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SUMMARY 

An analytical method based on the total 

formaldehyde content of Pentaerythritol (P.E.) was 

found suitable for the quantitative analysis of an 

unidentified formal impurity (called Compound X in this 

work) in P.E. in the absence of other formals. An 

eutectic was found with P.E. and 40% di - P.E. melting 

at 185.5°C. The morphology change below 200°C 

reported by Berlow et al (49) was thought to be, in 

fact, an eutectic formation due to traces of di - P.#. 

A complicated solid/saturated solution phase 

equilibrium system exists between P.E,. and its 

associated impurities di - P.E. and Compound X in aqueous 

solution. However, the equilibrium curve for Pure P.E, 

and P.E. containing respectively 4.73% Compound X, 

< 0.1% di - P.E. (Batch &) and 4.3% Compound X, 1.0% 

di - P.E, (Batch C) could be correlated above 50°C by. 

the equation: - 

logi9 xX = 5.072 - 1266 

It was found difficult to measure the growth of 

crystals from fluidised bed experiments by direct crystal 

measurement as the growth rate of P.E. was so slow; 

therefore a method was used following the decrease in 

supersaturation of solution by refractive index 

measurements, and the crystals were suspended by 

agitation. The growth rate constants were calculated



assuming a first order growth rate with respect to 

supersaturation which proved suitable within the limits 

of experimental accuracy. The growth rate constants 

K obtained for Pure P.E. and Batch A between 50°C ani 

g0°C were correlated by the equations:- 

Batch A : logio Ris AS eNOL: = 6710 

With activation energies for growth of 18.4 and 30.65 

K cal/g mole for Pure P.E. and Batch A respectively. 

The growth rates were the same at about 67°C but below 

this temperature Compound X inhibited the growth.
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INTRODUCTION 

During the final production stages in the 

manufacture of Pentaerythritol (referred to hereafter as 

P.E. for convenience) the process solution is cooled in 

a batch crystalliser. This results in a product 

consisting of agglomerates of a few large crystals and 

a large number of small ones - see fig. 2@a. The 

amount of this fine material is such (25 mass % < 200 

mesh, 18 mass % < 350 mesh) that it is very "dusty" and 

unpleasant to handle. 

The object of the present study was to obtain 

nucleation and growth data and the effect of various 

parameters with a view to the design of equipment to 

produce a dust free uniform sized product. The form of 

this equipment might possibly be that of a continuous 

Oslo type cooling crystalliser.
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SECTION ONE 

LITERATURE SURVEY : CRYSTALLISATION 

1.1. Solubility 

The first requirement for the study of any 

crystallisation process is the phase equilibrium 

diagram. A typical example of the type of diagram 

obtained for the system pure solute dissolved in pure 

solvent is shown by the line F.B.D. called the 

*solubility' curve in fig. 1. This curve defines the 

mass of solute which is in equilibrium with a given mass 

of solvent at various temperatures; the solvent is 

then said to be saturated with respect to the solute. 

For systems of more than one solute each must be studied 

individually. Gibbs' Phase Rule relates the number of 

components, C, phases P, and degrees of freedom, F of a 

system by means of the equation, 

P+ F = 6 + 2 

However for "condensed" systems the pressure can be 

ignored and hence: - 

a 
f P + F = 6 + 1 

where F is the number of degrees of freedom, not 

including pressure.
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A solution which contains more dissolved solute 

than that represented by the saturation composition is 

termed "supersaturated". Ostwald (1) seems to have been 

the first to introduce the terms "Labile" and "Metastable" 

zones which refer to the supersaturated solutions in 

which homogeneous nucleation will, and will not occur 

respectively. 

Miers (2) did considerable research on this subject 

by studying the refractive index of solutions. Although 

he realised that factors such as the rate of cooling had 

an effect on the limits of supersaturation, he believed 

that supersolubility was a real property of solutions and 

melts under ordinary conditions. The supersolubility curve 

is shown in fig. 1 by the broken line GCE. Ifa 

solution of concentration and temperature A is cooled it 

remains undersaturated until temperature B is reached on 

the solubility curve. If further cooled it becomes 

supersaturated until temperature C on the supersolubility 

curve is reached, after which further cooling will produce 

spontaneous nucleation, The region between the solubility 

and supersolubility curves is the metastable supersaturated 

solution in which crystals are able to grow, but homogeneous 

nucleation does not normally occur. It is possible to 

produce supersaturation not only by cooling but also by
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evaporation or sometimes by the addition of another 

solute soluble in the solvent. The concentration then 

follows line AD E, Fig. l. Combinations of these 

three methods are also used on an industrial scale. 

The supersaturation curve is affected by many variables 

and is now considered to be a region of supersaturation 

rather than a definite curve, which is roughly parallel 

to the solubility curve. 

The phenomenon of supersolubility can be explained 

by the enhanced solubility of fine particles. Ostwald 

(1) found that if a solute was finely ground before 

dissolving in water a solubility that was greater than 

the normal solubility was obtainable, He derived the 

equation which was later corrected by Freundlich (3) tos- 

in 

  

Al
e 

Where c.. and . are the solubilities of the spherical 

particles of radius r and. respectively, , is the suriace 

energy of the solid particle in contact with the solution, 

V is the molar volume, T is the absolute temperature and 

R is the gas constant. In the derivation of this equation 

it was assumed that the particles were spherical, the 

dissolved solid obeyed the gas laws, and that o and op 

were independent of particle size. A number of workers
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have postulated corrections to the Ostwald - Freundlich 

equation; e.g: consideration of the energy contributions 

of edges and corners to the total surface energy; 

allowance for the degree of dissociation or ionization of 

the dissolved solid; and the variation of surface 

energy with particle size. However the equations deduced 

all postulated a continual increase in solubility with 

reduction in particle size. 

Knapp (4) showed that, if the opposing effect of 

the electric charge on the surface tension of a particle 

was considered, the particles were assumed to be isolated 

charged spheres and their charge independent of size, 

then the Ostwald - Freundlich equation was modified to:- 

In ¢ Ss - a 
r tee ee ¥ c. & (2 iit 

Where q is the charge and K the dielectric constant of 

the medium in which they are dispersed. From this 

equation the solubility can be shows to have a maximum 

when ys ge ) 1/3 

4nKo 

However according to Helmholtz's theory there 

arises at the interface of disperse particles and the 

dispersion medium an electrical "double-layer". If then 

each particle is regarded as a double-layer condenser, its
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electrical energy is given by: qzd 
2Kr(r + d) 

where gq is the quantity of electricity on each layer, d 

is the distance between the layers and r is the radius. 

If d is negligible compared with r this reduces to: q?d 

3 2Kr* 

The Ostwald - Freundlich equation then becomes: 

m Sr “E(% agra 
Co RT r bnkr> ; 

and the solubility is than a maximum when r = ( sad , 
TKO 

Dundon (5) found appreciable increases in the 

solubilities of @.2y4 to 0O.5y particles of Poi,,; 

AgoCro) ; PDF,» 

the solubility rose to a maximum on decreasing the particle 

Srso, ; Bas, and CaF, and he found that 

size further. Roller (6) studied the solubility of 

gypsum and found that the solubility rate was proportional 

to the specific area at sizes above 25 uu, that between 

25 , and 2.8 , the solubility rate increased more rapidly 

than the surface exposed and that below 2.8 y the 

solubility rate hegan to decrease again. 

1.26 Nucleation 

Crystallisation is a two step process involving 

first nucleation and then the growth of the nucleus to 

macro size, Nucleation involves the activation of smaller 

unstable particles called embryos. An embryo formed in 

the metastable region is very small and will dissolve on
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on account of the increased solution potential. As the 

degree of supersaturation is increased the size of the 

embryo which can be tolerated by the solution decreases 

to a critical size where the embryo becomes a nucleus 

possessing sufficient excess surface energy to form a new 

phase and growth begins. 

Two types of nucleation are apparent, Primary 

nucleation and Secondary nucleation. Most Primary 

nucleation processes occur heterogeneously as it is 

extremely difficult if not impossible to avoid extraneous 

nuclei, Van Hook and Frulla (7) found that by carefully 

preparing samples of 1 to 5 em of sucrose solution the 

metastable limit was raised to a supersaturation of about 

1.6 (defined by the ratio of the concentration of the 

supersaturated solution to that at equilibrium) at ordinary 

temperatures as compared with the previously accepted 

limit of 1.2. The samples had to be prepared by careful 

dissolution followed by deactivation of latent nuclei by 

heating at temperatures at least 20 deg. C above saturation, 

and after sealing in closed tubes. They then averaged the 

observations of at least 50 droplets of solution and found 

that the nucleation rate decreased to a limiting value of 

about one half the rate observed in the carefully prepared 

larger samples. These results seem to imply that this
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phenomenon is due to the diminished probability of 

smaller samples containing foreign nuclei. The primary 

nuclei then grow in the supersaturated solution giving 

birth to fresh nuclei: this is termed secondary 

nucleation. 

Les ae Primary Nucleation 

1.2.1.1. Homogeneous Nucleation 

When nucleation occurs the transition from the 

metastable phase to the stable phase represents a decrease 

in the degree of molecular mobility, a decrease in the 

free energy of the system and so demands expenditure of 

energy to create the stable phase. The total quantity 

of work required to form the stable nucleus is the sum of 

the work required to form the surface and the work 

required to form the bulk of the particle. 

Gibbs (8) was the first to find that the work of 

formation of a droplet from its vapour equals one-third of 

that required to form the surface of the droplet. 

The total work required to form a droplet from its 

vapour, W=ac-VaP where o is the surface energy per 

unit area, and r is the radius of the droplet.
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a = surface area of droplet = har? 

Vv = Droplet Volume = Unr? 
2 

4 P = Pressure difference in droplet= 20 
r 

. @ W = aro 

3 

Similarly for the homogeneous nucleation of a 

small particle from a solution the excess free energy 

A G between the particle and the solute in solution is 

equal to the sum of the surface excess free energy A G. ; 

ies the excess free energy between the surface of the 

particle and the bulk of the particle; and the volume 

excess free energy, AG, per unit volume, AG, , i.@.: 

the excess free energy per unit volume between a very 

large particle and the solute in solution. 

sie AG = AG 3 = V AG, 

For the spherical particle AG = Uaréo - Une aG, 

3 

The maximum value of AG occurs at a critical 

size r, and represents the free energy oi formation of the 

critical nucleus. 

  

At equilibrium qaqG = 0 and for the above 

“ar 
quotation: 

r = 20 

e AG 
Vv 

. : \ oO 

AG, = Tor



It has been shown that the Ostwald - Freundlich 

equation relates supersaturation, S » to particle size 

of a spherical particle by: 

on “yr = anS = 2oV 
C RTr 

so for the critical spherical nucleus 

5 20V 
RT2nS 

and the free energy of formation of the critical spherical 

  

nucleus becomes: 

AG. = 16no°V" 
. aad 2 

oR 1 (an'S) 

Kinetically the formation of muclei can be assumed 

to be a series of bimolecular reactions of the form 

critical nucleus 
ay yy * 2, 

The rate of nucleation, J, i.e., the number of 

nuclei formed per unit time per unit volume can be 

expressed in terms of the Arrhenius reaction velocity 

equation: 

T= © exp (=0¢ 

where c is a constant of proportionality. 

ee For spherical nuclei Y= ¢ exp/ 16se°0 })-- iy 

3R°T> (ens)?



Becker and Doering (9) assumed that embryos of all 

sizes up to the critical size achieve a non-equilibrium 

steady-state distribution by growth and decay processes. 

They introduced a non-equilibrium factor into the equation 

for the rate of nucleation to allow for the backflux and 

decrease in embryo population caused by the growth of 

nuclei. 

Becker (10) proposed the nucleation rate equation 

JERS exp (—"p ~ ai) 
KT KT 

Where K is the Boltzmann constant and 4 a is the free 

energy of activation of diffusion. The alternative 

equations for the nucleation rate have been reviewed 

(11) (12)(13) but are generally of the form of equation 

(1), 4G) being assumed constant over a limited 

temperature range. 

oper ye Heterogeneous Nucleation 

The presenre of a solid impurity in a super- 

saturated solution can act as a catalyst for nucleation, 

and it has been shown that homogeneous nucleation is very 

difficult if not impossible to produce in practice. 

Howevér, not all impurities in a particular system will 

act as accelerators and it is in fact possible for some 

to act as nucleation inhibitors.
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The free energy of formation of the critical 

nucleus for heterogeneous nucleation 4G)! is related 

to the free energy of formation of the critical nucleus 

for homogeneous nucleation 4G, by: AG,' = ¢AG, 

where ¢ is a factor less than unity. 

Votmer (14) has related the factor ¢ to ° 

which is the angle of contact between the crystalline 

deposit and the foreign solid surface and is analogous 

to the angle of wetting in liquid-solid systems: 

¢ = (2 + cos @)(1 - cos 9) 
4 

° 
When °® =180 , ¢=1 and 4 G.' is the same as for 

homogeneous nucleation. 
fe) 

When 9 =O, 9=0 andaG.'=0 
fe) ° 

When ¢ lies between O and 180 4 G.' <4 G and se 

the impurity acts as a nucleation accelerator. 

Preckshot and Brown (15) have studied the effect 

of crystallographically similar, insoluble, ionic crystals 

in nucleating quiet supersaturated solutions of Potassium 

chloride. The time required for nucleation for various 

fixed degrees of supersaturation were measured conductometric- 

ally. They found that for the same time necessary for 

nucleation, lead sulphide promoted nucleation at a lower 

degree of supersaturation than an unseeded solution; lead 

telluride required even less supersaturation; and lead 

selenide was the most effective.
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Telkes (16), working on the nucleation of 

supersaturated inorganic salt solutions, has added data 

to strengthen the theory that an additive will accelerate 

nucleation only if its crystallographic structure and 

that of the salt to be crystallised agree within 15%. 

1.2.1.3. Induced Nucleation 

Nucleation can be induced to occur in supersaturated 

solutions free of extraneous material, below the 

supersaturation necessary for homogeneous nucleation. 

This can be done by the effects of external influences such 

as electric and magnetic fields, ultra-violet light, 

X-rays, sonic and ultrasonic radiation, cavitations 

produced by stirring and even the mechanical impact of a 

stirrer with the vessel walls. Ultrasonic radiation 

seems to be the most effective although it is not yet used 

industrially. Two methods of generating ultrasonic 

waves are in use: 

a) Crystals which change shape under the 

influence of an electric field can be used in conjunction 

with an alternating current. 

b) A ferromagnetic bar is capable of relatively 

large changes in dimension when it is magnetised. It 

can be energised by a winding with sinusoidal voltage 

variation and transduces waves at the same frequency as 

the voltage.



oe 

Ultrasonics when applied to liquids causes 

cavitations in the liquid alternately producing areas of 

high and low pressure, The frequency and power of the 

ultrasonic waves have to be carefully controlled for a 

particular process, as while the low pressure areas cause 

embryo coagulation, high intensity ultrasonics break up 

suspended particles. 

Van Hook and Frulla (17) found this effect in the 

nucleation of sugar solutions. They found that at a 

supersaturation ratio of 1.1 for which homogeneous 

nucleation would not occur, a sugar solution would nucleate 

on momentary irradiation of ultrasonics at a frequency of 

8 k.c. and a minimum power input of 100% emn@ » yielding a 

prolific crop of crystals. However at 340 k.c. very few 

crystals developed in the same time. 

Mullin and Raven (18) also showed this phenomenon 

with stirred solutions. They found that the degree of 

supersaturation necessary for nucleation decreased with 

increasing stirrer speed only over a limited range, after 

which there was an increase before again decreasing with 

further increase in stirrer speed. They suggested that this 

increase was probably due to the fracture of nuclei at 

this critical stirrer speed yielding fragments of less than 

nucleic size.
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Liters Secondary Nucleation 

If a supersaturated solution is seeded with 

crystals, nucleation of the solution often occurs, This 

is termed secondary nucleation. 

Melia and Moffitt (20) found that secondary 

nucleation appeared to be produced by the shearing action 

of the solution on the crystals and did not normally 

occur until dendritic type growths appeared on the 

crystal surface. They also found that these secondary 

nuclei were themselves capable of producing fresh nuclei. 

Strickland - Constable and Mason (19) working on 

MgSO, 7H,0 distinguished four classes of breeding of 

nuclei: - 

(i) "Initial breeding" occured when a seed crystal 

yielded a shower of small crystals, which were originally 

attached to it, after immersion in a supersaturated 

solution. 

(ii) "True breeding" resulted from broken portion of the 

dendritic or needle-like growth on the original seed. 

(iii) "Splinter breeding" occured when a needle broke off 

accompanied by a shower of small crystallites. 

(iv) "Attrition breeding" was that which resulted from 

agitation. 

In general the rate of nucleation will be increased
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with increasing supersaturation, increasing agitation and 

increasing area of crystal seed. But combinations of 

these effects interfere with each other. 

Branson, Dunning and Millard (21) have shown that 

for continuous crystallisation the rate of nucleation & = KS" 

and they found a value of 3 for m where S is the degree of 

supersaturation. 

Randolph and Larson (22) have reported a value of 

4 for m. There are many theories on the factors affecting 

k and there is a lack of data to confirm the value of m. 

soe Crystal Growth 

The first theories on crystal growth concerned the 

morphology of the crystals and an historical account of these 

theories has been made by Buckley (23). 

Letekes Adsorption - Layer Theories 

The following theories have been abstracted from 

Buckley (23). 

"Marc (24) found that as the stirring rate was 

increased the velocity of growth increased until after a 

critical rate was reached it remained constant. He 

considered that at this stage the crystal was covered with 

an adsorbed layer of molecular dimensions. Volmer (25)
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based his theory on the existence of this layer. While 

studying the growth of mercury crystals from the vapour 

state at low temperatures he observed the crystals growing 

layer by layer. He proposed that a molecule arriving 

at a crystal surface lost only a portion of its latent 

heat and was thus bound to the surface but had complete 

mobility on the surface. The adsorbed layer consists then 

of such molecules frequently colliding with each other 

forming larger two dimensional particles. When a particle 

becomes of nucleus dimensions it would attach itself to the 

erystal lattice. This is called Two Dimensional Nucleation. 

Volmer assumed that the transfer of the particle from the 

adsorbed layer to the lattice would be instantaneously made 

up from the solution. He proposed that the relationship 

between the growth velocities V and V of two differing 
1 2 

lattice planes was given by: 

v/v Hoe a exp ( - -7 n/Rt ) 

Where a is a constant, na factor 7 1, and A andA_ the 
x 2 

heats of adsorption of the two planes. He assumed that the 

heat of adsorption of a particular lattice plane was 

proportional to the specific surface energy. 

"Brandes (26) making similar assumptions to Volmer 

considered the surface free energy to have little influence 

on crystal growth. He considered that the work of
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formation of the two dimensionel nucleus was the controlling 

factor for growth, since the growth of the nucleus to 

complete the lattice plane was very rapid compared with the 

nucleus formation. The retio of the growth velocities V 
x 

and V- on planes I and II, where the work of formation of 
2 

the nucleus is W and W , was given by: 
‘ 

¥</¥ = exp ( - (W _ w/a) 
oS 2 1 

"The work of formation was derived on a basis 

analogous to three dimensional nucleation. 

"Bravais (27) postulated that the velocities of 

growth on lattice planes depends on the densities of the 

lattice points on the planes. However there are many 

criticisms to this theory. 

"Both Kossel (28) and Stranski (29) proposed 

theories to account for the way in which atoms or molecules 

attach themselves to the crystal face. Kossel (28) 

assumed the crystal to build itself up by the indefinitely 

continued repetition of the most probably equivalent steps. 

He showed that it was immaterial to his theory whether the 

molecular attachments occurred in rows parallel to a cube 

edge or the diagonal, He expressed the eee anne 

€ as being made - of three components es é + ‘ae a 

of which é and ” were tangential to che growth direction 
Lid 

and @ was at right angles to the lattice plane. Thus
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for the original two dimensional nucleus on a new plane 

the energy release was that due to we only. For this 

particular nucleus he found that for a homopolar crystal 

the most probable position of attachment is the interior of 

the plane, followed by the edge and the corner in lower 

degrees of probability; whereas for an ionic crystal the 

probability was in the reverse order, i.e. corner> edge > 

interior. Kossel stated that once the initial nucleus was 

attached the plane would build up rapidly to completion. 

"Stranski (29) working independently and considering 

the relative work or separation necessary to remove 

molecules from various positions in the lattice plane came 

to the same basic conclusions as Kossel." 

