


























































Literature Review 

2.2.3. The Solubility of potassium nitrate 

Figure 2-9 shows a compilation of the solubility data of potassium nitrate in water 

presented by Gmelin (1938). Linke (1965). Mullin (1993) and Rolf et al. (1997). 

Solubility is highly dependent on temperature. It increases nearly two thousand 

percent over the range of DoC to 100°C. 
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Figure 2-9: The solubility of potassium nitrate according to literature 

The raw literature data presented in Figure 2-9 can be found in Appendix 1. The four 

literature sources present similar but slightly varied data. Linke's data is the most 

different from the others with a notable outlier at 1 DoC, probably a typographical 

error. Generally the data is more alike at temperatures below 75°C. 

A quadratic equation was fitted to the complete set of data yielding Equation 2-14 

S = 13.8152 + O.51928T + O.01799T 2 (2-14) 

where S: Solubility of KN0 3 (g KN03/1 00 g H20) 

T: Temperature (0C) 

The average relative error of the correlation is ± 0.88 % (see Appendix 5 for a 

definition of average relative error). 
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2.2.4. The growth rate of potassium nitrate 

Rolfs, Lacmann and Kipp (1997) have carried out work on the face specific growth 

rates of potassium nitrate in pure aqueous solution. The relative supersaturation was 

varied between 0.3% and 1.8%, with the solution being saturated at 15 ce. The 

growth rate was lowest for the {010} face and highest for the {001} face . The {001} 

face was also the smallest and most difficult to observe. An overview of their results 

is depicted in Figure 2-10. Their conclusion was that each face exhibited its own 

characteristic growth rate. They also determined the exponent n and the growth rate 

constant (kg) from Equation 2-15. From the values that they observed for the 

exponent n in the growth law, they concluded that the crystallisation of potassium 

nitrate is mostly incorporation limited. They stated that their measured surface growth 

rates were high in comparison to other systems, with a maximum deviation factor of 

about 2. 

(2-15) 
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Figure 2-10: Results of the face specific determination of the mean crystal growth 

rate. Flow rate: 16 cm/s, saturation temperature: 15CC (Rolfs et a/., 1997) 

Herden and Lacmann (1997) measured the specific growth rate of the {111} face on 

single crystals. The kinetic growth coefficient (kg) is calculated to be 24 ""m/s from the 

linear fit (n = 1) of their growth rate versus supersaturation data, for the {111} face of 

an untreated KN03 crystal. This is negligibly different (1 % larger) to the kinetic growth 

coefficient reported by Rolfs et al. (1997). 
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Other literature values reported for the growth of potassium nitrate in water tend to 

vary. Mullin (1993) reported the potassium nitrate growth rates shown in Table 2-2. 

This shows the large influence of temperature on the growth rates. The growth rates 

that he reports fall well below what would be expected at that level of supersaturation 

by both Rolfs et al. (1997) and Herden and Lacmann (1997). Rolfs et al. (1997) state 

that differences in literature values are due to the variations in temperature under 

which the crystals were grown, quality of the crystals, the method of growth rate 

determination, variations in hydrodynamic conditions and the preparation of the seed 

crystals used. 

Table 2-2: The mean linear growth rate for potassium nitrate crystals in the 

approximate size range 0.5 to 1 mm growing in the presence of other crystals 

(Mullin, 1993). 

T (0C) cr (%) 
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2.2.5. Growth rate dispersion 

Growth rate dispersion (GRD) is the name given to the phenomenon where crystals 

of the same size, growing under the same, constant environmental conditions (such 

as supersaturation, temperature and hydrodynamics) grow at different rates. The 

dispersion of growth rates is a topic of great interest at present. The reason for this 

phenomenon still remains disputed (Butler et ai., 1999). 

Several publications have investigated GRD. Bunn first hypothesised the 

phenomenon in 1949 and White and Wright (1971) were the first to report 

experimental evidence. There are now two models that have been developed to 

describe it: the constant crystal growth (CCG) model and the random fluctuation (RF) 

model. The CCG model describes each crystal separately with a unique, but constant 

growth rate dependent on the number, sign and size of the screw dislocations 

(Burton et aI., 1951). The RF model states that the growth rate of individual crystals 

fluctuate randomly around an average linear growth rate with a Guassian probability 

distribution (Randolph and White, 1977). 

Many authors have observed growth rate dispersion in KN03 crystals (Treivus and 

Novikova (1978), Herden (1994, 1995), Herden and Lacmann (1997), Rolfs et al. 

(1997)). Single crystal growth experiments (Herden and Rolfs et al.) report mixed 

results on the model describing GRD. Rolf et al. (1997) found that the {iii} face 

seemed to have CCG while the {010} face indicated RF behaviour with a standard 

deviation of ± 30%. This margin of error is consistent with results obtained by Helt 

and Larson (1977). Rolfs et al. (1997) conclude that the RF model seems to be most 

valid for KN03 crystal growth despite the fact that CCG is also observed. 

