessary to suspend the 

growing crystals. 

Crystals without irregularities were selected from sets of 

seed crystals which had been closely sized using the ful l U.S.A. Standard 

Sieve Series. The crystals were allowed to settle one at a time 

through the 50 mm I.D. crystallization section of the fluidized-bed 

crystallizer, which contained an accurately saturated solution at 

40°C. Between tests, the solution was circulated to maintain temperature 

control, but the solution was stationary during the tests. The times 

required for a crystal to f a l l through 250 mm and 500 mm below the 

same starting point were measured to 0.1 s, using stopwatches. The 

crystals f e l l through about 500 mm of solution before reaching the 

starting point. Any test in which the crystal was observed to move 

to the wall instead of falling centrally down the pipe was discounted. 

At least ten tests were made for each crystal size and the 

average settling time was calculated, together with its standard error. 

The terminal velocities then calculated from the two different distances 

were not significantly different, indicating that the terminal velocity 

V r„ had indeed been reached. The wall correction used by Mullin t50 J 

and Garside [48] was applied to calculate in addition the terminal 

velocity in an infinite medium, V . The reported crystal size was 

the arithmetic average of the adjacent sieve sizes between which the 

crystal size f e l l . The crystals were observed to settle with their 

long axes oriented horizontally. Figure D.l shows V and V 
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F i g u r e D.l I n t e r s t i t i a l s o l u t i o n v e l o c i t i e s d u r i n g the B a t c h Method 
and s i n g l e c r y s t a l t e r m i n a l v e l o c i t i e s , f o r d i f f e r e n t 
c r y s t a l s i z e s a t 40°C. Ba r s show the 95% c o n f i d e n c e 
l i m i t s when t h e s e e x t e n d beyond the p o i n t symbols 
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plotted as functions of crystal size. Also shown, for comparison, 

are the interstitial solution velocities during the Batch Method, 

found from the orifice meter measurements (Section 6.3). The lines 

in Figure D.l are weighted linear least squares f i t s . 

The terminal velocity measurements made here are not considered 

highly accurate. The settling times were quite short, in many cases 

only a few seconds, so systematic errors may have entered at the 

start and finish of the timings. Also the method of crystal size 

calculation permits systematic errors of up to 4% [79]. Bamforth 

[5, Figure 77] presents terminal velocities of single nickel sulfate 

a-hexahydrate crystals which are roughly half of those reported here. 

However he does not specify the diameter of the settling chamber nor 

the temperature used. Temperature differences may account for some 

of the observed difference in terminal velocity, although the viscosity 

of saturated nickel sulfate solutions is relatively insensitive to 

temperature (Appendix D.3). Garside [83] found l i t t l e effect of 

temperature on the terminal velocity of single potassium alum 

crystals, and l i t t l e effect of temperature on interstitial velocity 

was found in the present work (Section 6.3). 
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APPENDIX E 

THE DEVELOPMENT OF A QUANTITATIVE PRODUCT CRYSTAL WASHING TECHNIQUE 

A f t e r the product c r y s t a l s had been drained from the 
3 

c r y s t a l l i z e r i n t o the 600 cm jac k e t e d Buchner funnel at the end of 

an experiment and had been f i l t e r e d of most of the s o l u t i o n which 

accompanied them, they were s t i l l wet w i t h the remaining s o l u t i o n . 

I f l e f t unremoved, t h i s s o l u t i o n would have caused an unwanted increase 

i n the weight of the c r y s t a l s due to f u r t h e r c r y s t a l l i z a t i o n and 

e v e n t u a l l y would have caused s e r i o u s caking together of the c r y s t a l s . 

Therefore i t was necessary to wash o f f t h i s remaining s o l u t i o n 

q u a n t i t a t i v e l y , immediately a f t e r f i l t r a t i o n . 

The i d e a l washing l i q u i d would have been m i s c i b l e w i t h the 

s o l u t i o n but i n e r t to the c r y s t a l s themselves and a l s o v o l a t i l e , f o r 

quick d r y i n g a f t e r the washing. However, the best r e a l l i q u i d which 

could be found was methanol, which was m i s c i b l e w i t h the s o l u t i o n 

and was v o l a t i l e , but i n which the c r y s t a l s had a s l i g h t s o l u b i l i t y 

[Reference 103 gives 12.5 g/100 cm 3]. 

Despite t h i s s o l u b i l i t y , i t was found that by the f o l l o w i n g 

method washing could be e f f e c t e d w i t h n e g l i g i b l e weight change to 

the c r y s t a l s . Immediately a f t e r f i l t r a t i o n , w h i l e the c r y s t a l s , damp 

w i t h s o l u t i o n , were s t i l l under s u c t i o n i n the Buchner f u n n e l , a 

c o n t r o l l e d volume of methanol at room temperature was sprayed over 

them. This was immediately followed by a thorough spray r i n s e w i t h 
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benzene, the benzene also being at room temperature. (Benzene is 

miscible with methanol but fully inert to the crystals.) The rate 

of suction throughout was such that no volume of methanol or benzene 

could build up above the sintered glass during spaying. Finally the 

suction was switched off and the crystals, now damp only with 

benzene, were given a slow air drying. Rapid drying was avoided because 

it could cause cooling of the crystals below the moisture dew point 

of the surrounding air: this led to water vapour condensing on the 

crystals, causing serious caking. 

The time between beginning methanol spraying and beginning 

benzene spraying was made as short as possible, typically ten seconds. 

A top-outlet Teflon wash bottle, inverted, was used to give rapid 
3 

reproducible delivery of the methanol. Two 2 0 0 0 cm collecting flasks 

in a T arrangement with a three-way stopcock were used with the Buchner 

funnel. The first flask collected the nickel sulfate solution from 

the i n i t i a l filtration, for re-use. The vacuum was then quickly 

switched to the other flask, and the Buchner funnel quickly transferred 

as well, for the washing and rinsing operations. The second flask 

thus collected a mixture of the small amount of nickel sulfate solution 

left after filtration, together with the methanol and benzene. This 

mixture was discarded. The whole procedure, from draining the crystals 

and solution into the funnel, through filtration, transfer between 

flasks, washing and rinsing, was completed in forty seconds. 

The mechanism by which a controlled volume of methanol washed 

the crystals without appreciable change in their weight was believed 

to be as follows. The optimum methanol volume was that volume which 
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was j u s t s u f f i c i e n t to wash away a l l the viscous s o l u t i o n l e f t 

c o a t i n g the c r y s t a l s a f t e r f i l t r a t i o n : i f a l a r g e r methanol volume 

had been used, the methanol sprayed on a f t e r a l l the s o l u t i o n was 

washed away would have s t a r t e d to d i s s o l v e the then "unprotected" 

c r y s t a l s . A microscopic examination of the c r y s t a l surfaces a f t e r 

washing, r i n s i n g and d r y i n g , showed none of the e t c h i n g or rounding 

of edges which would be expected i f p a r t i a l d i s s o l u t i o n had occurred. 

(When s i m i l a r washing and r i n s i n g operations were conducted on 

i n i t i a l l y - d r y c r y s t a l s , these d i d s u f f e r a s i g n i f i c a n t weight l o s s , 

and e t c h i n g and rounding of edges were evident.) 

To determine the optimum volume of methanol f o r washing, pre

heated c r y s t a l s were put i n t o the Buchner f u n n e l , which was water-

j a c k e t e d at the ap p r o p r i a t e temperature, and w i t h s u c t i o n already on, 

3 

300 cm of satura t e d s o l u t i o n at that temperature were immediately 

drained from the c r y s t a l l i z e r i n t o the funnel c o n t a i n i n g the c r y s t a l s . 

As soon as t h i s s o l u t i o n had been drawn o f f (ten seconds) the washing 

and r i n s i n g operations on the damp c r y s t a l s were begun. The washing 

and r i n s i n g operations were repeated w i t h d i f f e r e n t volumes of 

methanol. The optimum volume of methanol was then that volume which 

produced the minimum weight change i n the c r y s t a l s during washing. 

