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Measured growth and dissolution rates of single crystals and tablets were used to calculate the 
overall linear rates of growth and .dissolution of CUS04.5 H2 0 crystals. The growth rate for 
the tablet is by 20% higher than that calculated for the single crystal. It has been concluded 
that this difference is due to a preferred orientation of crystal faces on the tablet surface. Cal
culated diffusion coefficients and thicknesses of the diffusion and hydrodynamic layers in the 
vicinity of the growing or dissolving crystal are in good agreement with published values. 

Thanks to its well-defined hydrodynamic conditions of measurements, the rotating 
disc has lately been used also in crystallization, especially for theoretical purposes, 
i.e., in studies on mass transfer between the solution and the crystal or for comparison 
of experimental data with growth theories. The rotating disc can be used to measure 
the growth rate of a chosen well-developed and well-defined single crystal face. 
In addition, the measurement provides data on diffusional mass transfer in the vici
nity of the growing crystal face. For substances that do not form sufficiently large 
crystals, the rotating disc can be used to measure the growth of a tablet pressed 
from the polycrystalline material1 • Because of its simplicity and the possibility of use 
for both single crystals and substances for which the preparation of single crystals 
is difficult or impracticable, the apparatus with a rotating disc is becoming a universal 
method for measuring the crystal growth rate. So far it has been used to obtain 
kinetic data for hexamethylenetetramine2 , potassium dihydrogenphosphate3 , sodium 
perborate4 , and saccharose5 • 

Since the crystals on the surface of a tablet are randomly oriented, it is generally 
assumed that the measurement provides the overall crystal growth rate1 •2 • However, 
this has not as yet been experimentally confirmed, and there is uncertainty as to 
what rate is actually measured in this case. Is it the rate for the most slowly or the 
most rapidly growing face, or a mean value corresponding to the random distribution 
of the crystal faces on the surface of the tablet? 
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The aim of this work was to verify the applicability of tablets for measurements 
by comparing the linear growth rate for a chosen face of CuS04.5 H20 single crystal 
with data obtained under the same conditions for tablets pressed from tiny CUS04 . 
. 5 H20 crystals. 

THEORETICAL 

The growth rate for i-th single crystal face is given by 

(1) 

where am is the change in the mass of the measured crystal face, A, is its size, at 
is the measurement time, and l!c is the crystal density. The overall growth rate of 
a single crystal is defined as 

G = kGP awg = k~awg, 
3(X{!c 

(2) 

where (X and P are the geometric factors referred to the characteristic dimension of the 
crystal, kG is the growth rate constant, aw is the supersaturation, and g is the order 
of growth kinetics. 

If the single crystal is embedded in the disc so that the lIO(Ilo) face is in contact 
with the solution, then the growth along the b-axis is measured. By measuring the 
dimensions of a large number of crystals, one can determine the dimension parameters 
La, Lb, and Le, and from these the shape factors (Xb and Pb referred to the dimension Lb. 

(3) 

(4) 

By definition, 

(5) 

where V is the crystal volume, and 

(6) 

where A is the crystal surface area. The average linear face growth rate, gM' is de-
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fined as 

dV 1 dm 
gM= -- = --. 

dt A Aec dt 
(7) 

From Eq. (5) the change in the volume with time is obtained as 

(8) 

where Gb is the rate of crystal growth along the direction Lb' Substitution of Eqs (6) 
and (8) into (7) gives 

(9) 

Using the relationship 

(10) 

where gb is the growth rate of the crystal face along L b, we obtain the final equation 

(11) 

For a tablet pressed from polycrystalline material, the situation is more complicated 
in that we do not know which crystal face actually grows. One way to solve this 
question is to use the measured growth rate gi' defined by Eq. (1), and the geometric 
factors rJ.a, {Jm rJ.b' {Jb' and rJ.c ' (Jc to calculate the overall growth rate for the tablet, 
and to identify the mean linear growth rate that is closest to the rate measured for 
the single crystal 

_ 6rJ.a(b,C) ~ 
gT,a(b,c) - R A A . 