Herden and Lacmann (1997) measured the difference in the {iii} face growth r-ate of 

potassium nitrate crystals that had been artificially treated (by scratching or 

roughening etc) and those that had not been treated. Interestingly they report a wide 

range of growth rates for anyone of the number of levels of supersaturation 

observed. They state that the growth behaviour of the {iii} face for a relative 

supersaturation < 0.001 can be described by the constant crystal growth model while, 

for a relative supersaturation> 0.001, the random fluctuation model is more suitable. 

The disagreement over the correct model, even by one author, illustrates the 

complexity and poor understanding of this phenomenon. 
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2.2.6. The effect of impurities on the growth rate of potassium nitrate 

Any substance other than the material being crystallised can be considered as an 

impurity. Impurities within a system can have a significant effect on the growth of a 

crystal. Some can suppress growth completely; others can enhance growth. The 

presence of specific impurities can even change the crystal habit by being highly 

selective and acting on only certain crystal faces. Particular impurities can have an 

effect on growth when present at low concentrations while others require large 

amounts to be present before having any effect. 

There are a number of ways in which impurities can affect the growth rate. They can 

change the structure of the solution or the equilibrium solubility. They may alter the 

conditions at the crystal surface - solution interface and thereby affect the integration 

of growth units into the crystal lattice. It also happens that they may build into the 

crystal lattice, particularly where there is some degree of lattice similarity, and 

decrease crystal purity (Mullin, 1993) 

Marc (1912) carried out the first work dealing with the influence of impurities on 

potassium nitrate crystallisation. He examined the effect that Patent-blue had on the 

nucleation behaviour. Later, further work was carried out by Whetstone (1949, 

1955a, 1955b) who found several additives that changed the crystal habit and some 

that increased the twinning tendency of crystals with increasing concentrations. He 

also derived the first theoretical model for the potassium nitrate adsorption process 

(Whetstone, 1957). 

More recent work has been carried out by Teot (1971, 1973) (as cited by Kipp et aI., 

1997) and Barta et al. (1986) on the effect of impurities on potassium nitrate crystal 

morphology; by Shimizu and Kubota (1986) on their effect on nucleation and by 

Franke et al. (1981) on the effect on the overall growth rate. Franke states that there 

was no marked effect on either the growth rate or the imperfection of the crystals 

when reagents of different purity were used. 
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2.2.7. The choice of potassium nitrate 

The motivation for this work came from the need to broaden the dynamic model for 

an industrial crystalliser that had been developed at the Technical University of Delft, 

Netherlands. In order to further the model, the choice of model compound (previously 

ammonium sulphate) needed to be changed. 

Potassium nitrate was chosen as an intermediate step with the aim of moving finally 

to an organic compound. The reason for the choice of potassium nitrate was that it 

was significantly different from ammonium sulphate in many ways but was still a 

common inorganic salt. They differed most significantly in their solubility in water (see 

section 2.2.3) and in their brittleness (Mullin, 1993). 

The solubility of KN03 is greatly dependent on temperature. This is particularly clear 

when it is compared with the solubilities of other common ionic salts such as KGI, 

(NH4hS04 or NaGI (see Figure 2-11). The great increase in the solubility of KN03 

with temperature makes this system particularly suitable for cooling crystallisation. 
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Figure 2-11: Comparative solubilities of a few common ionic salts 

The brittleness of a crystal plays a large role in the degree of secondary nucleation 

that occurs due to attrition. The fact that potassium nitrate is much more brittle than 

ammonium sulphate means that there would be a much greater amount of self 

generated surface area for growth resulting from the attrition of the crystals in the 

suspension. This would affect the equilibrium sizes in the crystalliser and the role that 

nucleation would play in the development of the product crystal size distribution. 
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It was also important that the chosen model compound was cheap since large 

quantities would be used over the duration of the project. This was particularly 

relevant with a compound of high solubility since a greater mass of the substance 

would be required to reach saturation. Since potassium nitrate is a fairly widely used 

salt it was both cheap and easily accessible. 

Other factors that influenced the choice were that potassium nitrate was of interest to 

one of the project sponsors, that the viscosity of the saturated solution was not too 

high, that it did not degrade over time and that it was prone to neither agglomeration 

nor scaling. 
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2.3. Growth rate measurement 
A wide variety of experimental techniques for measuring crystal growth rates exist. 

Single crystal growth techniques are used for more fundamental studies of growth 

mechanisms as they can focus on single crystal faces. When the determination of 

overall mass transfer rates or the observation of size-dependent growth or growth 

rate dispersion is important, crystal population measurements are more useful. 

Population measurements are of great benefit to those designing crystallisers. 