In a l l experiments by the Batch Method, the volume of methanol 
3 

used f o r each washing was 40 cm . This volume had been found to 

wash w i t h a weight change not exceeding 15 mg any weight of c r y s t a l s 

between f i v e and ten grams, of any c r y s t a l s i z e between 0.5 and 4.0 mm 

at a l l the temperatures checked (up to 32°C). 

During the p r e p a r a t i o n of seed c r y s t a l s and during growth 



experiments by the Continuous Method, weights of crystals much larger 

than ten grams had to be washed, and larger volumes of methanol were 

then used. Although detailed tests for the optimum volume were not 

made in these cases, where absolutely quantitative washing was not 

essential, nevertheless a good estimate of the optimum volume could be 

made by noting the minimum volume necessary to prevent caking (which 

occurred i f residual solution was left on the crystals from incomplete 

washing) and by microscopic inspection of the crystal surfaces after 

washing, rinsing and drying for evidence of dissolution. Thus when 

a batch of newly-grown seed crystals of about 100 g were washed, 
3 

60 cm of methanol were used and when about 500 g of product crystals 
3 

were washed after an experiment by the Continuous Method, 150 cm were 

used. 

The volume of benzene used in rinsing was not critical 
3 

but in practice not less than 100 cm were used on crystal weights 
3 

around 10 g and up to 250 cm on crystal weights of 500 g. The 

benzene was sprayed from a conventional all-glass wash bottle equipped 

with a polyethylene squeeze bulb. 
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APPENDIX F 

A PROCEDURE FOR REMOVING CRYSTAL DUST FROM THE SURFACES OF THE CRYSTALS 

As explained in Section 5.6, the presence of crystal dust 

(generated mostly by sieving operations) on the surfaces of the seed 

crystals was believed to lead to increased nucleation. The following 

method was used to remove this dust when necessary. Seed crystals 

which had received this treatment then brought about much less 

nucleation when grown and thus the maximum useable supersaturation 

could be significantly increased. 

The crystals with dusty surfaces, preheated to 40°C, were 

allowed to settle through an accurately saturated stagnant solution 

in the crystallizer at 40°C. They were then drained out, washed, 

rinsed and dried in the normal way (Appendix E). The i n i t i a l and final 

weights of the crystals never differed by more than 0.4%. (This 

is an indication that the solution did not transfer mass to or from 

the crystals and also that the washing operation caused no great 

weight change. Hence the crystal dust removal procedure caused no 

size change either. The weight loss due to the removal of the surface 

dust itself was certainly negligible.) After drying, the crystals 

were inspected by microscope. Although most of the surface dust had 

been removed, no etching of the surfaces or serious rounding of 

the edges was ever observed. 

The removal of the surface dust was believed to occur mainly 

by a surface tension mechanism as the crystals entered the solution, 



because dust could usually be seen on the surface of the solution 

after the crystals had settled through. It is possible that there 

was also some mechanical sweeping action of the solution across the 

crystal surfaces as the crystals settled through the solution. 
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APPENDIX G 

THE PREPARATION OF SEED CRYSTALS 

The properties of the seed crystals are important in any 

experiments on crystal growth and this is particularly true of the 

present type of experiment, in which the increase of crystal size 

during a growth experiment was only about 20% of the size of the seed 

crystals. Thus the average crystal shape and hence the average 

crystal surface area during an experiment were largely defined by 

the shape of the seed crystals. Also the surface characteristics of 

the seed crystals (dislocation density, etc.), which may themselves have 

been governed by the conditions under which the seed crystals were 

grown, may influence any growth which is subsequently added to that 

surface. 

It follows then that the seed crystals should be prepared 

under known, highly controlled conditions and their properties, 

particularly shape and surface characteristics, should be thoroughly 

investigated. In line with this reasoning, an i n i t i a l attempt was 

made to prepare seed crystals directly from crystals nucleated under 

controlled conditions in the present fluidized-bed crystallizer. 

However i t was found impossible to control the numbers of nuclei 

forming after nucleation was initiated. Also microscopic inspection 

revealed that these nuclei showed many twins, agglomerates and other 

irregularities of form. Therefore this attempt was abandoned. In 



the method which was subsequently adopted, seed crystals were grown in 

the crystallizer from "sub-seeds," which were smaller crystals 

selected from among the crystals received from the manufacturer 

(Appendix C) and prepared, before being grown to seed crystals, as 

detailed below. 

When received, the crystals from the manufacturer were badly 

caked together (Figure G.l). As an i n i t i a l stage in the selection of 

"sub-seeds," the crystals from the manufacturer were quantitatively 

decaked as follows. It was intended to use as "sub-seeds" only 

crystals in the size range 600-710 Um from the manufacturer's Lot No. 

38934, one of two different lots from which crystals had been received 

for this work (Appendix C). Therefore a l l the crystals from this 

lot were first given a partial decaking by gentle pressure with a 

pestle (Figure G.2), and were then sieved on a 600 um sieve (U.S.A. 

Standard Sieve No. 30). The oversize, a mixture of single crystals 

and small caked clumps (Figure G.3), were then subjected to ultrasonic 

action to complete the decaking process. (If the crystals were used 

as "sub-seeds" without being completely decaked, the resulting seed 

crystals included many with unacceptably irregular shapes.) Fifty 

grams at a time were stirred in carbon tetrachloride (a dense and 

inert suspending medium) by a magnetic stirrer, at the minimum rate 
necessary for complete suspension, and the suspension was sonated 

at a rate of 300 W for five minutes with a dip-type ultrasonic 
3 

generator (Appendix B). The 250 cm stirring vessel was provided with 

a cold water cooling jacket and there was no appreciable rise in the 

temperature of the suspension. After sonation, the crystals were 

filtered of carbon tetrachloride (Appendix C) and allowed to dry 



Figure G . l Caked c r y s t a l s , as rec e i v e d from the manufacturer 



igure G.2 C r y s t a l s from the manufacturer a f t e r p a r t i a l de 
caking w i t h a p e s t l e 



Figure G.3 The size fraction above 600 Um, after partial de
caking but before sonation 
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slowly in the air. They were by then completely decaked (Figure G.4). 

The ultrasonic treatment caused no observable damage to the crystals. 

When dry, they were given a thorough sieving according to A.S.T.M. 

recommendations [80] and the final size fraction 600-710 )im, by then 

al l single crystals (Figure G.5), was used as "sub-seeds" for the 

growth of seed crystals. Once prepared, the "sub-seeds" never again 

caked. 

The decision to use the size fraction 600-710 ym from Lot No. 

38934 as "sub-seeds" was based on several factors. Firstly i t was 

desirable for a l l "sub-seeds" to be from the same one manufacturer's 

lot as the average crystal shape differed somewhat between lots: each 

lot had been crystallized by the manufacturer on separate occasions 

using a simple batch crystallizer [113]. Secondly i t was desirable 

for the "sub-seeds" to be considerably smaller than the seeds into 

which they were grown, thus allowing ample opportunity for adjustments 

of shape (such as growing-out of undesirable secondary faces) to occur 

during growth, before the final seed crystal size was reached. This 

was particularly necessary in the present work because the crystals 

from the manufacturer were highly rounded (probably because of partial 

dissolution during a purifying wash with undersaturated liquor as a 

final stage of manufacture) and required considerable growth before 

they took on a fully smooth-surfaced and sharp-edged shape with only 

small secondary faces. A third consideration was that of the proportion 

of "sub-seeds" showing irregularities of shape. Even after complete 

decaking, some "sub-seeds" showed irregularities, usually twinning. 
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Figure G.4 The s i z e f r a c t i o n o r i g i n a l l y above 600 Um, 
a f t e r s o n a t i o n , but before f i n a l s i e v i n g 



Figure G.5 The f i n i s h e d "sub-seeds": the s i z e f r a c t i o n 600-
710 Urn a f t e r sonation and f i n a l s i e v i n g 
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These could have caused e r r o r s i n the o v e r a l l c r y s t a l s urface area, 

which was c a l c u l a t e d assuming a f u l l y r e g u l a r c r y s t a l shape (Appendix 

J ) . The p r o p o r t i o n of c r y s t a l s showing s i g n i f i c a n t i r r e g u l a r i t i e s of 

shape could be r e p r o d u c i b l y estimated from ten minutes' hand s o r t i n g . 