Pa(b,c) i tQc 

(12) 

The exponent g can be calculated from measured data by evaluating Eq. (2) in 
logarithmic form using the least-squares method. The separation of the diffusion 
and reaction steps for growth is made by using Karpinski's correlation6 . On the 
basis of equations for 

diffusion step dm!dt = kDA( W - Wi) 

reaction step dm!dt = klA(Wi - weq)2 

overall growth dm!dt = kGA Aw9 , 
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where dm/dt is the mass rate of crystal growth, kD is the rate constant of the diffusion 
step, kl is the rate constant of the reaction step, and w, Wi and Weq stand for the 
concentration in the bulk solution, the concentration on the crystal surface, and the 
equilibrium concentration, respectively, we can write, using Eq. (2), 

(16) 

and 

(17) 

Dividing by (GMl!c)O.5 gives 

(18) 

Denoting x = (GMl!c)O.5 and y = (GM l!ctO. 5 aw = aw/x, we can rewrite Eq. (18) 
in the linear form 

y---x+ - I • 
_ 1 30c (3OC)O.5 k- O•5 

kD P P 
(J9a) 

Using the least-squares method, we can now evaluate the rate constant kD of the dif
fusion step and the rate constant kl of the reaction step. 

For g = 1 this separation of the diffusion and the reaction steps cannot be used 
and it holds 

(19b) 

or 

(Ige) 

From the equation 7 

(20) 

where l!1 is the solution density, OJ is the angular speed of disc rotation, D is the dif
fusion coefficient, v is the kinematic viscosity, and Sc is the Schmidt number, we 
can calculate the diffusion coefficient using known values of v and l!1' The value of 
the function 

I(Se) = 1 + 0'2980(Set 1/3 + 0'1451 (Set 2/3 (21) 
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approaches unity. The obtained value for Sc = vi D will then serve as a check on the 
assumption given by Eq. (21). 

Using the relationships8 

(22) 

(23) 

we can also calculate the thicknesses of the diffusion and hydrodynamic layers in the 
vicinity of the growing crystal or tablet in the disc. 

EXPERIMENTAL 

Apparatus 

The growth rate was measured using an apparatus differing from those previously used1 - 5 by 
some changes in design10. A schematic diagram of the apparatus is shown in Fig. 1. Thorough 
mixing in measuring vessel 1 containing about 5 litres of solution is achieved by simultaneous 
rotation of low-speed magnetic stirrer 2 and rotating disc 3. Four plexiglass baffles 4 are sym
metrically disposed below the liquid surface. In order to obtain a smooth flow in the region 
of the rotating disc, a circular plexiglass plate 5 is placed at twice the disc diameter parallel to disc 
face. The diameter of the plate is 1·5 times the disc diameter. The solution in the vessel is kept 
close to ambient temperature by a combination of infrared lamp 6 and fan 7 operated by con
troller 8. The disc is driven by control unit 9 maintaining a present constant speed in the range 2 
to 25 revolutions per second. 

The disc (see Fig. 2) is a Teflon cylinder 70 mm in diameter with a 25 mm diameter circular 
conical hole bored into the smooth base for fixing a disc insert. The insert is made by casting 
acrylic resin into a mould so as to embed a crystal or tablet with the surface area to be measured 

liD J '-==--------" 

9 

=-=5 

, 
------------ ... 

FIG. 1 

A schematic diagram of the apparatus 
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exposed in the surface plane of the insert. The insert is fixed by tightening a Teflon joint connected 
to the motor shaft. 

Procedure 

Single crystals of copper sulphate pentahydrate were grown from crystals produced in a fluidized
-bed apparatus and suspended in a well-stirred supersaturated solution. A typical shape of the 
crystals is shown in Fig. 3. 

From measurements of lO to 20 of so obtained single crystals we determined the parameters 
La. Lb. and Lc. and calculated the coefficients ccQ' ccb' ccc' and Pa• Pb, Pc' 

a 

6-43 
0·53 
4·78 

b 

2·29 
11·82 
37-67 

c 

9·64 
0·16 
2'13 

From the grown single crystals with La of about 7 mm, those having well-developed lID faces of 
sufficient size (several tens of mm2) were selected. Tablets for measurements were made from 
a sieve fraction with sizes of 0,1-0,2 mm by compression in a hydraulic press under a pressure 
of 2. 108 Pa. The tablets and single crystals were embedded in acrylic resin disc inserts, and the 
exposed surface areas were exactly determined. Both kinds of disc insert were immersed in 
a saturated solution of CUS04 for 30 min, and their initial masses, m, were determined imme
diately before measurement by weighing on an analytical balance. After about 30 min of rotation 
in solution of temperature T at an adjusted speed, the gain or loss, I'lm, of the mass of the disc 
insert, and hence the rate of growth or dissolution, was established. In order to calculate the 

1 
0 

Ie Lc 

b 1 
---~ ~ , a , , 

~ 

J 
FIG. 3 

A typical shape of the measured CuS04 . 