2.3.1. Crystal growth rate expressions 

Unfortunately there is no simple or generally accepted method for the description of 

the growth rate of a crystal due to its complex dependence on temperature, 

supersaturation, size, habit, system turbulence, individual structure etc. For carefully 

defined conditions crystal growth rates can be expressed either in terms of mass 

deposition rate RG (kgm-2s-\ a mean linear velocity v (ms-1
) or an overall linear 

growth rate G (ms·1
). These quantities are related as follows (Mullin, 1993), 

1 dm 

A dt 

3a 
--pG f3 C 

(2-16) 

where L is some characteristic size of the crystal, r is the radius of a sphere of 

equivalent volume, and Pc is the crystal density. a and 13 are the volume and surface 

shape factors respectively defined by m = apcL 3 and A = I3L;' where m and A are the 

particle mass and area. 6a/13 1 for spheres and cubes and 0.816 for octahedra. 

2.3.2. Methods for determining growth rate 

In crystalliser design the main concern is how crystals grow in the presence of other 

crystals. It is therefore both more useful and convenient to measure the overall 

crystal growth rate than it is to measure individual face growth rates. 

The aim of this work was to provide information for the modelling of industrial 

crystallisers. Therefore all experiments considered the populations of crystals and the 

overall growth rate was of primary concern. 

The following is a discussion of two possible methods for the determination of the 

overall growth rate, G, from population experiments. 
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2.3.2.1. Moment modelling 

The roots of moment modelling are found in the Population Balance Equation, or 

PBE. 

First introduced by Randolph (1962), the PBE describes the evolution of the crystal 

size distribution (CSD) and how the various kinetic processes that occur in the 

crystalliser affect this evolution. Thus, when a prediction of the CSD of the solid 

phase in a crystalliser is required, it is necessary to examine and solve the PBE. 

The general form of the PBE is given below: 

a(n(L, t )V(t )) 
at 

where 

n 

L 

t 

V 

GL 

B 

0 

$v 

h 

m, p 

a(oJ, (L~2n(~~)) + B(L,t)V - D(L,t)V 

IJI /' 

+ L rPr,1I1,j (t)nill,j (L,t) - L rP",OIII,k (t)hO/tik (L,t)n(L,t) 
k~J 

particle number density 

particle length 

time 

crystalliser volume 

linear size dependent growth rate 

birth rate 

death rate 

volumetric flow rates (in and out) 

classification function 

# of streams entering and leaving the system 

(2-17) 

#.m,3m,1 

m 

s 

m3 

ms,1 

m,3m-1s,1 

m,3m-1 s,1 

m3s,1 

Two boundary conditions are required to solve the PBE as it is a partial differential 

equation dependent on both time and length. The two boundary conditions are: 

and n(L,O ) 
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where n(L,O) is the initial distribution and n(O, t) describes the nucleation rate which is 

the birth of new crystals at size zero (van Rosmalen et aI., 1997). The birth term in 

the first boundary condition, Bo is related to B in the following way: 

y 

Bo(t) = fB(L,t)dL (2-18) 
o 

The 2-1 draft tube, baffled (DTB) crystalliser that was used for the investigation of the 

growth kinetics of potassium nitrate was operated in batch mode. For batch 

crystallisation the PBE can be simplified by assuming that: 

i) nucleation is only reflected by a boundary condition at L=O (the first boundary 

condition shown above), 

ii) there is size-independent growth, 

iii) there is no aggregation, and 

iv) there is no breakage. 

Each of these assumptions makes the approach less realistic. The first assumption is 

reasonable in that all of the experiments that were modelled in this way were seeded 

experiments and seeding occurred before any primary nucleation took place. The 

assumption that secondary nucleation was inSignificant is justified by the low 

supersaturation levels and absence of a significant tail in the particle size 

distributions. Examining crystal samples under a scanning electron microscope 

(SEM) showed no aggregation and thereby validated the third assumption. The fourth 

assumption, however, is known to be a simplification because some breakage must 

occur when there is agitation with an impeller. However, in this small-scale case 

scenario, it is limited. The most significant assumption is that growth is size 

independent. 

These assumptions result in the simplified PBE shown below 

an{L, t )V{t) = -VG (t) 0A~~1 
at I. aL (2-19) 

Batch operation is at unsteady state and so the solution of the simplified PBE shown 

above involves solution of a partial differential equation. Analytical solutions for this 

type of problem rarely exist. It is possible, however, to transform the PBE into 

moment form. This allows a numerical solution of the partial differential equation that 

describes the dynamic behaviour of the crystalliser. 
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The Moment equations 

The moments of a distribution are generally defined as: 

(2-20) 
o 

where n is the particle number density (#m-3m-1
) and L is the particle length (m). 

These moments can be related to lumped properties of the entire crystal population 

as shown in Table 2.-3 (van Rosmalen et aI., 1997). 

Table 2~3: The moments of a size distribution 

: mo I Total number of particles p~r:J:IQi!J::!1'§'~llis~~_volu m 
i m1 I Total length of particles per unit crystaliiseryolLll"Tle 
i m2 I Related to the total area o(particles per unit crysta 

[jn=:LJ_~elat~d to the tot~l~olLlt:ll~~Lp~r:!i~eJ>~~~uQ~ 

e 
~. 