The p r o p o r t i o n of i r r e g u l a r c r y s t a l s w i t h i n a given s i z e range was 

sm a l l e r as c r y s t a l s i z e i n c r e a s e d . For example, w i t h Lot No. 38934, 

about 30 wt% showed i r r e g u l a r i t i e s at s i z e 600-710 ym and about 45 wt% 

at s i z e 500-600 ym, w h i l e w i t h Lot No. 36060, about 40 wt% showed 

i r r e g u l a r i t i e s at s i z e 600-710 ym and about 50 wt% at s i z e 500-600 ym. 

Thus from t h i s p o i n t of view l a r g e r "sub-seeds" were more d e s i r a b l e than 

smaller "sub-seeds" and "sub-seeds" from Lot No. 38934 were more 

d e s i r a b l e than "sub-seeds" from Lot No. 36060. A f o u r t h and l a s t 

c o n s i d e r a t i o n was that of a v a i l a b i l i t y . "Sub-seeds" i n the s i z e range 

600-710 ym from Lot No. 38934 were the l a r g e s t ones which were 

a v a i l a b l e i n s u f f i c i e n t numbers, as most of the c r y s t a l s from the 

manufacturer were much sm a l l e r (mode s i z e range 300-355 ym f o r Lot No. 

38934 and 250-300 ym f o r Lot No. 36060). Thus Lot No. 38934 was used 

to provide the "sub-seeds" because i t o f f e r e d a lower p r o p o r t i o n of 

i r r e g u l a r c r y s t a l s at s i z e 600-710 ym and a l s o b e t t e r a v a i l a b i l i t y . 

Although only c r y s t a l s from Lot No. 36060 had been used f o r the main 

measurements on p h y s i c a l p r o p e r t i e s , checks had been made (Appendix D) 

that c r y s t a l s from Lot No. 38934 gave no s i g n i f i c a n t d i f f e r e n c e s i n 

these measurements. 

Standard c o n d i t i o n s were used f o r a l l the runs i n which 

prepared "sub-seeds" were grown i n t o seed c r y s t a l s f o r both c r y s t a l 
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growth and dissolution experiments in the fluidized-hed crystallizer. 

All runs were made at 40°C with an in i t i a l supersaturation of 1.34 wt% 

hexahydrate (that is, a supercooling of 4°C). A limit of 25% of 

the i n i t i a l value was set on the permissible fall-off of supersaturation, 

so that a l l the growth would occur not only at the same temperature 

but also at similar supersaturation levels and hence at similar rates, 

thus hopefully producing final surfaces having similar microscopic 

characteristics. The proportion of seed crystals showing irregularities 

of shape was always observed to be the same as the proportion for the 

sub-seeds from which they had been grown. Figure G.6 shows some typical 

finished seed crystals. . 

Most of the main experiments (Section 5) used seed crystals 

which were in the size ranges ,850 ym - 1.00 mm or 1.00 - 1.18 mm and 

these could be grown from "sub-seeds" of 600-710 ym in a single stage. 

(The maximum duration of a stage was determined by the 25% limit on 

the percent fall-off of supersaturation, the fall-off often being due 

mainly to nucleation.) To grow the larger seed crystals (up to 4.00 -

4.75 mm) one or more extra growth stages were needed. 

In the preparation of seed crystals of sizes 425-500 ym and 

500-600 ym only, an additional step was necessary. As with the 

larger seed crystals, a starting "sub-seed" size of 600-710 ym was 

desirable, because this size range had a low proportion of irregular 

crystals. However, because of limited stocks of "sub-seeds" of size 

600-710 ym, "sub-seeds" from the same lot (No. 38934) but of size 

500-600 ym (with 45 wt% irregular)were substituted in the case of 

these seeds only. These were partially dissolved down to size 300-



Figure G.6 T y p i c a l f i n i s h e d seed c r y s t a l s 



355 um i n the c r y s t a l l i z e r at 40°C w i t h a s o l u t i o n of s a t u r a t i o n 

temperature 36°C, and then l a t e r regrown under the standard c o n d i t i o n s 

to s i z e s 425-500 Um and 500-600 Um. The p a r t i a l d i s s o l u t i o n d i d not 

a f f e c t the p r o p o r t i o n of c r y s t a l s showing i r r e g u l a r i t i e s . These seeds 

could not have been prepared by d i r e c t growth from "sub-seeds" of 

s i z e s below 425 um because such "sub-seeds" had a very high p r o p o r t i o n 

of i r r e g u l a r c r y s t a l s . 

Newly-grown seed c r y s t a l s , a f t e r being washed, r i n s e d and 

d r i e d by the usual method (Appendix E ) , were sieved according to 

A.S.T.M. recommendations [80] to a s s i g n them to t h e i r f i n a l s i z e range. 

A f t e r observing the f i r s t few seed growth runs, the growth time could 

be adjusted to give seed c r y s t a l s whose s i z e s were almost a l l w i t h i n 

the d e s i r e d range. To minimize the amount of surface dust generated 

during s i e v i n g (see S e c t i o n 5.6), the newly-grown seed c r y s t a l s were 

sieved by hand. Nevertheless the A.S.T.M. s i e v e t e s t end p o i n t 

c r i t e r i o n was s a t i s f i e d w i t h i n one or two minutes' s i e v i n g , probably 

because of the thorough s i e v i n g on the Ro-tap shaking machine given to 

the decaked "sub-seeds," before they were grown to seed c r y s t a l s . ( I t 

i s remarkable t h a t , i n the case of the "sub-seeds" on l y , even t h i s 

vigorous machine s i e v i n g f a i l e d to generate much sur f a c e dust, as 

i n d i c a t e d by both v i s u a l o b s e r v a t i o n and by the absence of n u c l e a t i o n 

when growing the "sub-seeds" afterwards. This was probably due to the 

"sub-seeds" being very rounded and thus more a b r a s i o n - r e s i s t a n t . 

When attempts were made to s i e v e sharp-edged c r y s t a l s by machine, l a r g e 

amounts of surface dust were always generated.) 
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With each seed crystal size range, quite a few seed growth 

runs were needed in order to assemble a sufficient number of seed 

crystals for a l l the main experiments planned. After sieving, the seed 

crystals produced in these separate runs were a l l added together and 

then thoroughly mixed by several passes through a sample splitter, 

the two resulting halves of the mixture being added together again after 

each pass. Thus there should have been no overall differences in the 

seed crystals of a given size used in any of the main experiments. 

As explained above, 30 wt% of the 600-710 um "sub-seeds" and 

in turn of the seed crystals 850 um - 1.00 mm and larger, showed 

significant irregularities of shape. An attempt was made to reduce 

this proportion by elutriation in the Stokes flow regime [cf. Rosen and 

Hulburt, 53] in a separate apparatus, using a viscous o i l , but 

evidently the irregularities of shape were not great enough to permit 

a significant separation of regular and irregular crystals by this 

method. To estimate the effect of these irregularities on the crystal 

surface area and hence on the calculated growth rate, several batch 

growth experiments were made with 100% regular 850 Um - 1.00 mm 

seed crystals, which had been separated by hand sorting. Growth rates 

calculated from these experiments never differed by more than 2% from 

the corresponding rates calculated when using the normal seeds with 

30 wt% irregular. 

Nickel sulfate a-hexahydrate crystals are optically active 

[114]. Nevertheless the laevorotatory and dextrorotatory crystals 

have identical shapes, as the asymmetry of internal structure which 

causes the optical activity does not in their case affect the external 



shape of the crystals. There is no reason to suppose, nor evidence 

to indicate, that the laevorotatory and dextrorotatory crystals grow 

at different rates. Even i f they did so, a l l sets of seed crystals 

grown under normal circumstances would be expected to be a 50:50 

mixture by number of the two forms and thus would give rise to measured 

growth rates which were reproducible between sets of crystals, even 

though these measured growth rates were actually the average values 

of the different true growth rates of the two forms. 
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APPENDIX H 

A REVIEW OF THE GENERAL RELATIONSHIPS BETWEEN PARTICLE SHAPE, 
VOLUME AND SURFACE AREA 

This appendix reviews the background to methods for obtaining 

the overall surface area of a collection of crystals (or other particles) 

when starting from a knowledge of the overall weight of the collection. 

