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S U MMAR Y 

Consideration has been given to the mechanisms by which very regular 

patterns of inclusions of mother liquor form in certain crystalline solids. 

Experimental tests were carriea out using hexcmine (hexamethylene tetramine), 

ammonium chloride, and sodium chloride. 

Two quite distinctive types of pattern were observed. In the first, the 

'face' pattern, a set of inclusions was observed with one inclusion corresponding 

to each face of the crystal. For the dodecahedral hexamine crystnlsopatterns 

of twelve were observed; for the cubic crystals of the other materials, patterns 

of six. It has bcen daoun that the formation of this typo of pattern is a 

growth rate phenomenon. Above a certain growth rate a form of crystal growth, 

apparently intermediate between plane-wise and denaritic grouthpis observed. 

In this form, the crystals grow with cavities in their faces. These may 

eventually seal over to form the inclusions. Measurements of the growth rate 

involved in this transformation have bee_i made, and the effects of additives 

and differing solvents have been considered. 

In the second type of inclusion pattern, the 'edge' pattern, the inclusions 

outline the edges of the crystal at a)me prior stage of growth. It has been 

Shown that these inclusions are formed primarily through growth on rounded or 

irregular seed crystals. 

Attempts were made to remove the included mother liquor by drying. These 

were generally unsuccessful. Consideration was also given to the role played 

by included solvent in the caking of crystals on storage. 

A compilation of the properties of hexaraine and its solutions is given. 
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NOMENCLATURE  

	

a 	: 	Volume shape factor for crystal. 

	

A 	: 	Total surface area of crystal batch. 
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c 	: 	Volume shape factor for inclusions. 
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R 	Rate of crystal growth computed from x. 
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x:1! : 	Critical value of xi at which inclusions seal over (= y1 ). 
x 1 	: 	Mean size of inrgest crystals (on volumetric basis). 
Z 	: 	Internal size of inclusion pattern. 
Y 	: 	Mean value of y. The Crit:'_cal Crystal Size. 

	

Zt 	• . 	External size of inclusion pattern. 

	

Yi 	Mean value of y' on a volumetric basis 

	

(14'. 	Area-volume factor for distribution of x. 

	

.,..:.i 	Area-volume factor for distribution of yie, 
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-'r_ 	Fraction of total surface area of crystaJ s associated with crystals 
with inclusions. 
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9'5 	: 	Time When inclusions seal over. 

	

ii 	: 	
Crystal density. 

r: 1 micron 10-6 metre. 



14. 



15 

I. INTRODLUTION 

Often small pockets of mother liquor (or other materials) can be 

trapped within a crystal when it is grown from a solution (or a melt). 

These inclusions (as they are termed) of foreign material occur commonly 

in many crystals of industrial importance. They are usually undesirable 

since they represent a source of impurity in the material. Also, 

their presence may be a cause of crystal caking, if the inclusion 

contains a solvent which can escape and evaporate from the surface• 

There are many means by which inclusions may be formed and many 

different appearances of the inclusions resulting. Some inclusions 

form in patterns of great regularity; others in quite a random manner. 

It is the purpose of this project to study crystals with regular patterns: 

of inclusions, since it is thought that the regularity of behaviour 

should be of considerable aid in understanding the mechanism of their 

formation. Several common materials show such regular patterns of 

inclusions. The material selected for especial study in this project 

is hexamine (hexamethylene tetramine) which crystallises as rhombic 

dodecahedra. These may contain regular patterns of twelve inclusions. 

The mechanics of the formation of these inclusions will be the major 

aspect of this study. 

Consideration will also be given to the possibility of removing 

the included material from crystals already formed, for example, by drying. 

The role played by included solvent in the caking and agglomeration of 

crystals will also be investigated. 
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2. INCLUSIONS IN CRYSTALS - A SURVEY 

2.1 PURIFICATION BY CRYSTALLIZATION 

Crystallization processes are a widely used and important means 

of purifying and recovering solid products from impure mixtures. 

A large number of texts have been devoted to this subject and several 

are given as references 2:3- 7. 

The change in purity resulting from a single crystallization 

can be quite remarkable. Crystals of high purity can be grown from 

very impure solutions. This stems from the basic mechanics of crystal 

growth. As a crystal grows, molecules of the product transfer from the 

impure mixture to occupy more-or-less rigid positions in a crystal 

lattice. This lattice is extremely selective as to the molecular species 

which can be built into it. In most cases only the product molecules 

can be accepted, and a high degree of purification is achieved. 

The impurities associated with most crystalline products can usually 

be attributed entirely to the adherent film of mother liquor on the 

surfaces of the crystal. However, in some cases, impurities can be 

contained within the crystal itself. 

2.2 CLASSIFICATION OF IMPURITIES IN CRYSTALS 

Some crystals can contain internal impurities, i.e. material other 

than the product. The means by which the impurity is held within the 

crystal might be used as a basis for a classification, such as that 

shown in Table 2-1. 

The first group includes impurities Which are incorporated directly 
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IMPURIllES IN CRYSTALS  

I. Those caused by lattice mechanisms; the accommodation of 

single atoms, ions, or molecules in the lattice. 

A. Replacement in Lattice. 'Mixed crystals' e.g. alums, 

alloys. 

B. Accommodation in Interstices. 'Interstitial compounds' 

e.g. C in steel. 

II. Those caused. by surface entrapping mechanisms; the 

containment of discrete amounts of impurity. 

A. Parallel growth. e.g. perlite (in steel), star mica. 

B. Inclusions. 

submicroscopic, e.g. dyes in crystals, milky quartz. 

microscopic. 

TABLE 2-1 	CLASSIFICATION OF IMPURITIES IN CRYSTALS. 
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into the lattice by lattice mechanisms. An impurity molecule may 

directly replace a product molecule in the httice giving rise to 

'mixed crystals' such as the alms. Other examples are given 

by Buckley n7 pp. 588-96. Alternatively, if the impurity molecule 

is considerably smaller than the product molecule, it can be incorporat:- 

ed in the interstices of the lattice without replacement, giving rise 

to the 'interstitial compounds' such as carbon in iron(Buckley (j7 p.596). 

With these materials the impurity is incorporated unit by unit 

in the structure, and is dispersed on a molecular level. With the 

second group, the iupurity is contained as discrete multimolecular 

conglommerates. These are usually caused by surface effects or growth 

irregularities in the growing crystals. 

One type of growth in this second group is the alternate layer wise 

deposition of impurity and product, termed 'parallel growth', and is 

discussed in Buckley (7 pp. 402.44. 
The discrete amounts of impurity are termed 'inclusions'. Some 

inclusions are sub-microscopic in size and may constitute only a few 

molecules of impurity. These can only be seen if they are coloured, 

e.g. dye molecules (Buckley Lf pp. 415-35), or are so numerous that 

they cause dispersion of light e.g. 'milky' quartz crystals. Other 

inclusions may be quite large and may be readily observed under the 

microscope, or in some cases, to the naked eye. An inclusion may contain 

one or several phases - gas, liquids, and solids. Examples are given 

by Buckley Z-1.7 pp. 433-47. 

This project will be concerned only with inclusions (Group IIB of 

Table 2.1) and only those ]:age enough to be seen under the microscope. 
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As this project is concerned only with crystallization from 

relatively pure solvents, the inclusion when formed will contain only 

a single liquid phase. However, because of the contraction of the 

liquid on cooling a smell vapour space may sometimes be present, 

2.5 TERMINOLOGY  

In the literature the terms 'occlusion' and 'inclusion' have been 

used on various occasions to describe part or all of the classification 

groups shown in Table 2-1. In what follows, only the term 'inclusion' 

will be used, with the meaning ascribed to it above. 

The term 'impurity' as used above was taken to mean material other 

than that considered to be the product. Impurity in this sense may not 

be impurity in the usual chemical sense of being undesirable or 

objectionable. For example, in the case of a mixed crystal such as an 

alum, the impurity is one of the constituents of the crystal and could 

equally have been considered as the product material. A crystal with 

water of crystallization is another example. (Refer also Buckley rij 

p. 559). 

In other cases the impurity may be a non-objectionable solvent. 

Reagent grade sodium chloride, for example, may contain an appreciable 

percentage of included mother liquor, yet be labelled "puriss.", since 

the mother liquor contains only proauct and water. 

2.4 REASONS WHY INCLUSIONS IN CRYSTALS ARE UNDESIRABLE  

The presence of inclusions in crystals may be undesirable for the 

following reasons. 
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1. The inclusion causes imperfections and non-homogeneity 

within the crystal. This is especially serious if the appearance 

of the crystal is important, or if the crystal is to be used for its 

optical, electrical, magnetic or other properties as, for example, 

the use of crystals for synthetic gemstones, lasers, radio oscillators, 

and semi-conductors. The effect of inclusions of gallium in 

germanium semi-conductor crystals has been considered by Hurle and 

associates .5, 22% 

2. The contents of the inclusion contain impurity. The 

inclusion may contain materials other than the product. These 

materials may be undesirable with respect to the chemical purity 

of the material. For example, Powers fig has shown that the 
coloured matter content of sugar crystals is due almost solely to 

the included mother liquor. 

3. The subsequent behaviour of the included material may be 

undesirable. For example, the differential expansion behaviour 

of included material and crystal may stress or crack the crystal, 

it the escape of solvent from the inclusion may cause caking of stored 

crystals. 

2.5 APBEARA,I10EOF INCLUSIONS IN CRYSTALS  

The appearance of inclusions in crystals varies considerably, as 

illustratcd by Fig. 2.1. This diagram is based on the description of 

various crysitalsgiven by Buckley LT pp. 415-444, and on the 

classification ofinclusions in sugar crystals given by Powers 5-197. 
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FIG. 2-1 . SOME OF THE PATTERNS OF INCLUSIONS 
FOUND I N CRYSTALS. 
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The tendency is to classify inclusions in terms of the degree of 

regularity and orientation shovrn•by the inclusion patterns. Thus the 

'hourglass' appearance of Fig. 2-1, where included material (usually 

dye) occurs regularly with respect to certain faces of the crystal, 

is considered more regular than the 'random' arrangements where no 

order prevails. 

With 'hourglass' patterns, the included materials tend to lie 

in the solid volumes swept out by the growth of particular faces. 

With 'block' patterns the included material tends to lie on what 

corresponded to the faces of the crystal at some previous stage of 

growth - often the seed crystal itself. The inclusions in 'fjord' 

pattern appear as tapering pipes roughly aligned to one another. 

In 'Orientated' patterns the tubes of inclusion tend to run parallel 

to the edges of the crystal. A sheet of included material gives rise 

to the 'veil' appearance. Where no pattern is apparent the arrangement 

is termed random. 

This project is mainly concerned with patterns of inclusions which 

exhibit a regularity of appearance more pronounced than any shown in 

Fig 2-1. Description of these patterns will be delayed until section 

2.7. 

2.6 MECEANISMS OF INCLUSION FORMATION 

There are several mechanisms by which inclusions might be formed. 

These are sunmrised in Table 2.2. 

2.6.1. Formation in Growing Crystals. 

Inclusions formed in a growing crystal must depend on some 
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A. IN GROWING CRYSTALS 

(i) Adsorption processes on the surface. 

(ii) Initial surface irregularities. 

(iii) Growth of irregularities, e.g. edge or 
dendritic growth 

B. IN FORMED CRYSTALS 

(i) Resealing of cracks and fractures. 

(ii) Local dissolution and resealing. 

C. IN UFLTS AND MAGMAS 

(i) Solidification (Inclusion Thermometry). 

TABLE 2-2 MECHANISMS OF INCLUSION FORMATION 

irregularity in the growth of a crystal face. This irregularity may 

be caused - 

(i) by adsorbed impurity; 

(ii) by the initial condition of the surface; or 

(iii) by the non-planar growth of the surface itself. 

Impurity adsorbed on a region of a growing surface might inhibit 

further growth on that region causing the rest of the surface to grow 

beyond and over the impurity entrapping it. This impurity could be 

a soluble or an insoluble constituent of the solution or even a gas 

(refer Buckley ri.A, 'Hourglass' inclusions (Fig. 2-1) are probably 

connected with a continual form of some such surface adsorption on 

certain faces. 
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The surface irregularity may be simply the initial condition of 

the surface. If the surface contains pits, grooves or hollows because 

of prior mistreatment of the crystal or because of gross lattice 

defects such as dislocations and slip plane rearrangements, surface 

growth could seal the surface over forming inclusions. The 'block' 

and 'orientated' patterns might be formed in this way. 