------~--. 

m-j -1 m·m-3 

IIiser volume m2m-3 

stalliser volume m0m-,j 

The moment transformation of Equation 2-19 gives 

d(Vm i). / i 
dr = jGm,_1 ~ + BrJo V (2-21) 

where 10 is the size of the nuclei, which in this case is zero. Now it is possible to solve 

the PBE (previously a partial differential equation) using only four ordinary differential 

equations - the zeroth 0=0) to third 0=3) moments (van Rosmalen et aI., 1997). 

These are given below: 

d(Vmo) 

dt 

d(Vm1 ) =Gm V 
dt () 

dt 

d(Vm 3 ) 
--

dt 

(2-22) 

(2-23) 

(2-24) 

Equations 2-23, 2-24 and 2-25 show that the crystal growth rate, G, can be 

determined if any two consecutive moments are known. This is the basis for moment 

modelling, 

The third moment is related to the mass of crystals in the slurry, which is easily 

calculated from the crystal content of the slurry. 
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Brown and Felton (1985) have shown that it is possible to use the obscuration signal 

and the corresponding crystal size distribution (t. V(x;,t)) from a laser diffraction 

instrument (such as a Malvern Mastersizer) to calculate the mass of solids in the 

slurry - Equation 2-26 and 2-27. 

and 

where 

-In( !(t) I 
MAl) = PcVc k \. 10 ) I 

. 3LLlV(X,J)d 
1=1 1 

obsc{t) 1 _ I(t) 
10 

t.V 

I (t) 

10 

obsc(t) 

total mass of solids in the crystalliser 

density of the crystals 

volume of crystaliiser 

volume percent 

path length 

mean crystal size of size class i 

intensity of refracted beam 

intensity of incident beam 

obscuration signal 

(2-26) 

(2-27) 

m 

[ -] 

Putting Equations 2-26 and 2-27 together, taking out I from the summation and 

dividing by the density of the crystals (Pc) and the volume of the crystalliser (Vc) gives 

a expression for the absolute value of the particle concentration, Cv, in m3 crystals 

per m3 slurry: 

(2-28) 

Cv has the same units as m3 but is in fact the absolute value, m3,abs. Generally 

moments are normalised with respect to m3, Hence the general moment expression 

can be written as Equation 2-29, 
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'" fn(x)x! ~b: 
m!.mll'lll = ~ x I 00 (2-29) 

In(x)xJdx 
o 

The normalised third moment, m3,norm, will therefore will always be equal to 100, 

Malvern data is reported in terms of volume percent where Vi is the volume percent 

of crystals in size class i: 

(2-30) 

where 

N(i) # of particles in class i 

So the normalised third and second moments can be expressed as follows: 

'" 
In{x)x'cix , 3. 

() 
(l I N {l,t )x ~,(l ) ~ '() 

m},I1()1'1II t = '" x 100 = ~ (' ) 3 (,) x 100 = L,. Vi t (2-31) 
In{x)x 3dx L,.Nl,tXml 
Q 

and 

00 

In{x)x 2dx , ?, 

() 
0 IN{I,t)XJ1) 

m2.l1orm t = '" x 100 = ~ (, ) 3 (') x 100 
In(x)x 3dx L,.N l,t XIII 1 

Q 

(2-32) 

For modelling of the absolute growth rate at a given time, the absolute moments hold 

more interest. As has been shown, the absolute m3 can be calculated from the Brown 

and Felton correlation (Brown and Felton, 1985). Equation 2-33 shows a quick 

method to calculate the absolute second moment, m2,abs' 
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L V, (t) 1 myIJhs L v: (t) 
m =m x --x =--x--

l.ahs 3.al>' 100 XIII (i) 100 X m (i) 
(2-33) 

Knowing the absolute second and third moments, the crystal growth rate is easily 

computed using the fourth ordinary differential equation (Equation 2-25) to solve the 

batch PBE. Equation 2-25 in this constant volume case simplifies to 

=3Gm l 
dt 

The growth rate, G, can then be expressed as 

G(t) = !;;,m3.ahs x 1 
M 3m2•ub., (t) 

2.3.2.2. Lognormal curve fitting 

(2-34) 

The lognormal curve fitting method is a simple graphical technique used to predict 

the growth of the median sized crystals (Butler, 1998). It relies on the raw data 

measured by the Malvern Mastersizer. The procedure is given below: 

i) The Malvern records showing an obscuration of less than 10% or more than 

30% were ignored due to unreliable light scattering; 

ii) The volume fractions for crystal sizes below 30!-Lm were ignored (because 

they appeared to contain errors) and the remaining volume fractions were 

renormalised; 

iii) The Malvern automatically measured every 30 seconds, so there is often an 

excess of data. One measurement was selected at every 10!-Lm increase in 

the median size reported by the Malvern. 

iv) The volume density crystal size distributions for each of these selected 

measurements were imported into the curve fitting program, Table Curve 1.0, 

and fitted with a lognormal curve (Equation 2-36) 

y =ae (2-36) 

where a is the height of the curve, b is the median crystal size and c is the 

spread (equal to 2·ln(std.dev» which is proportional to the standard deviation 

of the curve. Figure 2-12 shows an example of this fitting method with results 

from Experiment 1. The fit gave the following parameters: 

a = 0.570 
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v) The growth rate can be determined from the median sizes by Equation 2-37 