Consider first a single particle of any shape. The 

quantities called the "surface area shape factor," f , and the "volume 

shape factor," f , are defined by the equations: 

2 
surface area of particle = f • L (HI) 

s 
3 

volume of particle = f • L (H2) 

where L is some length parameter of the particle. The choice of a 

suitable dimension to express L is discussed below. The "overall 

surface-volume shape factor," F, is then defined by 

= f /f (H3) s v 

From Equation (H2) i t follows that 

weight of particle P f c v (H4) 
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Hence, on dividing Equation (HI) by Equation (H4), 

"specific surface" (=surface area per unit weight) 

£s . 1 = F 
f p • L p • L 
v c c 

If we now apply this formula to a collection 

whose overall weight is W, the overall surface area of 

A, is given by 

A = W ( ) (H6) 
p • L 
c 

where L is now the effective average length parameter of the collection. 

When applying this formula, finding values for W and p is usually tr i v i a l , 
c 

but finding values for F and L is more difficult. 

Consider first the problem of finding L. There are two stages: 

firstly, the selection of a suitable length parameter L and secondly, 

the selection of a suitable average L, in terms of this parameter, to 

represent a l l the different sizes L. present in the collection. The 
x 

first stage may be examined by considering a collection of particles 

which is monodisperse as far as the sizing method in question is con

cerned. The sizing method most commonly used on crystals is sieving. 

In this case, "monodisperse" means that a l l the particles have effective 

sizes between two adjacent sieve sizes and an appropriate value of 

L is the average (usually the arithmetic average) of these sieve sizes. 

Other methods of obtaining a measure of the particle size for an 

effectively monodisperse collection of particles are discussed by 

(H5) 

of particles, 

the collection, 
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M u l l i n [ l b ] . Secondly, consider f i n d i n g an o v e r a l l average p a r t i c l e 

s i z e L f o r a c o l l e c t i o n of p a r t i c l e s which i s p o l y d i s p e r s e . Although 

there are s e v e r a l methods of averaging s i z e f o r a p o l y d i s p e r s e 

c o l l e c t i o n [ l b , 115], the most app r o p r i a t e average s i z e i n the present 

case, as i n a l l problems of interphase mass t r a n s f e r , i s the " s p e c i f i c 

s u r f a c e " average s i z e , a l s o known as the "volume-surface" average s i z e 

[13b], "Sauter" average s i z e [115] and " r e c i p r o c a l " average s i z e [116]. 

From Equation (H5), we can w r i t e as a d e f i n i t i o n of the s p e c i f i c 

s u r f a c e average s i z e , L , 

F s p e c i f i c s u rface of whole c o l l e c t i o n = (H7) p • L c s 

where F i s the o v e r a l l shape f a c t o r averaged over the whole c o l l e c t i o n . 

But a l s o , 

surface area of whole collection 
specific surface of whole collection = 

weight of whole collection 

X n. f . L . 2 

1 s i 1 
1 (H8) 

p £ n. f . L. 3 

c . 1 VI 1 l 

where n. i s the number of p a r t i c l e s of e f f e c t i v e s i z e L.. 
x * x 

£ n. f . L. 2 

F . x sx x 
Hence — = — (H9) 

L £ n. f . L. 
S X V X X 

X 

Assuming a l l f . are the same and a l l f . are the same, which i s a good sx vx 
assumption i n the present case (Table J . I ) , and r e c a l l i n g Equation (H3), 
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E n L.-1 1 
l 

£ n. L. 
i i 

l 

i 
£ (w./L.) 
i 

W 
£ (w./L.) 
i 

(H10) 

where ŵ  is the weight of particles of effective size L^. It is this 

specific surface average size L^ which is then finally substituted in 

the formula 

A = ( H 6 ) 

Now we turn to the problem of finding F, that i s , of finding 

f and f . Strictly, for a polydisperse collection, F should be 

averaged as was L, but often F can be assumed independent of size. 

This is a good assumption in the present case (Table J.I). The quantities 

f and f can only be found without large errors when the particles s v -
considered have a well-defined shape. Values of f and f can then be 

s v 
found by calculation, using solid geometry. This method has been used 

in the present work (Appendix J). 

When the particle shape is not well-defined, f and f can 
s v 

only be found by experiment, and the values obtained can be subject 
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to large errors. The term f for each size range can be determined by 

counting and weighing to find the average volume of a single particle 

in that size range. This average volume is then divided by the cube 

of a suitable length dimension to obtain f . Since the values of 
v 

the length dimension are usually subject to large systematic errors, 

so also are the experimental values of f (see Appendix J). No 

knowledge of particle shape is necessary when finding f experimentally. 
The term f is more difficult to determine. An i n i t i a l estimate can s 
be made by assuming the particles to be spherical. Once the average 

volume of a single particle in a given size range is known, the diameter 

of the volume-equivalent sphere can be found, and hence the surface area 

of the volume-equivalent sphere and finally f , again for the volume-

equivalent sphere. This value is obviously subject to large errors. 

To find somewhat better values for f , direct experimental measurements 
s 

must be made of the surface area, for example, by controlled 

adsorption [117]. 
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APPENDIX J 

THE SHAPE OF NICKEL SULFATE a-HEXAHYDRATE CRYSTALS 

In c a l c u l a t i n g c r y s t a l growth rates from the r e s u l t s of any 

experiment measuring an o v e r a l l weight increase of a c r y s t a l or 

c r y s t a l s , the most d i f f i c u l t quantity to f i n d with any accuracy i s the 

o v e r a l l c r y s t a l surface area across which the measured o v e r a l l weight 

increase i s spread. The o v e r a l l surface area of the c r y s t a l s , or i n 

general of any c o l l e c t i o n of p a r t i c l e s , can only be found accurately 

i f the p a r t i c l e s have a w e l l defined shape, so that t h e i r surface area 

per u n i t weight (or " s p e c i f i c surface") can be found with some confidence 

by c a l c u l a t i o n , using s o l i d geometry. Since the c r y s t a l s used i n the 

present work were mostly without i r r e g u l a r i t i e s (Appendix G) and had 

a well-defined shape, t h i s method was used here. 

The shape of n i c k e l s u l f a t e a-hexahydrate c r y s t a l s i s 

b a s i c a l l y a combination of two tetragonal bipyramids. An i d e a l i z e d shape, 

showing a l l the c r y s t a l l o g r a p h i c types of face which have been observed 

on c r y s t a l s of n i c k e l s u l f a t e a-hexahydrate, together with t h e i r M i l l e r 

i n d i c e s , i s shown i n Figure J . l , from Groth [118]. The i d e a l shape shows 

a p e r f e c t l y square c r o s s - s e c t i o n , discounting corners, i n any (001) plane 

and i d e n t i c a l halves on each side of the (001) plane through the centre. 

Faces of d i f f e r e n t types always i n c l i n e to one another at 

constant angles (Haiiy's Law) but the "habit" or the r e l a t i v e amount 

of each type of face occurring on a c r y s t a l cannot e a s i l y be predicted. 
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(001) 

Figure J. l Idealized shape of nickel sulfate a-hexahydrate 
crystals 
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Rather, i t depends on the c o n d i t i o n s under which that p a r t i c u l a r 

c r y s t a l was grown. With the seed c r y s t a l s used i n the present work, 

(100) faces were only present to a s m a l l extent, such that i g n o r i n g 

them caused an estimated e r r o r of not more than 2% i n the surface 

area, w h i l e (101) and (203) faces were even l e s s i n evidence. Therefore 

f o r t h i s work the general shape was approximated by the s i m p l i f i e d 

form shown i n Figure J.2. 