Frank (30) showed that if a screw dislocation, i.e. 

one in which the displacement is parallel to the 

dislocation line, is present in a crystal there is no need 

for fresh two dimensional nucleation, and so the super- 

saturation needed for growth is relatively low. The face 

containing the screw dislocation will then grow perpetually 

"up a spiral staircase", If there are two such dislocations 

on a face growth will occur if the supersaturation is raised 

to a value such that the size of the critical two 

dimensional nucleus correctly oriented will pass between 

two points in the positions of the two dislocations.
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These theories have given significance to the 

"Kr factor" which occurs in the kinetic theories ( 

section 1.3.2.) and which makes allowance for the facility 

with which a surface may inforporate a particle adjacent to 

it. 

1.3.2. Kinetics of Crystal Growth 

The following consecutive steps are required in any 

heterogeneous reaction: - 

1. Transport from the medium to the reaction 

environment. 

2. Adsorption on the surface. 

3. Orientation in the surface. 

ey Desorption of products of reaction. 

5. Dissipation of products of reaction. 

For crystallisation the last two steps consist of 

the dissipation of the heat of crystallisation which will 

be rapid compared with the relatively slow growth rate, 

and so step 1 is more likely to be rate controlling than 

h or 5. =A molecule on arriving at the crystal surface is 

not necessarily immediately incorporated into the crystal 

lattice because it may either diffuse away or it may not be 

at a favourable site. As the orientation of the molecule 

accounts for the greater part of the entropy change step 3 

is more likely to be rate controlling than step 2.
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So the two most likely rate controlling steps are:- 

1. Transport from the medium to the growing 

environment. 

Zs Orientation in the surface. 

Diffusion Theories 

Noyes and Whitney (31) assumed that the liquid in 

contact with the crystal was saturated, and that 

crystallisation was the reverse of dissolution. They 

assumed that the rate at which a substance dissolves in 

its own solution was proportional to the difference between 

the concentration of that solution and the concentration 

of the saturated solution. Nemst (32) assumed the crystal 

to be surrounded by a laminar film of liquid of thickness 

b , through which the solute had to diffuse. Then: 

dm = Me G8 a8) FS 
‘dt 

Where m = mass of solute deposited in time t. 

A > Surface area of the crystal. 

Ce - Solute concentration in the bulk of the 
solution. 

ed > Solute concentration of saturated liquor, 

D = Coefficient of diffusion of the solute, 

However this equation suffers from the defect that 

it assumes the liquid in contact with the crystal is 

saturated, whereas it is known that it is supersaturated,
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Mullin (33) has shown how Berthoud (34) and Valeton (35) 

suggested that there were two steps involved in 

erystallisation: diffusion to the crystal surface and 

then a first order 'reaction' when the solute was 

incorporated into the crystal lattice. 

Hence dm = BC eed a ite Se ete LD 
‘at a s 1 

3 “Kd ar 

Where Kd -: Coefficient of mass transfer by diffusion 

Kr A rate constant for the surface reaction. “ 

Surface Reaction 

Cartier et al (36) modified an equation by Amelinckx 

(37) for the resistance to crystallisation due to the 

surface reaction. This particle integration rate was 

based on a statistical determination of the rates of particle 

attachment and detachment at a crystal face. Cartier et al's 

modification satisfactorily correlated the particle integration 

rate d:ateof citric and itaconic acids: 

dm = Ee Cerne (6-18. = -C). ese 1p ee) 
at f£ 

Where O-- 1 au V 
ieee 

particle integration factor 

attachment energy of the crystallising 
particles. 

C = solution concentration at crystal face (%m/v) 
f



ake 

solution concentration in the bulk 

liquid (% m/v) 

o
 

a 

A e Boltzmann's constant. 

dm 4 
Hence a plot of ln ( Gt K) against 

> L 
C - C , where the concentrations are in weight % should 

a. a straight line of slope ep? . A value of K has to 

be determined by trial and error which will give an intercept 

of In K. It was found that K and 9g could be expressed in 

terms of the absolute temperature. 
3/4 

K = 4 or + 6 

Po=B-A 

1 
Where “, 6 ,A and B are constants, and 5 is the 

solution density. 

In order to assess the contribution of each 

resistance on the growth process it is necessary to try to 

elliminate one of them. As the thickness of the diffusional 

film is inversely dependent on the liquid velocity relative 

to that of the crystal, the diffusional resistance can be 

made negligible at sufficiently high relative velocities. 

Mare (24) studied the effect of agitation on growth 

rates and found that the degree of agitation had little 

effect beyond a certain point. The growth rate was then 

dependent on the second power of supersaturation. However, 

other workers (38), (39) have found that the rate of growth 

in well agitated vessels was a linear function of super- 

saturation.
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Cartier et al (36) also studied the effect of 

agitation and found that at sufficiently high relative 

velocities the diffusional resistance was insignificant and 

they were able to correlate their results in the form of 

equation (2). 

McCabe and Stephens (40) studying the rate of 

growth of copper sulphate pentahydrate crystals in an 

agitated solution at constant supersaturation found that the 

rate of growth, r , could be expressed in terms of the 

relative We icelsy, u, between crystals and solution, the 

interfacial growth rate, r , and the growth rate at zero 

  

i 
velocity, r , by the empirical equation: 

O 

- a 1 1 
r : : + BU 7 
g ° d. 

Where 8 is a constant. 

They found that the growth rate was not affected 

directly by crystal size, but, at low values of u, r , is 

markedly influenced by the crystal-solution relative 

velocity. As u increases the effect of velocity on growth 

rate diminishes and finally becomes negligibly small. MThis 

is consistent with the view that the growth process consists 

of a diffusion process and a surface reaction in series. 

As temperature has a greater influence on the kinetics
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of a reaction than on the physical property of the solution, 

the extent of the resistance to crystallisation presented 

by the surface reaction can be seen by studying the effect 

of temperature on the growth rate. The effect is 

indicated by the value of the activation energy involved, 

Van Hook (41) compared the activation energies of 

viscosity, diffusion and growth, with the conelusion that 

the former two were considerably less than the third over 

the normal temperature range. The comparison was made at 

a constant supersaturation ratio of 1.05 and the three 

values approached a common low level only at high 

temperatures. The high activation energy associated with 

growth was of the order normally associated with purely 

chemical reactions rather than physical processes. 

Rumford and Bain (42) determined the rate of growth 

of sodium chloride crystals in a fluidised bed for different 

supersaturations over the range 26 to 73. C. Below 50 C. 

the rate of growth plotted against supersaturation was non 

linear showing the growth rate to be surface reaction 

controlled. Above 50 C. the growth rate was linearly 

dependent on supersaturation. This could either be a first 

order surface reaction or diffusion controlled growth. 

As the activation energy for crystallisation was found to be 

5.4 K cal/ mole , they considered the growth rate to be 
° 

diffusion controlled above 50 C. Cooke however in a
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discussion (42) disagreed with this conclusion and 

suggested that the growth rate was diftusion controlled 

at all temperatures, but the contribution of the surface 

reaction is greater at lower temperatures and super- 

saturations. He suggested that if the authors had 

continued their work for higher supersaturations the 

curves would have become linear for all temperatures. 

Hixon and Knox (43) found the rate of growth 

coefficients to depend both upon the mass transfer 

coefficients which varied with fluid velocity and the 

rate coefficient of the surface reaction. They 

correlated their results on the growth rates of single 

crystals of copper sulphate and magnesium sulphate, on a 

dimensionless basis to allow the mass transfer 

coefficients to be compared with mass transfer 

coefficients or heat transfer coefficients in other 

Kd 3 8 (exe ) 0.6 ) 0.3 

x u MD 

m 
These are the Sherwood, Reynolds and Shmidt numbers 

systems: - 

respectively. 

Where Dn = Molar diffusivity 

ad = equivalent diameter of the crystal 

v = relative solution - crystal velocity (ft/hr) 

9 = density of solution 

yp = viscosity of solution 

M = mean molecular weight of the solution
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To correlate the data on this basis it was 

necessary to assume that a resistance was being presented 

by a surface reaction of first order for magnesium sulphate 

and of second order for copper sulphate, 

Bransom (44) has shown that for a fluidised bed the 
x 

growth rate (dt) can be correlated in terms of a modified 
z 

Reynolds number Re ; 

POSS 
os ee 8 fe) s 

“at 
4 

Where Re = 2r., vi /u , @. = Gpecifie 
fr v 

growth rate, S = supersaturation, r = crystal equivalent 

radius, a density of liquid, u = liquid viscosity, and 

Vv relative velocity. 
Vv 

Using the data of Hixon and Knox (43) he found 

n = 1] for both copper and magnesium sulphate, b = 0.65 

for copper sulphate and b = 0.3 for magnesium sulphate. 

He further showed that for a given continuous crystallisation 

process, u and pe, are constant and Z varies very little 

so that 
b n 

dr 18 Ff S 
dt 

and when the growth rate of crystals is expressed in this 

form most of the important operating parameters of a 

continuous crystalliser can be predicted. 

Bransom and Palmer (45) working on an Oslo type of
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crystalliser found the exponent b = 1.0 when 

calculating average growth rates for a bed of crystals. 

However when size analyses were done on the individual 

beds before and after growths it was found that 

b-=1.5. This was explained by the size classification 

occurfing in the bed. 

Bennet (46) has used the data of Rumford and Bain 

(42) to obtain a value of b = 0.171 for the same 

correlation, 

However the exponents b and n will vary according 

to the type of system and the material used.
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SECTION Two 

LITERATURE SURVEY : PENTAERYTHRITOL (P.E.) 

2.1. Crystal Structure 

Von Groth (47) states that P.E, crystals should be 

tetragonal bipyramids on (001). He showed the morphology 

as fig. 2. 

Berlow, Barth and Snow (48) state that P.E. has a 

body centred lattice of tetragonal symmetry with two 

molecules in the unit cell. The crystal has a four-fold 

alternating axis of symmetry parallel to its c - axis. 

The dimensions of the P,E. crystal are a = 6 .10A and 

c= 8.734. The central carbon atom of one molecule in the 

unit cell is at (0,0,0) and that of the other at (3,4,3). 

The molecular units are so arranged that the Oxygen atoms 

are in planes perpendicular to the c — axis. The oxygen 

atoms of four neighbouring molecules are arranged in the 
° 

form of a square whose sides are inclined 10 to the a, and 
o 

a, axes. In P,E. the C-C bond length is 1.50A, the C-O 
2 ° ° 

bond length is 1.46A and the O-O bond length is 2.69A. The 

short distance between the oxygen atoms is regarded as an 

indication of hydrogen bonding. There is marked cleavage 

along the (001) plane which has been attributed to the 

linking together in sheets of the P.E. molecules. Shinod 

et al (49) give revised bond lengths as CC = 1.548 f 0.011A
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Puan of one layer of the tetragonal structure 
of Pentaerythritol C(CH,0H), projected on a 
plane perpendicular to the Z axis. The heights 
of the atoms in one molecule are indicated. in 

‘units of ¢c/I00 and hydrogen bonds between 
hydroxyl groups are represented by broken lines. 

  

    
    

O:C O:0H
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° 
and C-O = 1.425 + 0.O014A. Evans (50) gives a plan of 

one layer of the tetragonal structure of P.E. projected on 

a plane perpendicular to the z axis (fig. 3.). 

Rina Physical Properties 

CH OH 

PENTAERYTHRITOL : HOCH - G - CH OH 
2 2 

CH OH 
2 

Berlow et al (48) state that P.E. is a polyhydric 

alcohol with four primary hydroxyl groups arranged 

compactly around a central carbon atom. It is an odourless, 

white crystalline compound which is non-hygroscopic, 

practically non-volatile and stable in air. Its density 

is 1.396 es. The entropy of transition of P.E. is 

22.8 e.u., its entropy of fusion is 3.2 e.u., and its entropy 

of sublimation is 60.8 e.u. 

The diffusion coefficient of P.E. in water at 
o 2 2 

20 C is 0.573 cm/sec. at a normality of 0.4 and 0.589 om /sec. 

at a normality of 0.2. 

P.E. is moderately soluble in cold water, 5.6% m/m 
Oo oO 

at 20 C and freely soluble in hot water, 30.5% m/m at 80 C; 

it is only slightly soluble in alcohols and other organic
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liquids. 

I.C.T. (51) has reported the heat of combustion 

as 661 K-cal/mole and the equivalent conductance as 
° 3 

1.71 @ 25 © and 0,06 g. mol./am . 

According to Bradley and cassen 19) the vapour 
3 - ° 

pressure of ae ranges from 2.12 x 10 om. Hg at 106.4 C 
oO 

te 52.4 x 16 em. Hg at 135.1 C and is represented by the 

equation Log p = 15.17 - 7528. Nitta et al (53) on 

stated that the vapour pressure of P.E. is given by log 

p = 14.525 - 6861. Bright and Carson (54) give the 

heats of solution of P.E. in water as:- 

g. mol P.E./500 g. mol. Water Differential molar heat of 
solution K cal/g. mol. solute, 

0.381 - 5.48 

1.216 - 5.17 

2.117 - 5425 

3.025 - 5.34 

Where the thermochemical sign convention is used, 

i.e. - absorption of heat. 

Berlow et al (48) have recorded the variously 
° 

reported melting points of P.E. as ranging from 256 C to 
° 

265.5 C. They state that P.E. exhibits a polymorphic
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o 
transformation variously reported between 180 C and 

° 

192 C. Wyler and Wernett (55) report that P.E. forms 
° 

a eutectic with 35% Di - P.E. melting at 190 C. 

Bids Work done by I.C.I. on P.E. Crystallisation 

McLean and Fort (56) investigating the crystallisation 

of P.E. found that a higher yield of purer material was 

obtained by crystallisation from hot liquor rather than 

cold. They thought this to be due to the solubility 

of the impurities increasing at a greater rate with rise 

in temperature than that of P.E. 

Jackson and Gilmore (57) found on the laboratory 

scale that a decrease in the speed of stirring and in the 

initial rate of cooling during crystallisation resulted 

in the production of larger crystals of P.E. McCallum (58) 

also found that stirring had the greatest physical effect 

on the crystallisation of P.E. and that the best results 

were obtained with very slow stirring speeds. He found 

that the sugars from the manufacture of P.E. inhibited 

crystallisation and that this could be remedied by 

acidifying the solution to a pH of 2 or less and boiling. 

The presence of the acid was not necessary for crystal 

growth, however, and the solution could be neutralised 

immediately after boiling. The result was a product of 

much larger crystals. He continued this work (59)
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labelling the inhibiting by-product of formaldehyde and 

P.E. as "Compound X" and compared the crystal and dust 

formation of (a) P.E. containing 4% Compound X;_ (bd) 

P.E. treated with an iron exchange resin which reduced 

Compound X to 1%; and (c) P.E. after removing Compound X 

by boiling with 10% Hydrochloric acid. The results 

obtained showed a correlation between the dust and 

crystal size of P,E. and the presence of Compound X. 

Whetstone (60) suggested that either (a) the 

preferential rate of deposition on the (001) face should 

be reduced by introducing into the solution some compound 

to compete with the P.E. in solution in effecting 

hydrogen - bond formation with - CH,0H groups already in 

the plane to form large tabular crystals; or (b) that 

the depssition on the (001) face and possibly on the (100) 

and (010) faces should be reduced by additives which will 

become adsorbed on the surfaces and thus present to the 

P.E, molecules in solution a temporary layer of 

incompatible molecules. McCallum (60) tried this habit 

modification using "Nonic 218" (polyethylene glycol tert- 

dodecylthioether) and found that the crystals assumed a 

tabular habit but they did not appear to be any larger 

than before modification, 

Bilis Impurities in P.E, 

There are two main impurities in I.C.I. P.E., namely
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di - P.E. and compound X. The amount of di - P.E,. 

present varies from 0% to about 2% whereas compound X 

is usually about 4%. 

Di - P.E.: This is an ether having the formula: 

CH.0H CH,OH 

1 1 

HOCH, “ C - CH, ~ 0 oo CH, = C ~- CH50H 

i I 

CH,0H CH.0H 

Compound X: Wilson and Williams (61) found that 

compound X gave equivalent amounts of P.E. and its 

monoformal when treated with acid. The hydroxyl content 

of this compound X was 26% and its molecular weight 

between 265 and 270. 

They suggested that compound X could be one of the 

two following compounds: 

i) Bis pentaerythritol formal cyclic formal. 

CH OH CH.,0OH 

NON se Go ER ae ee ay Oa Rs ee ee 
2 2 2 2 2 

{ | \ 

CH OH CHp 0 
2 

| \ 

Oo — CH
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Molecular Weight 296 

Hydroxyl Content = 23% 

ii) Dimethyl formaldehyde bipentaerythritol acetal. 

CH OH CH OH 
2 2 

t t 

HOCH - C - CH,- 0 - CH, -0O- CH, -C - CH, - 0 - CH.0H 

' { 

CH.0H CHo-O - CH OH 

Molecular Weight = 344 

Hydroxyl Content = 30% 

Competitor's products have a similar impurity to 

compound X and this has been reported (62) (63) as: 

iii) Bis pentaerythritol monoformal. 

CH OH CH OH 

l { 

HOCH, - : - CH, -0O- CH, - 0 - CHo -C- CHOH 

I 

CH..0H CH50H 

Molecular Weight = 284 

Hy@roxyl Content = 35.9% 

Although this has a molecular weight nearer to that 

found for compound X, the hydroxyl content is higher. 

Barth and Snow (64) have reported a similar impurity
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which they identified by carbon and hydrogen determinations, 

hydroxyl value, molecular weight and saponification value 

as: 

iv) Formaldehyde bipentaerythritol acetal 

CH, OH ae 

MOE, = 0 4 ~Shy a 8 - OR, 2 Eee a 

CH OH CH20H 

Molecular Weight = 270 

37 «8% Hydroxyl Content 

Again the hydroxyl value is higher than that 

reported by Wilson and Williams (61). However it has 

since been found (65) that the method used for hydroxyl 

determination is unreliable in the presence of sugars 

found in purge liquors. 

The degree of polymerisation of formaldehyde in 

aqueous solution can be expressed in the form of the 

following reversible reactions: 

CH,0 + H50 am HOCH,0H 

Methylene glycol 

2 HOCH,,OH — HO (CH,0) 5H + H,0 

dimer 

—_ HOCH, OH * HO(CH0).H = HO (CH,0) 3H + H,0 

trimer
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Salkind et al (62) have proposed two possible 

sequences of reactions which account for the formation 

of di - P.E. and bis - P.E. monoformal. The first is 

based on the fact that very little formaldehyde exists 

in aqueous solution as free HCHO but it is mostly in the 

hydrated form. The reaction proceeds by splitting out 

water between these polymers and acetaldehyde, In the 

sequence of reactions methylene glycol forms P.E., the 

hydrated dimer forms di - P.E. and the trimer by a 

Similar sequence forms bis - P.E. monoformal. The other 

proposed sequence recognises the low concentration of 

HCHO in aqueous solutions but considers its high reactivity 

compared to that of its polymers. The formaldehyde 

reacts with acetaldehyde to form acrolein two molecules 

of which then react with methylene glycol to form bis - P.E,. 

monoformal. 

225. Analysis 

Berlow et al (48) state that the analysis of 

technical P.E. generally includes the following 

determinations: P,E. content, melting range, hydroxyl 

content, ash content, acidity, moisture content, water 

solubility, colour and physical state. The method given 

for the determination of P.E. content is the Benzal method 

based on the formation of the di - benzylidene acetal
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which is relatively insoluble in a dilute aqueous 

methanolic solution of hydrochloric acid containing 

benzaldehyde. Spirek and Strouts (66) give some 

modifications of this method which they report as suitable 

for P.E. in the presence of up to 154 Di - P.E. It was 

found however by Sprek and Williams (67) that formaldehyde 

found in reaction liquors caused low results and sugars 

found in purge liquor caused high results with this 

procedure. They suggested the use of chromatographic 

extraction of P.E. using celite as adsorbent and acetone 

as solvent followed by the benzilidene procedure. The 

results were found to be about 2% lower than the analysis 

by exhaustive crystallisation followed by benzaldehyde 

condensation, but it was nevertheless shown that this 

method was the more accurate, 

Macinnes and Allan (68) described a nitration test 

for the determination of P,E. concentration, but this 

method is inaccurate and should only be performed by an 

experienced operator because of the explosive nature of 

the tetranitrate. 

Murray, Brooks and Williams (69) applied differential 

refractometry to saturated aqueous solutions of P,E. 

They found that this was a good analysis methodfor 

P,E./Di - P.E. mixtures, but for technical grade P.E,
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Compound X was present which had a far greater effect on 

the refractive index than di - P.E. Colorimetric 

methods were examined in some detail for the determination 

of di - P.E. (59) and it was found that triacetyl 

hydroxyquinone reacts with di - P.E. in the presence of 

HCl to give a yellow solution which could be used as an 

indication of di - P.E. in P.E./di - P.E. mixtures. 