G= L2 -LI 
12 -II 

where Li is the median at ~ 

0.7 

0 .6 

0 .5 
t: 
o 
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Figure 2-12: An example of a lognormal curve fitted to a set of Malvern data 

measured during Experiment 1 

The lognormal curve fitting method however, is not perfect. By fitting lognormal 

curves and recording only the time of the measurement and the median size of the fit 

there is an intrinsic assumption made. The median sized crystals at the beginning of 

the experiment are assumed to be the same median sized crystals at the middle and 

end of the experiment, thus assuming size independent growth. This assumption 

needs to be validated by using a size dependent growth-determining model. 

Another assumption that this method makes is that the distribution is always 

lognormal. Within this there is an intrinsic assumption that no nucleation occurs after 

seeding which could create a second peak in the distribution. This is a reasonable 

assumption as supersaturation levels were kept low and no significant tail was 

observed in any of the particle size distributions. 
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Chapter Three 

Supersaturation measurement 

Supersaturation measurement 

The supersaturation of the crystallising solution is the most significant of all the 

variables affecting the crystal growth rate, In-line measurement of this variable is 

therefore of great value. The relative supersaturation (a) of a system is defined by 

Equation 3-1 which shows that it involves both the equilibrium concentration (c*) and 

the real concentration (c). 

c -c* 
0"=--

c* 
(3-1) 

The equilibrium concentration, otherwise known as solubility, is dependent on the 

temperature of the solution. It can be determined by measuring the solution 

temperature once the relationship between solubility and temperature is known, 

The measurement of the solution concentration can be made by either direct or 

indirect methods. Direct measurement involves either gravimetric or chemical 

analysis of the solution while indirect measurement relies on the measurement of a 

physical property of the solution that is highly dependent on the solution 

concentration. Frequently chosen examples of such properties include viscosity, 

refractive index, electrical conductivity and density, 

This chapter deals with the methods used in this work to determine the relative 

supersaturation, It focuses on the calibration of the density meter used to measure 

the solution concentration and the development of a new solubility curve for 

potassium nitrate. 

3 - 1 
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3.1. The concentration measuring device 

A device used to determine the concentration of a solution was developed at the 

Laboratory for Process Equipment (Neumann, 1998). It is in essence a temperature 

controlled density meter. The density of a sample of crystal free mother liquor is 

measured at a fixed temperature. This temperature is always slightly higher than that 

of the crystalliser (usually at 60°C) to avoid the possibility of blockages forming 

within the device. A water bath maintains the required temperature. The 

measurement is achieved by comparing the sample of mother liquor with a reference 

sample stored within the density meter. 

A relation must therefore be found for the solution concentration as a function of 

temperature and density to make the density measurements meaningful. The method 

and results of this calibration procedure is discussed below. 

3.1.1. The calibration method 

It is vital that the calibration is made over the applicable range of concentrations. This 

range is dictated by the solubility of the solution at and around the temperatures that 

the 1100-litre DTB crystalliser and 2-litre crystalliser are operated. Different 

concentration ranges were used for the two potassium nitrate types (Industick and 

Haifa). 

The concentration range used for the Industick calibration was between 35.1 wt % 

and 50.5 wt %. This was calculated from the solubilities at 35°C and 55 °C plus 5% 

broadening at each extreme. Ten solutions of varying concentrations over this range 

were made up as shown in Table 3-1. 

As with the solubility measurements, the calibration curve developed for Haifa 

potassium nitrate had a smaller range than the Industick calibration curve. This was 

possible because the precise operating temperature range of the density meter and 

the actual concentration range within the crystalliser were now known. Table 3-1 

shows the four Haifa solutions ranging from 39 wt % to 49 wt %. 

Table 3-1: The concentration standards used for the Industick and Haifa 

calibrations 

I Sample number ! 1 2 i 3 14 :5 6 7 i 8 9 I 10 i 

! Industiek cone (wt%) 1 35.1 37.5 ! 39.4 I 41.2 1 42.9 44.4 45.9 I 47.4 48.7 i 50.5 ! 

I Haifa cone (wt%) • 39.4 I I 42.9 I 45.8 i .48.8 . 

3-2 
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Supersaturation measurement 

The method of making up the solutions was as follows: 

A one kilogram sample of potassium nitrate salt was put in the oven at 60°C for half 

an hour to dry and then allowed to cool to room temperature in a dessicator. A known 

mass of the dry salt together with a known mass of distilled water was then placed 

into a pre-weighed conical flask. The exact concentration of the solution was then 

known. 

Temperature fluctuations of the density cell occur and, because density is so closely 

related to temperature, the effect on the measured value is significant. To quantify 

this effect the densities of the ten concentrations were measured at three different 

temperatures: 55°C, 60 °C, and 65°C for Industick KN03 and 57.5 °C, 60°C and 

62.5 °C for the Haifa KN03 . 