In order to complete c h a r a c t e r i z a t i o n of the average c r y s t a l 

shape f o r each of the four seed c r y s t a l s i z e ranges used (425-500 urn, 

850 um - 1.00 mm, 1.70-2.00 mm and 3.35-400 mm), the three lengths 

L, and (Figure J.2) were measured f o r each of one hundred 

c r y s t a l s showing no i r r e g u l a r i t i e s from each s i z e range. L of course 

i s the e f f e c t i v e c r y s t a l s i z e f o r s i e v i n g purposes. With each s i z e 

range, L^/L and L^/L were c a l c u l a t e d f o r each of the one hundred c r y s t a l s 

and then the average L^/L and the average I^/L were found. The measure

ments were made w i t h a r e t i c l e having d i v i s i o n s of 0.1 mm. The c r y s t a l s 

and the r e t i c l e were observed through a 40-power b i n o c u l a r microscope 

so L, and could be measured to the nearest 0.01 mm. I t was 

found that the v a r i a t i o n i n the values of L from d i f f e r e n t s i des of 

the .same c r y s t a l was much l e s s than the v a r i a t i o n of L between d i f f e r e n t 

c r y s t a l s . In other words, although the c r y s t a l s i z e L v a r i e d w i t h i n 

the seed s i z e range, the c r o s s - s e c t i o n i n the (001) plane through the 

centre of any given c r y s t a l was c l o s e to a p e r f e c t square. Therefore 

a l l three lengths L, and L were always measured on one and only one 

s i d e of each of the one hundred c r y s t a l s . 

Once the average values of L /L and L /L had been obtained, 



Figure J.2 Simplified shape of nickel sulfate a-hexahydrate 
crystals 
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the s u r f a c e area shape f a c t o r f and the volume shape f a c t o r f 
s v 

(Appendix H) were c a l c u l a t e d by s o l i d geometry. The o v e r a l l shape 

f a c t o r F i s then given by f / f , and i t i s v i a F that the o v e r a l l 
s v 

surf a c e area of the c r y s t a l s can be found, given the weight of 

c r y s t a l s , as d e t a i l e d i n Appendix H. Values of f , f and F f o r each 
s v 

of the four seed c r y s t a l s i z e ranges used are given i n Table J . I . 

I t w i l l be seen that the c r y s t a l shape, as expressed by f and f , i s 

q u i t e s i m i l a r f o r a l l four s i z e ranges. This i s good evidence that 

the c r y s t a l shape observed during t h i s work was c l o s e to the steady 

s t a t e shape, or "Endkbrper" [4] f o r n i c k e l s u l f a t e a-hexahydrate under 

the present c o n d i t i o n s of growth: a c r y s t a l shape independent of 

c r y s t a l s i z e (or " i n v a r i a n t " ) i s a s u f f i c i e n t but not necessary 

c o n d i t i o n that the Endkbrper has been a t t a i n e d . 

I t should be noted however that having a c r y s t a l shape 

independent of c r y s t a l s i z e does not n e c e s s a r i l y imply that, equal 

r a t e s of growth occur on a l l faces of the c r y s t a l . Figure J . 3 shows a 

h y p o t h e t i c a l c r y s t a l whose faces must grow at d i f f e r e n t r a t e s f o r the 

c r y s t a l to hold the same shape. In f a c t the necessary and s u f f i c i e n t 

c o n d i t i o n on c r y s t a l shape f o r growth r a t e s to be the same on a l l 

faces i s that a l l faces of the c r y s t a l have the same M i l l e r index, 

that i s , have the same l a t t i c e density. (This u s u a l l y , but not always, 

i m p l i e s that the c r y s t a l shape i s g e o m e t r i c a l l y r e g u l a r . ) This 

c o n d i t i o n i s not met by n i c k e l s u l f a t e a-hexahydrate c r y s t a l s so the 

o v e r a l l growth r a t e s found i n the present experiments are s t r i c t l y 

r a t e s averaged over the d i f f e r e n t r a t e s on the d i f f e r e n t f a c e s . Never-



Table J.I Parameters of the crystal shape for different 
crystal sizes 

crystal size range 425-500 ym 850 ym-1.00 mm 1.70-2.00 mm 3.35-4.00 mm 

average (L^/L) 0.787 
(s.e. 0.6%) 

0.787 
(s.e. 0.9%) 

0.839 
(s.e. 0.7%) 

0.820 
(s.e. 1.2%) 

average (L 2/L) 0.368 
(s.e. 1.1%) 

0.320 
(s.e. 1.3%) 

0.335 
(s.e. 1.2%) 

0.366 
(s.e. 1.6% 

f 
s 

4.093 
(s.e. 0.5%) 

4.138 
(s.e. 0.6%) 

3.922 
(s.e. 0.6%) 

3.968 
(s.e. 1.0%) 

f 
V 

0.659 
(s.e. 0.6%) 

0.667 
(s.e. 0»9%) 

0.618 
(s.e. 0.9%) 

0.631 
(s.e. 1.1+%) 

F 6.211 
(s.e. 0.8%) 

6.204 
(s.e; 1.1%) 

6.346 
(s.e. 1.1%) 

6.288 
(s.e. 1.6%) 

O 
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Figure J.3 A h y p o t h e t i c a l c r y s t a l whose faces must grow at d i f f e r e n t 
r a t e s f o r i t to hold the same shape 
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theless, in the case of nickel sulfate a-hexahydrate crystals, the 

different faces have lattice densities which are not too different, 

so the rates on the different faces are expected to be not too 

different. This prediction was borne out by rough observations on 

crystals which had been grown in stages and had veils which showed 

previous positions of their surfaces, and also by scale drawings of 

the crystal shape, assuming this to be truly independent of crystal 

size: experimentally the shape is almost independent of size 

(Table J.l). The drawings indicated relative rates of growth of about 

1:1.1:1.4 on the (111), (112) and (001) faces respectively. Using 

these ratios the separate absolute growth rates on each type of face 

could have been estimated. The relationship between growth rates on 

different types of face and overall growth rates is considered in more 

detail by Mullin and Gaska [16] and by Clontz et al. [21]. 

Because of the use of a sample size of 100 for the measurements 

of L, and L^, the final values of F had relatively small standard 

errors (Table J.I). However, in obtaining the specific surface, F is 

divided by L, the mean crystal size. As is common for small ranges 

of size, the arithmetic average sieve size was used for the mean crystal 

size, but the arithmetic average sieve size may have a systematic error 

of up to 4% due to tolerances in the manufacture of the sieves [79]. 

It was not necessary to consider this error when analysing growth rates 

at any given crystal size (unless i t was necessary to state absolutely 

that crystal size), but a systematic error of up to 4% did enter 

when growth rates at different crystal sizes were compared. 
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As detailed above, f and f have been found by calculation, 
s v ' 

based on an average shape. While a value of f is very difficult to 

find by experiment, a value of f can be found very easily by 

experiment, even without investigating the crystal shape. Although this 

experimental value of f is by no means accurate, i t does afford some 
v 

degree of check on the calculated value of f . To find f by experiment, 
v v 

a sufficiently large known number of crystals from the size range in 

question are weighed together. The average weight and thus the average 

volume of one crystal can then be found. This average volume must be 

divided by the cube of some average crystal size to give f , and i t 

is here that large errors may enter. One could use the arithmetic mean 

size of the appropriate sieve size range, but the absolute sieve sizes 

and hence also the mean size may have systematic errors of up to 

4% [79]. The systematic error in f could therefore be up to 12% from 

this source alone, and other systematic errors may enter i f the 

distribution of true sizes within the range is such that the true 

average size is far from the arithmetic mean size. Alternatively one 

could find the average crystal size directly by microscopic measurement. 

This should be more accurate although questions of sampling efficiency 

arise. It is difficult to be sure that the crystals used in the 

microscopic size measurements are an unbiased sample of those which were 

weighed, or, even if a l l those weighed are measured for size, whether 

these were an unbiased sample of a l l the crystals in the size range. 

(It should be noted that while unbiased sampling is very important 

when measuring microscopically for the average size, i t is not as 

important when measuring microscopically for the average shape, as in 
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this case the size L is required only as a step in finding L^/L and 

L 2/L.) 

For the present crystals, the results of this rough check 

on f were as follows. A calculated value for f of 0.66 was obtained, v v 
from values of L^/L and l^/L found by measurements on ten crystals 

showing no irregularities, for a batch of seed crystals in the sieve 

size range 1.00-1.18 mm. Although the sample size of ten was small, 

this calculated value of f was close to the calculated value of 0.67 
v 

found with a sample size of one hundred for crystals 850 ym - 1.00 mm. 