Surface irregularities may be generated by the non-planar growth 

of the surface itself. Growth of the edges and corners of the crystal 

may be at a much faster rate than the rest of the face, giving rise 

to hollowed faces which might later seal over forming inclusions. 

In some cases corner growth may become so rapid that the crystal grows 

as long irregular spikes in preferred directions. These spikes have a 

tree-like appearance and are termed dendrites. If a crystal grows 

dendritically, and then fills in, inclusions may be formed trapped 

between the original arms of the dendrites. This process of formation 

is described by Buckley 2.-.47 p.435. Certain 'orientated' patterns 

of inclusions may be formed in this wair. 

The gallium rich inclusions in germanium crystals described by 

Hurle and associates L6, 27 are formed by preferential growth at 

the edges of individnnl crystal grains. Each grain has a pit in the 

centre of its growing face in which the included material collects, 

2.6.2. Inclusion Formation in Formed Crystals 

Inclusion formation in grown crystals requires the crystal to be 

penetrated by some means. This may occur by local dissolution forming 

pits at certain spots, or by cracks and fractures formed in the crystals. 

The pits and cracks may fill with foreign material and seal over by 
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surface evaporation or further crystal growth, leaving inclusions. In 

these cases, unlike the mechanisms in 2.6.1., the included material 

need not necessarily be similar to that from which the crystal was 

originally grown. The sealing of crystal fissures is probably a cause 

of 'fjord' and 'veil' patterns of inclusions. 

2.6.5. Inclusion Formation in Melts and Magmas 

Melts and magmas crystallize by solidification. Impurities present 

in the molten material are trapped in the solidified mass. They may be 

within the ground mass of the solid or within individual crystals in 

the mass, depending on the relative speed with which the impurities can 

be moved away from the advancing crystal front. 

The presence of inclusions within natura:1.1y occurring rocks and 

crystals are of great interest to geologists attempting to determine the 

temperature at which the rocks were formed. This field of study is known 

as 'inclusion thermometry'. A very able review of the field is given 

by Smith Z57.17, and an excellently illustrated article on the subject 

recently appeared in'Scientific Amer...can'2347. 

Tn principle the method is as follows. The majority of inclusions 

in rocks contain a liquid and a vapour space. It is assumed that the 

liquid completely filled the inclusion cavity under the temperature and 

pressure conditions at which the rock solidified,and that there has been 

no loss of inclusion contents since. Thus the vapour space is due 

solely to the contraction of the liquid on cooling. A thin section of 

the rock showing inclusions is examined on the heated stage of a 

microscope. The temperature at which the vapour space just disappears 

is noted. After a correction for pressure is applied, the resulting 



temperature is taken to be the solidification temperature of the 

rock. There are several uncertainties associated with the procedure 

25117, but the method has been demonstrated to be basically correct 
by tests on synthetic vortz crystals 2W. 

2,7 CRYSTALS WITH REGULAR INCLUSION PATTERNS 

This project is concerned with crystals which show very regular 

patterns of inclusions. The published information on such crystals 

is very sparse. When this project was begun the only published 

reference was that by Denbigh 2217, and it was assumed that such 

patterns in crystals were a very isolated occurrence, However, it now 

seems that they are more abundant than was at first realised. 

Denbigh rig reported the presence of very symmetrical patterns 
of inclusions in crystals of cyclonite (RDX) and hexamine. In hexamine 

the pattern consisted of twelve inclusions regularly arranged about the 

centre of the crystal, This pattern has also been observed by Bunn 

and is described in a forthcoming book 271V. Bunn also described a 

regular pattern of six inclusions fn cabic crystals of ammonium 

chloride - one inclusion corresponding to each face of the crystal. A 

similar pattern of six has been observed in cubes of sodium chloride by 

Birchall Lt. These crystals will be described in greater detail in 

chapters 3 and 4, 

Ayerst zw has reported the appearance of regular inclusion 
patterns in large crystals of ammonium perchlorate formed by rapid 

growth. These inclusions appear to be similar in some respects to 

those observed in hexamine, ammonium chloride and sodium chloride, 

although a detailed analysis of their arrangement and formation has not 
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yet been made. 

Pairs of inclusions appearing in barium chromate crystals have 

been described by Adamski ZP, ig and are shown in Fig. 2-2. The 

composition of the included material is not known* although Adamski 

suggests that it may be products caused by radiation damage of tha 

host material. If the inclusions did contain aqueous mother liquor 

they might be considered to be similar to those in the crystals 

described above. 

These regular patterns of inclusions would seem to be formed 

while the crystals are growing; in which case one of the mechanisms 

of growth described under section 2.6.1. would be applicable. 

A request has been made for a sample of this material for moisture 
analysis purposes, but at the time of writing a sample had not yet 
arrived. 
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BARIUM CHROMATE CRYSTALS. 
Adamski, T. & Trojanowski, L. Nature, 197 , 1005 (1963)] 

BARIUM CHROMATE 	CRYSTALS . [ x 1200 ] 
( Photographs supplied by 	T. Adamski , 	Poland ) 

FIG. 2-2. PATTERNS IN BARIUM CHROMATE CRYSTALS. 
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3, DESCRIPTION OF INCLUSIONS TN HEXAMINE CRYSTALS 

3.1 INTRODUCTION 

At the time this project was begun the only materials known to 

give regular patterns of inclusions were cyclonite (R.D.X.) and 

hexamine, as described by Denbigh zw. Of these, hexamine, in which 
regular patterns of twelve inclusions had been observed, was chosen 

for study. 

3.2 PROPERTIES OF HEXAMINE 

Hexamine (hexamethylene tetramine, C6H12N4) is an important 

industrial chemical used as an intermediate in the manufacture of 

formaldehyde plastics and of the explosive cyclonite (RDX). It is 

manufactured by the reaction between ammonia. and forneldehyds in aqueous 

solution. The product is recovered by crystallization. 

The main source of datz on hexamine is a book by Walker Y. In 

many respects the data there was too limited for use, so a separate 

compilation of the properties of hexamine and its solutions was made, 

and is given as a Supplement to tins thesis. Some properties were 

not available and had to be measured. The methods used to measure these 

properties are given in Appendix VI. The results are incorporated 

directly into the Supplement. 

5.5 CRYSTAL FORM 

Hexamine belongs to the cubic system of crystal symmetry and 

crystallizes in the form of a rhombic dodecahedron, a solid figure with 

twelve identical f011 faces. The crystals grow readily from most 

solutions. Hexamine is highly soluble in water9  less so in most 

other solvents, and practically insoluble in hydrocarbon solvents. 
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Water was the main solvent used in this investigation. 

5.4 OBSERVATIONAL TECHNIQUE 

5.4.1. Equipment 

The inclusion patterns could be seen at a suitable magnification 

with a low powered laboratory microscope (X10 objective, X6 eyepiece). A 

55 mm. single lens reflex camera was fitted to the microscope so that 

photomicrographs could be made. The crystals to be observed were 

mounted on 0. recessed glass slide on the microscope stage. Further 

details regarding this equipment are given in Appendix I. 

Because of the opaqueness and roughness of the crystal surfaces and 

because of the differences in refractive indices between the crystals and 

air, the internal steucturc could not be seen directly. Sectioning of 

the crystals (as is done with geological and biological specimens) was 

consiclered undesirable as it muld cut through the patterns and inclusions. 

It was decided, tnerefore, to immerse the crystals in a fluid with the 

same refractive index as the crystal, in which case the surfaces of the 

crystal would become invisible and the internal inclusions (of different 

refractive index) would become plainly visible. 

5.4.2. Selection of an Immersion Fluid  

A suitable immersion fluid would 

(±) 	have the same refractive index as the crystal; 

(ii) have a lower density, so that the crystals would sink; 

(iii) be non-virc-ms, so air bubbles would rise and crystals sink 

quickly. 

(iv) wet the crystal surfaces, so that attached air would be removed. 
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(v) be non-reactive, non-volatile and non-toxic; and 

(vi) would not dissolve the crystals to any great extent. 

The refractive indices and densities of several fluids tested far 

hexamine crystals are shown in Table 5-1. Glycerol was first tried, 

but it had too low a refractive index, was too vinous, and rapidly 

dissolved the crystals. A mixture of clove oil and QC,- bromo naphthalene 

had the ocrrec* refractive index but the clove oil reacted chemically 

with the hexanine. 04(-bromo-naphthalene and o(-bromo-benzene were too 

dense and did not wet the crystals very well. Aniline proved to be quite 

satisfactory, although it tended to dissolve the crystals after some 

time, and also slowly to evaporate away. The observed appearance of 

hexamine cyrstals in the various fluids is shown in Appendix I. 

Where the internal inclusion structure of hexamine was of interest, 

aniline was used exclusively as the immersion fluid. Where the surface 

appearance was required, paraffin cr bromo-benzene was used. 

3.5 APPEARANCE OF INCLUSIONS IN }EXAMINE  

Many crystals of hexamine men grown. Details concerning the 

method of growth will be considered in later chapters. Some crystals 

showed numerous inclusions, others showed none. In some cases the 

inclusions were in quite random arrangement (Fig 5-1) with no semblance 

of order. However, in most crystals r.igular patterns of inclusions 

were seen. Two distinct patterns were observed,which have been termed 

'FACE' and tEDGE' patterns. 

3.6 'FACE' PATTERN OF INCLUSIONS  

The face pattern is a very regular arrangement of twelve inclugtons 
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as. shown in Figs. 3-2, 3-3 and 5-4. Fig 3-2 has been published in 

'Nature' Zi117. 

In spatial arrangement the inclusions lie at positions corresponding 

to the centres of the faces. of a rhombic dodecahedron aligned parallel 

to the outer crystal surfaces. In other words, if the crystal grew 

regularly the inclusions would lie at the centres of the faces of the 

crystal at some previous stage of growth. 

That the inclusions have a dodecahedral pattern may be seen by 

comparing the photographs in Figs, 5-2, 5-43 and 5-1 with a rhombic 

dodecahedron constructed of 'Perspex' with marbles at the centre of 

each face. The different patterns, - seven membered, square, and 

hexagonal, shown in Fig 5-4 result merely from the different points of 

view taken of the 'uhree dimensional arrangement. All can be reproduced 

in the model. 

The equivalence between the inclusion pattern and the face 

centres of a dodecahedron can also be demonstrated by measurements made 

under the microscope, one series of Which is shown in Fig 3-5. The 

measurements in plan were made with a graduated eyepl.ece, those in 

elevation with the micrometer adjustment racking the field of view up 

and down. Within the accuracy of measurement, the pattern is dodecahedral. 

Perhaps the most striking way of demonstrating the regular three 

dimensional nature of the pattern is to mount the crystal on a spike in 

an immersion fluid and rotate it. A movie film has been made of this, 

and several frames from it are shown in Fig 3-6. 

This type of inclusion arrangement has been termed a 'facet pattern 

because the positions of the inclusions correspond to the centres of the 
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faces of the crystal.. 

5.7 'EDGE' PATTERN OF INCLUSIONS  

In this case (Fig. 3-7) the inclusions lie along a regular pattern 

of lines corresponding to the edges of a rhombic dodecahedron, i.e. to 

the edges of the crystal at some prior stage of growth. 

This may be confirmed by comparing the inclusion patterns in 

Figs. 5-7 and 5-8 with the edges of the crystals. In Fig 3-8, the 

same crystal is shown at t16 different depths of focus, illustrating the 

three dimensional nature of the pattern. The arrangement is also confirmed 

by rotating the crystal on a spike - (Fig. 3-9), 

3.8 SHAPE AND STZE OF INCLUSIONS 

Most of the inclusions have the appearance of negative crystals, 

that is, they show internal faces corresponding to the external faoes 

of the crystal. These dodecahedral faces can be seen clearly in 

Figs. 3-2 and 5-3, and to some extent in the other photographs. An 

enlargement of one inclusion is shown in Fig 5-10. 

The inclusions range in size -Prom the barely microscopic (a few 

microns) to a few hundred microns. Those in 'face' patterns range up 

to 70,4. while those in edge patterns only up to 10-20 /Au . 

The fraction of the total volume of the crystal that is an 

inclusion can range up to several percent, for some of the crystals 

shown in Fig. 5-4. 