However, strong interference was encountered with the 

presence of Compound X. 

Murray et al (69) reported that infra-red analysis 

had been examined without success. The spectra of P.E. 

and di - P.E. were too similar to enable the small 

amounts of di - P.E. encountered to be evaluated. 

Compound X also interfered. 

Wilson and Williams (61) studied the application of 

gradient elution chromatography to the examination of 

P.E. purge liquor for the study of the closely related and 

rather unstable constituents. The method involved the 

use of a relatively weak adsorbent, cellulose, with solvent 

extraction using first a poor solvent, petroleum ether, 

which was automatically gradually diluted with a good 

solvent, As the extraction proceeded, a series of 

fractions were collection with the aid of an automatic 

fraction collector. The fractions were examined by paper
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strip chromatography. They showed that P.E. purge 

liquor contained very little P.E. monoformal and no 

detectable amount of diformal. 

Murray et al (69) showed that the colorimetric 

method based on the reaction of formaldehyde with 

chromotropic acid in concentrated sulphuric acid which 

on heating produces an intense violet colour, can be 

used for the detection of formaldehyde in technical P.E. 

It was found that the effect of P.E. on this method was 

nil, the effect of di - P.E. only veryslight and that 

the determination of formals by this method was almost 

theoretical. 

The present I.C.I. analytical method (70) involves 

acetylation of the P.E. and examination of the resulting 

product in a high temperature gas chromatograph. The 

analysis gives a direct measurement of the di - P.E. content, 

and as Compound X had never been obtained pure to calibrate 

the G.C.R. the amount present is stated in terms of the 

equivalent amount of di - P.E.
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SECTION THREE 

CHEMICAL ANALYSIS 

Sa ha Introduction 

As a high temperature chromatograph, as used by 

I.C.1I. for the determination of compound X and di - P.E. 

was not available, an alternative analytical method was 

sought. Compound X and di - P.E. are the only two major 

impurities in the I.C.I. P.E. and it was hoped to develop 

a method using a combination of iso-physical properties 

of the ternary composition system. For this work it was 

necessary to produce synthetic mixtures of known 

composition. 

Ties Mixture Components 

3.2.26 Pure PE. 

This was produced by dissolving sufficient 

commercial P.E. in 10% (W/V) HCl to form a saturated 

solution at its boiling point. The solution was refluxed 

for 1 h, cooled to OC, filtered and washed in ice cold 

water, This procedure was then repeated and the resulting 

P.E. recrystallised from distilled water, The product 

was then washed with successive quantities of ice cold 

water and dried in an oven. Its purity was confirmed by 

I.C.I. as being essentially 100% P.E. eee : i The UNIVERSITY of ASTON ! 

in BIRMIN GHAM, 

LIBRARY.
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Si Rine Di eo P.E. 

This was obtained as the commercial product 

tDIPENTEK" , It was analysed by I.C.I. as containing 

,.0% compound X but no detectable amount of P.E. 

3.2.36 Compound X 

3.2.3.1. Extraction 

The method of Barth and Snow (64) was used in an 

attempt to extract compound X from technical P.E. as 

follows. 

Technical grade P.E. (400 g) containing 4.7% 

compound X was dissolved in water at 25°C and the mother 

liquor (containing a higher percentage of compound X) 

removed and evaporated to dryness. The resulting 

crystals were boiled with ten times their own weight of 

n - propanol. The insoluble P.E. was filtered off and 

the mother liquor concentrated and chilled, producing 

20 g of crystal product. This product was analysed by 

I.C.I. as containing 15% compound X instead of nearly 

100% expected on a yield basis. 

3.2.3.2. Synthesis 

Murray et al (69) found that the amount of compound X 

in P.E. could be increased by heating with 1% aqueous 

formaldehyde solution.
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An attempt was made to produce compound X by 

refluxing P.E. with 40% formaldehyde solution. It was 

found that the amount of compound X present in the P.E . 

in fact decreased and this was thought to be due to the 

inhibiting efiect of the methanol present as a stabiliser. — 

The slight decrease may have been equivalent to that 

obtained by simple recrystallisation from water. 

Walker (71) has recorded the various equilibria, 

for different pH ranges, occuring in dilute and 

concentrated aqueous formaldehyde solutions. He also 

reported that excellent yields of formals were obtained 

by heating alcohols with paraformaldehyde at 100°C in the 

presence of ferric chloride, In view oi the uncertainty 

of the composition of compound X, tests were carried out 

under different conditions of pH and formaldehyde | 

concentration, and with ferric chloride added in an 

attempt to synthesise the compound. The P.E. used 

initially contained 4.7% compound X and < 0.1% di - P.E, 

Formaldehyde was added in the form of paraformaldehyde 

(a mixture of low molecular weight polyoxymethylene 

glycols). The results as analysed by I.C.I. are shown 

in Table 1. (Appendix A.) 

All 20% formaldehyde solutions were cloudy at first 

but cleared after about twenty minutes, This was 

probably due to the slow depolbymerisation rate, For 
-
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these solutions the concentration used of 70% P.E. was 

not sufficiently high for the P.E. to crystallise out 

when cooled to room temperature so more P.E. had to be 

added. This was possible due to the formation of P.E. 

monoformal which will not normally crystallise. It 

appears that the critical condition far the synthesis 

of compound X by the reaction of P.E. with formaldehyde 

is the long reflux time. The pH of the solution did 

not appear to affect the formation of compound X although 

the presence of ferric chloride seemed to favour the 

formation of di - P.E. 

It can be seen from table 1 that sample 11 achieved 

the largest increase in compound X, although this 

contained 0.5% di - P.E. as well as possible unknown 

formals and adsorbed formaldehyde. It was decided 

therefore to use a batch of P.E. (M 214, Bag 490), 

Batch A, containing an unusually high concentration of 

compound X and < 0.1% di - P.E. to study the properties 

of mixtures up to the concentration in the batch. In 

view of the uncertain reproducibility of the I.C.I. 

analytical method a number of samples of Batch A were sent 

for analysis giving an average result of 4.73% compound 

A and 0.1% di - P.E. (Table 2 Appendix A) Soon which 

all subsequent experiments were standardised.
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3.3. Melting Point 

rere Apparatus 

The apparatus used was a standard Electrothermal 

melting point apparatus in series with a voltage 

regulator for finer temperature control. The thermometer 

was divided in 1 deg. C. for the range oC to 360 C and 

was calibrated with pure substances of known melting 

points, fig. 4, Appendix A. The apparatus was equipped 

with three holes to accomodate the 100 mm. x 2.0 mm. 

capillary tubes provided. 

3.3.2. Method 

' I.C.I. (70) state that the temperature should be 

raised at 10 deg. C./min. and this rate gradually reduced 

after 200 C, so that from approximately 10 deg. C below 

the expected melting point the rate is closely controlled 

at 1 deg. C./min. Two temperatures should be taken:- 

a) The temperature at which there is a first appearance 

of liquid. 

b) The temperature at which crystals completely 

disappear and the liquid becomes clear. 

If the temperature range is greater than 2 deg. C, 

both temperatures should be reported. 

However, a eutectic composition was found with PLE.
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and di - P.E. which made temperature (a) constant for all 

mixtures containing di - P.E. So temperature (b) was 

the only temperature characteristic of the composition. 

This was studied by grinding samples to finer than 150 

mesh, filling the capillary tubes to a depth of about 

3 mms. and placing them in the holes provided. The 

melting point of each sample was then done in triplicate. 

The rate of heating had to be reduced to 0,3 deg.C/min. 
° 

at 5 C below the expected melting point. 

3.3.3. Results 

An eutectic composition was found with the binary 

system P.E./ di - P.E. at 40% di - P.E. which melted at 

185.5 C, (Table 3, and fig. 5, Appendix A.). Wyler and 

Wernet (72) have reported that P.E. forms an eutectic 

with 35% di - P.E. melting at 190 C. The discrepancy 

could have been due to the 4% compound X present in the 

di - P.E. The melting points of the binary P.E./ 

Compound X system were examined up to 15% Compound X. 

(Table 4, and Fig. 6. Appendix A.) The source of 

compound X used for these tests was the product of the 

extraction with n - propyl alcohol in which di - P.E. is 

completely insoluble. It was found that it was 

increasingly difficult to detect the eutectic temperature 

with increasing compound X, and for the 15% compound X 
° 

test there was no detectable change below about 200 C.
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Berlow et al (48) report that P.E. exhibits a 

polymorphic transformation variously reported between 

180°C and 192°C but no mention is made of the eutectic 

composition. Although the crystal morphology of the 

sample containing 15% compound X was not examined during 

the melting tests there was no obvious physical change 

below 200°C, while the "pure P.E. ( € 0.1% di-P.E.) with 

possible traces of di - P.E. did show the eutectic 

temperature. 

The ternary melting system P.E./di - P.E./Compound X 

was briefly examined but the technique found to be 

unsatisfactory for use in the analysis of P.E. with the 

amount of impurities normally encountered, 

3.4. Refractive Index 

Murray et al (69) applied differential refractometry 

to saturated aqueous solutions of P.E. They found that 

this was a good analytical method for P.E./di - P.E. 

mixtures but that compound X had a far greater eifect on 

this method than di - P.E, However as they used 

saturated solutions this could be expected as compound X 

enhances the solubility of P.E. in aqueous solutions. 

Tests were done to examine the effect of impurities an 

the refractive index of solutions of constant strength. 

A High Accuracy Abbe Refractometer was used and solutions
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of 3 gms./100 gms. water and 7 gms./100 gms. water 

were examined at 25°C. It was found, however, that 

although the refractometer gave the refractive index 

to five decimal places, its sensitivity was only good to 

four decimal places. This did not give sufficient 

déscrimination for the solutions analysed, although it 

was found thet the effects of di - P.E. and compound X 

were approximately of the same order and this method could 

possibly be used in conjunction with another test if a 

more accurate refractometer was used. 

3.5. _ Viscosity 

It was thought possible that the presence of the 

high molecular weight compound X might increase the | 

viscosity of P.E. in aqueous solution. Aqueous solutions 

of constant strength were made up containing various 

compositions of compound X and di - P.#. Viscosities 

were examined at 25°C with a size 25 Cannon-Fenske 

viscometer, but they were identical for the quantities 

of impurities studied. 

326. Formaldehyde Content 

3.6 ele General 

Murray et al (69) found that the "formaldehyde" 

content of P.E. could be found by a colorimetric method 

based on the reaction of formaldehyde with chromotropic
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acid in conc. sulphuric acid when, on heating, an intense 

violet colour is formed. They thought this to be due 

to both free formaldehyde adsorbed on the solid and also 

possibly combined formaldehyde in the form of formals 

and Compound X. They studied the effect of P.E. 

monoformal and P.E. biformal on this method and found 

that whereas theoretically 20% and 37.5% formaldehyde 

should be obtained respectively the actual formaldehyde 

values obtained were 17% and 32% respectively. However 

P.E. monoformal does not readily crystallise and as 

Wilson and Williams (61) found that P.E. purge liquor 

contained very little P.E. monoformal and no detectable 

amount of P.E. diformal, it was thought that the effect 

on the colorimetric method due to adsorbed formals would 

be negligible. So this colorimetric analysis has been 

modified for greater reproducibility with the view to 

establishing an accurate determination of the combined 

formaldehyde content due to compound X and adsorbed free 

formaldehyde. 

3.6.2. Total Formaldehyde : Chromotropic Acid Method 

3.6.2.1. Effect of Heat 

The biggest factor found effecting the 

reproducibility of the method was the time and temperature 

of heating the sample with the chromotropic acid and
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concentrated sulphuric acid. It was found that when 

heated at 90 ¢ compound X took more than half an hour to 

completely break down, although if the heating was 

prolonged the reagent blank discoloured. The variation 

of optical density with the time of heating at 90 °c is 

shown in tables 5 and 5A, App. A. Although these results 

serve as an indication of the variation of optical density 

with the time of heating, it was found impossible to 

obtain reproducible results in an oven because of the 

temperature distribution in the oven and the inadequacy 

of the temperature control. Hence all samples were heated 
° 

for exactly one hour in an oil bath at 90 C and compared 

with a reagent blank similarly treated. 

3.6.2.2. Reagent 

The reagent had to be freshly prepared before use. 

0.9 g. of the pure sodium salt of chromotropic acid were 

dissolved in 25 ml. water and 50 mg. of pure stannous 

chloride added. The mixture was well shaken and 

centrifuged for 30 minutes at 3,500 r.p.m. The clear 

liquid was then pipetted off ready for use. 

3.6.2.3. Procedure 

1.000 g. of the P.E. sample was accurately 

weighed and dissolved in 100 mls. of distilled water. 

1 ml. of this solution was transferred with a pipette to
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a 50 ml. volumetric flask. 1 ml. of the chromotropic 

reagent was added and then 10 mls. of 95% sulphuric acid 

was added cooling the flask in ice. The flask was 

heated in an oil bath at 90°C for 1 hour, cooled in cold 

water and made up to 50 ml. with distilled water, 

continually mixing and cooling during dilution. 

The optical density was measured by comparison 

with a reagent blank treated in the same way, measured at 

a wave-length of 570™m in 4 cm. cells using a 

"SPEKKER" absorptiometer with Kodak No. 6 filters. 

The absorptiometer was calibrated by treating 1 ml. 

of known concentration formaldehyde solutions in the same 

way as the 1 ml. of P.E. solution. The calibration is 

shown Table 6, and fig. 7. appendix A. 

3.6.3... Adsorbed Formaldehyde 

It was thought possible to determine the amount 

of adsorbed formaldehyde affecting the colorimetric 

analysis by using the Sodium Sulphite method for 

formaldehyde determination. This method involves the use 

of a very dilute acid only in the final titration, and 

as no heat is applied this would not be sufficient to 

break down the compound X present, It was found later 

(section 5) that in fact compound X is relatively stable
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in aqueous solution and does not break down to P.E. and 

formaldehyde very easily. 

S16 eke Reagent 

The sodium sulphite solution was prepared by 

dissolving 126 g. of amhydrous sodium sulphite in 

distilled water and making up the volume to 1 litre. 

3160 0ses Procedure 

Fifty ml. of the sodium sulphite solution were 

placed in a 500 ml. Erlenmeyer flask. A few drops of 

thymolphthalein indicator were added and the solution 

neutralised with 00 hydrochloric acid until the blue 

colour had disappeared. The 99 ml. of the original 

5s P.E./100 ml. Ho0 solution remaining after the 

colorimetric test were transferred to the flask. The 

formaldehyde present reacts with the sodium sulphite 

to form the formaldehyde - bisulphite addition praduct: - 

HCHO + NajSO, +H,O -» NaOH + CH, (NaSO, ) OH 

The resulting mixture was titrated slowly with the 

standard 100 hydrochloric acid to complete discoloration. 

One ml. of normal acid is equivalent to 0.03003 g. 

formaldehyde. The per cent formaldehyde in the sample 

is hence given by the equation:
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acid titer x Normality of acid x 3.003 
% HCHO = Weight of Sample 

cL 
and HCHO mg./ml. solution = % HCHO x 10 

3.6.4. Compound X Calibration 

The formaldehyde equivalent of the optical density 

obtained for the total formaldehyde content in the 

colorimetric test is known from the formaldehyde 

calibration of the instrument. fig. 7. The effect of the 

adsorbed formaldehyde, found from the sodium sulphite 

method, on the optical density is the product of the ratio 

of the adsorbed formaldehyde to equivalent formaldehyde 

and the optical density. If this is subtracted from 

the optical density the corrected optical density is 

assumed to be due to Compound X only, in the absence of 

other formals. The calibration of compound X in terms 

of the corrected optical density is shown, table 7 and 

fig. 8, appendix A. 

To ascertain whether any appreciable quantities 

of formals were adsorbed on Batch A, the sample was finely 

ground and washed in water at 20 ¢ for 12 hours. The 

resulting P.E. was analysed to contain 4.38% compound X, 

this small loss of 0.35% compound X could have been due to 

the compound X being more soluble in water than P.E., but 

it was assumed that the amount of adsorbed formals was
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negligible. 

Di - P.E. gave an equivalent of 1.88% compound X 

by this method. As I.C.I. have analysed this di - P.E. 

as containing 4.0% compound X, the effect of di - P.E. 

on this method can be neglected. 

By extrapolation Batch B (Bag P.&) was analysed 

by this method to contain 4.82% compound X. The average 

of I.C.I's analyses gave a composition of 4.9% compound X. 

Batches A, B and C (containing 4.3% Compound X and 1.0% 

di - P.E.) were used as the source materials for the 

later experimental work.
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SECTION FOUR 

PRELIMINARY EXPERIMENTS 

4.1. Batch Crystallisation in a stirred vessel. 

As I.C.I's present method of crystallisation 

involves cooling hot concentrated product liquors in 

batch operated stirred tanks, to ambient temperature, the 

effect of controlling the growth temperature was 

investigated. A 30% m/v Batch A solution was made up, 

held at 90 °¢ for complete dissolution and cooled in a 

flask while gently stirred. The flask was held at the 

nucleation temperature of 5h C for 24 h and the product 

filtered under vacuum at 50 C. The crystals were washed 

with two batches of water at oc, dried at 60 ¢ and sieve 

analysed. Each sieve fraction was examined under a 

microscope (x 70) and all fractions were found to consist 

of agglomerates: the large agglomerate particles were 

composed of particles about 1/5 the agglomerate diameter 

the smaller agglomerate particles consisted of crystals 

about 1/3 the agglomerate diameter. Only in the — 350 

mesh size were large numbers of discrete crystals seen, 

and this fraction also contained small irregular crystals 

which were presumably the "dust" produced when the large 

aggregates were broken down. The size analysis of the 

product is shown B.C.T. 1, fig. 9, Appendix B.
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A similar test was done on a 30% m/v Batch C 

solution which was grown for 3 hours at the nucleation 

temperature of 55.3 C. The product was given one wash 

with ice water and one with acetone, and then dried at 

60 Cc. The sieve analysis is shown B.C.T. 2, fig. 9, 

appendix B. Although the size distribution appears 

similar to B.C.T. 1 the microscope indicated that in the 

smaller size fractions agglomeration was limited and many 

well shaped crystals were observed. The smallest crystals 

were again about 20 pa diameter, but there was practically 

no material smaller than this at all. This is in 

contrast to the original, Batch C, feed which contained 

a large amount of exceedingly small irregular crystals. 

4.2. Pilot Plant Oslo cooling crystalliser (fig.10) 

A 6 in. diameter pilot plant Oslo type cooling 

crystalliser was available which had not been commissioned, 

An attempt was made to operate this with P.E. but was 

unsuccessful for the following reasons: 

a) The crystalliser had been built from standard 

glass (Q.V.F.) sections and had a hemi-spherical base. 

The bulk of the seed bed would not fluidise in this base 

but formed a solid cake with a small cone shaped 

fluidised bed at its centre. 

b) The cooler was of too large a diameter and tended



  

era 

—
e
 

  

       



 
 

Soe 

 
   

a
t
 
c
e
r
t
 

Co WEL R
e
e
 hd 
d
e
d
a
d
e
d
h
 

t
e
d
 

d 
d
i
t
t
 

e
d
 
P
e
 

re 

 



ie 

to build up its own fluidised bed from transported fines. 

c) Although the cooling water could be recirculated 

so that any degree of supersaturation could be produced 

as desired without excessive temperature drop at the heat 

transfer surface, it was found that the growth rate of 

P.E. was so slow that there was very little loss of 

supersaturation of the recirculated liquor. Hence heating 

tape was required to compensate for natural cooling 

losses when operated above room temperature. 

da) There was no rapid control of the mother liquor 

concentration. The only check on the concentration was 

by removing samples and evaporating to dryness, by which 

time the addition of too much feed had produced 

homogeneous nucleation, 

4.3. Measurement of Crystal Growth in a small-scale 

fluidised bed. 

4.3.1. Apparatus 

Fig. 11 shows a sketch of the apparatus used. A 

supersaturated solution was placed in the 2 litre feed 

aspirator A and throttled through a needle valve, B, which 

had an extended spindle for ease of use, through the 3" 

diameter crystalliser body, C, into the receiving vessel 

D. Flow was due to the pressure drop created by a 

vacuum pump. The apparatus A, B and C was immersed in
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an oil bath thermostatically controlled to # 0.01 deg. C 

Four such sets of apparatus were used in parallel, each 

connected to the receiving vessel D. Receiver D had a 

controlled air bleed M which together with the valves B 

allowed a fine control of the liquid flow rates. The 

flow rates were measured by manouvering graduated tubes, 

attached to a glass arm, N, in the receiver, into the 

paths of the individual liquid outlets. The effect of 

the head of feed liquid on the flow rate was prevented by 

placing a tube open to the atmosphere through the 

aspirator stopper. Items A, B and C were connected by 

neoprene tubing; C and D were connected by thick walled 

rubber tubing wound with heating tape. 