The average volume of one crystal was found from weighing one hundred 

crystals. When the average sieve size (1.09 mm) was used for the real 

average crystal size, f found by experiment took the value 0.83. When 

the average microscopic size from the sample of ten crystals (1.20 mm) 

was used, f found by experiment took the value 0.63. There is a large 

difference between the sieve and microscopic average sizes, which in 

turn causes the large difference between the two experimental values of 

f . This is a common occurrence with many types of particles but in 

the present instance i t may have been at least partly due to lack of 

precautions to ensure random sampling from the batch of the ten 

crystals investigated.. 

In this particular case, use of the microscopic average size 

led to much better agreement with the calculated value of f than did 
v 

use of the arithmetic average sieve size. Nevertheless, as is common, 

use of the arithmetic average sieve size as a measure of the true average 

crystal size was retained because i t was much more convenient than 

was the microscopic average size. 

As mentioned in Appendix G, nickel sulfate a-hexahydrate 



crystals are optically active [114], but in their case the asymmetry 

of the arrangement of ions in the crystal lattice which generates the 

optical activity does not influence the external shape: the 

laevorotatory and dextrorotatory crystals are visually indistinguishable. 

Although the angles between the faces on any crystals of 

the same compound crystallized in the same form are constant, the 

"habit" or the linear proportions of the crystal, as expressed in this 

work by the average values of L^/L and L^/L, may vary, depending on 

the conditions of growth of the set of crystals considered. Thus even 

between the two manufacturer's lots, with very similar chemical 

specifications (Appendix C), which were used in this work, there were 

small but significant differences in the average values of L^/L and 

L^/L at comparable sizes, while the average shapes from samples of 

the nickel sulfate a-hexahydrate crystals grown in two different 

industrial "Krystal" crystallizers [93, 119] and an industrial stirred 

tank crystallizer [120] were each a l i t t l e different again. In principle, 

the methods used in this work for finding crystal growth rates can be 

used on crystals of any shape, provided only that the different 

shapes occurring in each case are taken into account when finding the 

average overall crystal surface area. 
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APPENDIX K 

SAMPLE CALCULATIONS OF GROWTH RATE 

K . l Batch Method 

We s h a l l use Experiment BG10. 

K . l . l C a l c u l a t i o n of c o r r e c t e d weight i n c r e a s e 

Weight of seed c r y s t a l s = 5.030 g 

Weight of product c r y s t a l s , e x c l u d i n g n u c l e i = 8.471 g 

Hence, uncorrected average weight = 6.751 g 

Sup e r s a t u r a t i o n , (c - c*) = 0.54 wt% hexa. 

Therefore, from Figure L . I , end c o r r e c t i o n per gram of average 

weight = 0.0221 g 

Therefore, t o t a l end c o r r e c t i o n (to be s u b t r a c t e d ) , = 0.149 g 

Hence c o r r e c t e d weight i n c r e a s e = 8.471 - 5.030 - 0.149 

= 3.292 g 

Duration of steady growth p e r i o d = 46.00 mins 

K.l.2 C a l c u l a t i o n of s p e c i f i c s u r f a c e average c r y s t a l s i z e s 

• Seed c r y s t a l s are a l l 0.85 - 1.00 mm (between U.S.A. Standard 

Sieve Nos. 20 and 18). 

Therefore i n i t i a l s p e c i f i c s urface average c r y s t a l s i z e 

= 0.925 mm 

Product c r y s t a l s have the s i z e d i s t r i b u t i o n shown 

below 
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S i z e range [mm] 
(U.S.A. Standard Sieve Nos.) [mm] w i ^ L i ^ g / ' m m ' l 

0.85 - 1.00 
(No. 20 - No. 18) 0.925 0.112 0.121 

1.00 - 1.18 
(No. 18 - No. 16) 1.09 8.359 7.669 

T o t a l 8.471 7.790 

Using Equation (H10) : 

F i n a l L 
s E w. l 

Z(w./L.) 
X X 

= 1.087 mm 

8.471 

7.790 

K.1.3 C a l c u l a t i o n of average o v e r a l l c r y s t a l s u rface area 

We use Equation (H6): 

A = W ( (H6) 

From Table J . I , f o r 1 mm c r y s t a l s , F = 6.204. Density of c r y s t a l s 

p = 2.07 g/cm3. ( L i t e r a t u r e values of p [118, 114] and experimental 

values found i n t h i s work by the b o t t l e method, using benzene as the 

a u x i l i a r y l i q u i d , were a l l i n good agreement.) We apply Equation 

(H6) to both seed and product c r y s t a l s . 

Hence o v e r a l l s u rface area of seed c r y s t a l s = 5.030 (-• Q 7 ^ Q Q925^ C m 

= 163.0 cm 2 
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6 2 OA 2 and o v e r a l l s u rface area of product c r y s t a l s = 8.471 ( n 7 * n i n 8 7 ) cm Z tU/XU fXUo/ 

2 
= 233.6 cm 

2 
So average o v e r a l l s u rface area of c r y s t a l s = 198.3 cm 

K. 1. 4 C a l c u l a t i o n of growth r a t e 

Growth r a t e r = 7- * TT (KI) A At 

1 3.292 1 0 4 1 . , 2 x ,, x — - x — kg/m «s 198.3 46 3 60 

6.02 x 10 5 kg/m 2«s 

K.2 Continuous Method 

We s h a l l use the experiments over the s u p e r s a t u r a t i o n range 

0.00 - 0.67 wt% hexa. 

Twenty-two p o i n t s were picked from the recorder t r a c e . The 

l e a s t squares f i t equation f o r these p o i n t s was 

c .= 55.614 -(1.4233 x 10 2 ) t + (1.3668 x 10 4 ) t 2 

- (6.5677 x 10~ 7) t 3 + (1.2065 x 10~ 9) t 4 (K2) 

where c i s the s o l u t i o n c o n c e n t r a t i o n i n the sampling chamber, i n wt% 

hexa., and t i s the time a f t e r s t a r t i n g , i n minutes. 
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We convert c ( t ) to c ( t ) v i a Equation (44) ( S e c t i o n 6.2) 

c = c + T (44) 

Here, residence time T = 35 s = 0.583 mins 

Hence 

c = 55.606 - (1.4074 x 1 0 ~ 2 ) t + (1.3553 x 1 0 ~ 4 ) t 2 

- (6.5396 x 1 0 _ 7 ) t 3 + (1.2065 x 1 0 ~ 9 ) t 4 

and 4r = " 1-4074 x 1 0 _ 2 + (2.7106 x 1 0 ~ 4 ) t dt 

- (1.96188 x 1 0 ~ 6 ) t 2 + (4.8260 x 1 0 _ 9 ) t 3 

F ^ As i n the Batch Method c a l c u l a t i o n above, — — = 32.401 cm /g 
c i n i t 

Weight of seed c r y s t a l s = 320.0 g 

I n i t i a l volume of s o l u t i o n at 40°C = 11200 cm 3 

I n i t i a l s.g. of s o l u t i o n at 40°C = 1.4301 

Therefore absolute d e n s i t y of s o l u t i o n at 40°C 

= 1.4301 x 0.99997 g/cm3 

= 1.4301 g/cm3 

Therefore i n i t i a l weight of s o l u t i o n = 11200 x 1.4301 g 

I n i t i a l c o n c e n t r a t i o n of s o l u t i o n = 55.62 wt% hexa. 