.5 H2 0 crystals 

1·5 
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26 

FIG. 4 
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Determination of the saturation temperature 
of the working solution .• ---, growth; 
0-----. dissolution 
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supersaturation, .1.w, for each measurement, it was necessary to determine the exact saturation 
temperature, Teq, of the solution. This was obtained by extrapolating a plot of g i VS T (see Fig. 4) 
to zero rate of growth or dissolution. The supersaturation of solution in which the measured face 
of single crystal or tablet grew or dissolved was calculated from the equation 

(24) 

where dWe'l/dT is the temperature coefficient of solubility, whose values were taken from solubi
lity tables9 . The viscosity of the working solution was measured by a Ubbelohde viscometer, 
and its density was determined by means of a Paar densimeter. 

RESULTS AND DISCUSSION 

The above described procedure was used to make a series of measurements of the 
rate of growth or dissolution of the ITO face of single crystals and the surface area 
of tablets pressed from polycrystalline CuS04.5 H20. The disc rotation speed was 
2·5 rev/so The measured values were used in Eq.(ll) or (12) to calculate the average 
rate of growth/dissolution of CUS04.5 H 20 single crystals along the direction b, 
i.e., the growth rate of an oriented crystal along the 110 direction, or the average 
growth rate of tablets along the directions a, b, and c for the assumption of micro
crystal growth along these directions. The measured data for the dissolution and 
growth of single crystals and tablets are listed in Table I. 

It is seen from the table that the dissolution rate is nearly the same for both the 
single crystals and the tablets. The small differences in the values are within the 
limits of experimental error. For growth, however, more significant differences are 
observed: the tablet grows at a greater rate. For a single crystal from which a well
-defined 110 face grows along the direction b, gM can readily be calculated from the 
shape factors CLb and Pb' The exposed area of the tablet, on the other hand, is com
posed of various crystal faces. Therefore, the shape factors CLa, Pa, CLb' Pb, and CLc' Pc 

were used to calculate the average growth rates gTa' gTb and gTc of tablet, and these 
were compared with gM' 

As seen from Fig. 5, it is gTb' i.e., the average rate calculated on the basis of growth 
of the most slowly growing face, that is comparable with gM for the single crystals. 
For gTa and gTc the differences are too large. Hence it may be concluded that the 
tablet growth rate is controlled by the growth rate of the largest, i.e., the most 
slowly growing crystal face, with small contributions from the more rapidly growing 
faces. These contributions increase the calculated tablet growth rate by about 20%. 
This indicates that for nonisometric crystals, the orientation of the faces on the 
surface of a tablet is not random and that the crystals lie predominantly flat. 

Compared with data previously reported10 to illustrate the use of the rotating 
disc apparatus, the results of the present work are based on a larger number of 
measurements and therefore are more accurate. 

The crystal growth and dissolution on a rotating disc have been studied near the 
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saturation temperature, where the supersaturation or undersaturation, Llw, of the 
working solution is not high. As shown recentlyll, the diffusion coefficient in this 
region is extremely dependent on the solution concentration, passing through a ma
ximum and decreasing strongly at higher concentrations corresponding to a super
saturated solution. Our calculated diffusion coefficients (for v = 1'75.10- 6 m2 S-1 

and C!, = 1227 kgm- 3) for an undersaturated solution where dissolution takes place 
are probably those occurring in the region of the maximum in the D-w curve. The 
growth, on the other hand, has been measured in a supersaturated solution beyond 
the bend in the curve, where the diffusion coefficient decreases dramatically. The 
decrease in diffusivity with increasing concentration in the region of small super
saturations is apparently the reason why the diffusion coefficients found by us are 

TABLE I 

Average" characteristics determined for dissolution and growth of single crystals and tablets 
of CuS04 .5 H 2 0 (for the meaning of the symbols and the units, see List of symbols) 

Parameter Dissol ution characteristics 

single crystals tablets 

gj/t>..w. 106 3·25 3·39 
kd . 106 6·50 6·78 
kd . 102 1'39 1-46 
D .109 1·06 1-46 
0D' lOs 4·55 4·66 

°H·103 1·20 1·20 

Growth characteristics 

single crystals tablets 

gdt>..w.106 1'57 1·94 
growth in the direction 

a b c 

kG' 106 3·14 3-64 

kG' 103 6·75 2·95 8'34 2·00 
D .109 0'36 1·38 

°D·105 0·32 4·97 

°H·103 1·20 1·23 

" The values are averages of at least 15 measurements, and are given at the 5% confidence level. 
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higher for dissolution of both the single crystals and tablets than for their growth. 
The absolute values of the diffusion coefficient may be compared with published 
data l2 , D = 3'8.10- 10 m2 S-I. 