The crystal bed was supported by a No. 4 porosity 

(5.6 LD p pore diameter) sintered glass dise sealed round 

its edge by an O - ring clamped by brass plates between 

two neoprene gaskets. Both epoxy resins and impact 

adhesives were found unsatisfactory for sealing the disc. 

re Oe Size Analysis 

A size analysis of the fluidised beds was made 

before and after each run by means of a 'Coulter Counter! 

particle size analyser (Appendix C). This instrument 

determines the number and size of particles suspended in 

an electrically conductive liquid by passing a measured
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volume of suspension through a small orifice having an 

immersed electrode on either side. If the largest 

particle diameter is less than 40% of the aperture diameter 

and its length is shorter than that of the aperture, it 

can be shown that the change in aperture resistance is 

directly proportional to the particle volume. 

i.e. AR = Pr. 1 =p ite ane 

where 4R * the change in resistance produced by the 

particle, 

po + the electrolyte resistivity. 

p = the particle resistivity. 

Vv > the particle volume. 

A = the orifice area normal to the axis. 

a > the projected area, parallel to the orifice 

axis, of the particle as it is oriented in 

passing through the orifice. 

Hence for a given sample and electrolyte, all 

factors on the right hand side of the equation will be 

constant except V and a which change with particle size. 

Now if the particle diameter is restricted to less than 

about 40% of the orifice diameter, the facter will be 

negligible and AR will be directly proportional to the 

particle volume V.
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As the particles pass through the orifice the 

voltage pulses they produce are amplified and fed to a 

threshold circuit having an adjustable threshold level. 

If this level is reached or exceeded by a pulse, the pulse 

is counted, By pre-calibrating the threshold circuit 

and taking a series of counts at selected threshold 

levels, data are obtained for plotting a cumulative size 

distribution. 

Before plotting the counts are corrected for 

coincident particle passages and for the background count 

due to the particles present in the electrolyte. To 

keep the coincidence corrections at a moderate level it 

is necessary to have a very high dilution. For the 

P,E. crystals counted this was found to be approximately 

0.01 g. of crystals in 250 ml. of electrolyte. The 

electrolyte used was first filtered through a ed a 

porosity Millipore membrane filter to keep the background 

count as low as possible. 

Wed 3s Procedure 

Solutions of knowNconcentrations were made up and 

placed in the four feed aspirators A, with the two 

thermostatically controlled oil baths set to the same 

temperature. The calculated theoretical limits for the 

fluidisation of P.E. crystals in water are shown in figure
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12, appendix B. From preliminary tests it was found 

that crystals 4b diameter were very difficult to 

fluidise, however a small seed size was necessary to 

enable the Coulter Counter to be used for size analysis, 

so a close cut seive fraction 64 - 75m seed size was 

used. As the seed was ground Pure P.E. preliminary 

growths were done for one hour in a beaker of super- 

saturated solution at the temperature of operation to 

obtain the usual crystal morphology. The crystals were 

then allowed to settle, the liquor filtered off and 

saturated solution added. The suspension was divided 

into four volumes and a size analysis done on each. The 

suspensions were then transferred to the crystalliser 

tubes, C, and the vacuum applied drawing supersaturated 

solutions through to receiver D where the flow rates were 

measured. Manometers were initially used before the 

erystallising tubes as flgw indicators but found 

unsatisfactory due to the very low flow rates used. The 

erystal bed expansions were used as indications of constant 

flow rates, assuming negligible growth, throughout the 

runs. For the higher temperature runs transference of 

the seed after preliminary growths was found unsatisfactory 

and the preliminary growths were done in the crystallising 

tubes. Sampling of the beds in the crystallising tubes 

was done using a 1/16" bore stainless steel tube preheated
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to the temperature of operation. The average of three 

samples was taken for each size analysis. 

kedche Results 

Growth rates were measured for Pure P.#. at four 

different supersaturations at 25°C and 40 C at fluidisation 

rates of 1 cm /min. for a period of five hours. However 

no detectable growths were obtained, the changes in size 

analysis being within the limits of accuracy of the 

sampling procedure and the Coulter Counter, 

Several attempts to measure the growth rate of 

both Pure P.E. and Batch A material at 60°C and 70°C 

were made but difficulty was experienced in maintaining 

properly fluidised beds. In fact all runs agglomerated 

causing channelling in less than two hours and no 

measurable growth was obtained during this time. A run 

was done on Batch A at 80 C which lasted one hour before 

agglomerating and again no growth was apparent. A 

possible cause was later thought to be due to the nature 

of the seed of Batch A and a run was done at 70.0 C using 

specially prepared seed (Section 6.2.4.) fluidised with 

28% m/v P.E. at a rate of 4 cm’/min. The run lasted 

2% hours during which time the bed agglomerated several 

times and was broken up manually. No preliminary growth
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was attempted for this run and the size analyses obtained 

before and after, L 1 and M1, respectively are shown 

tables 8 and 9 and fig. 13 (Appendix B). These two 

curves were typical of the results obtained with the 

fluidised bed growth experiments,
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SECTION FIVE 

P.E. EQUILIBRIUM IN AQUEOUS SOLUTION 

Sele Stability of Compound X in aqueous solution 

As compound X could be synthesised with 

formaldehyde and P.E. in aqueous solution, and in view 

of the sequence of reactions for bis - P.E. monoformal 

proposed by Salkind (62) an attempt was made to obtain 

information on the overall decomposition reaction rate 

constant K, expressed by: 

Compound X —> PE +. HCHO ( 50) 
K 

2 

An almost saturated solution of Batch A P.E. was 

made up and placed in a flask in an oil bath maintained 

at 90.0 C. The flask was purged with a stream of nitrogen 

at a rate of approximately 3 ft?/h. The concentration 

was kept constant by periodically adding water. Samples 

were sent to the analytical laboratories of I.C.I. after 

LO ft? and 60 rt? of nitrogen had been used. The results 

of this test were within the limits of analytical accuracy 

for Compound X. The experiment was repeated sampling 

periodically until 200 ft? of Nitrogen had been used. The 

samples were analysed by the ‘Formaldehyde Content! method
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described in Section 3.6. The results were again within 

the limits of analytical accuracy (i.e: approx. * 0.2% 

compound X). Hence it was assumed that compound X does 
° 

not easily decompose in aqueous solution below 90 C. 

Res Preliminary Solubility Determinations 

5.2.1. Introduction 

Equilibrium of solute in solvent can either be 

approached from undersaturation or from supersaturation. 

It was hoped to attain equilibrium of P.E. solutions 

quickly by using ultrasonics, and for this purpose an 

ultrasonic probe was used which was immersed in the 

solution and emitted ultrasonic waves at a fixed frequency 

of 20 Ke/s. However, the heat generated raised the 

temperature of the solution being studied by several 

degrees in a few minutes. The ultrasonic probe could not 

be used, therefore, to attain equilibrium from under- 

saturation although it was found to be a very effective 

nucleator for supersaturated systems, the smaller the 

degree of supersaturation, the longer it being necessary 

to apply the ultrasonics. It was also found that even 

when the solutions were nucleated with the ultrasonics 

it took days to attain equilibrium unless they were stirred. 

Rees Rate of approach to equilibrium 

To study the effect of impurities on the attainment
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of equilibrium the following method was used. 

A supersaturated solution was made up of 

20g. P.E./100 g. water and dissolved at about 50°C. It 

was allowed to attain the desired eouilibrium temperature 

ef 25°C ins thermostatically controlled water bath and 

the ultrasonic probe was applied to nucleate the 

solution. Once nucleation had occurred the solution was 

stirred at a constant speed. The specific gravity of 

the solution was then measured periodically to find the 

time necessary to attain equilibrium at this temperature. 

To measure the specific gravity the stirrer was stopped, 

the solution was filtered out using an immersion filter 

into a double jacketed vessel through which water at 

25.0°C was circulated and the weight of a sphere totally 

immersed in the solution was measured using a sensitive 

balance, By comparison with the weight in air and in 

water at 25°C the specific gravity could be calculated, 

The variation of specific gravity with time for different 

P.E. mixtures is shown Table 17. It can be seen that 

the presence of Compound X makes tha attainment of 

equilibrium much slower and that the value obtained is 

not the same when approached from undersaturation as from 

supersaturation. This test was repeated with the same 

result, and a complicated system similar to the 

NaCl - Na,Fe (CN), - H,0 system (73) was anticipated.
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The graph of specific gravity at 25.0 C w P.E. concentration 

is shown in fig. 14 and the equilibrium values obtained 

are shown in table 18. These values have been shown 

(points G) in the equilibrium diagram fig. 20. 

S26 3. Solubility by evaporation 

In order to determine the solubilities of P.E. 

with its associated impurities in water at various 

temperatures, supersaturated solutions at the particular 

temperature were made up, nucleated with the ultrasonic 

probe and stirred in a beaker, immersed in a thermostatically 

controlled oil bath, for about 12 hours. Approximately 

10 ml. of the solution was then pipetted out using a pipette 

preheated to the appropriate temperature through an 

immersion filter and transferred to a crucible. The 

weight of the solution was recorded and the water was 

evaporated off in an oven at 90°C. The results of these 

solubility determinations are shown table 19 and have been 

included (points S) in the equilibrium diagram fig. 20. 

This method, however, was not found to be very satisfactory 

for solubility determinations at high temperatures as the 

solutions easily crystallised out in the pipette on 

transferrence and inaccuracies were caused through 

evaporation before weighing.
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5 id Refractometer Studies 

As it had been found Section 3.4. that the 

refractive index of aqueous P.E. solutions was not very 

sensitive to the impurities normally encountered in 

commercial P.E., this property was studied for suitability 

of concentration measurements. 

5.3.1. Apparatus. (Fig. 15) 

Two standard Bellingham and Stanley in-line 

refractometers (Nos: 583215 and 583213) were used having 

scales indicating 0 - 40% sugar at 20 C. Water jackets 

were fitted round the body castings and supplied with 

water from Townsen and Mercer TU 3 thermostat circulating 

units. The refractometers were mounted in frames with 

sodium lamps hehind them. The lower port of each 

refractometer was sealed with a rubber bung having a glass 

tube and plug for draining purposes fitted flush with the 

inside of the casting. A rubber bung fitted with a 

thermometer and with a hole large enough to accommodate 

a small stirrer could be inserted in the top port of each 

refractometer. The capacity of the instruments was 

about 300 em? . 

5s Sete Experimental Procedure 

The approximate amount of P.E. required was
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accurately weighed out and washed into a 250 cm 

volumetric flask which had been selected for having the 

volume line very low on the neck to allow for expansion. 

The volume was made up to 250 ie with distilled water 

taking care to eliminate air bubbles, The flask was 

warmed until the P.E. had dissolved and the refractometer 

was brought up to ca. 70°C or higher for more concentrated 

solutions. When the solution was at about the same 

temperature as the instrument it was poured in and the 

stirrer started. The temperaturewas then raised to 

80 - 90°C to ensure solution of any nuclei formed during 

the addition of the solution and then cooling was 

commenced, 

Readings of the refractive index (as indicated 

% sugar) and temperature were taken every 5 minutes and 

plotted as shown in the specimen calibration curve 

(fig. 16). The TU 3 unit gave a convenient temperature 

rise of slightly less than 1 deg. C./min. and the cooling 

rate under natural convection was of the same order at the 

higher temperatures. To maintain the cooling rate at 

the lower temperatures however it was necessary to use 

mains water in the cooling coils of the TU 3 unit. 

Finally the solution was reheated to about 70°C ready for 

the next test. 

In cases where nucleation occurred during cooling
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the temperature was held at the nucleation temperature 

for a while in order to get some qualitative value of 

the growth rate (section 6); this was sometimes so rapid 

that readings could usefully be taken every half minute. 

The thermostat was then set at some desired temperature 

and held until no change in refractive index occurred, 

In this way it was possible to obtain nucleation and 

equilibrium data at the same time as the calibration. 

ee er Accuracy 

5.3.3.1. Instrument Calibration 

In terms of indicated % sugar the calibration is 

of course as accurate as the experimental technique allows, 

but to convert the readings to actual reiractive index 

and make them more universally useful further calibration 

is required. The following three points were used (74) 

and are compared with the published data table (20). 

Equivalent Indicated Indicated 
% Sugar % Sugar % Sugar 

on A on B 
(ie.no. (ie.no, 
583215) 583213) 

20 
Distilled Np * 153330 0 0.4 0.05 
Water 

19.4 Analar mp” “s’ 1.3589 16.9 18.0 17s?) 
Acetone 

22.9 

Acetic 
Acid
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The mean refractive index change for both sugar and 

P.E. aqueous solutions is approximately the same at 

ca. 0.0015 per 1%. 

$3. 3ke; Reading Accuracy 

The thermometer used was graduated in 0.1 deg. C 

which was more than sufficient in view of the accuracy to 

which the refracometer could be read and the slope of 

the calibration graph fig. 16. 

The steam point and the transition of hydrated 

sodium sulphate were checked and found to be within 

0.1 ¢ of the expected values for total immersion of the 

thermometers. The correction for partial immersion, 

as used with the refractometers, is shown in fig. 17. 

Also shown (fig. 17) is the calculated correction 

obtained from the equation y = e (T, - t) L(76) assuming 

t varying between 22°C and 30 C. Where y * correction 
° 

to be added to T,3 T, = observed temperature C; ° 
e ; 0.000156 (apparent expansion of Hg in glass); and 

L = length of emergent mercury column expressed in 

degrees. 

The refractometer scale was graduated to 1% 

(sugar) and could be estimated to 0.1% with ease. With 

practice it was found possible to estimate to 0.05% but 

it was then found that a parallax error was introduced
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at this limit. In this respect it was found that the 

focusing of the instrument was important and also 

sensitive to temperature (which was close to the 

solution temperature). This indicates that P.E. 

solution concentration could be determined to t 0.05% 

( An : ca. 0.00015) as expected from section 5.1. the 

calibration curve could be retraced on heating with 

the same result as negligible impurity decomposition 

takes place. It was also found that with the rubber 

bung in the top port there was no change in the 

refractive index due to evaporation even after being 
° 

held for 14 hours at 80.0 C, 

Beds de 56 Impurities 

The calibration was based on the three materials, 

Pure P.E., Batch A and Batch C. The calibration curves, 

as expected, were almost identical for the three 

materials the average correction necessary to convert 

a reading from Pure P.E. to Batch A being to add 

- 0.16% and to Batch C being to add - 0.11%. Since 

these corrections are of the same order as the accuracy 

of the readings they were neglected and the calibration 

curve given in fig. 18 is the average of the results 

for all three materials. 

Soe hs Calibration Results
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The concentrations of the solutions tested were 

converted to % mass fraction assuming the density of 

water at room temperature, Pu = 9-998 ic and the 

density of P.E.p 1.395 ia (see fig. 19). The 

calibration data were then interpolated at intervals 

of refractive index of 0.001 using the calibration 

table 20. These data (tables 214A, B and C) were then 

used to construct the final calibration curve fig. 18. 

56 oe os Nucleation Results 

The presentation in the refractometer eyepiece 

is a dark field which when focused correctly has a sharp 

edge with a bright field. It was observed that in the 

tests in which homogeneous nucleation occurred the 

hair - line structure observed in the bright field would 

disappear and the bright field lose its brilliance quite 

suddenly and several degrees before there were any 

signs of the presence of nuclei to the naked eye. It 

was assumed that this disappearance of the hair - line 

structure gave an accurate indication of the nucleation 

temperature, 

The Ostwald - Freundlich equation (p.4) suggests 

that homogenous nucleation data might be correlated on 

a basis of log concentration v reciprocal absolute 

temperature as with equilibrium data. This has been
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done fig. 20 and the correlation then transposed to 

a linear plot fig. 2l. 

The equations of the nucleation curves are: 

McCallum's data (Plant P.E. in Mother liquor): 

loging X .* 2.659. =~ 339 

Pure P.E.: logyg x= 2.289 - $32 

Batch A and Batch C P.E.: lo eS Seki a a one 
210 oe 

x = % mass fraction T = degrees Kelvin 

52326. Equilibrium Results 

The study of equilibrium in nucleated solutions 

was considered ideal since the very large surface area 

of crystal available for growth should permit rapid 

approach to the equilibrium concentration value. The 

collected data are given in table 2ldand fig. 20, It 

is apparent from this graph that for impure P.E, 

equilibrium was approached very slowly below ca. 45°C. 

Even a change in the slope of the equilibrium line would 

not account for the scatter of results in this 

region. Above this temperature equilibrium was 

effectively reached in 4 hour or even less at the 

higher temperatures. The results of the impure material 

at the higher temperatures are very similar to those



eK 

of Cooke (75) who used P.E. of "better than 99 .6% 

purity". The results of the pure P.E. (which | 

analysed as better than 99.9% purity) gave a straight 

line identical to that of Cooke. The equilibrium 

values obtained from the growth experiments (section 6) 

table 22 have also been included (points R) on the 

equilibrium diagram fig. 20, 

The equations to the equilibrium curves are 

given below: 

McCallum's data (Plant P.E, in mother liquor): 

10816 x > 4.195 - 939 

Cookes Data, Pure P.E. ) 
0°.) log x = 5.072 — 1266 

Batch A, Batch C >50 C.) 10 2 Re 

x= % mass fraction T= degrees Kelvin 

De Sars Anomalous Results 

Fett oles Batch A 

As equilibrium values overlapped according to 

whether they were approached from undersaturation or 

supersaturation in the specific gravity studies (5.2.2.) 
checks were made on the equilibrium values found by 

refractometry at different temperatures. At 70°C the 

equilibrium value obtained on refractometer A from 

supersaturation was found to be 17.8% (sugar) compared
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with 17.9% obtained from undersaturation. Similarly 

at 80 C the equilibrium value approached from 

supersaturation was 22.15% compared with 22.3% 

approached from undersaturation. This overlap was as 

expected from the specific gravity measurements at 
fe) 

25 © and no dependence was found on the initial degree 

of supersaturation. 

rere ges Batch gc 

Aqueous solutions of Batch C were studied in 
° 

refractometer B at 60 C with unexpected results. It 

was found that whereas a seeded 24.0% m/v solution 

(R.31) grown for 21 h gave a value of 14.h% (sugar) a 

Similar solution nucleated at OC and ead for 15 h at 

60 C gave a value of 15.2% (sugar). This same solution 

nucleated with ultrasonic waves at 60°C and grown for 

40 h gave a value of 15.0% (sugar), A solution of 

about 30% m/v was stirred from supersaturation for 18 h 

giving a value of 14.7% (sugar). 10 g¢ of extra Batch 

C seed was added and stirred for a further 4 h with no 

change, The solution was cooled to 22.5 0 for a few 

hours and the equilibrium value at 60°C when then 

approached from undersaturation was 15.1% (sugar). The 

solution was held at 30 for 24 h and the equilibrium 

value obtained when again approached from undersaturation 
0 

at 60 © for 72 h was 14.8% (sugar). There appears to
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exist a complicated four component system possibly 

dependent on the nucleation temperature, the degree of 

supersaturation and whether equilibrium is approached 

from supersaturation or undersaturation.
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SECTION SIX 

GROWIH STUDIES BY REFRACTOMETRY 

6.1. Growth of Nuclei 

During the nucleation experiments (section 5 ) 

the temperature was held at the nucleation temperature for 

a whble in order to obtain some qualitative value of 

the growth rate. However because of the considerable 

variation in the number of nuclei produced, affected 

by a number of uncontrollable factors no correlation was 

found in the results. An attempt was made to differentiate 

between nucleation and growth by doing a size analysis 

with the Coulter analyser on the nucleated solution. 

As the weight of solid thrown out of solution was known 

from the refractometer readings, an accumulative number 

oversize analysis could be calculated, If this could 

be done at different time intervals any fresh nucleation 

occurring during the process could be allowed for and 

the growth of the original nuclei measured, This growth 

has to be related to the average supersaturation between 

readings so a reading would be necessary for each small 

decrease in concentration, This method was found 

impractical however as the refractometer readings of 

concentration were not accurate enough and the decrease 

in concentration following nucleation was far too rapid
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to allow size analyses to be done at the necessary 

time intervals (it being necessary to analyse with the 

50 PK tube immediately after sampling). 

6.2. Seeded Solutions 

6.2.1. Introduction 

Jenkins (39) used refractometry for the 

measurement of the velocity of crystallisation using an 

immersion refractometer in a cell seeded with crystals. 