3.9 CONCLUSION  

Hexamine crystals can exhibit two distinctly different regular 

patterns of mother liquor inclusions. In one, the 'face' pattern, 
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twelve inclusions are observed at positions corresponding to the 

face centres of a rhombic dodecahedron. In the other, the 'edge' 

pattern, lines of inclusions trace out the edges of a rhombic 

dodecahedron. The shape adopted by most of the inclusions is that 

of a negative crystal. 



46 

4. DESCRIPTION OF INCLUSIONS IN OTHER CRYSTALS 

4.1 TNTRODUJTION 

As mentioned in Section 2.7, regular inclusion patterns have 

been observed in other crystals, in particular, in crystals of 

ammonium chloride and sodium chloride. These examples will now be 

examined in greater detail. The means of growing these crystals with 

inclusion patterns will be considered in Ch. 9. Both materials 

belong to the cubic system of crystal symmetry, and under suitable 

conditions can be crystallized as cubes. 

4.2 SELECTION OF IMMERSION FLUIDS  

From a knowledge of the refractive indices and densities of 

ammonium chloride and sodium chloride (Table 4-1) immersion liquids 

were chosen. For ammonium chloride, c6•bromo-naphthalene was used. 

This material isir,aireiblomith aq-eous solution so it was necessary 

to dry the batclles of crystals quite thoroughly before observation, 

Phenol (with a small addition of water to keep it liquid at 

room temperatures) was used for sodium chloride crystals. After several 

minutes exposure to the air on the microscope slide, phenol began 

crystallizing, but observations were usually completed before this 

happened. 

4.5 'FACE' PATTERN OF INCLUSIONS IN AMMONIUM CHLORIDE 

The presence of patterns of six inclusions in cubes of ammonium 

chloride has already been noted by Bunn 25y. Each inclusion corresponds 

to the centre of the face of the cubic crystal at some previous stage of 

growth. The pattern is obviously similar in nature to the 'face' 

pattern in hexamine crystals. An example showing two successive sets of 



MATERIAL nD20 f220 

ALIDNIUM CHLORIDE 1.64_ 1.53 
..<, - bromo- naphthal pne 1.658 1.4.8 

SODImr auDRIDE 1 (.51!)!  2.16 

phenol 1 .54-2 1.06 

Data from LANGE [202 
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six inclusions is given by Bunn Lig. 

Examples of inclusions in crystals grown by the author are shown 

in Fig 4-1. The three dimensional cubic nature of the pattern is readily 

visible from the photographs. Also the pattern was confirmed by rotating 

crystals on a spike in the immersion fluid. 

Some of the inclusions shown in the patterns of Fig 4-1 have an 

unusual shape. These crystals were photographed soon after manufacture. 

The shape is connected with the mechanism of growth and the high temperature 

coefficient of solubility of the material. This aspect will be discussed 

further in Section 9.2.2. After some time, these inclusions adopt 

the form of negative crystals i.e. each inclusion is bounded by three 

pairs of parallel faces mutually at right angles. 

Individual inclusions in these patterns range in size up to 80/... 

The amount of volume occupied by the inclusions may be up to ten percent 

of the total crystal. Crystals with a high percentage of included solution 

tend to float on the inversion fluid because of their reduced density. 

4.4 'EDGE' PATTERN OF INCLUSIONS IN AMMONIUM CHLORIDE  

Ammonium chloride crystals were grown which showe3. 'edge' patterns 

of inclusions (Fig. 4-2). The inclusions lie along the edges of a cube. 

The inclusions are quite small (up to 2O/) and constitute less than one 

percent of the crystal volume. 

4.5 'FACE' PATTERN OF INCLUSIONS IN SODIUM CHLORIDE 

Sodium chloride cyrstals can show patterns of six 'face' inclusions 

similar to those in ammonium chloride crystals. A photograph supp7ied 

by Birchall Zig is shown in Fig 4-3 together with photographs of crystals 
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FIG. 4-1. 	'FACE' PATTERN OF INCLUSIONS IN 
AMMONIUM CHLORIDE CRYSTALS. 
( Immersion Fluid,e-Bromonaphthalene.) 	[ x 150] 
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grown by the author. Inclusions up to 	have been observed in these 

patterns, corresponding to about five percent of the crystal volume. 

4.6 'EDGE' INCLUSIONS PATTERNS IN SODIUM CHLORIDE 

Patterns of 'edge' inclusions can be grown readily in crystals of 

sodium chloride (Fig. 4-4). The inclusions outline the edges of the 

cubic form of the crystals. The individual inclusions are quite small 

(less than 25/40 and comprise less than one percent of the whole 

crystal. 

4.7 REGULAR INCLUSION PATTERNS IN OTHER CRYSTALS 

Regular inclusion patterns may well occur in crystalline materials 

other than those described above, which were the only materials considered 

in this project. Ai will be seen in the following sections of the 

thesis, the conditions under which these Inclusions form are not so 

unusual. It would be very surprising if other materials did not show a 

similar behaviour under somewhat similar conditions. One reason why more 

examples may not have been reported is that it is usually the purpose of 

industrial operation and research investigations to prepare pure crystals. 

Crystals which show included impurity tend to be disregarded and discarded, 

and conditions which promote inclusion formation fond to be strenuously 

avoided. 

4.8 CONCLUSION  

Other crystals, in particular ammonium chloride and sodium chloride 

can show 'face' and 'edge' inclusion patterns. In the case of ammonium 

chloride and sodium chloride the arrangements correspond to the symmetry 

of the cube. 
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5. EQUIPMENT FOR THE GROWTH OF CRYSTALS  

5.1 INTRODUCTION  

It was necessary +o construct suitable apparatus for the growth 

of crystals so that the formation of inclusions could be studied. The 

material chosen for stuffy was hexamine crystallizing from aqueous solution, 

which was known to give crystals with regular inclusions. (see section 

3.1). 

In order to grow crystals, some means of promoting supersaturation 

was required. Possible means include, 

(i) the use of the variation of solubility with temperature; 

(ii) the removal of solvent by evaporation; and 

(iii) the use of added components to 'salt out' the solute, 

The solubility of hexamine does not vary greatly with temperature 

(Fig 5-1). So it was considered unlikely that hexamine crystals with 

inclusions could be grown by the first means and consideration was given 

to the other methods. Subsequently it was found that the first method 

could be used and an apparatus for „:rowing crystals by this means is 

described in section 5.10, 

The secona means was selected as the main method for growing hexamine 

crystals, and an apparatus utilizing this method is described in detail 

in the following sections, 

Consideration was also given to the attainment of supersaturation 

by the use of additives. Gaseous ammonia was found to be a suitable 

additive for aqueous solutions, while methanol, ethanol and glycerol 

were not (refer Supplement, section SIII)/ However, this means was 

discarded on the grounds of the practical difficulties associated with 
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the controlled nixing of solution and gas, and also on the undesirability 

of introducing the possible complications of another 'impurity'. 

5.2 DESCRIPTION OF EVAPORATIVE CRYSTALLIZER  

Supersaturation was to be promoted by evaporation of the solvent, 

water. The product, hexamine tends to decompose in solutions above 

60oC 2W, so that evaporation under vacuum was necessary. 

'In order that crystals might be grown under known and controlled 

conditions it was decided to grow the crystals in a continuous 

crystallizer under steady state operation. The analysis of the results 

for growth conditions is also quite a simple matter L23-2.g. 
Essentially the crystallizer (Fig 5-2 and 5-5) consisted of a 2-

litre agitated flask (6), maintained under vacuum, and heated by an 

electric mantle (7). A continuous stream of saturated feed solution 

from a stock vessel (1) entered the flask through a flow-meter (2). 

The evaporated water was condensed (8) and its volume measured (9). 

The slurry of mother liquor and crystals overflowed through a side arm 

and seal vessel (10), to either a oample receiver (12) or a product store 

(13). Liquor and vapour temperatures, and solution conductivity could 

be measured. 

5.5 DETAILS OF DESIGN AND CONSTRUCTION OF CRYSTALLIZER 

5.5.1 Selection of Operating Conditions  

A vessel of 2 litres capacity was considered to be a convenient 
size. The available 400ff heating mantle would produce a maximum of 8g. 
of hexamine crystals per minute (Pig 5-4) so feed flow rates Should 
beinthe range 10-100g/min. Evaporating temperatures would be below 
60°C (because of product decomposition) and above 25oC (because of the 
limits of condenser water temperature). Corresponding vacuums in the 
range 20-100 mm Hg. absolute would be required. 
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5.3.2 Vacuum system 

Suitable vacuums were produced by a single stage rotary pump 
(Edwards 'Speedivac' Model ISP 50) connected to the crystallizer through 
a trap, manifold system, and a series of vacuum tight cocks. It was 
necessary to maintain a very steady vacuum in the system and this was 
achieved by an automatic vacuum controller (Edwards V.P.C.1) acting on an 
air bleed. The pressure was measured by a mercury U-tube manometer. 

5.5.5 Crystallizing Vessel  

The crystallizing vessel (Fig 5-5 and 5-6) was a Nuickfitt glass. 
reaction vessel of two litre capacity fitted with a flat flange lid. 
The lid carried five B19 cone joints through which the stirrer, thermometer, 
conductivity probejand condenser were fitted. The fifth joint was used 
for filling and emptying the vessel at the completion of a run. A large 

anchor paddle stirrer was used to achieve uniform mixing, The stirrer 
was supported by a stirrer guide surmounted by a ground glass vacuum tight 
stirrer gland. The feed entered the vessel through the stirrer guide. 
The stirrer gland was lubricated with glycerol. Under operating 
conditions there was a very slight leakage of glycerol ( c  0.1 cc/day) 
into the vessel. So that surfaces on which crystals could form or deposit 
might be reduced to a minimum, the vessel was unbaffled. A reciprocating 
stirrer was necessa7y to prevent sw41 while still promoting uniform 
agitation. A small stainless steel baffle (iit x ai”) near to the overflow 
outlet was found later to be necessary to prevent splash-over. 

Slurry left the vessel by gravIlty overflow through a glass sidearm. 
The working capacity of the crystallizer was 1500 ml, 

The flask was. heated with a stananrd 435W 'Isomantle' heating mantle 
with power control, 

5.3.4 Stirrer Drive  

Since the crystallizing vessel was unbaffled a rctating stirrer 
could not be used. Instead, one using an oscillatory motion was constructed 
(Fig 5-7). A variable speed motor (0.1 HP) attached to a crank mechanism 
gave a straight reciprocating motion. This motion was transmitted by a 
nylon cord to a small plastic pulley mounted on the ground glass stirrer 
gland, to which the stirrer shaft was attached, The stroke of the 
reciprocating mechanism was so adjusted that each revolution of the motor 
corresponded to two complete revolutions of the stirrer, one clockwise and 
one anticlockwise. Motor speeds from 50 to 250 R.P.M. were used. 

45.5 Condensate System 

The solvent evaporated from the boili solution was condensed in 
a water-cooled glass condenser (see Fig 5-6 . The condensate rate was 
measured by the time required to fill a calibrated vessel (volume = 30.0 ml). 



4-- 2 LITRE FLASK 

OUT FLOW 
TUBE 

61 

rs. 	 

*-7 

1  
METAL 

STIRRUP 

// 

FEED 
SOLUTRI '11.10m0  

	 STIRRER SHAFT 
'TEFLON.  BEARING 

I RUBBER TUBING 
ATTACHING PULLEY 
AND GLAND TO SHAFT 

PULLEY 

RUBBER TUBING 

GROUND GLASS 
STIRRER GLAND 

GLYCEROL LUBRICANT 
NYLON BEARING 

STIRRER GUIDE 

-4-- LID WITH CONE JOINTS 

	 4— FLANGE JOINT 

BAFFLE 

PADDLE STIRRER 

FIG.5-5. CRYSTALLIZING VESSEL, 



A. B. C. 

I II 

FIG. 5.6 	DETAILS OF CONTINUOUSLY OPERATED EVAPORATIVE CRYSTALLIZER. 

A. CONDENSING SYSTEM ; B. CRYSTALLIZING VESSEL ; 	C. PRODUCT SAMPLING DEVICE . 

( Code for numbers on Fig. 5.3 ). 



Driving 
Rod 

Bearing 

63 
• Stirrer 

Shaft 

Support Bracket 

Variable 
Speed 
Drive 

Nylon Cord Slideway 
Crank 

Mechanism 

Driving 
Pulley 

Magnetic 
Stirrer 

Slurry 

FIG. 5-7. DIAGRAM OF STIRRER DRIVE . 