Therefore weight of water = 11200 x 1.4301 (1 - 0.5562) g 

= 7108 g 

(K3) 

(K4) 



For the mass balance, we must temporarily convert the concentration 

c(t), in wt% hexa., into c(t), in kg hexa/kg water. This is done 

via 

lob-^T ( K 5 ) 

. dc dc dc 100 dc . and — = — • — = • — (K6) dt dc dt ( 1 Q 0 _ c )2 dt 

The above values are substituted in the relationships given in 

Section 6 . 2 . These relationships are then solved together on a 

computer, using t as a dummy variable, to produce values of r for 

corresponding values of (c - c*). 
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APPENDIX L 

SUMMARY OF DATA 

L.1 Growth end corrections for the Batch Method 

The growth end corrections for the Batch Method are given in 

graphical form in Figures L.l and L.2 on the two following pages. 
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CRYSTAL SIZE 
• 425-500 fJLm 

° 850 /xm -1.00 mm 
" 1.70-2.00 mm 

0 0.5 1.0 1.5 2.0 2.5 
SUPERSATURATION 

[wt% hexa] 

Figure L . l Growth end c o r r e c t i o n s i n the Batch Method f o r d i f f e r e n t 
s i z e d c r y s t a l s at 40°C 
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0.5 1.0 1.5 2.0 
SUPERSATURATION 

[wt% hexa.] 

2.5 

F i g u r e L .2 Growth end c o r r e c t i o n s i n the B a t c h Method f o r 1 mm 
c r y s t a l s a t d i f f e r e n t t e m p e r a t u r e s 
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L.2 Growth rates by the Batch Method 

Temperature = 40.00°C c* = 54.95 wt% hexa. 

Average crystal size for- the series =0.51 mm 
Average interstitial solution velocity for this crystal size = 12.1 mm/s 

Experiment 
No. 

Crystal size 
L [mm] 

Supersaturation 
c - c* 

[wt% hexa] 

Growth rate 
[kg/m2*s] 

425G8 0.51 0.19 1.24 x 10~5 

425G7 0.51 0.36 2.71 x 10~5 

425G6 0.51 0.51 4.24 x 10~5 

425G5 0.51 0.67 6.08 x 10"5 

425G4 0.51 0.67 6.18 x 10"5 

425G3 0.51 0.82 7.99 x 10~5 

425G2 0.51 0.98 9.63 x 10"5 
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Temperature = = 40.00°C c* = 54.95 wt% lexa. 
Average crystal size for the series = 1.01 mm 
Average interstitial solution velocity for this crystal size = 29.5 mm/s 

Experiment Crystal size Supersaturation Growth rate 
No. L [mm] c - c* 

[wt% hexa.] [kg/m2. s] 

BG 14 1.01 0.13 1.15 X i o " 5 

BG 13 1.01 0.23 2.02 X i o " 5 

BG 12 1.01 0.32 3.09 X i o " 5 . 

BG 11 1.01 0.44 4.50 X 10~5 

BG 10 1.01 0.54 6.02 X 10~5 

BG 9 1.01 0.64 7.59 X 10~5 

BG 8 1.01 0.64 7.54 X i o - 5 

BG 7 1.01 0.74 9.23 X i o " 5 

BG 6 1.00 0.85 10.98 X i o " 5 

BG 5 1.01 1.00 13.17 X i o " 5 

BG 4 1.01 1.09 15.06 X i o " 5 

BG 3 1.01 1.16 16.49 X i o " 5 

BG 2 1.01 1.25 18.26 X i o " 5 

BG 1 1.01 1.34 19.15 X i o " 5 

BG 15 1.01 1.34 19.22 X i o " 5 

BG 16 1.01 1.44 21.22 X i o " 5 

BG 17 1.01 1.53 23.50 X i o " 5 

BG 18 1.01 1.66 26.10 X i o - 5 

BG 19 1.01 1.78 28.76 X i o " 5 

BG 20 1.01 1.89 31.19 X i o " 5 

BG 21 1.01 2.00 34.19 X i o " 5 

BG 22 1.01 2.00 34.02 X i o " 5 

BG 23 • 1.01 2.13 37.25 X 10~5 

BG 24 1.01 2.26 40.87 X 10~5 

BG 25 1.01 2.39 44.51 X 10~5 
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Temperature = = 40.00°C c* = 54.95 wt% hexa 
Average crystal size for the series = 2.03 mm 
Average interstitial solution velocity for this crystal size = : 69.0 mm/s 

Experiment 
No. 

Crystal size 
L [mm] 

Supersaturation 
c - c* 

[wt% hexa.] 

Growth^rate 
[kg/m «s] 

1.70G5 2.02 0.34 4.13 X i o ' 5 

1.70G4 2.04 0.69 8.92 X i o " 5 

1.70G3 2.06 1.02 14.72 X i o " 5 

1.70G2 2.02 1.40 22.33 x- i o " 5 

1.70G1 2.02 1.40 22.30 X i o " 5 

1.70G6 2.02 1.64 27.36 X i o " 5 

1.70G7 2.02 1.97 34.85 X i o " 5 

1.70G8 2.02 2.20 42.92 X i o - 5 
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Temperature = 40.00°C c* = 54.95 wt% hexa. 
Average crystal size for the series = 4.03 mm 
Average interstitial solution velocity for this crystal size = 130 mm/s 

Experiment Crystal size Supersaturation Growth rate 
No. L [mm] c - c* 

[wt% hexa.] [kg/m2« s] 

4.00G7 4.03 0.21 3.25 X i o " 5 

4.00G6 4.03 0.44 6.55 X i o " 5 

4.00G5 4.03 0.70 11.51 X i o " 5 

4.00G4 4.03 0.93 17.07 X i o " 5 

4.00G3 4.03 0.93 16.84 X 10~5 

4.00G2 4.03 1.16 22.57 X i o " 5 

4.00G1 4.03 1.32 27.32 X i o " 5 

4.00G8 4.03 1.57 37.43 X i o " 5 

4.00G9 4.03 1.80 44.59 X i o " 5 
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Temperature = 35.00°C c* = 53.30 wt% hexa. 
Average crystal size for the series = 1.01 mm 
Average interstitial solution velocity for this crystal size = 29.5 mm/s 

Experiment Crystal size Supersaturation Growth„rate 
No. L [mm] c - c* [kg/m •s] 

[wt% hexa] 

35G5 1.01 0.31 1.80 X i o " 5 

35G4 1.01 0.66 5.02 X i o " 5 

35G3 1.01 0.99 8.72 X i o " 5 

35G2 1.01 1.33 13.37 X i o " 5 

35G1 1.01 1.33 13.30 X IO" 5 

35G6 1.01 1.64 17.78 X i o " 5 

35G7 1.01 1.98 23.40 X i o " 5 

35G8 1.01 2.35 30.29 X 10~5 
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Temperature = = 45.00°C c* = 56.63 wt% hexa. 
Average crystal size for the series = 1.01 mm 
Average interstitial solution velocity for this crystal size 29.5 mm/s 

Experiment Crystal size Supersaturation Growth rate 
No. L [mm] c - c* [kg/m «s] 

[wt% hexa.] 

45G7 1.01 0.33 4.98 X IO"5 

45G6 1.01 0.63 10.90 X i o " 5 

45G5 1.01 0.98 18.36 X IO"5 

45G4 1.01 1.24 24.95 X l ( f 5 

45G3 1.01 1.24 24.89 X i o " 5 

45G2 1.01 1.51 31.94 X 10~5 

45G1 1.01 1.84 39.92 X i o - 5 
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Temperature = 50.00°C c* = 58.38 wt% hexa. 
Average crystal size for the series = 1.01 mm 
Average interstitial solution velocity for this crystal size = 29.5 mm/s 

Experiment Crystal size Supersaturation Growth rate 
No. L [mm] c - c* 

[wt% hexa.] [kg/ m' -•s] 

50G8 1.01 0.24 4.94 X i o " 5 

50G7 1.01 0.44 9.75 X 10~5 

50G6 1.01 0.65 15.22 X i o " 5 

50G5 . 1.01 0.89 22.31 X i o " 5 

50G4 1.01 0.89 22.00 X i o " 5 

50G3 1.01 0.89 22.36 X i o " 5 

50G2 1.01 1.10 29.18 X i o - 5 

50G1 1.01 1.34 35.26 X i o - 5 
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L.3 Growth rates by the Continuous Method 

Supersaturation range 0.00 - 0.67 wt% hexa. 