Whittier and Gould (77) and Van Hook (78) used this 

method for the measurement of the velocity of crystallis- 

ation of sucrose but used an Abbé refractometer to 

follow the decrease in solution concentration. There 

are however practical difficulties involved in using an 

Abbé refractometer for this purpose and it is not 

thought possible to prevent evaporation of the solution 

on transference. The in-line refractometer used for 

the growth studies was similar to Jenkins' refractometer 

cell. It was found necessary to polish the stainless 

steel walls and prism holder otherwise the nature of this 

surface encouraged crystal attachment, decreasing the 

area of crystals available for growth. Jenkins (39) 

used 1 g of seed crystals as the unit of surface for 

crystal growth. It was thought preferable to do a size 

analysis on the seed to correlate the results on an
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actual surface area for more universal comparison. 

6.2.2. Preliminary Tests 

A close cut sieve fraction 44 - 23 size was 

used as seed, The small size being chosen so that a 

slower stirrer speed would be necessary for complete 

sus pension, It was found that 2 g of seed was most 

convenient for accurate following of the concentration 

change without obscuring the sodium light. After the 

first few runs a size analysis on the product crystals 

revealed a large amount of fine material present. This 

could have been due to nucleation induced by the stirrer 

over the time of the experiment, secondary nucleation 

produced by seeding the solutions or attrition of the 

crystals. To minimise this last effect the flat 

bladed stirrer was changed for a marine type propeller 

made to fit the refractometer. The front wall of the 

refractometer containing the prism was unscrewed and 

temporarily replaced with a perspex front. The minimum 

stirrer speed necessary for complete Suspension of 

75 = 89 pm crystals was then observed to be about 200 r.p.m. 

(measured with a stroboscope) compared with 1000 PepsM, 

necessary with the flat blade. The effect of the 

stirrer speed on the growth rate of 4h - 53 Batch Q 

sieve fraction isshown in table 23, The growth rate
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constants xl were calculated using 1 g of seed crystals 

as the unit of surface area as the degree of attrition 

at different stirrer speeds was not known. From a 

consideration of this table 500 r.p.m. seemed to be an 

appropriate speed to work with, as there is very little 

change of growth with stirrer speed between 400 LePem. 

and 600 r.p.m. and so the diffusional resistance is 

considered to be very small. The faster growth at 

750 r.p.m. could have been due to excessive attrition 

producing a larger surface area available for growth. 

6 bee 3 ° Metastable Limit 

The initial tests used a high supersaturation 

of about 7.0% m/v. Although this is not high enough 

for spontaneous nucleation, nucleation could have been 

induced by the agitation over the period of the runs. 

A 22.5% m/v solution of Batch A was made up in order to 

Study the effect of the supersaturation on the time 

taken to nucleate, under agitation at 500 r.p.m. The 

results are shown table 2h, Between each nucleation 

the solution was redissolved at 90 ¢ under agitation for 

about an hour. From a consideration of the results 

it was considered safest to work with supersaturations 

of less than about 4% m/v.
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6i.2ih. Choice of Seed 

A lot of fine material was still found to be 

present in the product crystals after growth even though 

low supersaturations and a propeller type stirrer was 

used, This was then considered to be due to the nature 

of the seed. It had previously been observed that the 

manufactured product consisted of agglomerates of crystals 

with small crystals attached around the surface and it 

had been found possible to obtain a better product 

(B.C.T. 2 section 4.1.) by controlling the growth 

temperature and washing the product with acetone. The 

growth rate of the Batch A sieve fraction was compared 

with the sieve fraction 44 - 53» of poduct prepared 

in a similar way to that of B.C.T. 2 and with the 

4k - 53 sieve fraction of Batch A material ball milled 

for 20 minutes and 3 hours respectively. The results 

are shown in table 25. It was hoped that ball-milling 

the P,E. would break up the agglomerates, but it was 

found that the growth was faster after 20 min milling 

than before and even faster after 3 h milling. This 

could possibly be due to static electricity created by 

the milling holding together agglomerates of very fine 

particles so that the true surface area was in fact much 

greater than that based on the sieve fraction size. On 

examination of the difierant seed materials figures
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22 A, BCand D it was thought that the slow growth of 

the prepared seed was due to less attrition, hence a 

smaller surface area available for growth. This 

"prepared seed" was used for all further growth tests. 

6.2.5. Attrition 

In order to correlate results on a basis of the 

actual surface area available for growth it was necessary 

to determine the rate of increase in surface area due 

to attrition only. This was done by suspending 2 g 

of hk - 53 sieve fraction prepared Batch A seed in 

250 em? of Batch A solution saturated at 25.0 C in the 

refractometer and agitating at 500 r.p.m. Samples were 

taken with a 1/16" bore stainless steel tube at 

different times and analysed with the Coulter Counter 

using a 280 » orifice tube (table 26). As the analysis 

was not complete at the bottom threshold limit for the 

280 w orifice tube it would have had to be used in 

conjunction with the 30 p orifice tube, It was not, 

however, satisfactory to change tubes during the analysis 

of a sample, or to have large particles present when 

using the 30 orifice tube. To obtain a combined size 

distribution the attrition test was repeated, aiter doing 

size distributions (1) with the 280m orifice tube in the 

first test, Samples were taken after the same time 

intervals as with the first test, dispersed with the
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ultrasonics in the pre-filtered electrolyte and then 

filtered through a lh» t ap duralon Millipore 

Filter. The size distribution (2) then obtained with 

the 30 pe orifice tube was combined with the 280 p» orifice 

tube distribution (1) in the following way: 

  

iL 

2 

ey 
Seo ates 

rf. X = Converted No. % oversize on the combined 
scale. 

Y + No.% Oversize on distribution (1) 280m 

> No.% Oversize on distribution (2) 50p- 

BL x S Y x 100 % 

100 + (100 - 1) tg) 

2. Tiss Le Ses ie x 100 % 

100 + (100 - Iyla) 
D 

As the duralon filter was only f 3m this had to 

be allowed for when combining the distributions. This 

was done by selecting "b" as the difference in the values 

of the number % oversize between 10 and the lower limit 

of size distribution 1. Similarly "a" equivalent to "bt
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is the difference in the values between the lower limit 

of the size distribution (1) and 10 py - These values 

of a and b had to be obtained graphically. Typical 

graphs of the size distributions obtained are shown 

figures 23 (a) and (b). The table of the size 

distributions (2) obtained with the 50» orifice tube 

is shown table 27 and the combined size distributions 

table 28, The specific surface area was calculated 

from each combined size distribution and is shown table 

28. As there was very little increase in area over the 

first 20 h after the initial 6 mins the growth rate 

calculations were based on the specific surface after 

6 mins. Pure P,E. was assumed to behave similarly and 

the size distribution of the seed sample and its 

specific surface after the first 10 minutes attrition is 

Shown table 28. Due to external influences affecting 

the Coulter Counter at the lower threshold limits with 

the 20 orifice tube the size distribution could only 

be obtained for diameters P 1.88) with the Batch A seed 

and » 26 50m at the time of the Pure P.E. analysis. 

The effect of the number of particles below these limits 

on the specific surface calculated is not known. The 

specific surface of Batch A seed after 6 mins attrition 

based on size distribution 1 (i.e. > 6.22” ) is 

1110 em4/ ¢ compared with 1295 em>/ ¢ based on the combined
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size distribution. The error in specific surface 

could possibly be of this order (i.e. 20%). 

6.2.6. Theory 

Using the general growth rate equation 

de = -KA (c - c,,) where c is the concentration 
dt 
of solution at any time t, c,, the equilibrium 

concentration, A the actual area of crystal seed and K 

the velocity constant. The growth rate is assumed to 

be first order with respect to the supersaturation. 

If A is assumed constant over a small time 

increment ty to to. 

Then xX. 2-303 log c4—c 
(t won i Sa oe cy 

Co= o. 

If the crystals are assumed to growth without 

altering their shape then the ratio of the area Ay at 

‘ ; ; A 2 
time t, to A, at time ty) is: x G2} 

a 

where M, is the mass of crystals at time ty and dM is 

  

the increase of crystal mass from time t, to to. 

The area A then used in the integrated equation 

is the average of these areas A, to Ay. 

It is shown fig. 24 that the relationship of 

Indicated % Sugar of refractometer A to % P.E.(m/v) is 

linear over the conventration changes examined, Therefore



- 86 = 

the ratio nj - ny can be used directly instead of 

n2 - Ry 
cj - +7 in the equation, where n is the refractive 

index in Indicated % Sugar. 

Now, c% m/v - m x 100 where V = volume of solvent 
6 ee 
fr m =: mass of solute in 

5 solution 

In this instance m gre 250 

$ 

SoS ged eee de 
ae m ) 100 

Ps 
Hence the velocity constant can be calculated from: 

K = 2.303 ( 2 log n, - 21, 
(t., - ty AL +A, 

i 

  

  

K can be compared to K; where = = Ky, (e -c.) and to 
t 

Km where _ = - Km Ale - cy) by the conversion shown 
t 

in Appendix E,. 

The relationship between the velocity constant 

K and the absolute temperature, T, can be expressed by 

the Arrhenius equation 

dink . E 
ges. alag RT~ 

Hence in K S, LBRO As E 
RT-
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Where A is a constant, R is the gas constant 

and E the activation energy for growth. 

Therefore a plot of 1n K against 1 should give 

a straight line of slope - E and intercept lnA 

if the Arrhenius equation applies. 

6.2.7. Results 

The initial concentrations % m/v recorded in 

tables 23, 25, 29, 30, 31, 32 are those which were 

accurately prepared. This does not necessarily agree 

with thet obtained from the refractometer reading and 

the equation from fig. 24, due to experimental error. 

However after the initial reading all concentrations 

were obtained from the equation obtained from fig. 24 

over the concentration range and at the temperature of 

the experiment. The first increment was not included 

in the averaged growth rate constant anyway as it was 

considered that the crystal morphology was not constant 

during initial growth. The values of the growth rate 

constants for each run have been averaged, K, with the 

following exceptions: 

1) Results including the first 25% increment on the 

initial mass. 

2) Results where n, Zy 1X, +0.5 Indicated % Sugar.
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3) Results where A > 1500 mins, 

Exception (1) was because it was considered that 

this mass increment would be necessary before the seed, 

undergoing attrition in the first few minutes, would 

obtain its usual crystal morphology. Exception (2) 

was because a small error inn y made a large difference 

to the ratio B, - By» when n and Ny approached ny . 

  

No - Dea 

Exception (3) was because of the attrition effect, the 

crystal area could no longer be assumed constant in the 

absence of growth after this time, 

The standard deviation from the mean K has been 

calculated for each run usi : Standard Deviation -<-     

where n is the number of individual growth rate constants 

K used in obtaining the mean ¥, It can be seen that the 

standard deviations are higher at the higher temperatures. 

This is possibly due to the fact that the refractometer 

readings were more sensitive to the instrument focus at 

high temperatures, 

The generally high standard deviations could be 

expected due to the difficulty in estimating 0.1% Sugar 

on the refractometer scale, However these errors are 

largely self-compensating when averaged assuming the first



= (60 = 

order equation to be correct. 

Although an error in the initial area determination 

is cumulative throughout each run, errors in each area 

increment due to the concentration conversion are largely 

self compensating, provided the equation obtained from 

fig. 2h is accurate. An error in this equation would 

produce a trend in the growth rate constants, increasing 

or decreasing with supersaturation. 

The results of Pure P.E. are shown in tables 

29 a, b, c, d ande. Since run R.30 (table 29 d) was 

suspect as the Pure P.E. was splashed with oil, it was 

repeated, (table 29 e) with freshly purified material. 

The contrast shows the great inhibiting effect of traces 

of oil on the growth rate. The actication energy 

obtained from these results for pure P.E. is 18.4 k eal/g. 

mole. The results plotted as log K vs : (fig. .25) 

fit a Lene aor eut es of lofi K= 5.770 - wee 

for 80C >T> 50.0 C. The results for Batch A, tables 

30 a, b, c, ad and e are also plotted on fig. 28. and 

fit the linear correlation log K = 13.401 - 6710 
10 TE 

with an activation energy E = 30.65 K cal/g. mole for 

go C >tT> 50.0 C. The growth constants for Batch C 

containing 1.0% di - P.E. at 60.0 ¢ and 500 r.p.m. are 

shown table 31. This run was done using seed prepared
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similarly to that used in the Batch A runs, and the area 

was assumed to be the same as the Batch A seed for the 

purpose of the calculations. This result is inconclusive.
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SECTION SEVEN 

DISCUSSION AND PROPOSALS FOR FUTURE WORK 

When studying the physical properties of P.#. 

and its associated impurities, in an attempt to 

establish a chemical analytical test, it became apparent 

from the melting point tests that the change below 

200 C, reported by Berlow et al (48) as a morphology 

change, was in fact due to a eutectic formed between 

P.E. and di - P.E. This was further investigated and 

found to be at 185.5 C as compared with 190 ¢ found by 

Wyler and Wernet (55). Although the melting point test 

was found unsatisfactory for the measurement of impurities 

it could still be used as an indication of the purity of 

P.E. The method established for the analysis of 

Compound X based on the "formaldehyde content" was 

satisfactory for the I.C.I. product where the amount of 

adsorbed formals was negligible but would be useless for 

intermediate production stages with the presence of mono 

and di - formals. Although this method was calibrated 

on the I,C.I. analysis, the I.C.I, analytical method 

for Compound X was itself calibrated on the di - P.E. 

analysis as no method of isolating Compound X has yet 

been found. The analytical methods investigated for 

di - P.E. all suffered interference by the presence of 

Compound X. Attempts were made to extract Compound X
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with 1.4 Dioxan and with n - propanol but no simple 

single stage method was found. However as the I.C.I. 

product contains only small quantities of di - P.E. and 

as Compound X was considered to have the greater eifect 

on the crystallisation of P.E. the analysis was not 

pursued, 

More work is necessary to establish the 

equilibrium distribution of the impurities in P.E. 

between the crystals and the mother liquor in aqueous 

solution. In order to do this it is necessary to 

obtain equilibrium from a very low initial supersaturation. 

This was tried by using an ultrasonic probe but the heat 

generated raised the solution temperature and hence the 

solubility. Agitation with a stainless steel stirrer 

was also found to be unsuccesful for low initial 

supersaturations. A change in the distribution of the 

impurities a& ca. 45°C could possible account for the 

unexpected results (shown in fig. 20) with the equilibrium 

determinations. Also if it is assumed that the 

impurities distort the crystal lattice somewhat, then this 

could also account for the slow growth rates found below 

45°C in the crystal growth in nucleated solutions (section 

6.14) 

Bransom (79) has demonstrated the necessity for a 

knowledge of the growth kinetics in a fluidised bed for
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the design of a classifying crystalliser. The 

experiments on the fluidised bed apparatus, however, 

were unsuccesful due to the slow growth rate which was 

below the limit of resolution of the Coulter Counter 

size analyser. Aso the beds agglomerated when operated 

at 60°C and above causing channelling. This was 

thought to be due to the nature of the seed (having 

small crystallites attached to the parent crystals) 

even though the voidage was about 0.83. More work is 

necessary on the preparation ef suitable seed for a 

fluidised bed. The run at 70°C with Batch A (fig. 13) 

showed negligible crystal growth in 23h. However if 

this had obeyed the rate constant obtained from R.20 

table 30 d an increase in diameter of the order of 16p 

would be expected in the same time. This implies that 

a large diffusional resistance was present in the 

fluidised bed tests. The effect of stirrer speed on 

the growth rate of the "prepared seed" was examined 

(table 32) and a greater eifect was found than on the 

ordinary Batch A seed (table 23). This effect could 

either have been due to an increase in seed area because 

of further attrition at the higher stirrer speeds, and/or 

the effect of a lower diffusional resistance, Because 

of the results (table 23) with the Batch A seed which 

contained less firmly agglomerated crystals than the 

prepared seed, it was assumed that the effect of stirrer
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speed was due to attrition and the diffusional resistance 

to the growth rate at 500 r.p.m. is very small. 

As the errors in the calculations of K from the 

refractive index estimations were largely self- 

compensating a main possible source of error was the 

area determination. Since it was found that after the 

initial 6 min there was negligible attrition over the 

first 20 h when stirred at 500 rép.m. in saturated 

solution, it was assumed that this was also true during 

crystal growth tests. However there was no simple 

method of checking the validity of this assumption. The 

variation of specific surface with time could only be 

taken as an indication of the effect of stirrer speed 

since only one sample was taken for each analysis; 

whereas, for the specific surface calculation after the 

initial 6 min attrition an average of 3 samples was taken. 

It can be seen from fig. 23 that a large source of error 

is in the "a" and "b" determinations from the graph 

which would make an appreciable difference to the a ratio 

used in combining the size analyses. This could 

possible have been improved by determining the exact 

thresholds needed on the Coulter Counter to obtain "a" and 

"b" and averaging many counts at these thresholds, More 

work is also necessary to widen the Coulter Counter size 

range, If electrical interferences and atmospheric dust



ae 

are carefully screened it should be possible to 

increase the range to a lower limit of about a}. ° 

Immersion refractometers have now been obtained 

with arbitrary scales - 5 to #105 (with facilities 

to measure to 0.1 units and estimate 0.01 units) 

equivalent to O - 20% Sugar on the refractometers (A and 

B) used in this work. These will allow smaller 

concentration changes to be measured with greater 

accuracy. More work is necessary on the effect of 

crystal size and stirrer speed on the growth rate. It 

is planned to build an improved fluidised bed apparatus 

in which tests can be performed for longer times without 

agglomerating. It is then hoped to obtain the 

information necessary for the redesign of the Oslo pilot 

plant crystalliser and determine the optimum operating 

conditions,
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CONCLUSIONS 

° 
l. The morphology change below 200 C, reported by 

Berlow et al (48) appears to be, in fact, an eutectic 

formed between P.E. and traces of di - P.E. 

26 The eutectic formed between P.E. and di - P.E. 

was found to contain 40% m/m di - P.E. and melted at 

185.5 C teks 190 ¢ with 35% di - P.E. reported by 

Wyler and Wernet (55) ). The di - P.E. used in these 

tests was analysed by the "Formaldehyde Content" ee 

as containing 1.88% Compound X, which may account for 

the slightly lower eutectic temperature. 

3. The "Formaldehyde Content" analytical method is 

suitable for the analysis of Compound X in the absence 

of other tormals. 

hk. A complicated solid/saturated solution equilibrium 

system exists between P.E. and its associated impurities 

di - P.E. and Compound X in aqueous solution, 

5. The equations of the nucleation curves of P.E. 

in aqueous solw are: 

Pure P.E.  :3 LOG. 4 Se 2. 280-=.-: 633 
” ee 

Batch A (4.73% Compound X; {0.1% di - P.E.) log, 5 <> 

Batch C (4.3% Compound X; 1.0% di - P.E.) ) 3.112 - 545 
ais «ly



“ers 

6. The equations of the equilibrium curves of P.E. 

in aqueous solution are: 

Pure P.E. ans ) 
logjg x = 5.072 - 1266 9° 

Batch A, Batch C P50 C a 

7 The growth rate constants K obtained for Pure P.E. 
° ° 

(80 C > T> 50 C) were correlated by the equation: 

10856 Es 56770 — bo2s 

with an activation energy for growth of 18.4 

K cal./g. mole. 

8. The growth rate constants K obtained for Batch A 
Oo Oo 

(4.73% Compound X; <0.1% di - P.E.) for 80 C> tT? 50 ¢ 

were correlated by the equation: 

1024 R= 1D Or G76 

with an activation energy for growth of 30.65 

K cal./g. mole. 