4 
To 

Vacuum 

FIG. 5-8. 	SEAL VESSEL . 



614 

After measurement the condensate collected in a one litre receiver. 

5.5.6 Feed &-stem 

The saturated feed solution was stored in a 10 litre stock bottle. 
It passed to the crystallizing vessel through a flow measuring device and 
a needle valve. The feed flow rate was measured by the time required to 
empty a calibrated vessel (of 105 ml volume)*. The flow was also measured 
by a 'Rotameter' variable area flow meter (10-100 ml/min) but this 
proved temperature dependent (probably because of the viscous solution) 
and was only used for indicating short term variations in flow rate. 

5.5.7 Outflow and Product Sampling System 

Slurry left the crystallizing vessel by gravity overflow into an 
outlet tube leading to a seal vessel. This vessel prevented vapour 
from by-passing the condenser and escaping through the vacuum lines 
from the rest of the system. Crystals were prevented from settling in 
the seal vessel by a magnetic stirrer. Various seal vessel designs were 
tried before that shown in Fig 5-8 proved satisfactory. If the depth 
of seal liquid was too small the seal was blown out by pressure fluctuations, 
if too large the magnetic stirrer was incapable of agitating the full 
height and the upper section of the seal imooel blocked solid. 

The overflow from the seal vessel passed to the sampling chamber 
(Fig 5-6). The flow tube could be turned on the axis of two B19 cone joints 
to divert the flow to either a 250 ml sample receiver or a 21 litre 
product receiver. 

Provision was made on all vessels for venting either to the vacuum 
system or to the atmosphere. 

5.5.8 Isperature and Conductivity Measurements  

The temperatures of the boiling solution and the evaporated vapour 
were measured by two immersion thermometers. The difference in temperature 
between the two was also measured to greater accuracy by a thermocouple. 
This difference should indicate the extent of any superheating. In all 
cases, once steady boiling began, no mlasurable superheating was observed; 
the temperature difference corresprnded completely to the expected elevation 
of boiling point (see Supplement, Fig. SII-6). 

A conductivity probe was inserted into the solution in an attempt 
co measure solution supersaturation, However, the variations of 
conductivity with temperature fluctuations far outweighed any change due 

*This vessel was added subsequently to the taking of the photographs 
Fig 5-5 and 5-6 and is not shown there. The device is illustrated in 
Fig 5-2. 



to differences in concentration. The maz---imuLl change in supersaturation one 
might expect would give a conductivity change less than that given by 
a 1o0 change in temperature (refer Supplement Fig SII-21)„ Also the 
conductivity reading was affected by the amount of crystal in suspension, 

5.4 CONTINUOUS CRYSTALLIZATION RESULTS  

Four runs were undertaken with the continuously operated evaporative 

crystallizer. The results are shown in Table 5-1 and Fig 5-9, 

The major point to note is that in not one case did crystals form 

with regular patterns of inclusions. The crystals did contain a little 

included moisture in the form of randomly distributed inclusions but 

none as regular patterns. Modifications to the mthod of growth were 

necessary and these are considered in the next section. 

It, might also be noted that very long periods of time were needed 
for the 'apparEtus to come to a steady sta-ce as measured 

by the crystal conteAt of the product (Fig 5-9). A steady value of the 

crystal size distribution would presumably have taken even longer still. 

The product crystal content also differed from the bulk and from the 

value computed from flow and condensate rates (Fig 5-9). This was 

probably caused by the baffle 'filtering out' some of the crystals from 

the overflow slurry. Suitable modifications, no doubt, could have been 

made if this method of growth had proved suitable. 

5.5 MODIFICATION OF METHOD OF GROWTH  

Consideration is given to the crystal shown in Fig 5.2. This crystal 

was one of a batch grown in a small glass flask by boiling saturated solution 

under vactom for about half an hour. The size of the inclusion pattern is 

about one third the size of the crystal i.e. the volume of material inside 

the pattern is about 1/50 of the whole volume. It would seem very likely 

that the inclusions in this crystal were formed within the first minute or so 
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Run No. 1 2 3 4 

Operating Temp., °C 38 43 40 53 
Stirrer J.P.1,1. 	t 90  100 110 145 

Condensate rate, ;;/min. 4.23 3.78  3.61 4.00 

Feed -Zate, 	g/min. 11.9 13.0 13.5 18.o 

Product rate, 	g/min. 7.6 9.8  10.1 14.1 

Duration of run,* 	min, 175 395 410 215 

Slurry crystal content at 
end of run : 
in final sample. 0.21 0.29 0.26 0.14 

in vessel 0.29 0.39 0.31 0.25 

Included moisture / °g/g. 2.3 1,5 3.0 1.7 

Regular inclusions 
patterns 

NONE NONE NONE NONE 

All runs started with saturated feed at room temperature 
in the vessel. All at heating rate 8 (approx. 200 W) 

t As motor 	(see section 5.3.4 ) 

From moment of nucleation. 
ig By JUarl Fischer analysis. (AppendiN VI 	). 

TABLE 5-1. RESULTS OF CONTINUOUS auNs ON 
EVAPCUATIVE CRYSTALLIZER. 
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of growth of the crystal. If this were so, the initial growth after 

nucleation is the region of interest. Ln appropriate means of studying 

such crystal growth would be by batchwise growth of the crystal. Hence 

the evaporative crystallizer was modified for batchwise operation. 

The analysis of results for growth conditions under batchwise 

(i.e. unsteady state) growth is not quite so simple as for continuous 

operation 567, but with certain assumptions suitable calculations can 

be made. 

5.6 DESCRIPTION OF BATCH OPERLLED EVAPORATIVE CRYSTALLIZER  

The evaporative crystallizer was adapted reasonably readily from 

continuous to batch operation. It was necessary only to seal off the 

outlet tube from the crystallizing vessel, to discard the original product 

sampling system and to add a new sampling device (Fig 5-10). 

5.6,1 Details of Modifications to  Crystallizer  

The glass outlet tube was effectively sealed by a rubber bung 
(Fig 5-10). The stainless steel baffle was no longer required and this 
was removed. Although parts of the feed flow system were no longer really 
necessary, they were retained since for each batch the vessel was filled 
from the stock bottle through the flow system. 

The stirrer, condenser, and vacuum systems were unaltered. 

5.6.2 Details of Sampling Device  

The sampling device (Fig 5-10) consisted of six 20 ml sampling tubes 
mounted on a rotatable platform in a vacuum tight vessel. This vessel 
was connected to a second vacuum system maintained at a vacuum lower than 
that in the crystallizing vessel. A sample line ran from the crystallizing 
vessel to the sampling device. By opening the sampling cock on this line 
samples could be drawn over from the crystallizing vessel into the respective 
sampling tubes. A vent on the sampling line allowed the liquid leg to 

drain back. 
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5.7 EXPERIMENTAL PROCEDURE  

For each batch of crystals, the crystallizer was filled to the 

desired level with a slightly undersaturated solution from the feed stock 

bottle. Feed stocks were made from distilled water and hexamine crystals. 

For the initial feedstock the crystals were prepared from commercial 

hexamine crystals by dissolution and recrystallization. In this case 

the first growth of crystals was discarded as it probably contained a 

high percentage of the active nucleating impurities. Later feed stocks 

were prepared either from the filtrate of previous batches or from 

product crystals redissolved in distilled water. Crystals and solutions 

associated with any batch using added impurity were discarded. 

Undersaturated feed sclution was used in order to dissolve.any crystal 

nuclei present and also to allow an interval of several minutes operation 

for adjustments before nucleation began. In this interval the heating 

rate, evaporation temperature (vacutsa), and stirrer speed were adjusted 

to the desired values, 

Time was measured from the moment of nucleation as indicated by 

the first cloudiness in the appearance of the boiling solution. After 

suitable time intervals crystal samples were taken. Condensate rate, 

evaporation temperature, and stirrer speed were measuredduving the course 

of the run, The stirrer speed was measured as the motor R.P.M. Each motor 

revolution corresponds to two complete rotations of the stirrer (see section 

At the end of a batch all crystal samples were filtered (while still 

hot), dried, and photographed. A sample from the contents of the crystall-

izing vessel was taken also and photographed. Four different photographs 
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of each sample were taken so as to obtain a representative record of the 

sample. Efforts were made to avoid any bias in the selection of the 

region of the sample to be photographed. Prints were made from each 

photograph and measurements were made on these prints. 

5.8 EXPERIMENTAL RESULTS  

Over 90 batches of hexamine crystals were grown in the evaporative 

crystallizer, and also about 10 batches of each of ammonium chloride and 

sodium chloride crystals. Some batches were concerned with the growth of 

'facet inclusion patterns and others with the growth of 'edge' patterns. 

Details of conditions under which these batches were grown are given in 

Appendix III. 

Representative photographs of the crystal samples are shown in 

following chapters. The photographs (near2y one thousand) were analysed 

to determine the size distribution of the crystals and the size distribution 

of only those cryltals with inclusions. The size of the inclusions and the 

incl.urion patterns were also measured. These data are given in Appendix III 

while the method of computing these quantities is shown in Appendix II. 

The significance of the results will be considered in greater detail 

in following chapters. 

5.9 DISADVANTAGE OF EVAPORATIVE CRYSTALLIZATION 

Results with the evaporative crystallizer can be obtained only from 

samples of the crystal bulk. It is not possible to follow an individimi 

crystal while it grows. This is a consequence of the means of generating 

supersaturation. The boiling of the solution would induce crystal motion 

even if some form of agitation were not used. 
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Individual crystals could be studied, if it were possible to promote 

suitable supersaturations by changes in temperature. Hexamine in water 

has a slightly negative temperature coefficient of solubility which 

could be used to generate small supersaturations (Fig 5-1). As it so 

happens, these supersaturations are sufficient to grow crystals with 

inclusions, and a small thermal crystallizer was built to grow crystals 

by this means. 

5.10 DESCRIPTION OF THERMAL CRYSTALLIZER  

The thermal crystallizer (Fig 5-11) was a small heated cell designed 

to fit on the stage of the microscope (Appendix I). The cell consisted 

of three glass, microscope slides cemented together to form two chambers. 

Crystals and solutions filled the upper chamber while the lower chamber 

contained a heating element and heat transfer fluid. A thermocouple 

in the upper chamber allowed the solution temperature to be measured. 

5.10.1 Details et Thermal Crystallizer  

The upper chamber (2*" x 431  xle') was formed by sealing slices of 
;;lass lin high between two glass slides with Araldite l  epoxy resin a An 
inlet tube, an outlet tube, and a 157 socket cone were also sealed in at 
the ends. The cone joint could carry a 'Teflon' gland allowing a stainless 
steel shaft to enter the cell. When required, crystals could be grown or 
observed on the spike of this shaft, either while it was stationary or 
while it was rotated. 

The lower chamber was formed from a brass wall sealed to the glass by 
rubber cement. A nichrome wire heating coil (10n ) separated from tha 
metal wall by sheet mica passed tiva whole length of the chamber. Outlet 
and inlet tubes allowed for the flow of the heat transfer fluid (deaeratea 
water) through the cell. 

5.10.2 Details of Ancillaries 

A 'Variac' auto-transformer acting through an 8:1 voltage transformer 
was used to control the power supply to the heating coil. The heat 
transfer fluid (deaerated distilled water) and the saturated feed solution 
were kept in stock bottles at suitable temperatures. 
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5,11 EXPERIMENTAL PEOCEDURE 

Some tests were conducted using a flow of solution through the cell, 

others using a fixed batch of solution. During a test the cell was filled 

with solution and the heat input adjusted. Time was measured from the moment 

the first crystal nucleus appeared in the field of view of the microscope. 

Photomicrographs were taken at selected time intervals, thereafter, and the 

solution temperature was also measured. 

The resulting photographic negatives were projected onto a screen 

(with a 420 times overall magnification) and the crystal sizes measured. 

5.12 EXPERIMENTAL RESULTS  

Examples of the photographs are shown in later chapters;, tcgotherL 

with graphidal presentation:of .scm.E1 of the results. 	The method of 

computirg these values is illustrated in Appendix II. The significance 

of the results obtained will be discussed in more detail in the following 

chapters, 
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6. RESULTS FROM THE EVAPORATIVE CRYSTALLIZER  

6.1 INTRODUDTION 

It is the purpose of this chapter to relate, in an empirical manner, 

tle size of inclusions formed in a batch to the operating conditions used 

in the evaporative crystallizer for that batch. Only the growth of 

hexamine crystals with face patterns of inclusions will be considered. 