Temperature = 40.00°C c* = 54.95 wt% hexa. 
Average crystal size = l.Ol mm 
Average interstitial solution velocity = 33.1 mm/ s 

Supersaturation Growth rate 
c - c* 

[wt% hexa.] 2 
[kg/m »s ] 

-5 0.66 8.07 X 10 
-5 0.63 7.60 X 10 
-5 0.60 7.16 X 10 
-5 0.55 6.38 X 10 
-5 0.51 5.70 X 10 
-5 0.46 5.11 X 10 
-5 0.42 4.58 X 10 
-5 0.39 4.11 X 10 
-5 0.36 3.70 X 10 
-5 0.32 • 3.33 X 10 
-5 0.28 2.84 X 10 
-5 0.25 2.43 X 10 
-5 0.22 2.09 X 10 
-5 0.19 1.79 X 10 
-5 0.16 1.47 X 10 
-5 0.13 1.16 X 10 
-5 0.10 0.90 X 10 
-5 0.07 0.71 X 10 
-5 0.04 0.58 X 10 
-5 0.00 0.50 X 10 



228 

Supersaturation range 0.67 -1.30 wt% hexa. 

Temperature = 40.00°C c* = 54. 95 wt% hexa. 
Average crystal size = 1.01 mm 
Average interstitial solution velocity = 33.1 mm/s 

Supersaturation 
c - c* 
[wt% hexa.] 

Growtĥ  
[kg/m • 

rate 
s] 

1.29 16.66 x i o ~ 5 

1.26 16.06 x i o " 5 

1.23 15.49 x I O " 5 

1.20 14.95 x i o " 5 

1.15 13.94 x i o ' 5 

1.10 13.03 x i o - 5 

1.07 12.61 x i o " 5 

1.02 11.81 x i o " 5 

0.97 11.08 x 10~5 

0.92 10.40 x I O " 5 

0.88 9.76 x i o " 5 

0.83 9.17 x i o - 5 

0.79 8.61 x i o " 5 

0.75 8.08 x i o " 5 

0.69 7.34 x i o " 5 
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L.4 D i s s o l u t i o n end c o r r e c t i o n s f o r the Batch Method 

The d i s s o l u t i o n end c o r r e c t i o n s f o r the Batch Method are given 

i n g r a p h i c a l form i n Figures L . 3 and L . 4 on the two f o l l o w i n g pages. 
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CRYSTAL SIZE 
• 425-500 fim 
° 850 /xm-1.00 mm 

. 1 1 1 1 

0 0.5 I.0 I.5 2.0 2.5 

U N D E R S A T U R A T I O N 

[wt% hexa] 

Figure L.3 D i s s o l u t i o n end c o r r e c t i o n s i n the Batch Method f o r 
d i f f e r e n t s i z e d c r y s t a l s at 40°C 
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TEMPERATURE 
" 35° C 
° 40° C 

0 0.5 1.0 1.5 2.0 2.5 

UNDERSATURATION 
[wt%, hexa] 

F i g u r e L .4 D i s s o l u t i o n end c o r r e c t i o n s i n t h e B a t c h Method f o r 1 mm 
c r y s t a l s a t d i f f e r e n t t e m p e r a t u r e s 
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L.5 Dissolution rates by the Batch Method 

Temperature = 40.00°C c* = 54. 95 wt% hexa. 
Average crystal size for the series = 0.50 mm 
Average interstitial solution velocity for this crystal size = 12.1 mm/s 

Experiment Crystal size Undersaturation Dissolution rate 
No. L [mm] c* - c 

[wt% hexa 
2 

[kg/m *s] 

425D6 0.50 0.13 3.31 x 10~5 

425D5 0.51 0.20 7.39 x 10~5 

425D4 0.51 0.29 11.11 x 10~5 

425D3 0.51 0.29 11.51 x 10~5 

425D2 0.51 0.37 15.42 x 10~5 

425D1 0.50 0.49 22.43 x 10~5 
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Temperature = 40.00°C c* = 54.95 wt% 
, . - -. , , 

hexa. 
Average crystal size for the series = 1.00 mm 
Average interstitial solution velocity for this crystal size = 29.5 mm/s 

Experiment Crystal size Undersaturation Dissolution rate 
No. L [mm] c* - c 

[wt% hexa.] 
[kg/m *s] 

40D3 1.01 0.32 13.47 x 10~5 

40D4 1.01 0.64 29.52 x 10"5 

40D5 1.01 0.97 46.92 x 10"5 

40D6 1.01 0.97 45.99 x 10~5 

40D2 1.01 1.25 61.00 x 10~5 

40D1 0.99 1.63 79.11 x 10"5 
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Temperature = 40.00°C c* = 54. 95 wt% hexa. 
Average crystal size for the series = 2.00 mm 
Average interstitial solution velocity for this crystal size = 69.0 mm/s 

Experiment Crystal size Undersaturation Dissolution rate 
No. L [mm] c* - c 

[wt% hexa.] [kg/m2* s] 

1.70D3 2.02 0.46 21.38 x 10"5 

1.70D4 2.02 0.91 44.66 x 10"5 

1.70D5 2.02 1.35 69.03 x 10'5 

1.70D6 2.02 1.35 67.56 x i o - 5 

1.70D2 1.96 1.91 97.62 x i o - 5 

I . 7 O D I J 5 1.94 2.42 124.13 x 10"5 
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Temperature = 40.00°C c* = 54.95 wt% hexa. 
Average crystal size for the series = 4.03 mm 
Average interstitial solution velocity for this crystal size = 130 mm/s 

Experiment Crystal size Undersaturation Dissolution rate 
No. L [mm] c* - c 

[wt% hexa.] [kg/m2* s] 

4.00D3 4.03 0.48 21.24 x i o " 5 

4.00D4 4.03 0.93 47.97 x i o " 5 

4.00D5 4.03 1.42 77.69 x i o " 5 

4.00D6 4.03 1.42 78.39 x i o " 5 

4.00D2 4.03 1.86 101.09 x i o " 5 

4.00D1 4.03 2.40 130.75 x i o " 5 
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Temperature = 35.00°C c* = 53.30 wt% hexa. 
Average crystal size for the series = 1.01 mm 
Average interstitial solution velocity for this crystal size =29.5 mm/s 

Experiment 
No. 

Crystal size 
L [mm] 

Undersaturation 
c* - c 

[wt% hexa.] 

Dissolution rate 
[kg/m2-s] 

35D1 1.01 0.31 12.23 x 10 - 5 

35D2 1.01 0.58 24.21 x 10 - 5 

35D3 1.01 0.86 36.25 x 10 - 5 

35D4 1.01 0.86 36.32 x 10 - 5 

35D5 1.01 1.16 49.91 x IO - 5 

35D6 1.01 1.37 58.66 x IO - 5 
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Temperature = 45.00°C c* = 56.63 wt% hexa. 
Average crystal size for the series = 1.00 mm 
Average interstitial solution velocity for this crystal size = 29.5 mm/s 

Experiment 
No. 

Crystal size 
L [mm] 

Undersaturation 
c* - c 

[wt% hexa.] 

Dissolution rate 
[kg/m2-s] 

45D1 

45D2 

45D3 

45D4 

45D5 

45D6 

1.01 

1.01 

1.00 

1.00 

1.00 

1.00 

0.26 

0.49 

0.72 

0.72 

0.97 

1.20 

11.70 x 10 

23.43 x 10 -5 

38.94 x 10 -5 

37.73 x 10 -5 

52.16 x 10 -5 

66.27 x 10 -5 
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Temperature = 50.00°C c* = 58.38 wt% hexa. 
Average c r y s t a l s i z e f o r the s e r i e s = 1.00 mm 
Average i n t e r s t i t i a l s o l u t i o n v e l o c i t y f o r t h i s c r y s t a l s i z e = 29.5 mm/s 

Experiment C r y s t a l s i z e U ndersaturation D i s s o l u t i o n r a t e 
No. L [mm] c* - c 

[wt% hexa.] 
2 

[kg/m «s] 

50D1 1.01 0.21 9.98 x 1 0 - 5 

50D2 1.00 0.40 23.24 x 1 0 - 5 

50D3 1.00 0.59 35.28 x 1 0 - 5 

50D4 1.00 0.59 34.82 x 1 0 - 5 

50D5 1.01 0.80 49.73 x 1 0 - 5 

50D6 ' 1.00 0.98 61.75 x 1 0 - 5 