9. The growth rates of Pure P.E. and Batch A are the 
oO 

same at 77 C but below this temperature the presence of 

compound X reduces the growth rate.
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TABLE 2 

BATCH A 

:SAMPLE : DATE 
- Nees 

Ca Oe 

I.C.I. ANALYSIS OF P.E. BATCHES 

BAG 490, 

— 
° 

M. 214 

. 
e 

QDi-P.E. : %COMPOUND X : AVERAGE $ 

: COMPOUND X: 

  

Ces a ens 

fog 191 bs 
: eee 1G, 86% 
: 23 : a6: he 

' 2h t: 16. 5.66 : 

27 3 16.5466 ? 
128. 16. 5.66% 

<0.1 

<.0.1 

Dok 

hel 

52 

4.2 

4.6 

lopthk hse 

; 2 x 2ch 4.8 

Yas 

  
  

BATCH B 

  

: 21 : 10. 2.66 3 

25: 16. 5.66 3 
: 26 : ib See 

228. 416, 5.66 

: 30 : 16. 5.66 : 

<0.1 

S.6.1 

7.9 
3 
5.0 
49 

22 2h hit 

a ee 

4.98 

  

BATCH C 

  

1.0 4.3 

“e
S 

ae
 

oe
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TABLE 4 : MELTING POINTS OF BINARY SYSTEM P.E./ 
COMPOUND X 

  

° 
e 

Composition Melting : 
temperature (b): 

  

  

  

  

  

: Pure P.E. + (0.1% CompoundX {0.1% Di-P.£. : 259 C 

: P.E. + 3% Compound X 257°C 

: P.E. + 6% Compound X ; 254.5°C 
P.E. + 9% Compound x : 251.5°C 
P.E. + 12% Compound X 247°C 

P.E. + 15% Compound Xx 240.5°C 

TABLE 5 : EFFECT OF HEAT ON FORMALDEHYDE 
CONTENT ANALYSIS 

; 4 ° 
e Sample * Time of sample in oven at 90 C 

; 1 P.E. + 4.73% Compe X ¥ 2 hour 

2 Reagent Blank 2 hour 

3 P.E. + 4.73% Comp. X 1 hour 

; 4 Reagent Blank : 1 hour 

5 P.E. + 4.73% Comp.X 2 hours 

6 Reagent Blank 3 2 hours 

: 7 P.E. + he73% Comp. X 4 hours 

: 8 Reagent Blank : 4 hours 

: 9 P.E. + 4.73% Comp. X : 5 hours 

£10 Reagent Blank : 5 hours 

£11 P.E. * 4.73% Comp. X : 6 hours 

12 Reagent Blank : 6 hours 

 



FIG. 6 

  

PE./COMPOUND X _ BINARY MELTING SYSTEM 

25 9e. 

250,   

TE
MP
ER
AT
UR
E,
 

°C.
 

* Uy   
  

2401 

L_ COMPOUND x:
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TABRE 5A _: COMPARISON OF OPTICAL DENSITIES OF TABLE 5 

  
e e ° ° ° 
e ° e ° 

:Comparison : Optical Density : Comparison : Optical Density: 

  

1 and 2 0.210 

; 3 and & : 0.290 3 and 2 , 0.280 ' 

5 and 6 0.275 5 and 2 0.330 

7 and 8 ' 0.263 7 and 2 ; 0.405 

: 9 and 10 ; 0.222 9 and 2 ; 0.390 

:11 and 12 0.195 11 and 2 0.400 

  

TABLE 6 : CALIBRATION OF SPEKKER 

  
e ° 

e 

  

: Formaldehyde concentration : Optical Density 
: (mg/ml solution) : Cy = 570m 4 em cell) 

0.005 ; 0.020 

0.010 0.040 

0.020 0.070 

0.030 ; 0.118 : 

0.040 0.142 

0.050 , 0.118 

0.060 0.202 ; 

0.070 ; 0.240 

0.080 0.278 

0.090 : 0.298 : 
 



  
0-0! 

SPEKKER_ABSORPTIOMETER FORMALDEHYDE CALIBRATION. 

= 570 ma Vo cm cell 

O02) O08 "O04. O0Ss "O06 GOR. 0-09 
FORMALDEHYDE mg/ml solution . -



BOS - 

TABLE 7 : SPEKKER ABSORPTIOMETER - )\~ 570 mw 3em.cell 
- 

  

:Optical : 
:Density : 

Adsorbed 

HCHO mg./ml.: 
:Corrected : 
Optical : 

: Density 

  

:Pure Pt, : 0,040 

:P.E. t 0.47% Compound X : 0.064 

:P.B. + 0.9h% 

:P.E. + 1.42% 

:P.E. r 1.89% 

:P.E. + 2.36% 

:P.E. + 2.8h% 

Pe + 3.32% 

'P.E. + 3.79% 

:P.E. + 4.26% 

:P.B. + 4.73% 

" 

Li 

tt 

tt 

tf 

t 

: 0.092 

: O.l1h 

: 0.136 
: 0.176 
: 0.198 

: 0.228 

: 0.2k8 

: 0.268 
: 0.300 

° 
° 0.0054 

0.0066 

0.0072 

0.0060 

0.0048 

0.0075 

0.0075 

0.0051 

0.0063 

0.0060 

0.0061 

0.018 

0.036 

0.065 

0.091 

0.117 

0.150 

0.171 

0.210 

0.227 

0.248 

0.280: 

 



FIG @ 
SPEKKER ABSORPTIOMETER COMPOUND X__ CALIBRATION 570m lcm cell 

O32 
x = OPTICAL DENSITY DUE TO ADSORBED AND COMBINED FORMALDEHYDE 

O:30]o = CORRECTED OPTICAL DENSITY DUE TO COMBINED FORMALDEHYDE ONLY ¢ 
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APPENDIX C -— COULTER COUNTER 

Gilde Operation 

It has been shown in Section 4.3.2. that for a 

given suspension the response of the Coulter Counter is 

proportional to particle volume provided the diameter of 

the particle does not exceed 40% of the aperture diameter. 

For each sampe analysis a suitable orifice tube was chosen 

for the Coulter Counter so that the size range of 

particles in the sample would be within about 14% to 40% 

of the aperture diameter. A small amount of sample 

(about 0.0lg) was placed in about 250 mls of electrolyte 

previously filtered with a Onh5 pm porosity membrane 

filter, A few drops of non-ionic dispersant (NONIDET P40) 

were added and an ultrasonic probe operating at 20 Ke/s 

was immersed in the suspension for about one minute. This 

method of dispersion was compared in preliminary tests 

with (a) Violent agitation of the suspension and (b) 

mixing the sample with NONIDET P4O in the bottom of a 

beaker using a fine-haired paint brush. The ultrasonic 

method was found to give the most consistent results and 

was the easiest to apply. It was found to disperse 

loosely formed agglomerates but did not break up firmly 

held agglomerates formed during growth. 

The suspension was then analysed by sucking 

successive equal volumes through the orifice at preset
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threshold levels. After each count the reset switch 

was depressed which zeroed the counting units and changed 

the polarity of the electrodes to prevent excess 

polarization. For each threshold level an average of 

a number of counts was taken depending on the statistical 

variation. The suspension was stirred during the 

analysis to keep the particles in suspension. It was 

found that when the 30 tube was used the instrument had 

to have extra shielding from all external electrical 

devices such as stirrer motors to prevent interference at 

the more sensitive threshold levels. 

C.2. Electrolyte 

As P.E. is soluble in water a non-aqueous electrolyte 

was sought. The solvent would have to have a high 

dielectric constant to cause a dissolved salt to dissociate 

into ions and also be miscible with water to allow the 

analysis of aqueous suspensions. However no suitable 

non-aqueous electrolyte was found in which P.E. was 

completely insoluble, The most suitable non-aqueous 

electrolyte found was 4% Ammonium Thiocyanate in 

Isopropanol in which the solubility of Pure P.E. was 

0.475 g/100g I.P.A. at 25°C, It was therefore necessary 

to use a saturated solution for either aqueous or non- 

aqueous electrolyte. As the Isopropanol electrolyte 

required less P,E. than aqueous électrolytes, this was



- 108 - 

oO 
first used saturated with P.—E. at 25 C. However this 

was found unsatisfactory because: - 

a) The thin film of liquid formed on the beaker walls 

above the solution during an analysis quickly evaporated 

forming crystals which dropped into the suspension being 

analysed. 

b) The change in solution strength due to evaporation 

during analysis altered the electrolyte calibration. 

c) A larger difference of the calibration constant K 

with temperature was found than with the 0.9% NaCl aqueous 

electrolyte. 

a) Air bubbles were easily formed when the electrolyte 

was passed through the AAP tube and these were counted 

as particles. 

Consequently an aqueous electrolyte was used of 

0.9 g NaC1/100 g H20 and 8.5 g Pure P.E./100 g H0. This 

was such that the solution was saturated with P.E. at 

25°C and the small degrees of supersaturation involved 

during an analysis at room temperature would not effect the 

particle size during the short time required for analysis. 

C.3. Coincidence 

The possibility that two or more particles are in 

the sensing zone at the same time leads to what is called
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coincidence error. This can be of two forms primary 

and secondary coincidence. Primary coincidence is 

the loss of count which results from only one pulse being 

generated for the passage of two or more particles.. 

Secondary coincidence is the counting of a particle whose 

size is the sum of two or more particles. ror 

secondary coincidence caused by a doublet a narrow size 

range of both particles is required; i.e. two particles 

larger than 8 microns diameter are needed to give a 

count equivalent of 10 microns diameter. Also close 

proximity of the particles is required. So secondary 

coincidence is negligible for the low concentration used 

and primary coincidence correction only was required, 

The primary coincidence correction is the addition 

of a number of n1! to the actual count n*, If the 

coincidence level lies between 1% and 10% i.e. 0.01 ni Z 

att Z OV oe 

2 
Then nit = P ( - 5 

L000 

Where the coincidence factor P is obtained from 

the formula. 

eee (-B-) © (99) 

where D is the aperture diameter in microns, and V is 

the metering manometer volume in microlitres. The 

factor 2.5 was obtained experimentally by Coulter
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Electronics Limited using a 100 micron aperture and a 

500 microlitre manometer volume at successive dilusions 

of counting on a mono-sized system. In order to avoid 

exceeding the 10% coincidence level is -mpee be 1688 

than 10? = 

  

:@RIFICE : MANOMETER COINCIDENCE : MAXIMUM COUNT 

  

:DIAMETER : MLS. . FACTOR =: FOR 10% 
:MICRONS-: : : COINCIDENCE ;: 

we : 109.76 be b16 
: 280 2 : 13672 ; 7,288 

50 : 0.5 0.3125 320 ,000 ' 

: 50 : ar, pee 3.125 : 32,000 

oe
 

co
 

  

eS Calibration 

The calibration factor, K, is used for conversion 

of threshold settings to particle volumes, or their cube 

roots to equivalent spherical diameters. The calibration 

factor is constant for a given aperture diameter and 

electrolyte resistivity. 

A quantity of monosized particles, between 5% and 

20% of the orifice diameter, such that the count obtained 

did not give more than 2% coincidence was dispersed in 

the electrolyte. The suspension was drawn through the
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orifice with the threshold dial set on zero and the 

amplifier gain index on 3. The aperture current switch 

was adjusted to a value I™ where the pulses on the 

oscilloscope occupied about one quarter of the screen 

height. The threshold dial t was varied until the 

shadow line coincided with the height of the majority 

of pulses, and a count taken. Counts were taken at 

1 and averaged, The threshold value t ™ 2 t1 and 13 t 
was found by trial and error which corresponded to the 

” a 
average of $ t andlst . 

The aperture resistance was measured by 

measuring the voltage, V between the outer electrode and 

earth, and calculating the aperture resistance from 

R- r x _V ohms where r is the resistance of the 

aperture current switch in the position used. Values 

oi Yr arer= 

Aperture Current Setting r (ohms) 

10 65,000 

9 115,000 

8 215,000 

7 415,000 

6 815,000 

From the Scale Expansion Factor, 'F', tables 

supplied by Coulter Electronics, F was found for this 

aperture resistance at current setting I and on Gain 3.
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The Calibration factor K was then found from 

es a/(+* Fy? where d was the diameter of the 

monosized particles. The diameter corresponding to any 

threshold level t/ can then be calculated from 

d. K(3t1 F ), The appropriate interpolated 'F' values 

for particular current settings on Gain 3 are shown in 

the following pages tables 14, 15 and 16. For each 

consecutive lower gain index the F factor was multiplied 

by V2 Similarly for each consecutive higher gain 

index the F factor was divided by y2. 

As the electrolyte resistivity changed with 

temperature the F factors are shown for the aperture 

resistances encountered and the calibrations were done 

over the temperature range expected. 

For each size analysis thereafter the temperature 

of the electrolyte was taken and so the calibration known. 

The chart showing the Coulter Counter Data representation 

is shown on Table 10. The first three columns show ‘the 

threshold settings. Column four shows the Scale 

Expansion Factors F for the particular gain index and 

aperture current. The product of this and the threshold 

setting tt gives the relative particle volume +. column 12, 

Then using the calibration factor K, the diameter for 

this threshold is found from d = K?\ t column 13. The 

average of a number of counts, nl , is taken above this
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diameter, and is shown for three different samples 

columns 5, 6 and 7. The average of these readings 

mi is taken column 8, and the coincidence error nit 

calculated. The size analysis of particles present in 

the electrolyte as background count is shown column 

10 and the count n then corrected by n=nt AP eg - 7 

Column ll. Finally the number percentage greater than 

d is calculated (Column 14).
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~ TZ 
TABLE 17: RATE OF APPROACH TO EQUILIBRIUM. 

  

STIRRING TIME : 1h. 2h. 4h. 
  

PURE P.E. S.G. at 25.0°C 1.01749 |1.01738 | 1.01738 

PURE P.E. + 1.0% Di-P.E. S.G.at 25.0°C 1.01787 

PURE P.H. + 2.0% Di-P.E. S.G.at 25.0°C 1.01849|1.01847 | 1.01847         

BATCH A (P.E. + 4.73% COMPOUND X). 

Approached from Undersaturation: 
  

Stirring time : 4h. 5: ie 

S.G. at 25.0°C : 1.02042 1.02079 

The solution was left overnight and then stirring resumed: 

Stirring time: 3h. 6h. 

S.G. at 25.0°C : 1.02183 1.02268 

Avproached from Supersaturation: 

Stirring time: 1h. 2h. aR 4h. 5 he 6 he 

S.G.at 25.0°C: 1.03257 1.02703 1.02415 1.02326 1.02255 1.02229 

Difference +: = 0.00554 ~ 0.00388 - 0.00089 - 0.00071 - 0.00026 

The solution was left overnight and then stirring resumed: 

Further 8 h. stirring 

S.G. at 25.0°C 1.02290 

Difference : +0.00061
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THE VARIATION OF SPECIFIC GRAVITY WITH | o 
“RE. CONCENTRATION IN AQUEOUS SOLUTION. a 

i-O40. 

|-O30} 
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PE.CONCENTRATION C x 7, MASS RATIO ) Z  
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TABLE 18: CONCENTRATION EQUIVALENT OF $.G. AT BQUILIBRIUM 

  

  

  

SAMPLE X % MASS RATIO % MASS 
FRACTION. 

PURE P.E. 7-4 6.9 

PURE P.E. + 1% Di-P.E. 7.65 7:2 

PURE P.E. + 2% Di-P.&. 7.9 7.4 

BATCH A. approached from undersaturation 
for a total of 11 h. stirring 9.65 8.8 

BATCH A. approached from supersaturation 
for 6 h. 9.50 8.7 

BATCH A. approached from supersaturation 
allowed to stand overnight and 
then further 8 h. stirring. 9.75 8.9        



tee 
TABLE 19: soLuarLf ty DETERMINATIONS BY EVAPORATION 

  

  

  

  

    

  

TEMPERATURE: 25.0°¢ | 40.0°c | 60.0°c | 80.0°C 

PURE P.E. % MASS RATIO: 7234 13.35 23.6 43.0 

at " "t " t 7-42 L134 

" " t " " 7-65 1378 

" " w tt " 7.67 

PURE P.E. AVERAGE % MASS 
RATIO 7-52 11.29 23.6 43.0 

PURE P.E. AVERAGE % MASS 
FRACTION: 7.0 10.2 19.2 30.1 

BATCH A. % MASS RATIO: 13.65 24.9 46.0 

“ tt wv 14.02 AT is 2 

n ci] " tt tt 14.55 45.9 

BATCH A. AVERAGE % MASS 
RATIO: 14.07 24.9 46.4 

BATCH A. AVERAGE % MASS 
FRACTION 12.4 20.0 31.8            
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TABLE 20: INTERPOLATED CALIBRATION OF REFRACTOMRTERS 

  

    

% SUGAR | INDICATED| INDICATED % SUGAR | INDICATED INDICATED 
FROM % SUGAR. |% SUGAR FROM | % SUGAR | % SUGAR 
TC.) hen ON T.6.7: | 0m ON 

“D (74) __ | 583215(A) |583213(B)| “p | (74) 583215 (A)! _583213(B) 
1.333] 0.00 0.40 0.05 |] 1.355 | 14.55 15.55 | 15.30 

1.334] 0.70 1.15 0.60: 1.3 15.20 16.20 115.95 

1.335} 1.40 1.90 1.55 #} 1.35 15.80 16.80 |16.55 

1.336 | 2.05 2.60 2495 1.3 16.40 17540 - (17815 

1:337.| 2.75 3.30 2.95 || 1.3 17.00 18.05 |17.80 

1.338 | 3.40 4.05 3570 8 3 17.60 18.65 |18.40 

1.339 | 4.15 4.80 4545 2 1.361.) 18.25 19.20 |18.95 

1.340 | 4.80 5.50 6,15" 12.362 | 18.90 19.85 |19.60 - 

1.341 | 5.45 6.20 5-85 |] 1.363 | 19.45 20.45 | 20.25 

1.342 | 6.15 6.90 6.60 H-1.3 20.05 21.00 | 20.80 

1.343 |. 6.80 7.60 7.30 1.3 20.70 21.60 21.40 

1.344 | 7.45 8.30 8.00 |] 1.36 21.30 22.15 | 21.95 

1.345 | 8.10 8.95 8.65 1.367. °} 21.90 22.70  |22.50 

1.346 | 8.75 9.60 9.30 [1 1.368 | 22.45 23.25. | 23020 

1.347 | 9.40 10.30 10,00 }| 1.369 | 23.05 23.80 {23.65 

1.348 | 10.05 | 11.00 16.70: 1,390. 2 38 265 24.30 lata 

15349 *10;75°-)] 12.70 13.40 1 1.372 24.95 24.85  |24.70 

1.350 | 21.40 «12.35 12.05 || 1.372 | 24.80 25.40 125.25 

1351's t 22,00 1 13.06 12.70: }:1.373..<} 85.40 25.95  |25.80 

1.352 [12.60 | 13.65 13.35 || 1.374 | 26.00 26.50 126.35 

1.353 113.25 | 14.30 14.60 {11.375 | 26.55 27.05 426.90 

1.354 113.95 14.90 14.60 |] 1.376 27.10 27.60 27-45                    
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Interpolated Calibration Da 

Loo 

TABLE 2la 

ta (Pure PE) - °C 
  

  

  

  

  

  

Meat Wa pct 48 t C25 C29 C26 | C27 

% m/v: 8.08 | 10.54] 14.35} 18.08) 22.16 
% mass: 1.9 10.9 9.3367 1.1768 12039 
Indicated 

Bp Re 

1.333 0.40 78.0 

34 1.15 7365 

35 1.90 69.0 

36 2.60 65.0 

37 3.30 60.5 | 73.0 | 

38 4.05 | 55.0 | 68.5 

39 4.80 50.0 | 64.0 

1.340 5-50 44.5 | 59-5 

41 6.20 39.0 | 55.0 | 76.5 

42 6.90 33.0 | 50.0 | 72.5 

43 7.60 26.5 | 45.5 | 68.0 

44 8.30 19.0 | 40.5 164.0 

45 8.95 10.5 135.0 |59.5 |81.0 

46 9.60 28.0 |55.0 |77.0 

47 10.30 18.5 {50.0 | 73.0 

48 11.00 44.5 |69.0 

49} 11.70 39.5 [64.5 
1.350 12.35 34.0 |60.5 | 80.0 

51 13.00 27.5 156.5 |77.0 

52 13.65 21.0 152.0 1:7355 

O31 AAO N 47-5 169.5 

54 14.90 42.5 |66.0 

55 15.55 35.0 161.5 

56 16.20 N. 156.5 
57 16.80 51.5 

58 17.40 46.0 

59 18.05 N           
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TABLE 21b 

Interpolated Calibration Data (PE + 4.7% X) BATCH A - °c 
  

    

  

  
  

  
    

    

        
  

  

  

  

    

      

Test Number: $4 |¢3 [e2 [oo les [eo [on i¢5 ica (66, 
m/v: B00 5.47| 7-73 | 8.95] 12.04 14.12 15.53] 15-90| 20.06| 23.93 

% mass: 2.9 | 5.4 | 7.6 | 8.7 | 11.7] 13-5 |14.8 |15.2 119.0 [22.4 
Indicated 

% Sugar on 
My 583 215° 
1-333 0240 48.5 | 65.01 7720 

3422-38 42.0 159.5] 72.0 
35} 1.90 35-5 | 54.0] 67.5 
36| 2.60 29.0 | 48.5| 63.0 | 69.5 
371 -°.23.30 21.0 | 43.5 58.5 | 65.0 
38} 4.05 37.5 | 54.0 | 60.0 
39| 4.80 30.5 | 48.0 | 55.0 | 