6.2 RANGE OF SIZES OF INCLUSIONS  

Each crystal batch shows a range of crystal sizes and a range of 

sizes of the inclusions in them, (refer Fig 6-1). It can be seen that 

only the larger crystals have inclusions, and also that the largest 

inclusions are in the largest crystals. Progressively smaller inclusions 

are present in the progressively smaller crystals with no inclusions at all 

in the smallest crystals. 

This is a very important observation. Quantitative evidence to 

support it will be given in the next chapter, where its use is critical 

in the understanding of the mechanism of inclusion formation. 

For the purposes of this chaptJr it is necessary only to realize 

that a range of inclusion sizes is involved and that some means of 

specifying inclusion size is required. 

6.5 SPECIFICATION OF INCLUSION STzE,  

The simplest measure that can be made is the size of the largest 

inclusion Observed in the sample. There are twelve such inclusions 

in the pattern in each crystal. Fig 6-2 shows the variation of this 

measure with the operating conditions in the batch evaporative crystallizer, 

The numerical data are given in Appendix III, 

Similar results (Fig 6-5) are obtained if the mean inclusion size is 
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used. The mean based on a volumetric basis can be computed from the 

size distribution of inclusions (refer Appendix II and Appendix III). 

6.4 VARIATION OF SIZE WITH OPERATING CONDITION3 

An examination of Fig 6-2 and 6-5 would indicate the following 

observations :- 

(i) There is a definite variation of inclusion size with agitation 

speed. An increased stirrer speed gives smaller inclusions 

in the batch. 

There is a marked trend with evaporation rate. Batches with 

lower heating rates give smaller inclusions. 

Within the scatter of the experimental results operating 

teiaperature has no effect on the inclusion size. 

Differing feed stocks used have no narked effect on the size 

of inclusion produced. 

There is considerable scatter in the data. The error in 

measurement would be less than + 5/1.4,  for the mean inclusion 

size and ± 10fr. for the size of the largest inclusion. The 

scatter is greater than this. 

6-5 DISCUSSION OF RESULTS 

Since the scatter of the data is considerably larger than that 

expected from errors of measurement, some must result from variations in 

the crystallization process itself, Even when feeds from the same stock 

are used under identical conditions in consecutive runs, large variations 

in the size of the inclusions are observed. It will be shown later that 

the size of inclusion is governed by the extent of nucleation in the 

batch. Nucleation is an inherently variable phenomenon, and this is 
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undoubtedly a cause of scatter in the above results. 

The results presented above are quite likely to depend on the 

crystallizing apparatua used. Quite different results would probably 

have been obtained if a different design of crystallizer or type of 

agitation had been used. Perhaps the same general trend of variation 

with batch operating conditions would exist, but without experimental 

confirmation this remains an assumption. 

Thus the direct application of these results to full scale plant, 

the'scale up' of the data, is likely to be a difficult task. An easier 

means of applying these results might be to consider the basic mechanism 

by which these inclusions form and apply the knowledge of this mechanism 

to other plant. If the mechanism involves nucleation and growth, at 

least these are phenomena about which a great body of experience and 

knowledge has accumulated. 

Any proposed meahanism of formaGion must, of course, be able to 

interpret the results given in this chapter. 
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7. THE FORMATION OF 'FACE' INCLUSION PATTERNS IN HEXAMINE 

7.1 INTRODUCTION 

Hexamine crystals containing 'faces patterns of inclusions can be 

prepared by the batchwise growth of crystals. The operating conditions 

of the crystallizer which favour inclusion formation have been determined 

(Ch. 6). In this chapter consideration will be given to the mechanisms 

by which these inclusions form. This process will be examined first 

in a qualitative manner and then quantitative measurements will be 

described, 

7.2 THE MECHANISM CF GROWTH 

The formation of these inclusions is a crystal growth phenomenon, in 

particular, it is a phenomenon associated with rapid crystal growth. 

Crystals observed growing in the heated cell under the microscope demonstrate 

this. The fast growing cystals form inclusions, the slow growing ones 

do not. 

Inclusions are formed under conditions of rapid growth in the following 

manner; at first, while very small, the hexamine crystal grows with plane 

faces. At a certain s+age, suddenly the edges of the crystal begin to grow 

more rapidly than the rest and hollows areformedat the centre of each face. 

As this preferential growth at the edges continues, the hollows in the 

faces become large cavities sinkin€, from the faces into the depths of the 

crystal. At a later stage the surfacer of the crystal may seal oNer giving 

plane faces again and thus trapping within the crystal the sealed cavities 

of inauded mother liquor. As crystal growth continues, the included 

liquor is left further and further behind in the bulk of the crystal. At 

formation, the inclusions have the shape of the original cavities, but after 
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a time the surfaces of the inclusions rearrange by dissolution and 

recrystallization to give the regular form of a negative crystal. When 

the crystal is grown under fairly uniform conditions, each face behaves 

similarly and a regular pattern of inclusions is obtained. 

The appearance of the crystal at the stage when there is a large 

cavity in the centre of each face is illustrated in Fig. 7-1 to 7-3. 

The crystals shown were selected from samples taken at the initial stages 

of va.-ioas batch crystallizations. In Fig. 7-1 the crystals are immersed 

in aniline. Patterns resulting from the alignment of the cavities are 

observed readily and may be compared with a plastic model with cavities 

ln each face. The external appearance of the crystal can be seen when 

the crystal is immersed in paraffin (Fig 7-2). 

That the cavities contained mother liquor can be seen from the 

crystals photogralhed in Fig 7-3. Mother liquor, which takes some little 

time t, mix with the aniline, appears as dark spheres in many of the 

cavities. These spheres sink when released from the cavity, demonstrating 

that they are not gas bubbles. The shape of the cavity is clearly 

outlined 	crystals which have just sealed over (Fig. 7-4). 

The various stages in the pattern of formation of inclusions can 

also be seen from the series of photJgraphs of samples taken from the 

evaporative crystallizer (Fig 7-13 to 7-15). These samples are to be 

analysed in detail later. 

7.3 TLININOLOGY  

A term is required to describe the form of a crystal at the stage 

where preferential growth has occurred at the edges leaving cavities in 

the crystal faces. 
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FIG . 7-2 COMPARISON OF THE PER SPEX MODEL 
WITH HEXAMINE CRYSTALS HAVING INCLUSION CAVITIES. 
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FIG . 7-4 . COMPARISON OF THE SHAPE OF THE INCLUSIONS 
SOON AFTER FORMATION WITH THOSE IN THE MODEL. 
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There are certain similarities to the dendrite, although with a 

dendrite, preferential growth usually occurs at the corners or in 

selected directions. Also, the Ifirtreel appearance is missing. The 

appearance is very like that of the 'hopper crystal' (Fig 7-5) shown by 

Phillips 	The term 'hopper crystal' is often taken to refer to 

a crystal with a cavity in one face only, such as that shown in Fig 7-6. 

Such crystals are formed by starving one face of supersaturated solution, 

either by floating it face upward on the surface of the solution or by 

bearing the crystal face against a solid surface. 

To avoid any ambiguity, the term 'cavitite' has been introduced 

to describe this form of crystal with cavities in all faces. 

7.4 SHAPiL OF CAVITI-LS  

At the cavitite stage of growth the cavities in hexamine crystals 

have the shape of rhombic pyramids. That is, the cavity has tapering walls 

and a diamond shaped cross-section at the surface (Fig. 7-7). 

This shape can be seen in Fig 7-1 to 7-4, where comparison is made 

with a model of a rhombic dodecahedron constructed of 'Perspex' acrylic 

sheet. The cavities in the model are built as rhombic pyramids tapered 

in such a way that the tapering faces of the cavities are parallel to 

dodecahedral faces (i.e. are also 0113 faces). The patterns found by 

rotating the :model (Fig 7-1 to 7-4) reproduce the observed patterns in 

the crystal, indicating that this description of the shape is correct. 

because of the shape of the cavities, the width of the face remaining 

either side of the cavity mist remain constant as the crystal and the 

cavity grow. That is, the edges of the crystal grow as parallel faced 

walls of constant thickness. this is observed to be so. Measurements 



FIG .7-5 . 'HOPPER' 
	

F!G .7-7. 	SHAPE 
DEVELOPMENT OF A RHOMBIC 	OF INCLUSIONS IN 
DODECAHEDRON. ( Token from 	HEXAMI NE . 
PHILLIPS [27] ). 

FIG.7- 6. PHOTOGRAPH OF HOPPER 
HEXAMINE .CRYSTAL ' 	[ x 2 ] 
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show this residual face width to be between 15,,k and 25„," for all 

crystals. 

The shape of the base of the inclusion when the cavity seals over 

is more or less flat with a central depression. The shape depends on the 

means by uhich the plane face re-estab15.shed itself. 

7.5 INCLUSIONS IN LARGEST CRYSTALS  

It has already been observed (section 6.2) that in batches of 

hexamine crystals containing inclusions, the inclusions occur only in the 

largest crystals- 	This observation is true for all the batches of 

crystals growl.. It is confirmed by measurement of the size distributions 

for all the crvstals in a sample,and for those with inclusions. Typical 

size distriWicn histograms are shown in Fig 7-8. It can be seen that 

all the crystals with inclusions lie at the largest crystal end of the 

histogram. Other histograms are shown later in Fig 7-16 to 7-18. The 

numerical data for all the batches aZugiven in Appendix III. 

7.6 RELATION BETWEEN SIZE OF INCLUSION ;1ND CRYSTAL SIZE  

That the longer size of inclusion is found in the largest crystals 

has already been noted (section 6.2) from a qualitative examination of the 

samples from the batch evaporative ,rystallizer. More detailed measurements 

will now be made. 

7.6.1 Quantities Measvred 

For each crystal containing incluJions in a sample the following 

quantitie re measured : 

(i) 
	

The size of the crystal, xi. In all cases the size of crystal 

was measured as the perpendicular distance between any pair of parallel 
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SAMPLE 2-I SAMPLE 14-1 	 SAMPLE 17 
••••••••=0,  

M=1111=114 

100 200 300 0 	100 200 300 	0 	100 2b0 300 

SAMPLE 25 

0.2 

0 
0 	1CO 200 300 

SAMPLE 77 

0 100 200 300 0 100 	200 

- CRYSTAL 	SIZE , 

x- 	CRYSTAL 	SIZE , /4. 

FIG. 7-8. TYPICAL CRYSTAL SIZE HISTOGRAMS . 
( THE SHADED AREA REPRESENTS CRYSTALS WITH INCLUSIONS.) 

FIG.7-9. MEASUREMENTS ON CRYSTAL . 
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faces. Most crystals observed lie on a face with one horlzontal and four 

sloping faces showing, as in Fig 7-9. The two parallel faces between 

which measurement is made appear as the two more distant edges of the 

crystal. 

(ii) The internal size of the pattern, y. This is the size of 

the crystal which just fits inside the inclusion pattern. 

(iii) The outside size of the pattern, y'. This is the size of the 

crystal which would just contain the whole inclusion pattern. 

(iv) The size of the inclusion, s m (y'-y)/2. 

(v) The thickness of crystal covering the inclusion, t = (xArv)/2. 

7.6.2 Results 

Results for three samples are shown in Fig 7-10 to 7-12. These 

results are typical of all the samples analysed. Each figure shows a 

photograph of the sample analysed, an inclusion size distribution histogram, 

and plots of s, t, y and y' against the crystal size xi. Analysis of these 

plots leads to several very important conclusions. 

7.6.3 Internal Pattern Size - "Critical Crystal Size" 

It can be seen that within the limits of experimental measurement, all 

crystals in each batch have the same internal size of inclusion pattern, y. 

This internal pattern size is unaffected by the size of crystal or the 

size of the inclusion. This is true for all the samples analyled. 

Presumably, the larger and the smaller crystals have been growing 

for different lengths of time under different growth conditions, yet the 

inclusions are initiated at the same crystal size in all cases. This 

suggests that there is a 'critical crystal size' below which inclusions do 

not form. Only when crystals reach this size do inclusions have a chance of 
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forming. 