From known diffusion coefficients the thicknesses of the diffusion and hydro
dynamic layers have been calculated by means of Eqs (22) and (23). The thickness 
of the diffusion layer for dissolution is higher for the tablet than for the single crystal, 
and is generally larger than that for growth. It ranges between 20 and 30 Ilm, again 
in good agreement with published values 13. The thickness of the hydrodynamic 
layer was calculated to be 1·2 mm. 

CONCLUSION 

One of the advantages of the rotating disc, as mentioned in the literature, is the pos
sibility of using it to measure the crystal growth rate for substances difficult to grow 
into single crystals, because in this case the measurement can be made with poly
crystalline material pressed into a tablet. However, the measured growth rates for 
a single crystal and a tablet prepared from CuS04.5 H20, i.e., . from anisotropic 
crystals, are different (see Table I). The growth rate obtained for the tablet approaches 
most closely that for the 1 TO face, in our case the largest crystal face, but it is still 
by 20% higher. The difference is probably due to contributions from the less abundant, 
smaller crystal faces with greater growth rates. Thus, the measured growth rate 
depends on the make-up of the tablet surface, i.e., on the orientation individual 
crystal faces assume in the process of pressing, which is not random for anisotropic 
crystals. 

FIG. 5 

The overall rates of growth and dissolution 
of CuS04.5 H20. 1 Overall growth rate, 
GM • of single crystal; 2 overall dissolution 
rate of single crystal; 3 overall growth rate, 
GTe' of tablet; 4 overall growth rate, G Ta, 

of tablet; 5 overall growth rate, GTb , of 
tablet; 6 overall dissolution rate of tablet 
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The diffusion coefficients and the diffusion layer thickness calculated from the 
measured growth rates of CuS04 .5 H20 crystals are in good agreement with data 
obtained by other methods of measurement l3• 

The use of the combined disc described in this paper makes it possible to determine 
even small changes in the mass occurring during the growth or dissolution of a single 
crystal or tablet. This is due, above all, to a small mass of the disc insert in which 
the single crystal or tablet is embedded. In addition, the ease and rapidity with which 
the insert can be fixed and replaced reduces the total time required to measure the 
given system. 

LIST OF SYMBOLS 

gTi 
kG 
k~ 
kd 
kd 
ko 
kI 

Li 
dm/dt 
m 
!:im 
Sc 
T 

Teq 

!:iT 
!:it 
V 
w 

surface area of crystal, m2 

surface area of measured face of single crystal or tablet, m 2 

diffusion coefficient, m2 S-1 
order of growth kinetics 
growth rate of single crystal face or tablet (i = a, b, c), m s-1 
average linear face grcwth rate, ms- 1 

growth rate of given crystal dimension (i = a, b, c), m s-1 
overall growth rate of single crystal, m s-1 
overall growth rate of tablet (i = a, b, c), m s-1 
growth rate onstant, kg m - 2 s-1 
growth rate constant defined by Eq. (2), m s-1 
dis sol ution rate constant, kg m - 2 s-1 
dissolution rate constant defined by ana!ogy of Eq. (2), m s-1 
rate constant of diffusion step, kg m - 2 s-1 
rate constant of reaction step, kg m - 2 S-1 
linear dimension of crystal (i = a, b, c), m 
mass rate of crystal growth, kg s-1 
initial mass of disc insert, kg 
change in disc insert mass, kg 
Schmidt number 
actual temperature of solution, °C 
saturation temperature, °C 
difference between actual and saturation temperatures, K 
measurement time, s 
crystal volume, m3 

instantaneous concentration of solution, kg(kg of free H2 0)-1 
concentration on crystal surface, kg(kg of free H 2 0)-1 
equilibrium concentration of solution, kg(kg of free H20)-1 
supersaturation or undersaturation, kg(kg of free H 2 0)-1 
temperature coefficient of solubility, kg(kg of free H2 0) -1 K- 1 

volume shape factor (i = a, b, c) 
surface shape factor (i = a, b, c) 
diffusion layer thickness, m 
hydrodynamic layer thickness, m 
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co angular speed of disc rotation, rad s-1 
v kinematic viscosity of sol ution, m2 s-1 
Qc crystal density, kg m - 3 

QI solution density, kg m - 3 
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