The density meter was set at the desired temperature and allowed to stabilise for two 

hours before measurements were begun. The flasks were placed in a temperature­

controlled bath set at the same temperature and shaken until all of the crystals 

dissolved. Three density readings of each solution were recorded. The process was 

repeated for each temperature. 

3.1.2. The calibration results 

The results from the calibration process gave density measurements for several 

known concentrations of potassium nitrate solution at three different temperatures. 

This allowed for the development of an equation expressing concentration as a 

function of both temperature and density, i.e. C = F (p, T). 

The measured data for the potassium nitrate produced by both Industick GmbH and 

Haifa Chemicals can be found in Appendix 2 (Tables 2, 3 and 4). From this data, 

correlations (shown as Equation 3-2 and Equation 3-3) were developed to describe 

the C-T-p relationships for Industick potassium nitrate and the Haifa potassium nitrate 

respectively. Pastifit, the fitting package, is a non-linear regression package based on 

the Levenberg-Marquardt algorithm (Verheijen, 1999). 

C = -98.9 + 99.9p595XIO~) lOOOT-255 _ O.828p·Jl7T1,2IX10~2 

54.8 < T < 64.8 

0.98 < p < 1.36 

average relative error in C = 0.11 % over the entire temperature range 

3 - 3 
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and average relative error in C = 0.094% at 60 °C (temperature most 

frequently used) 

C = -80181.647 - 698.05 p O.4968 + 174200.2T-u o262634 _ 94472.5 p-7124x lO -
J 

T - 5455SX IO-' 

57.3 < T < 62.3 

0.98 < p < 1.35 

(3-3) 

average relative error in C = 0.12% over the entire range (see Appendix 5) 

where: C: 

p: 

T: 

concentration 

density 

temperature 

(weight %) 

(kg/I) 

(0C) 

It was expected that the error for Equation 3-3 would be smaller than that for 

Equation 3-2 because of the narrower experimental range. It can be seen that this is 

not the case. This can be attributed to the variation in the purity of the potassium 

nitrate samples (see Appendix 3). These C-p-T relationships can also be shown as 

surfaces. Figure 3-1 shows the surface for the Industick plane. 

0.6 
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0 0.2 
~ 
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U 
C 0 0 
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-0.2 
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temperature (0C) 
50 0.9 

density (kg/I) 

Figure 3-1: The concentration-temperature-density relationship for Industick 

potassium nitrate depicted as a surface in space 
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3.2. The solubility of potassium nitrate 

Past experience has shown that the source of the solute affects its purity, which in 

turn often significantly affects the solubility. This section deals with the determination 

of solubility curves for both of the potassium nitrate products used in this work; 

Industick GmbH and Haifa Chemicals. 

3.2.1. The Method 

The method used to generate the solubility curves was similar for both types of 

potassium nitrate. The procedure for the development of the Industick GmbH KN03 

solubility curve is detailed below. The differences for the Haifa Chemicals KN03 

measurements are noted afterwards. 

Two sets of solubility measurements were carried out using Industick potassium 

nitrate. The method for the first set of measurements was as follows: 

A potassium nitrate-water solution with excess potassium nitrate was made up in a 

two-litre, temperature controlled vessel. An excess of potassium nitrate was to 

ensure that ample solids remained at 80°C. The slurry was then stirred continuously, 

heated to 60 °C and allowed to stabilise. The solution's temperature set point was 

programmed for a step decrease of 5 °C every hour. The solution was given enough 

time, at each temperature interval, to reach equilibrium. Density was measured 

continuously. In this way the density of a saturated solution was measured at 5 °C 

intervals between 60°C and 30 °C. The process was then repeated with an 

increasing temperature profile between 30°C and 60 °C. 

The second set of measurements with Industick potassium nitrate was carried out in 

an identical manner with the exception of the initial solution's preparation. The 

second solution was prepared in the laboratory to be saturated (according to 

literature) at 70°C; the solution was then superheated to 80 °C and filtered through 

3.0 Jl.m filter paper. When filtered, a brown foamy impurity was removed. The density 

of this filtered solution was measured, at different temperatures, using the method 

described above. This was performed so that the effect of macroscopic impurities 

(> 3Jl.m) on the solubility could be established. 

The solubility measurements for Haifa Chemicals potassium nitrate were limited to a 

filtered cooling run with a temperature range between 52°C and 48 °C. This 
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adjustment increased the accuracy of the solubility curve by constraining the area of 

interest to only what is used in the cooling crystallisation experiments. 

3.2.2. The Results 

The correlation developed for the density meter made it possible to find the solubility 

curve for the KN0 3-H20 system. Each equilibrium density measurement (with the 

associated cell temperature) could be related to the corresponding equilibrium 

concentration. 