Within the accuracy of measurement, this value is the same for 1.11 

batches of hexamine crystals. The mean internal pattern size, yr, the 

'critical crystal size', lies in the range 55 to 75/0„ for all batches 

despite the wide range of conditions and feedstocks used. (Detailed data 

are given in Tables IIIC in Appendix III.) 

Measurements have been made of the thickness of the growing edges 

of cavitites (section 7.4). These values nre in agreement with cavity 

formation on an initial crystal of this critical size. 

7.6.4 Thickness of Cover - "Critical Growth Rate" 

There is no measurable difference between the thickness of the cover, 

t, over the large and the smaller inclusions in the same sample (see Fig 

7-10 to 7-12), although there is some scatter. This is true for all 

sample:. 

Thus, at the time of sampling, all inclusions have the same thickness 

of covering crystal. If therefore it is assumed that all the crystals in 

the batch grow at much the same rate at the one instant, then all the 

inclusions must have sealed over at the same time. That is, they all sealed 

over under the same critical growth conditions. 

The average crystal growth rate decreases as crystallization of the 

ba-',.ch proceeds, since the solvent is being evaporated at a constant rate 

while the amount of crystal surface increases. Since this quantity varies 

it may be convenient to specify the critical growth conditions by a 

'critical growth rate'. This is the average growth rate at the moment when 

all inclusions seal over. Once the growth rate falls to this value inclusions 

will cease growing. 
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As well as being the critical rate at which the inclusions seal 

over, it is also the critical rate at which inclusions stop forming. 

This must be so, since inclusions do not form below this rate, yet form 

at all rates above. This can be seen from Fig. 7-10 to 7-12, which show 

a full range of inclusion sizes down to the very smallest. Thus inclusion 

formation must have begun at all times prior to the time of sealing, that 

is, at all growth rates down to the critical. 

Hence the results would suggest that there is a critical growth 

fate for inclusion formation. Once the crystals are larger than a 

certain critical size, inclusions will form for all growth rates above 

she critical. IncluLions will stop growing once the growth rate falls below 

the critical. 

7.6.5 Size of Inclusions  

It is seen that both the internal pattern size, y, and the thickness 

of crystal cover, t, are constant ior any sample of crystal. It therefore 

follows that the size of the inclusion, s, varies linearly with the crystal 

size xi by the reation 

=1" (xi - Y) -t 

This relation using the mean values, ;land his shown in Fig 7-10 to 

7-12. The data fit closely to it. 

It also follows that the outside rattern size y' is given by 

yl = xi - 2t and this is also confirmed by the plots. 

7.6.6 Scatter of Results  

Measurement errors, which are of the order of ± 5}3., account for some 

of the scatter of results. However, there are also small variations 

within the crystals themselves, possibly caused by variations in the growth 
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conditions in the crystallizer. In what follows, the mean behaviour in 

the usual statistical sense will be considered. Samples with large numbers 

of crystals will be analysed and mean quantities measured. Vlhen dealing 

with single crystals, allowance should be made for the slight fluctuations 

associated with individual crystals. 

7.6.7 Details of Mechanism of Inclusion Formation 

The deductions given above are vital to this thesis. If true, they 

allow the following explanation of the growth of face inclusions to be 

made. 

In a batch crystallization there is an initial shower of crystal nuclei 

followed by further continuous nuclei formation. These nuclei grow with 

plane faces until each reaches the critical crystal size, when, if the 

growth rate is above the critical growth rate, inclusions will form. These 

inclusions will keep growing so long as the growth rate is maintained above 

the critical. Also, inclusions will keep forming as further crystals reach 

the critical size. Once the growth rate drops below the critical, all  

inclusions begin to seal over and no further inclusions ,tre formed. Further 

growth just increases the thickness of crystal covering the inclusions. It 

should be noted that a variation of growth rate is required. The growth 

rate must first be above the critical value then fall below it. If the 

growth rate were maintained always above the critical value, an enormous 

cavitite with large open cavities would be Obtained. 

Nhen the inclusions are growing they have the shape of rhombic 

pyramids, while the cavitite edges of the crystal grow as parallel walls of 

a constant width related to the critical size of crystal. 
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7.7 CRITICAL CRYSTAL SIZE AND CRITICAL CROWTd RATE 

The formation of inclusions maybe interpreted in terns of a critical 

crystal size,and certain critical growth conditions which have been 

represented by a critical growth rate. 

It has been seen that the critical crystal size has the same value 

for all the batches of hexamine crystals grown. This value may be taken 

to be 65 5u. 

Whether the critical growth rate is a suitable expression for the 

growth conditions, and whether it varies with the operating conditions for 

each bacch,has yet to be considered. To measure the variation of growth 

rate with time, a series of consecutive samples from the same batch must 

be analysed. 

7.8 ANALYSIS OF CONSECUTIVE SAMPLES  

For several of the batches, samples were taken consecutively during 

crystallization. An analysis of these samples will show how the growth 

rate, nucleation rate, and other conditions vary with the tine of nucleation. 

7.8.1 Quantities Measured 

For each series of samples the following quantities were measured - 

(i) The operating conditions of the crystallizer and the times 

after nucleation at which samples were taken. 

(ii) The size distributions of crystals and inclusions in the samples, 

f (x) and f (s). These are expressed as the fraction rf the 

total number in the indicated size range. 

(iii) the fraction of the total number of crystals that contain 

inclusions, . 
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(iv) The mean internal pattern size, y and the mean thickness cf 

cover, 	for the first sample taken after all the inclusions 

have sealed over. 

7.8.2 Computed Quantities 

From the quantities measured, the following quantities were computed. 

A detailed example of these computations is shown in Appendix II. 

(i) The mean crystal size of all crystals, x. The mean is 

computed on a volume (or mass) basis. 

(ii) The mean crystal size, on a volume basis of only those crystals 

with inclusions, ;i1. here the batch had no crystals containing 

inclusions, the neon crystal size of a certain number of the 

largest crystals x. was computed. 

(iii) The total number of crystals in the batch, n. This was computed 

from the mean crystal size and the total mass of crystal at 

that time. 

(iv) The number of crystals with inclusions„ ni =on. 
(v) The total surface area of crystal, A. This was computed from 

the total nuM)er of crystals and the mean crystal size, with 

a correction, eg,  , applied for the crystal size distribution. 

(vi) The fraction of the total volume of crystal contributed by those 

crystals with inclusions, 	and the fraction of the total 

surface area contributed by those crystals with inclusions, )( 

(vii) The mean growth rate, R. This is the linear rate of advancement 

of each face. It has been calculated from the known mass rate 

of deposition of solid, and the total surface area. An alternativ 

measure of the growth rate (designated IN can be made from the 
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increase in :A over the time interval. 

(viii) The mean inclusion size (on a volume basis) s. 

7.8.5 Assumptions  

In the computation of the above quantities the following, assumptions 

were made. These should be noted since the significance of the results 

may depend upon them. 

(1) The sampleis assumed to be representative of the crystal 

population at the time of sampling. It is assumed that there is no bias 

in the sampling procedure or in the method of analysis of the sample, and 

further, that the sample does not alter (e.g. by dissolution) on storage 

before analysis. Every effort was Dade to satisfy this assumption. 

(2) Each crystal is assumed to grow equi-dimensionally, there being no 

excessive growth on a face in any preferred direction. An examination of 

the samples showed this assumption to be substantially true. Presumably 

the agitation rates used were sufficient for uniform growth conditions to 

prevail around each crystal. 

(5) For computations the crystals were assumed to be solid hexamine. 

No correction was made for the volume of solution in inclusions or in the 

cavities of cavitites, the crystal size of which were measured across the 

outer edges. This gives rise to a small but definite error, which becomes 

of lesser importance once the inclusions are sealea over. At the worst, 

this error gives an underestimate of the total number of crystals of less 

than 5%. 

(4) It is assumed that for computing crystal qunntities changes in the 

supersaturation of the solution may be neglected. This means that the 

amount of crystal at any time can ce related directly to the amount of 
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solvent evaporated. It would be expected that the solution decreases 

in supersaturation as crystallization proceeds, and that the lwegest 

changes are in the initial stages of crystallization. With hexamine 

solutions, the supersaturations are unlikely to be large and the changes 

are probably minor. Unfortunately supersaturations could not be measured 

directly. 

(5) All crystals are assumed to grow at the same average rate over a 

period of time. This implies that the " AL Law" of LicCabe 	is 

applicable. It follows that each crystal will grow eciuidimensionally 

(see assumption 2), and further that all crystals experience the same growth. 

This would be so, if conditions throughout the crystallizer were uniform, 

and if any growth fluctuations on individu-1 faces or crystals were on a 

rapid time scale. It is observed that the largest crystals in a batch 

(those with inclu.3ions) rennin the largest as crystallizatirn proceeds, with 

no aprarent broadening of the size range. This gives some experimental 

support for this assumption. 

7.8.4 Results  

Extended series of samples were taken from thirteen batches (Batches 

No. 11, 26, 36-42 and 67-70), The numerical quantities measured and 

computed for these TJatches are shown in special tables in Appendix HID. 

Results for four of these batches (Batches No. 37-40) will be presented 

ia detail. ill four batches used the same feedstock and, except for 

different stirrer speeds, identical operating conditions (4000, full 

heating rate). Three of the batches had inclusions. The fourth 

(Batch No. 40) with the highest stirring speed (250 R.P..) had none. 

Representative photographs of the samples from the three batches with 
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inclusions are shown (Fig 7-13 to 7-15). The respecti,re crystal size 

histograms are shown in Pig 7-16 to 7-18 while computed area and number 

quantities are given in Fig 7-19 to 7-21, and the growth rate values are 

shcwn in Fig 7-22 to 7-24. The corresponding quantities for the batch 

not giving inclusions (Batch No. 40) are shown as Fig 7-25 to 7-27. 

7.8.5 Crystal Size  

The various stages in the growth of crystals with inclusions can be 

seen from the photographs of samples (Pig V-15 to 7-15) and may be compared 

to the normal growth of crystals without inclusions (Pig 7-25). The size 

distribution histograms (Fig. 7-16 to 7-18) give further illustration that 

only the large). crystals contain inclusions (refer section 7.5). 

There are several sources of error in the measurement of the crystal 

size distribution. Some crystals lie with none of their faces perpendicular, 

making it difficult to measure "between parallel faces", Some, a small 

percentage, of the crystals appear ar conglomm-.:rates. Further, it is 

often very difficult to see the very smallest crystals in the photographs. 

The number of crystals in the 1 1:501  range of the histograms has probably 

been considerably underestimated, but this does not make a very large 

contribution either to the total mass or the total surface area of the 

crystal batch, although it affects the total number ef crystals. 

In the duration of a Latch crystals up to s:.veral hundred microns in 

size were grown. Batches with higher stirring speeds generally gave smaller 

crystals. 

If, after the initial nucleation, no further crystal nuclei were 

formed, the cube of the mean crystal size would vary linearly with 

crystallization tine. The data does not follow such a relationship 
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SHADED AREA — CRYSTALS WITH INCLUSIONS 
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(Pig 7-16 to 7-18 and 7-26), indicating that the number of crystals 

present increased continually. 

7.8.6 Number of Crystals 

In the early stages of these batch crystallizations the number of 

crystals present is of the order of 10 to 100 million, i•e• of the order 

of 10 to 105 per ml. of solution. 

The determination of the number of crystals is effected by the 

difficulties in counting the smallest crystals and thus the quantities 

may be underestimated by up to 2%. However, comparisons between the 

numbers of crystals 	in consecutive samples maybe made to 

a higher accuracy since the error will be much the same from sample 

to sample. 

The number of crystals increases continually with crystallization 

time (.Fig 7-19 to 7-21 and 7-26) in an approximately linear manner, at 

least for the duration of the investlgation. Thus, if required, the number 

of crystals in a batch could be described by an initial shower of crystals 

at nucleation and a constant formation rate of further nuclei. 

There is some slight suggestion in the more extended runs that 

nucleation may proceed in waves rather than at a steady rate. However, 

the dataaremot sufficiently accurate for any firm conclusions to be made. 

Knowledge of the rates of nucleation could be used with the changes 

in the shape of the size histograms to check the assumption of equal growth 

rate on all crystals. laternatively, using this assumption, the size 

histograms could be predicted, However, the computations are complex,and 

the accuracy of the data does not warrant their use. 