1.340| 5.50 23.0 | 42.5 | 50.0 | 
41| 6-20 | 15:5 | 46.5 [45,0 | 
42} 6.90 31.0 | 39.5 | 61.0 |.73.0 | 
43| 7.60 24.0 | 34.0 | 57.0 68.5 | 76.0 | 
hal Oe 28.0 | 52.5 | 64.0 171.5 73.5 
45; 8.95 21.0 | 47.5 | 59-5 |67.5 |69.0 
46| 9.60 16.5 142.0 | 55.0 163.0 |65.0 
47| 10.30 36.0 | 50.0 158.0 (60.0 
48| 11.00 29.5 | 44.5 153.0 155.5 
49| 11.70 22.0 | 38.5 148.0 |50.5 | 74.0 

1.350 | 12.35 13.5 2.5 143.0 |46.0 |70.5 
51 | 13.00 3.0 | 26.5 136.0 141.0 167.0 
52| 13.65 20.0 |32.5 |36.0 |63.0 
53 | 14.30 11.5 |26.5 |30.0 |59. -0 
54 (14.90 2.5 120.0 124.0 155.0 175.5 
Sa aeiGS< peeree at eal tag N j10.5 | N |49.5 171.5 
56 | 16.20 oe, ds ree 3 i N 43.5 167.0 
57/16.80 (2 mass 26-0 | 35: 38.0 163.0 
58 | 17.40 80.0 32.5 159.0 
59 | 18.05 67.0 nN 153.5 

1.360 | 18.65 72.0 ae 
61 | 19.20 68$5 44.5 
62 | 19.85 64.0 | 38.5 
63 | 20.45 60.0 N 
64 | 21.00 56.0 
65 | 21.60 N 
66 | 22.15 
67 | 22.70 
68 | 23.25 
69 | 23.80 90.5 

1.370 | 24.30 87.5 
71 | 24.85 84.5 
72 | 25.40 81.0 
73 | 25.95 77-5 
74 | 26.50 | 74.0 
75 | 27.05 70.0 
76 | 27.60 N                 
   



Le 
TABLE 21c 

Interpolated Calibration Data (PE + 4.3% X + 1.0% di-Pe) BaTCH co - °c 
  | Test No. _ (C24 C23 C19 C17 | C15 C20 Cl4 1Cl16 C21 C18 Teas 
  

% mas 
% m/v: 

  Ss 

1.97 
22.0 

480 
4-7 

8.22 
8.0 

10.77 
10.4 | 13.6 

14.24°17.00 

16.2 
26.03 

24.3 
20.19 
19.1 

30.15 

27-9 
34.06 3603 
31.1 | 34.6 

  

Lidicate 
Ye Sugar 
63 °215 ;   
  

0.40 
115 
1.90 

2.60 
3-30 

4.05 
4.80 
5250 

62.0 
56.5 
57.6 

46.0 
40.0 

33.0 
25.5 
18.0 

39.0 

31.5 
23.0 
14.0 
4.0 

  

6.20 
6.90 
7.60 
8.30 
8.95 
9.60 

10.30 
11.00 
11.70 
12,35 

  

13.00 
13.65 
14,30 
14.90 

15-55 
16.20 
16.80 
17.40 
18.05 
18.65 
  

19.20 
19.85 

20.45 
21.00 
21.60 
22.15 
22.70 

236 25 

23.80 

24.30 

78.0 
13-5 
69.0 
64.5 
60.0 

25+) 
50.0 
44.5 
  

    24.85 
25-40 

25095 
26.50 
27-05       

  

  

39.0 
33-0 
27.0 
19.0   e 
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68.5 
65.0 | 

61.0 
57.0 | 

51.5 | 
46.0 | 76.5 

40.5 7265 
35.0 | 68.0 
28.0 | 64.0 
N | 59.5 

  

82.5 
  

    
(5565 
50.5 
| 46.0 
| ¥ 

79-0 
75-0 
71.0 
67.0 
63.0 
985 

N 

B20 
86.0 

78.5 
75-0 
71.0 
67.5 |88.0. 
N_|86.0_ 
    | 

| 

|   82.5 
1965 
1565 
71-5      
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TABLE 21d: NUCLEATION AND EQUILIBRIUM DATA 
  

  

    

| TEST NO, MATERTAL TC % mass fraction t(h) | Growth + 
{ Dissolution - |} 

C.26 Pure P.E. 34.0 17.2 N 

| ¢.26 Pure P.B. | 44.5 12.2 A O86 
0.26 Pure P.E. | 50.0 14.1 1.0 a 

C.26 Pure P,E. | 31.1 8.6 40.0 + 

0.27 Pure P.E. | 46.0 20.9 N 

€.29 Pure P.E. 18.5 Set N 

6.29 Pure P.E. | 27.8 7:7 17.5 - 

| €.29 Pure P.E. | 38.0 10.3 3.0 a 

| 0.29 Pure P.E. | 23.4 7.0 315.0 + 

C.5 Batch A 18.0 15.2 W 

C.5 Batch A 40.7 11.4 14.0 ss 

C.5 Batch A 51.0 14.7 0.8 % 

C.6 Bateh A 37-5 22.4 N 

0.6 Batch A 55.5 17.5 1.0 -s 

C.6 Batch A 60.5 19.4 OSs 
C.6 Batch A 64.5 21.5 + 8.5} Soe 
C.7 Batch A 52.5 26.0 N 

C.7 Batch A 70.0 24.5 Qi 1 
0.7 Batch A 72.2 24.8 Be 
C.8 Batch A 40.0 12.1 | (N)o.3 + 

C.9 Batch A 1.8 13.5 | ¥ 
C.9 Batch A | 17.0 74 : aie + 
C.1l. |Batch A | 2.5 14.8 LON 
e135 Batch A 25.0 8.7 Pe 

C.ii Batch A 29.8 10.0 Ray . 

6.11 Batch As |_- 3325 11.0 16.5 ‘ 

C.12 Batch A | 2765 19.0 N | 

'G.12 Batch A 35.5 12.1 0.5 ‘ 

C.12 Batch A 40.5 13.3 l.o - 

C.12 Batch A 45.7 14.3 0.5 - 

C.12 Batch A 55.0 17.0 0.5 %               
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TABLE 21d(CONTINUED) 

  eT 

  

  

TEST NO] MATERTAL | °c | % mass fraction | +(h) | Growth + 
Dissolution - 

| 
6.13 | Batch A 69.5 | 34.9 | N 
C.13 Batch A 86.5 34-7 f “7093 ~ 

C.14 Batch C 27.8 | 19.2 | N 
C.14 | Batch C AT.2 13.7 Cope ; 
C.14. | Batch ¢ 57.0 17.6 Yes 
C.15 Batch C 3.0 13.7 | N 

C.15 Batch C 23.4 75 | 240.0 4 
0.16 Batch C 42.5 24.3 [a 

C.16 Batch C 49.8 14.4 | 0.5 + 
6.16 Batch C 60.5 19.5 [om : 
C.16 Batch C 42.2 12.9 i 138 - 

C.18 Batch C 64.3 31.1 ae 
c.18 Batch ¢ 70.0 24.7 3.0 + 
c.18 Batch C 17.6 29.7 0.5 . 
C.20 Batch C 11.8 16.2 N 
C..20 Batch C 18.0 6.8 0.1 ‘ 
c.20 Batch C 52.5 15.7 13.5 * 
C.21 Batch C 58.0 27-8 N 
C.21 Batch C 64.6 23.0 0.8 + 
C.21 | Batch C 69.0 25.0 0.5 ‘ 
C.22 Batch C 6767 34.7 N 
C.22 | Batch C 714.5 30.2 0.5 +           
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TABLE 22: 
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EQUILIBRIUM DATA OBTAINED FROM GROWTH RATE TESTS 

TEST MATERIAL! T°C | % Sugar | Initial| Time of |Seed|Stirrer |x % m/m 7 
Indicated | Concen- | Growth speed 
on A or B | tration | (h) £. | L-pm. d 

% m/v 

R2 | Batch A | 51.0 11.6a 24.0 | 205 2 | 1200 15-4 

R3 | Batch A | 51.0:11.8A 24.0 |19¢ 2 Nek 15.4 

R4 |Batch A | 51.0) 11.8A 24.0 40 2 {1010 15.4 

R13 | Batch A | 50.0) 11.6A L766 °1:120 2 | 500 15.0 

R15 {Batch A | 55.4/12.9A Nuclea- 196 - |500 17.1 
nh 

R17 |Batch A | 38.8] 9.2A " 25 - | 300 1321 

R20 |Batch A | 70.0/17.8A 30.0 4115 2 | 500 24.7 

R21 |Batch A | 55.0/14.0A 21.5 514 2 |500 18.2 

R23 |Batch A | 80.0] 22.15 37.0 |49 2 |500 31.4 

R24 |Batch A | 60.0/14.18 24.0 {51 2 | 600 19.5 

R25 |Bateh A | 60.0/14.5A 24.0 |16 2 1500 19.6 

R26 |Bateh A | 60.0]/14.2B 24.0 |29 {2 | 500 19.6 

R27 |Pure P.B.| 60.0/13.2B 24.0 |28 2 | 500 18.2 

R29 [Pure P.E.| 70.0/16.9B 29:0. 18 2 |500 23.8 

R30 e P.B.| 80.0] 21.15B 37.0 54 2 |500 30.2                      
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BQUITIBRIUM AND NUCLEATION 
OF AQUEOUS PENTAERYTHRITOT, 

O=PURE P.E. A=BATCH A @ =BATCH C. 
Numbers by points indicate the 

- approx. time (h) for tha system to 
| approach equilibrium — from TABLE 214 

“- R= Results obtained from TABLE 22. 
5 = Results obtained from TABLE 19 

> = RESULTS obtained from TABLE 18. 
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TABLE 23 
BATCH A. SEED: SIEVE FRACTION 44.534 BFFEOT OF STTRRER SPEED 60.0°¢ 

From Fig.24 c = 1.142 n + 4.24 Nop = 14. 

Indi- .R.7.220RPM IR11.300RPM (RO. 4OORPM |R12. 500RPM| RSGOORPM IR10.750RPM 
. * oma) oo eee! + (min) nm tt (min 

ae a * k1x104 104 ok x10 ‘y10t 1x1 04 
on A 

17.30 |24.00] 0 0 0 0 
17.20 |23.88] 14 | 11.6 1: 03:3 23.3 23.3 
17-10 23.77] 40 | 5.9412 [27.1 | 18 14.1117 25.5 | 13 |25.815 | 65.1 
17-00 |23.65| 70 | 4.97 30 2.4] 30 h1.5 | 30 18.777 | 74.5 
16.90 {23.54} 85 9.50 45 1905145 19-5 | 45 | 9.5) 31} 5.94 

16.80]23.43| 100] 9.10 58 110.5157 f1.4 | 60 | 9.1! 541 5.94 
16.70|23.31] 120) 6.55|116/ 5.48] 71 10.2 72 {10.9| 70} 8.2 
16.60|23.20, 140] 6.75/130| 9.65| 63 /1l.2 84 f11.2! 851 9.0 
16.50] 23.08] 155| 8.90) 138 [16.7 94 [13.4] 94 |} 14.8 
16.40] 22.97] 168 | 10.20) 150 [11.1 110 10.1 |104 13.3] 106)11.1 
16.30] 22.85 160 13.2 | 125 | 6.8 |112 16.5] 11613.2 
16.20| 22.74, 195] 9.90/180/| 6.83 155 | 4.55|128 | 8.53 135! 7.2 
16.10] 22.63] 230| 3.94/220/ 3.45 Lao | 6.931180 | 5.52|148 | 6.9] 165) 4.6 
16.00] 22.51 245] 5.58 P02 | 6.38] 205| 5.601170 | 6.34 1951 4.76 
15.90] 22.40] 320] 3.151290! 3.25 240 | 3.851255 | 2.92 215| 7.3 
15.80] 22.28 3401 7.45/330| 3.72 230| 9.95 
15.70| 22.17) 360] 7.90/435| 1.51 830 | 3.42] 290 | 8.79 
15.60] 22.06 380] 8.00 R60 52 33 

15.50] 21.94] 410]. 5.671500] 2.43 B80 | 8.501330 | 3.95 290! 8.28 

15.40| 21.83 520] 9.20 M20 | 4.60|350 | 9.20 
15.30] 21.71 540| 9.85 440 | 9.85 315 (15.4 
15.20] 21.60 565 | 8.65 450 | 4.14 335 (10.8 
15.10] 21.44 | 410] 3.18 

15.00] 21.37 4601 5.4 
14.90] 21.2 495} 8.95 

E'x10* min7'(¢ seea)i! | 7.373 | 7-689 7.939  fo.41 12.03 

Std. Deviation Ten 4.332 2.982 29.872. 3.042 171550 
t2.201           
  

  

 



TABLE 24: MET 

= hoes 

STABLE LIMIT CF BATCH A IN AQUEOUS SOLUTION STIRRED AT 500 rpm 

  

  

  

    

On , if | of, : TO. be Yan |v X_%an/m IR ! anf n-fn -X Approx. Time 
. : "o bs | bo a oer - to nucleate(h) 

TT me en 

| 
60.0 | 24.0] 22.5 | 17.3 | 14.4 | 19.4 | 2.9 3.1 > 68 

58.8 $4.01 22.5 17.6.1. 13:9 12365 ay 3.9 > 48 

§7<0 | 248] -22.5 | 27.81 23.5.1 18:6. 1 a3 4.5 19 

55.0 94,0°1' 22.5 18.1 | 12.9 16.9 | 5.2 5.4 14 

53.0 24.0} 22.5 Tec4 + te.4 16.3 6.0 6.2 8 

60.0]. 24.01 22.5} 18.91 1.6 | 35.0 | 73 7.5 4                
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TABLE 25 
BATCH A. COMPARISON OF DIFFERENT SEED MATERIALS - Sieve Fraction A453. 
From Fige24 c= 1.142n + 4.24 no = 14.4 60.0°C _500 r.p.m. 
ao R14 Prepared | R12 BAT@H A | RO5.BATCH A | R26.BATCH A 

% Sugar |% P.Hs Seed Sieve fraction.Milled for ji} Milled for 20min. 

lon A |m/v_ | t(min) K'x10%] = (min) x!x104 | ¢(min)| x'x104) t(min)| x !x104 

17.30 [24.00 0 0 | 
17.20 |23.88} 9 18.1 22.3 
17.10  |23.77| 80 eed it 4s 4 €155° 17 46.6 
17.00, -|23.691 290: < | 2.98 {30 .- | 41.5 he 74.5 |22 | 9.95 
16:90. °|23.541195 | 2.20 | 45 19:5 |10--1 3587 133° | 13.0 
6,00 1035431 00. F3i0a 57 a Pe ori a ace 
16.70 |23.32/300 | 2,18 oa. 1 46.4 
16.60  |23.20 32 115.0 167 | 10%6 
16.50 |23.08|400 | 2.66 ; 38 | 22.2 
116.40 |22.97 116 1 10:2. 1.43 1.2646 
16.30 [22.85 15 6.6 © 156.1 ie as 6 a8 
16.20 |22.74 155. (dese | ORs oh 3k 
16.10 122.63 180 |5.52 
16.00 |22.52 2005 15.60 |96 |8.94 |190 | 5.60 
15.90 22.40 255 |2.92 |110 |9.98 
15.80  |22.28 220 | 9.77 
15.70  |22.17 290 | 8.79 
15.60 22.06 
15.50 21.94 330 | 3.95 
15.40 {o1.83h440 | 1.52 | 350 | 9.20 
15.30 ‘Jo1.71 1500 | 3.25 420 | 8.85 
15.20 |21.60}1900 | 0.715 | 450 | 4.14 
15.10 |21.48 
15.00  |21.37 
T'x104min™! 2.546 7.039 23.75 10.00 

g.seed) | 

Std.Deviation x10* +o.¢107 | 2.872 + 18.39 * 2.558    
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TABLE 26: SIZE DISTRIBUTION 1 neon TUBE) 

    

PURE P.E. 
  

  

  

  
  

                    

BATCH A 

Before 

Attrition| Attrition: | 6min |3th | 20h | 35h [48h (72h 10min 
NO%0.S 4 NOZO .. SNOW .5|.NO“O .S}.NOxO.gNozo.gNo%0.g  NosO.S 

0.14 713.5 Q°-le.08 10 0°. le -.|0.02 0.04 
12:2 58.4 1:02°°12.72: |.0 | 0.64 |0.09 |0.16 1.63 
32.1 46.4 7.55 |12.6 11.8. | 2.88 10.54 [1.15 4.91 
42.7 36.9 | 14.2 [19.4 116.7 | 5.43 |1.40 [2.94 5.48 
54.4 29.4 | 1752 125.6 | 30.7. 1.9.32 14.3. [6.60 6.82 
63.8 25.5 | 26.4 130.9 |45.7 |12.22/10.2 j12.9 | 8.70 
73-9 18.9 | 33-4 140.5 152.2 118.7 {17.4 |20.6 17 
87.6 15.4 45.6 150.9 [61.4 |°2654 [27.0 131.3 19.9 

100 12.8 55.9 164.8 |80.0 | 36.9 139.7 141.7 30.3 

11.0 69.6 177-3 |83e4 | 50.0 150.6 |53.1 45.2 

8.75 82.2 186.6 |89.9 | 67.3 169.2 |68.3 73-6 

7-80 92.0 189.8 |95.6 | 77.0 179.3 179.5 84.0 

6.95 99-1 194.3 195-6 P3.6 |88.5 |91.3 94.0 

6.22 100 {100 |100 |100.0/100 /100 100 

a= 26 24 16.5 | 45 44 42 45   
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TABLE 27: SIZE DISTRIBUTION 2 (50m TUBE) 
el 

  

  

  

  

  

  

                

BATCH A PURE P.E. 
ATTRITION: | 6 min | 2oh 35h 48h T2h 10 min 
a pK NOZO.S | NOO.S | NO#O.S| wNo#O.s | NOM.S NO“O.S 

14.1 ae Fe 1.29 0 0 1.43 

12.6 4.1 | 2-63 3-14 1.71 0 2014 

10.6 5-47 2.63 4.52 2.99 | 0.715 2.32 

9.3 7.05 | 2.63 Bs42 ih: che 5.35 

7.35 8.74 | 2.63 6.9 4.70. | -4.28 6.44 

5.87 13.6 | 7#90 10.0 6.84 | 5.71 7.5 

4.68 27.0 10.5 15.1 12.9..1-5.7% 26.1 

3.76 38.8 14.5 20.5 15.8.1) 14.3 66.6 

3.03 60.0 35.5 39.3 27.8 26.5 66.6 

2.50 80.6 57.8 53.4 52.6 | 51.4 100 

2.12 83.7 79.0 82.2 82.0 | 74.4 

1.88 100 100 100 100 100 

bb 6.0 1.50 5.3 3.0 4.0 2.8 

f 12.1 Tz 9.7 6.2 4e7 5.8 
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TABLE 28: COMBINED SIZE DISTRIBUTION 

  

  

  

  

                  

BATCH A PURE P.E. 

JADTRITION: | 6 min | 20h 35h 48h 72h 10 min 
dp NO%0.S |NOGO.S| NOZO.S | NOO.S| NOZ.S NOO.S 

58.4 0.2 0 0 0 0 0.65 

46.4 1.57 0.478 | 0.33 0.03 | 0.07 1.95 

29.4 3.51 8.14 1.08 0.29 | 0.43 2:72 

18.9 6.95 13.85 2.16 1.17 1.34 5.45 

12.8 11.6 |2l.2 | 4.26 | 2.68 | 2.70 121 

8.75 th 23.9 1.75 4.66 | 4.43 29.4 

6.95 20.2 25.4 10.8 5.96 | 5.93 3765 

5.87 22.1 7.1 11.8 7.4 9.55 40.9 

4.68 34.3 29.1 16.8 13.3 | 9.55 52.8 

3-76 44.8 32.3 29.4 16.4°°4 37,8 79.0 

3.03 64.0 48.9 40.6 28.2 | 29.5 79.0 

2.50 82.1 66.6 54.4 52.9 | 53.5 100 

2.12 85.3 83.3 82.7 Sot 3 

1.88 100 100 100 100 100 

es ee 129} 1325 | 1620 2490 | 2160 1210 | 

  

Specific Surface original Batch A seed = 855 em’ /g. 

 



  

R.32_ PURE P.E. 