Figure 3-2 shows the general shape of the solubility curve. It compares the measured 

cooling and heating solubility data for Industick potassium nitrate with that presented 

in literature. Notice that the difference in solubilities seems particularly slight on this 

scale. However small the differences may seem, when dealing with the low 

supersaturations involved in cooling crystallisation experiments (in the order of 0.2%) 

these slight variations can have significant consequences. Figure 3-3 shows these 

variations more clearly as it plots the difference between the solubility measured 

experimentally and that calculated using the correlation of solubilities reported in the 

literature, Equation 2-14. 
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Figure 3-2: The cooling solubility of Industick potassium nitrate 
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Figure 3-3: The difference between the solubility of potassium nitrate found in 

literature and that found by experiment 

The solubility of the filtered Industick solution, measured on a heating profile at 35°C 

is significantly different to all the other points. It appears to be an outlier rather than a 

true solubility. Perhaps insufficient potassium nitrate remained for the solubility 

concentration to be quickly attained. All further analysis will ignore this point. 

Figure 3-3 shows no significant difference in the solubility of potassium nitrate 

whether it is determined by heating or cooling the system. This adds validity to the 

measured solubility curve showing that enough time was given between 

measurements for the system to reach equilibrium. 

The macroscopic impurities in the potassium nitrate sample do not significantly affect 

the solubility of the salt. Therefore the solubility used for calculation of the 

supersaturation of the crystallising system will be reliable whether the solution has 

been filtered or not. This has particular relevance in the 1100 litre experiments where 

good filtration is difficult. 

A Significant difference in the solubility of potassium nitrate produced by Industick 

GmbH and Haifa Chemicals is shown in Figure 3-3. The potassium nitrate produced 

by Industick contained an anti-caking agent and is reported as being 99.5% pure 

while the Haifa salt had no anti-caking agent and was reported as being 99.8% pure. 

This difference in purity (and hence the presence of more soluble impurities) in the 

Industick salt could be the cause of the difference in the solubilities shown in 
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Figure 3-3. For more detailed information on the purity of the two salts see Appendix 

3, Tables 1 and 2. 

Figure 3-3 also shows that the temperature range over which the solubility 

measurements for Haifa Chemicals KN03 were taken was much narrower. This was 

done once the exact temperature range for the experiments was known. The 

narrower range makes the solubility prediction more focussed and reliable. 

All experimentally determined solubilities lie significantly above those presented in 

literature (except the outlier at 55°C) and the difference is greater at lower 

temperatures. This observation, along with the solubility difference between the two 

potassium nitrate sources, verifies the importance of conducting these experiments. 

Without an accurate solubility curve it is very difficult to conduct meaningful growth 

rate experiments. The use of the literature data would have led to incorrect reporting 

of the growth rate. The experimentally determined solubility-temperature 

relationships must be used for the potassium nitrate growth rate experiments. 

The quadratic equations shown in Table 3-2 (Table Curve Windows v 1.0) were fitted 

to the collected experimental data. 

Table 3-2: Solubility curves for potassium nitrate 

KN03 source I Equation a.r.e r2 fit Eqn 

8==-2. 82*-1-0 .. ~3T~2+0 ,9 
i 

5T+5.765 ! 0.30% 0.999 3-4 Industick tilt cooling 

Industick unfilt cooling I 8==-9.378*10-3T2+1 ,5653T-8.365 0.52% 0.998 I 3-5 

23T-0.598 0.01% 0.999 3-6 I 
___ L. ..... 

.... ·-~I-·~-·-·~·-
Haifa filt cooling ~ 8==-5.66*10 .. 3T2+1.2 

The units of the equations: 

8 solubility wt% 

T temperature 

a.r.e, average relative error % (see Appendix 5) 

For the two litre experiments both the Industick filtered and Haifa filtered equations 

were used depending on the source used in the experiment being run. All 

experiments on the 1100 litre scale were with Haifa salt and so Equation 3-6 was 

used. 
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Chapter Four 

The 2·litre Growth Cell Experiments 

4.1. Experimental Equipment 

The jacketed, batch, two-litre draft tube baffled (OTB) cooling crystalliser system 

used to carry out these experiments is shown in Figure 4-1. A Lauda UKS 1000 

water bath with linked computer facilitated the cooling of the crystalliser contents at a 

user defined rate. Crystal growth was monitored using on-line particle sizing. density 

and temperature measurements. 

Density measurement 

Figure 4-1: The jacketed, batch, two-litre cooling crystalliser used for this 

work 

The on-line particle sizing was achieved with a Malvern Mastersizer. using laser 

defraction. by continuous circulation of the slurry through its measurement cell. A 

Watson-Marlow peristaltic pump maintained this circulation. Size distributions, at set 

time intervals, were later calculated from the stored optical scattering data. The on­

line concentration measurements were performed using a temperature controlled 
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Anton Paar mPDS 2000 density meter. A computer controlled the circulation and 

injection of the filtered solution (5 ~lm filters) and stored the measured data for later 

analysis. The temperature of the solution was measured with a F250 MK II precision 

thermometer. 

4.2. Experimental procedure 

During the course of this investigation numerous experiments were carried out to 

investigate the growth behaviour of KN03 crystals in an aqueous solution. Four 

successful seeded experiments are reported here. 