The quantity,/3 , the fraction of the crystals showing inclusions, 
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rises in the initial stages of the orystrOli.7sItion. then falls. The 

actual number of crystals with inclusion patterns, hii also. risos initially 

but then reaches a constant value (Fig 7-19 to 7-21). This is in accordance 

with the mechanism of inclusion formation already described. Under the 

initial conditions of rapid growth, inclusions form once the crystals reach 

the critical size. Thelnumber of crystals with inclusions' (actually 

cavitites)tand the fraction of the total nuriber,rise. Once the growth rate 

drops below the critical no further inclusions are formed, but since further 

crystals are being formed, the fraction -with inclusions decreases. 

The number of crystals with face inclusion patterns, ni, is much the 

same order for all the batches analysed in detail (Refer Table 7-1 and Fig 

7-50) and is about 7 millionlcorresponding to about 6000/m1. of solution. 

This point will be discussed in section 7.8.9. 

7.8.7 Total Surface Area  

Except for the region about the or!..gin, the total surface area varies 

linearly with the time of crystallization (Fig 7-19 to 7-21 and 7-26). 

The continuation of the straight lines give a zero area intercept of about 

half a minvte prior to the moment taken as the onset of nucleation. The 

onset of nucleation wac measured as the moment when the solution changed 

appreciably in opaqueness, and could have been in error by nearly half a minut 

However, as there was no supporting evidence to confirm a linear variation 

of surface area with time, no alteration was made to the original time 

measurements. 

The quantities 	and X: reoresent the fractions of the total surface 

area and total volume of crystal, respectively, associated with the crystals 

with inclusions. These quantities were computed to show whether crystals 
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with inclusions grew at the same Jtnear rate FLB -bhoco without. In the 

absence of further nuclei formation, Y.,  should increase for Y >0.5, 

and decrease for 	( 0.5, if growth is the same on all crystals. 

However, because nucleation does occur, and because of the scatter of 

data these results were of limited use, 

7.8.8 Growth Rates  

The mean growth rate was calculated from the known constant rate of 

deposition of hexamine and from the total crystal surface area at each 

sampling time (computed from x, the mean crystal size). These values 

were plotted against time (Fig 7-22 to 7-24) and also against ;1, the 

corresponding mean size of the crystals with inclusions. 

The quantity x1  was chosen, since once the inclusions have sealed 

over, it refers to a constant number of crystals (section 7.8.0. Changes 

in  i xiare therefore a true measure of the amount of growth on each crystal. 

On the other hand a change in x, reerring to all crystals, reflects the 

change in the number of crystals as well as the growth on each. 

Since the number of crystals with inclusions is constant, the mean 

growth rate can also be .determined from the values of xi directly, by the 
xi 

relation, R = 
A xi 
--- 

2 A0  - 

Values of R computed in this way (designated R') are plotted thus, 

(X), on Fig 7-22 to 7-24. Although these values are not as accurate as 

values of R computed from the surface area, there is substantial agreement 

between the two. 

In these figures, the logarithm of the growth rate, R has been plotted 

against xi. The experimental points so plotted may be appioximatelby a 

straight line. This line (termed a 'growth curve') represents the manner 
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in which the mean growth rate varies with the mc)tvn crystal size for all those 

crystals with inclusions. Since all crystals are assumed to grow with 

the same rate a1 the same time, crystals with size, x j wi1.1 behave 

identically with the mean behaviour of those crystals with inclusions. 

Thus the growth curve shown is also the growth curve representative of 

crystals with size equivalent to 7E• 

Other crystals of different size will have different growth curvos. 

On the semilogarithmic plot, however, these will all be straight lines 

parallel to the original. This may be seen in the following way. Consider 

two sets of crystals, those with size Xi, and those with size 7.i k, At a 

certain tine, the first set of crystals will be represented by a point 

(at the corresponding growth rate) on the growth curve given. The second 

set rrist have the same mean growth rate at the same time, so the point on 

its growth curve will merely be displaced a horizontal distance k from the 

other. As growth proceeds the same difference in size, k, is maintained, 

since all crystals grow equally. Thus a growth curve parallel to the 

first will be traced out. 

Thus there is a growth curve associated with each set of crystals of 

differing size. The growth curve representing the largest crystals has 

been drawn (Fig 7-22 to 7-24). The position of this curve was computed from 

the measurement of the excess in size of the largest crystals over 71. 

Batch growth may be represented by an infinitude of such parallel growth 

curves, all lying below the curve for the largest crystals. 

The growth curve of any individual crystal (if it could be measured) 

probably would not be a straight line on these plots, because of variations 

in growth conditions on the path of the crystal,and also because of growth 
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fluctuations on individual surfaces. The growth ovis-v4un shoran represent 

the mean behaviour of all crystals of each size. 

A critical crystal size and a critical growth rate have already been 
proposed4 These critical values would be 
shown on the 'growth curve' plots by two straight lines, one parallel to 

oach axis. Together they form a region on the plot in which cavitite growth 

(or inclusion formation) will occur. Such growth will occur if a crystal 

is in this region; 	that is, if its growth curve passes through the region. 

The critical crystal size can be plotted immediately from the measured 

value of y or by using the overall mean value of 65/4 (section 7.7). The 

critical growth rate can be computed for any of the growth curves. It is 

most convenient to compute it for the xi curve, i.e. for crystals of size 

equal to the mean of those with inclusions. 

The value of xifor which the growth rate is at its critical value, 

lc.* corresponds to the mean size of all those crystals with inclusions at the 

moment of inclusion sealing. It was therefore computed by equating it to the 

volumetric mean value of y',the outer size of the inclusion pattern (section 

7.6). Because of the method of computing means, estimates of xi* cannot be 

calculeted from the simple relations xi* = 	2t and xi* = y 2s without 

serious error (see Appendix II). 

By plotting the value of xi* on the xi  growth curve the critical value of 

the growth rate is determined and the region of cavitite formation is thus 

delineated (Fig 7-22 to 7-24). The limiting growth curve for inclusion 

formation, that curve that just passes through the critical region, has also 

been drawn)rystals with growth curves above this will have inclusion:,; those 

below, none. The size of inclusion formed is half the horizontal distance 

between the critical crystal size and the intersection of the growth curve 

with the critical growth rate line. The size distribution of inclusions will 
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depend on the distribu'ion of cxystal.ziumbersalongthe various growth curves. 

This will depend on the rate of production of nuclei after nucleation. 

From the critical growth rate the time at which inclusion formation 

stops, es  , can be determined. Inclusion formation is usually compete 

within the first minute or two of crystallization. 

There are certain uncertainties associated with the measured value 

of the critical growth rate. The intersection point on the growth curve 

lies in the region where experimental errors are the greatest. Also, 

up to this va2uc the number of cavitites is continually increasing and 

xi  does not refer to a constant number of crystals. To compensate for 

this, when drawing the line of best fit to the data greater reliability 

was attributed to later points. An estimate of the errors associated with 

the critical growth rate for each batch are given together with the 

measured growth rates in Table 7-1. 

Within the limits of error the same cr4tical growth rate is found 

for all batches, independently of the operating conditions used. This 

mean value is 12 ± 3iu/min. 

The constancy of this growth rate for all runs, would indicate that 

the growth rate is quite a suitaUe parameter for describing the critical 

growth conditions (refer section 7.6.4). Supersaturation could have been 

used instead, but since the critical growth rate is constant, a critical 

supersaturation, would probably be dependant on the temperature and agitation 

conditions of crystallization. No measure could be made of the supersaturatio 

in the batch evaporative crystallizer, although estimates were made for 

the thermal crystallizer, (section 7.11). The values are surprisingly small 

for the high growth rates involved. 
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22 
34 

32 
23 
13 
6 
- 
/6 
- 

35 
6 
8 
32 

0.61 
1.38 

1,19 
0.76 
0.22 
0.01 
- 
0.20 
- 

12 x 10b6 7.4 x lo 

7.7 . 	i o6 
7.3 = l06  
8.2 x 1. 0 
6.1 x lob 
- 

6.9 x 1°6  
- 

All batches about 1400 g. solution, full heat rate(about 71 g, of 
hoxamine crystallizing per min).!KNo inclusions. 

TABLE 7 - 1. RESULTS OF BATCHES WITH CONSECUTIVE SAMPLING 
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For Batch No. 40, no inclusions were formed.. Here the growth curve fCer 
was shown 

1 	(Fig 7-27). The quantity xi  is the mean size of the largest 7 million 

crystals in the batch. This number is approximately the same as the 

number of crystals with inclusions in other batches, and thus the growth 

curves should be comparable. The critical region as computed from the 

other batches is shown on Fig 7-27. It can be seen that all the growth 

curves for this batch lie outside of this region, so inclusions shoula not 

and did not form. 

7.8.9 Effect of Crystallizer Operating Conditions  

The mean values of the critical crystal size and the critical growth 

rate have been plotted to define the region of cavitite growth in Fig 7-28. 

The growth curves for Batches ND. 57-40 have been replotted on this figure 

for comparison, while the corresponding crystal products are shown in 

Fig 7-29. It can be seen that the slowest stirrer speed gives the set of 

growth cur,res with the deepest Penetration of the critical region and thus 

the largest inclusions. Faster stirrer speeds give lesser penetration and 

smaller inclusions. 

The effect of the operating conditions on the size of inclusions formed 

is thus through the positioning of the sets of growth curves relative to 

the same critical region of growth conditions. The positioning of the 

growth curves in Fig 7-29)is due solely to nucleation conditions in the 

following manner. Mien the number of nuclei initially formed and the 

rate of further formation are low, the mean rate of growth will be highs  

since at any time the number of crystals and therefore the total surface area 

will be sprill. Crystals will reach the critical size rapidly while the 
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growth rate is still high, and considerable grgath will occur before the 

mean growth rate falls below the critical value. Thus the growth curves 

will penetrate deeply into the critical region and large inclusions will 

be formed. 

Conversely,when the initial number of nuclei ana the rate of nucleation 

is high, the growth rate at any time will be correspondingly much lower. 

By the time the first crystals reach the critical size the mean growth 

rate may be below the critical value and thus the growth curves will 

not pass through the critical region and inclusions will not be formed. 

It appears,therefore,thLt the effect of the operating variables on 

tne formation of inclusions will be their effect on the rates of nucleation, 

especially at the early stages of the batch. Ls might be expectedlthe rate 

of agitation has a narked effect on the formation of nuclei (Fig 7-50). 

The more intense tne agitation the more nuclei formed. The temperature of 

crystallization has but small effect. Dirty solutions and the addition of 
foreign nuclei have ment-od effects. 'Ads was partiaular:V noticed when 
attempts were made to use freshIY dfssolred-solutions.  of commercial crystal,. 
Inclusions 'ABM never form.P..0  PreL-reatmen:% of the solution to remove 
foreign nuclei ( as described fim seotlon 	) was neoessary. 

The effect e 'the rate of evaporation of solvent, however, does not 
depend on nuoleaUon effects, but works c7:7z:'ectly by is influence on the 

mean growth rate ( see se Aion 7„10 ), 

It has been noted (section 7.8.6) that the number of crystals with 

inclusiols is approximately the same (7 million) for all batches with the 

full rate of heating. The number of crystals with inclusions is the result 

of two competing effects; the number of crystals present, and the time 

available fcr growth. If the rate of nuclei formation is low, the number of 

crystals reaching the critical size at any time is small, but because the 

growth rate is so high, the time available for inclusion formation is 1Prge. 

r 	; 	 • • 0 
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If, on the other hand, the nucleation rate is high, the number of crystala 

reaching the critical size becomes largeobut the time available for inclusion. 

formation is small. The joint effect is to maintain the number of crystals 

with inclusions about the same. 

From the mean inclusion size and the total number of crystals with 

inclusions, the total volume of included liquor in the batch of crystals 

maybe calculated (Fig 7-50). Up to 2 cc. of solution may be contained in 

as little as 15 g. of crystal. This method of computing the volume included 

was compered with direct measurement on several of the samples, using the 

Karl Fischer analysis for water (Appendix V), The results are shown in 

Fig 7-31. A certain rough agreement is evident, although (i) the errors 

in the respective methods are large and (ii) the Karl Fischer method measures 

the total moisture which includes that in the regular inclusion patterns, that 

in random inclusions, and that adsorbed on the surface. 