AS 
TABLE 29a 

SEED: SIEVE FRACTION fhm Spe 500 r.p.m. 50.0°C 
  

  

  

              

Indicated From Fig.24: ¢c = 1.125n + 2.65 n. = 10.9 : 
% Sugar % P.E. M + atys| so Oy ee 
on A m/v M(g) M A cm*| t(min) K x 10'min cm 

13.90 18.500 2.000 2420 0 

13.80 18.175 | 2.937 1.290 3120 25 4.82 

13.70 18.063 | 3.262 1.072 3350 60 3.38 

13.60 47.950 [23.587 1.066 3570 120 Lele 

13.50 17.838 | 3.912 1.059 3780 300 0.860 

2 9.007 4 i gin en Standard Deviation:11.276 x 107!



~ Lee 

  

  

  

          

  

      

TABLE 29b 

R.27 PURE P.E. SEED: SEEVE FRACTION 44-53 500 r.p.m. 60.0°C 
Indicated From Fig.24: c = 1.142n + 4.24 Bom LoD 

% Sugar % P.E. | (M+ ayy | s 
on A Vv M(g) | MJ | Acm*| +¢(min) | Kx 10min” 'em™4 

i i ; 

17.30 24.00 | 2.000 | | 2420 | 0 

17.20 23.88 | 2.362] 1.118 | 2705 | 7 15:5 

17.10 23.77 | 2.694] 1.091 | 2950 | 26 5.08 

17.00 23.65 | 3.056] 1.088 | 3210 | 140 0.78 

16.80 23.43 | 3.720] 1.136 | 3640 | 165 6.79 

16.60 23.20 | 4.470] 1.110 | 4040 | 190 6.47 

16.10 22.63 | 6.178] 1.246 | 5030 | 270 4.79 

a 4.707 x 107 nin” on” * Standard Deviation: 22.761 x 107!
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TAB 29c 

R.29 PURE P.E. SHED: SIEVE FRACTION 44.53~ 500 r.p.m. 710.0°C 
Be 

  

  

  

                

Indicated From Fig,24: c = 1.275n + 4.1 Noy = 16.9 
[So feaae % PE. ( 5) 2 | | rae 
on A. n/v M(g) M |Acm* | t(min) K x 10'min’ ‘cm 

19.55 29.000 | 2.000. | 2420 | 0 

19.45 28.899 | 2.402 1.132 | 2740 | 3 | 49.0 

19.25 28.644 3.204 erat 3310 | 95 2.94 

19.05 26.389 | 4.004, 1.16 | 3640 | 115 12.18 

18.55 27.751 | 6.000} 1.31 5040 | 150 16.85 

18.45 27.623 | 6.404} 1.045 | 5260 | 163 9.44 

18.35 27-496 | 6.802} 1.040 | 5470 | 175 |, 19.3 

18.15 27-241 | 7.594} 1.076 | 5880 | 200 10.5 

18.05 27-113 | 7-990} 1.034 | 6080 | 215 9.31 

17.95 26.986 | 8.385] 1.032 | 6280 | 230 9.82 

17.55 26.476 | 9.969} 1.123 | 7070 | 310 9.01 

17.45 26.348 | 10.369 1.025 | 7250 | 325 15.55 

1.7» 35 26.221 110.754. 1.024 7430 375 5.46 

17.25 26.093 | 11.147 1.023 7600 425 6.70 

M2) 25.966 | 11.539 1.023 1790 480 7.93 

Em 1.144 x 10-“nin™'en7*. Standard Deviations 20.414 x 16°
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TABLE 29a 

R.30 PURE P.B. SEED: SIEVE FRACTION 44-53 500 rpm. 80.0°C ef.   

  

  

Oey ie eee From Hig ot ¥ ene + 6.8 Nop = eae — 

on A in/v M(¢) ( if A(om*) | ¢(min) K x 10°min™ om™° 

23.25 36.000} 2.000 2420 |O 

| 22.80 35.186| 4.770 | 1.785 | 4.320 | 26 2.82 

22.60 34.937} 5.605 | 1.113 | 4810 | 45 1.53 

22.30 34.564] 6.853 | 1.143 | 5500 | 85 $17 

22.20 34.439 | 7.265 | 1.040 | 5720 | 97 1.42 

22.00 34.190 | 8.087 | 1.074 | 6150 | 120 1.635 

21.80 33.941 | 8.909 | 1.067 | 6550 | 160 1:23 

21.70 33.817 | 9.320 | 1.032 | 6770 | 170 2.75 

21.50 33.568 | 10.141] 1.059 | 7160 | 215 1.62 

21.40 33-443 | 10.550] 1.026 | 7340 | 270 0.983               

eee 
K = 1.378°x 107 nin” cn Standard Deviation: 0.2214 x 107
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TABLE 29e 

  

  

  

R34 (Repeat R30) PURE P.E. 500 repem. _ 800°C . 

I Tnaieated | From Fig.24: ¢c = 1.245n + 6.8 n= 21.2 
i%@ Sugar | PE. M+ dN 7 
von A | n/v M(g) ( i A(cm?)} +(min) KS 20'ain das 

23.30 36.000 | 2.000 ee RRO TED 

23.10 35.560 | 3.485 | 1.450 | 3510 | 4 8.4 

23.00 35-435 | 3.902 | 1.078 | 3780 | 7.5 4.21 

22.90 35-311 | 4.319 | 1.069 | 4040 | 11 4.19 

22.80 | 35.186 | 4.736 | 1.064 | 4300 | 20 | 1.60 

22.70 | 35.062 | 5.152 | 1.068 | 4550 | 28 1.835 

22.60 34.937 | 5.568 | 1.053 | 4790 | 36 1.837 

22.40 34.688 | 6.398 1.096 5250 | 45 3.41 

22.30 34.564 | 6.612 | 1.044 | 5480 | 52 2.315 

22.20 34.439 | 7.226 | 1.039 | 5700 | 59 2.44 

22.10 34.315 | 7-640 | 1.038 | 5920 | 68 2.01 

22.00 34.190 | 8.053 | 1.035 | 6120 | 95 0.723 

21.90 34.065 | 8.466 | 1.033 | 6330 | 114 1.125 

21.80 33.941 | 8.878 | 1.032 | 6540 | 124 us               
  

4 6 K = 2.242 x 1h outa? om* Standard Deviation: 41.148 x 107
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TABLE 30a 

R33 BATCH A PREPARED SEED: SLEVE FRACTION 44-53. 500 ReP.M. 50.0°C 

Indicated From Fig.24: c = 1.125n + 2.65 Nop = 11.6- 
of, 3 © 7 rr * % Sugar % PE. M+ di 9 9 ee ce 
on A n/v Mm(G) M J | A(cm*) | t(min) K x 10 min ‘cm 

15.00 19.500 | 2.000 | 2590 | 0 

14.60 19.075 | 3.235 1.38 {| 3580 960 4.22 

14.50 18.963 | 3.561 1.066 3810 1140 5.16 

14.40 18.850 | 3.887] 1.058 | 4030 | 1380 3674 

EK = 43373 x 10°°min™ om7* Standard Deviation: 11.004 x 107° 
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TABLE 30b 

R21 BATCH A. PREPARED SEED: SINVE FRACTION Ain Sip 500 repem. 55.0°C 

Indicated From Pige24: c = 1.145n + 3.20 na = 12.9 
% Sugar % PB. M+ dia p- 
on A m/v M(g) ( mu / ft A(om*) t(min) kx 10°min@ on"? 

16.00 21.500 | 2.000 2590 | 0 

15.90 9405 + 25251 1.082 2810 10 126 

15.80 @1.291 | 2.590) - 1.097 | 3060 25 7165 

15.70 21.177 | 2.929] 1.086 3340 110 12.9 

15.60 21.062 | 3.268 1.075 3590 255 1037 

14.90 20.261 | 5.603 15435 5160 1110 8.02 

14.80 20.146. | 5.937 1.039 5360 1230 8.01 

14.70 20.032 | 6.271 1.038 5560 1470 4.09 

14.20 19.459 | 7.937 1.170 | 6510 2550 5.00 

14.10 19.345 | 8.269 1.028 6680 2790 4.98 

14.00 19.230 | 8.601 1.026 6850 3090 4.28 

1 8 K = 8.078 x 10min’ 'om™* Staddard Deviation: 3.149 x 10°



R_14 BATCH A. PREPARED SEED: SIEVE FRACTION 44-534 500 R.P.M. 60.0°C 
7 

= 144 - 
TABLE 30¢ 

  

  

              

Indicated _ | From Figs24: c= 1.142n + 4.24 ng = 14.4 

oa of age M(g) (= es : A(cm*)| +(min) K x 10! min“ on™? 

17.30 24.00 | 2.000 2590 | 0 

17.20 23.88 | 2.362 | 1.118 | 2900 | 9 13.95 

117.10 23.77: | 26694 .|:-1.091 | 3160. | 80 1.71 

17.00 23.65 3.056 1.088 3440 130 2.25 

16.90 23.54 | 3.388 | 1.072 | 3690 | 195 1.69 

16.80 - 23.43 | 3.720 | 1.066 | 3930 | 240 2.335 

16.70 23.31 | -4.080 1.066 4190 300 1.70 

16.50 23.08 | 4.829 | 1.110 | 4660 | 400 2.05 

15.40 21.83 | 8.664 | 1.470 | 6840 | 1440 Lit 

15.30 21.71" 1 9.018 |, 2.027... |: 7020 |. 1500 2.51 

15.20 21.60 | 9.343 | 1.023 |.7180 | 1800 0.552 
  

ae 1.956 x 107 min” om™ 
2 Standard Deviation: 74.657 x 107 8 
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TABLE 30d 

R.20 BATCH A. PREPARED SEED: SIEVE FRACTION AAS 3p. 500 r-pom. -$0.0°C 

Indicated From Fig.24:¢ = 1.275n + 4.1 n~ = 17.8 
% Sugar % PE. M+ ayy * 
on A n/v M(@) ey A(cm*)} +(min) Xx 10°sin” en'* 

20.30 30.000 | 2.000 2590 | 0 

| 20.20 29.855 | 2.406 | 1.129 | 2925 | 5 2.97 

20.10 295720 1 4,612.1 111k | 32502 1: ae 1.475 

20.00 29.600 | 3.218 | 1.093 | 3550 | 25 1.175 

19.90 29.473 | 3.623 | 1.085 | 3850 | 37 1.100 

19.80 29.345 | 4.028 | 1.072 | 4130 | 46 2.40 

(19.70 29.218 | 4.432 | 1.066 | 4410 | 60 1.19 

/19.50 28.963 | 5.240 | 1.119 | 4930 | 75 1.59 

19.40 28.835 | 5.643 | 1.051 | 5180 | 86 1.097 

19.30 28.708 | 6.046 | 1.046 | 5420 | 96 1.242 

19.20 28.580 | 6.447 1.045 5650 125 0.428 

19.10 28.453 | 6.849 | 1.041 | 5880 | 158 0.395 

19.00 28.325 | 7.251 | 1.039 | 6110 | 195 0.359 

18.80 28.070 | 8.051 | 1.072 | 6560 | 300 0.275 

18.70 27.943 | 8.446 | 1.033 | 6780 | 350 0.313 

18.10 27.178 | 10.806} 1.179 | 7990 | 1230 0.169 

18.00 27.050 | 11.201] 1.025 | 8180 | 1560 0.147     

Eo 8.066 210 i ee Standard Deviation: 26.00 « 16°" 
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TABLE 30e 

2.23 BATCH A. PREPARED SBUD STEVE PRAGTTON 4453p. 500 r-pem. 80.0°C 

Indicated From Fig.243 c = 1.245n + 6.8 Bg we 22615 
% Sugar % PE. it + di i 7 : 
on A m/v M(g) M A(em*)| +(min) K x 10°min™ om”? 

24.20 37.000] 2.000 2590 | 0 

24.10 36.805] 2.665 | 1.213 | 3140 | 2.5 TA 

24.00 © 36.680] 3.087 | 1.104 | 3480 | 4.5 7.79 

| 23.90 36.5561 3.509 | 1.090 | 3790 | 6 4.22 

23.80 36.431 | 3.931 | 1.079 | 4090 | 15 2.15 

23.70 36.307| 4.353 | 1.070 | 4360 | 24 1.65 

23.20 35.684] 6.453} 1.300 | 5680 | 74 1.55 

23.10 35.570} 6.863 | 1.043 | 5940 | 90 1.07 

23.00 35.4451. 7-273 |» 1.040. | 6160 | 105 1.225 

22.80 35.196 | 8.103] 1.077 | 6640 | 150 0.94 

22.60 34.947 | 8.933} 1.065 | 7060 | 210 0.895 

22.50 34.823 | 9.345] 1.031 | 7310 | 243 1.06 

K = 2,574 x 10 °uin” 'cm"*. ‘Mtandakd Deviation 20.353 x 10° 
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TABLE 31 

R.31 BATCH C. PREPARED SEED: SIEVE FRACTION 44-93 500 R.P.M. 60.0% 

  

  

  

    

A ASSUMED = 2590 om® 

Indicated From Fis.24: c = 1.142n + 4.24 n. = 14.7 

oe Wek boa 7 enw | kee 
i 

17.30 | 24.00 | 2.000} . "2590 (0 

17-20 23.88 | 2.362 | 1.118 | 2900 25 5.70 

17-10 23-77 | 2.694 | 1.091 3165 | 40 5.17 

16.60 93.20 | 4.470 | 14310 4140 | 100 10.5 

16.40 22.97 | 5.159 | 1-101 {4570 | 145 5.63 

16.30 22.85 | 5.518 | 1.058 |4830 | 170 5.20 

16.10 22.63 | 6.178 | 1.078 |5200 | 220 5.31 

16.00 22.51 | 6.536 | 1.038 {5400 | 250 4.78 

15.80 22.28 | 7.222 | 1.069 {5770 | 290 7.44 

15.70 22.17 | 7.650 | 1.030 [5940 | 315 6.52                 
1 

K = 6.483 x 567 te” en": Manado’ Deviation: 1.987 x 107!
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TABLE 32 

BATCH Ae PREPARED SEED: SIEVE FRACTION 44-53 ie EFFECT OF STIRRER SPEED 

  

  

  

  

    

  

  

  

  

  

      

From Fig. 24: c= 1.142n + 4.24 Dep = 14.4 60.0°C 

Indicated | % P.E R14.500 rpm. R.22 400 rpm. R.24 600 rpm. 
ff Sugar 

on A n/v t(min) x'x104 6(min) K'x104 t(min) K'x104 

17.30 24.00 | 0 0 0 
117-20 23.88 | 9 S601. °| 10 1633 
\17.10 23.77 | 80 2.18 | 45 4.41 8 40.7 | 
17.00 23.65 | 130 2.98 65 | 7.45 27 7.85 | 

116.90 23.54 | 195 2.20 | 150 | a.68 75 2.96 | 
116.80 23.43 | 240 3.03 260 1.24 100 5.47 
16.70 | 23.31 | 300 2.18 | 320 | 2.18 
16.60 | 23.20 | 
[16.50 | 23.08 | 400 2.66 
[16.40 | 22.97 | 
16.30 | 22.85 
16.20 22.74 
16.10 22.63 
16.00 22.51 1140 | 1.17 
15.90 22.40 1380 | 0.608 
15.80 22.28 1620 | 0.620 
15.70 22.17 
15.60 22.06 
15.50 21.94 
15.40 21.83 | 1440 | 1.52 | 2520 | 0.754 
15.30 21.71 | 1500 | 3.25 
15.20 21.60 | 1800 | 0.715 
15.10 21.48 
15.00 21.37 
14.70 21.03 1260_| 3.64 
K'min™'(¢ seea)™'! | 2.546 x 1074 2.678 x 104 5.427 x 104 
Standard Deviation] 70.6107 x 1074 |42.437 x 1074 + 2.445 x 1074 
       



65 

       
  

25 

20 

< 
- 
O15 
8 
< 
Oo 
=> 

Ww 

Pd 
Oo 
E!O = 

O FIG. 24. 
= 
Zz VARIATION OF REFRACTIVE INDEX 

WITH PE. CONCENTRATION. 

NUMBERS INDICATE SOLUTION 

5 TEMPERATURE. 

© PURE PE. *«BATCHA « BATCHC 

CG. rus ee ea SO ao ee a a 
= = = 

PE. CONCENTRATION 4, miv



10
 

FIG. 25 cee cee 

VARTATION OF THE GROWTH RATE 

CONSTANT K WITH TEMPERATURE 

6 PURE P.5. o BATCH A   
= O 

ROWTH RATE CONSTANT K — id
° 

ha
e:
 

28
 

2
9
 

x 
iO
 

B
e
e



- 149 - 

Conversion of K to KG and Ky 
  

dc =-KA(C-C) 
dt 

but C= 100n = 100n g/m 
mtv 250 
p 

-°. de = 100v dm 
m 
  

(o + v)? 
as ° 100v dM 2 = KA (C band CG ) 

dt (*Y) ‘ 
p 

But dr = E6540 )) 
dt 

@*%)? -'. QM= KA dr 
v kK, x 100 

But dM = P. Aur? 

dr 

p Aur” =K Anr“(250)* 
- K. 250 - m 

L ( =) 100 
Ps 

K «kK 250° 
(250, = mi) 100 
  

imilarly, where dm = - KA (Cc - C) 
dt 

k= K 250° 

Ss 
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NOMENCLATURE USED IN SECTIONS 3 TO 7 

SYMBOL 

a 

A 
F
l
 
h
o
l
 

MEANING 

Cumulative number % smaller than 

10.0m diameter (on 280 » Foul ser 

Counter orifice) 

Total surface area of crystal 

sample | 

Arrhenius equation constant 

Difference in size distribution 

on the oh Waderemnces between the 

number % greater than 10m 

UNITS 

diameter and the number % greater 

than the diameter of the lower 

limit of the pte fener ee Counter 

orifice. 

% mass volume. 

Activation Energy for growth. 

Growth rate constant 

Average value of K 

Growth rate constant (linear 

basis). 

Growth rate constant (mass 

basis). 

Growth rate constant. 

Cumulative number % on the 50 

Coulter Counter orifice greater 

g(100em)~> 
-1 

K. Cals (g.mole) 

ar Pe 
1 -2 

min. ~ CMs 

cm/min(g/100em?) 

g/min cm“( mass 
fraction) 

a” seat



SYMBOL 

4 
Bw
 

4
 

3 
et 

¢ 
WH
 

WwW 
<4 

< 
- 151 - 

MEANING 

than the diameter of the lower 

limit of eee Ge orifice, 

Mass of solute in solution 

Crystal mass in suspension 

Refractive Index for mean 

sodium D lines. 

Refractive Index as Indicated 

% Sugar. 

Refractive Index as Indicated 

% Sugar at equilibrium. 

Number of growth rate constarts 

K used in obtaining K, 

Universal Gas Constant, 

Specific Surface 

Time. 

Mean temperature of emergent 

stem of partially immersed 

thermometer. 

Temperature. 

Observed temperature 

Total volume of solution. 

Volume of solvent. 

% mass fraction. 

Number % oversize on combined 

size distributions. 

-1 
cals (g.mole) °K 

i wd 
cm” g 

min. 

eg.



SYMBOL 
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MEANING 

% Mass ratio. 

Number % oversize using 280m 

Coulter Counter orifice. 

Correction to be added to qT 

to correct partially immersed 

thermometer. 

Number % oversize using 50 

Coulter Counter orifice, 

Wavelength of light. 

Millimicron 

Density of solute, 

Density of solvent. 

  

millimicron 

10°? cm. 

3 

3 

g.cn” 

g.cm
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NOMENCLATURE USED WITH COULTER COUNTER 

SYMBOL 

H
w
 

Ss
. 

me 
OUl

he 

42 

D>
 

ww
 

Me 
op 

SIZE ANALYSER 

MEANING 

The orifice area normal to the 

flow axis. 

The projected area, parallel to 

the orifice axis, of the particle 

  

as it is oriented in passing through 

the orifice. 

The orifice diameter. 

The diameter of the particle. 

Scale Expansion Factor. 

The aperture current setting. 

The aperture current setting used 

in calibration. 

The calibration factor. 

The average of counts of a 

particular sample. 

The average of counts n? of each 

sample. 

The coincidence correction. 

The corrected count. 

Coincidence factor. 

The aperture resistance. 

The change in aperture resistance 

micron 

micron 

ohms. 

ohms.



SYMBOL 

< 
—
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MEANING 

produced by the particle. 

The resistance of the aperture 

current switch in the position 

used. 

The relative particle volume 

(5/48 

The threshold level, 

The threshold value found for 

the monosized particles used in the 

calibration. 

The voltage between the outer 

electrode and earth when immersed 

in the electrolyte. 

The particle volume. 

Background count of blank 

electrolyte, 

The particle resistivity 

The electrolyte resistivity 

UNITS 
  

ohms. 

volts. 

cm 

microhms cm 

=3 
microhms cm



zs 

2. 

3. 

he 

9. 

10. 

ll. 

Len 

13. 
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