4.2.1. General procedure 

i) An aqueous potassium nitrate solution was prepared to be 0.5% 

supersaturated at 50°C and then heated by 10°C; 

ii) The solution was filtered through a 3 ).lm filter; 

iii) It was then cooled to the desired temperature (approximately 50°C) and 

allowed to stabilise in the growth cell; 

iv) 1.133 - 1.359 g of potassium nitrate seeds (75-1 06 ~lm) were added. The 

seeds were obtained by taking a 500g sample from the raw crystal mass 

supplied by Industick or Haifa and sieving for 30 minutes. The time of the 

seed addition was designated as time zero. 

v) A temperature ramp of - 0.025 °C/min was applied for 40 min; 

vi) Where possible, it was allowed to stabilise for about 20 min and a second 

temperature ramp was applied. 

4.2.2. Experimental details 

Experiments 1 and 2 are duplicates while Experiments 3 and 4 each highlight the 

effect of a particular variable. Major variables were the source of KN03 and the type 

of water used. Table 4-1 shows these variations. 

Table 4-1: A summary of the four potassium nitrate growth experiments 

I Experiment # . Seeded i Type of water I purity of KN03 
I 

i 
! 1 yes I demineralised i 99.8% 

I 2 yes i demineralised 
1

99.8% 
! 

3 yes I demineralised i 99.5% - due to anti-caking agent : 

4 • yes I tap water 1 99.8% . I 
I 
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See Appendix 3 for a description of the composition of the two KN03 types and 

Appendix 4 for a list of the impurities found in both tap and demineralised water. 

Other small variations between experiments were found in the initial concentration of 

the solution, the amount of seeds used and the temperature profile used. These are 

reported in Appendix 2. For all experiments the impeller speed was set at 600 rpm -

al! empirically determined rate: the minimum to just keep the growing crystals in 

. suspension. The crystal attrition rate increases with increasing impeller speed. It is 

particularly important therefore when measuring growth rate that the minimum speed 

is used. 

4.3. Results 

Numerous experiments were carried out during this investigation into the growth 

behaviour of potassium nitrate crystals in an aqueous solution. Due primarily to 

abundant nucleation in the unseeded runs and trouble with the on-line logging of 

data, only the four successful seeded experiments will be reported here. 

Each experiment produces vast quantities of raw data and a number of steps are 

required to transform each raw data set (temperatures, densities and crystal size 

distributions) into the final growth vs supersaturation plots. A full, step by step 

illustration of how this transformation is achieved is given below in section 4.3.1 using 

the data set collected for Experiment 1. Only the final growth rate versus 

supersaturation plots for each of Experiments 2 to 4 will be shown thereafter. 

4.3.1. Worked Example: Experiment 1 

As has been described in section 4.1 the two-litre crystalliser system has two in-line 

measuring instruments. The first is a Malvern Mastersizer that reports the crystal size 

distribution (CSD) and obscuration and the second is the density meter. which is 

used to measure the concentration of the solution. Both instruments take 

measurements at discrete time intervals. 

4.3.1.1. The Malvern Mastersizer 

The forward light scattering Malvern Mastersizer records three sets of data that were 

of particular interest: the crystal size distribution (CSD), the obscuration of the laser 

light and the median crystal size (calculated from the CSD). A measurement was 

taken every thirty seconds. Due to the long time periods of some experiments, this 
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instrument generates vast quantities of information. A manual selection of the total 

number of data sets were made after the experiment ended. The selection process 

aimed at even spacing of the CSDs. Figure 4-2 shows the reduced set of normalised 

CSD data extracted from the Malvern for Experiment 1. 

25 
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crystal size (urn) 

Figure 4-2: The raw crystal size distribution from the Malvern Mastersizer for 

Experiment 1. The legend represents the time after seeding in minutes. 

Figure 4-3 shows the percentage obscuration of the light signal together with the 

median crystal size as calculated by the Malvern. The obscuration is a measure of 

the amount of light that is scattered by the crystals as the laser beam passes through 

the crystal slurry. This is thus naturally a function of the crystal content of the slurry. 

Brown and Felton (1985) have shown that it is possible to calculate the mass of 

crystals in the slurry if the CSD and the obscuration are known. 
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Figure 4-3: The median crystal size and the obscuration of the laser signal during 

Experiment 1 

Measurements between 5 and 30% for the obscuration are generally accepted 

(Boxman, 1992). Above and below these values there are too many or too few 

crystals for an accurate CSD measurement. Combining the CSD and the 

obscuration, using the methods set out in the modelling theory (section 2.3.2.1), 

allows for the determination of the moments for each CSD and thus the prediction of 

the growth rate. 

Figure 4-4 shows the results of the moment modelling of the crystal growth. Notice 

the large amounts of noise in the raw growth function. This is due to the numerical 

integration procedure, which is inherently sensitive to the noise on the experimental 

data (Jager, 1990). It was found that the majority of the noise in the growth function 

was due to the noise in the third moment. Smoothing of the third moments (using a 

moving average of 5) results in a much smoother growth function as shown by the 

'smoothed' curve. 
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