The large variations in inclusion size from batch to batch grown under 

the same conditions, presumably stems from the variations usually experienced 

in all nucleation phenomena° 

7.9 NUMERICAL VALUES FOR CRITICAL GROVTH CONDITIONS 

The formation of inclusions in crystals of hexamine has been interpreted 

in terms of a nucleation phenomenon and a growth. phenomenon. Little of 

absolute value can be said about the mcleation phenomenon, as, no doubt, 

it depends on the type and the size of the crystallizing equipment used, as 

well as the operating conditions. However, qualitative estimates of the effects 

of changes in the operating conditions can be made on thy: basis of prior 

experience of nucleation phenomena' 
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The growth phenomenon can be explained in terms of two quantities, 

a critical crystal size and a critical growth rate. It has been seen 

(section 7.7) that the critical crystal size is independent of the operating 

conditions used in growing the crystals. The analysis of growth rates shows 

that the critical growth rate also is unaffected by the operating conditions 

(Table 7-1). The mean values selected for these two quantities are - 

Critical crystal size, 65 ± 5 }.1. 

Critical growth rate, 12 + 5 p/min 

7.10 INTORMLTION FROM OTHER BATCHES 

For the most part the results upon which the above conclusions have been 

made have been derived from a small number of batches, from which series of 

consecutive samples were taken. It is possible to get similar (though less 

accurate) information from those other batches for which only a single sample 

was taken. 

Certain quantities such as the critical crystal size and the number of 

crystals with inclusions ca_i be computed directly from the analysis of the 

single sample. However, to compute the critical growth rate some information 

is required about the slope of the growth curves. This cannot be computed 

from a single sample without some further assumption. 

The assumption made in addition to the previous ones, is that the total 

surface area varies linearly with time with zero total surface area at zero 

time. This assumption is only approximately true as plots of total surface 

area against time (Fig 7-19 to 7-21,and. 7-26) have shown. !. consequence 

of this assumption is that the growth curve is a straight line on s.mi•-

logarithmic paper (Appendix II). The slope of this growth curve can be computed 
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readily from measurements made on a single sa 	rig` ismeasured, the 

critical growth rate can be computed. 

As a check on this method several of the consecutive samples already 

analysed have been treated as if they were single samples. The values 

obtained (Table 7-2) are in quite reasonable agreement with previous values. 

The method was used to estimate critical conditions for some of the other 

batches and the results are shows in Table 7-3. The results confirm that the 

critical growth rate is independent of the batch conditions, and is approximately 

constant at a value of 12 p/min. The approximate constancy of the number of 

crystals with inclusions is also demonstrated. 

The method was also applied to those batches of crystals withcut 

inclusions. The maximum mean growth rate of the crystals at a crystal size of 

65i was computed (Table 7-4). In all casesiwithin the limits of error, this 

value was below the critical growth rate. 

Several batches grown at lower heating rates have also been analysed by 

the method (Table 7-5). The results are in good agreement with the critical 

values determined previously. 

It has already been shown (Fig 6-2 and 6-5) that a reduction in the heating 

rate decreases the size of the inclusions formed. This can also be seen from 

Fig 7-31A where the results for batches No. 51-55 (all at 40°C, 70 R.P.M.) 

have been plotted again. The same total amount of evaporation took place for 

each of these batches (50 g. of product formed), It can be seen that the numoer 

of crystals with inclusions, n i, also varies with the rate of evaporation. The 

mean crystal size x, is however much the sane for all batches. This means 

that there is the same number of crystals in each batch and approximately the 

same total surface area. 
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SAMPLE 
No. 

Wit t 
/44/min • 

R e 	1" 
,A4/min. 

37-3 10.5 
374+. 10.7 11 * 3 
37-5 10.2 
37-6 10.4 

38-2 14.2 
38-3 14,6 
38-4. 12.0 14.* 3 
38-5 12.3 
38-6 11.5 
38-7 10.9 

39-2 13.5 
39-3 11.7 
39.4 14.0 11 * 2 
39-5 1304 
39-6 16.5 
39-7 13.0 

* Computed from single sample analysis. 

$ Computecl from plot of all samples (Fig 7-22 to 7-24) 

TABLE 7 - 2. COMPARISON OF VALUES OF CRITICAL GROWTH RATES 
COMPUTED BY DIFFERENT METHODS. 
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SAMPLE 
No. 

s 

.4•4- 

y 
AL 

IZ * 

_A-Vrairl. 

-o  
10ni  • 

1 15 74 14 507 
2-1 19 65 16 8.1 
2-2 21 65 17 7.7 
4. 18 67 9 11.4. 
5 13 65 11 5.7 

9 12 61 14. 5.6 
10 14. 69 11 508 
12 14. 64 14 7.8 
13 14 55 12 9.2 
14 12 56 14 9.1 

15 14 58 14 11.0 
17 33 69 10 7.2 
18 4.8 74 10 4.9 
21 14 74 17 5.0 
22 10 63 18 4.8 

24 4.3 67 9 6.1 
25 28 70 9 9.6 
27 39 60 8 8.9 
28 38 68 10 6.5 
29 4.2 7o 13 4.6 

3o 35 68 ii 6.3 
33 12 67 14. 5.7 
34. 20 71 11 8.9 

TABLE 7 - 	COI,IPUTED QUANTITIES FOR BATCHES WITH 
SINGLE SAMPLES. 
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Batch 
NO.  

--- 
Growth Rate of 
Largest 
Crystals at 
65 p. size. 
92/min) 

6 * 305 
16 4.o 
20 1,8 
48* 5 
55* 10 

* low heating rat© (heat No.6) 
TABLE 7 - 4. ANALYSIS OF BATCHES FOR WHICH 

NO INCLUSION FORMED. 

Batch 
No. 

Heat 
Nc. 5' 

R* 
zirlin 1°-6  113. ; 

7 8 70 13 2.1 7 
49 8 79 7 4.9 23 
50 10 65 8 8.7 33 

51 8 74 12 3.4 10 
52 7 79 11 2.0 12 
53 10 61 10 6,8 38 
54 9 73 13 605 25 

TABLE 7 - 5. EFFECT OF VAaYING HEATING RATE. 

B 	h atc 
ao. 

Initial 
Contents 

g. 

- 

P 
R* 

)u/rain r Z 
P 

44 	68o 55 lo 9.8 26 
45 	1270 65 8 8,o 	1 19 
46 74 11 9,1 	

1 
18 12090 

47 	1520 69 12 7.6 26 
arrroasEra.e 

T43LE 7 - 6. EFFECT OF VA1-iYING AL.IOUNT OF 
SOLUTION DIN BATCH. 
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Thus the effect of the heating rate on inclusion formation is just its 

direct effect on the rate of growth. The growth curves will simply be 

displaced by amounts proportional to the change in heating rate (see Fig 7-51A). 

The amount of inclusion formation will depend on the extent of penetration of 

the growth curves into the critical region. 

It is rather interesting that the same number of crystals is formed in 

each of these batches, while such different times of crystallization were used 

at the same stirrer speed. This suggests that the rate of crystallization is 

not governed by stirrer speed alone, but must be influenced by the evaporation 

rate or the amount of crystal in suspension. 

Other batches of crystal were grown with differing amounts of solution 

present (Table 7-6). The ameunt of solution had no noticeable effect on any 

of the quantities measured. 

7.11 RESULTS WITH TBEREAL CRYSTALLIZER 

In the thermal crystallizer (the heated cell) the growth of individual 

crystals can be followed. 

7.11.1 Mechanism. of Inclusion Formation  

The growth of several crystals under the microscope is shown in Fig 7-32. 

Two exanples are shown of crystals growing without inclusion formation, and two 

of crystals in which inclusions form, 

The mechanism of inclusion formation is exactly the same as that already 

described. The various stages in the growth of inclusions - plane growth, 

cavitite formation, inclusion seal ing, and further plane growth can be seen in 

the photographs. Because the crystal sits on a solid surface, it does not 
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grow equidimensionally in all directions (see Fig 7-35). The pattern of 

inclusions observed, therefore, is quite distorted and not as symmetrical as 

those obtained from the evaporative crystallizer. 

7.11.2 Growth of Inclusions on Large Crystals  

Placing an unblemished seed crystal in the crystallizing cell, and 

increasing the solution supersaturation quickly, will cause inclusion cavities 

to start forming on the once plane crystal faces (Fig 7-34). This will occur 

irrespective of the size of the initial seed crystal (provided it is over 65). 

The same effect can be obtained in the evaporative crystallizer by using 

large plane faced seed crystals. Several examples of crystals grown in this 

way are shown in Fig 7-35. 

The cavities appear as large,flatpapproximately diamond-shaped depressions 

in the centre of each face. The thickness of the growing face either side of 

the depression is of the sane order as that measured previously for the 

cavitites (section V.4). This means that the shape of the cavity corresponds 

to the truncated continuation of the rhombic pyramidal shape previously 

described. With large crystals the supersa-turation is rapidly depletediand the 

crystals seal over after little growth)forming very thin-,Aato like inclusions. 

7.11.5 Measurement of Growth Rates  

The size of each crystal after various intervals of time can be measured 

from the photographs taken. The average growth rate of each face over each 

interval of tine can then be determined from the increase in sizes  

Because the crystal sits on one face in a very poorly agitated solution, 

it does not grow equidimensionally. For example, the change in shape and size 



FIG.7-33 . 	INCLUSIONS IN HEXAMI NE CRYSTALS 
GROWN IN HEATED CELL 
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FIG. 7-34. GROWTH OF FACE INCLUSIONS ON LARGE SEED CRYSTALS 
[ A.-Test 32, crystal I ; 	B.-Test 20, crystal 16 . ] [ x 75 ] 
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• 

C. 	D. 	E. 

FIG. 7-35 . SHAPE OF INCLUSIONS GROWN ON 
HEXAMINE SEED CRYSTALS. 

A. Batch crystal . 	Photographs at 	different depths of 
field and different stages of 	dissolution. [Aniline ; x75]. 

B. Crystals grown on slide . 	[ Aniline ; x 75 ]. 

C. Batch crystal . [ Aniline 	x 75 ]. 

D 	Crystal grown on slide . [ Aqueous solution ; x 75 ]. 

E 	Batch crystal. 	[ Aniline ; x 200 ]. 
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with time for one of the crystals shown in Fig 7-54 is illustrated in 

Fig 7-56. Crystal growth occurred on a regulnr seed crystal initially 

showing the usual dodecahedral C011) faces. It can be seen that growth 

occurred at different rates on different faces, with the consequent change 

in shape. It can also be seen that cubic (0013 faces developed as well 

initially, then started to diminish. This maans that at first (at high 

supersaturations) the rate of growth on the cubic faces is less than that on 

the dodecahedral, and the cubic develop at the expense of the others. After a 

time the preference is reversed (Fig 7-36). Cubic faces may have developed 

likewise on crystals grown in the evaporative crystallizer, but because of the 

examination of samples immersed in aniline, they could easily have passed 

unobserved. 

Since the crystal grows non-equidimensionally, it is necessary to be 

quite careful in designating the faces on which measurements are made. 

The majority of the crystals observed lay on a face as shown in Fig 7-56. The 

distance x was measured. This corresponds to the growth of the pair of 

perpendicular faces. The computed grcRth rate'lhasthe. average for:the:two races. 

The crystal size and growth rate for the crystal of Fig 7-56 are shown in 

Fig. 7-57. 

Since the face observed is generally a perpendicular one, it is difficult 

to estimate the moments when cavity formation begins and ends. It will not 

necessarily be the same as for the upper flat faces where the change can be 

readily detected. However estimates of the range of conditions over which 

these changes took place were made. 

The fit of the experimental data to this growth rate plot (Fig 7-57) is 

rather better than for most of the other crystals measured, mainly because 
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this crystal grew quite considerably. Certain inaccuracies are present in 

the method ofcomputing growth rates. If too small a time interval is Chosen, 

errorti.in measuring the small changes in size give rise to enormous fluctuations 

in the computed growth rate. If too large a time interval is chosenlactual 

variations in the growth rate are averaged out. This can be particularly 

serious about a maximum in the growth rate. 

7.11.4 Comparison with Critical Growth Conditions  

The grow4h rate curves (growth curves) of crystals observed in the heated 

cell may be compared with the results obtained from the evaporative crystallizer„ 

In Fig 7-•38 the growth curves for several of the crystals which nucleated and 

formed inclusions are compared with the critical growth region determined 

previously. In Fig 7-29, are shown the curves for several of those crystals 

which grew from nuclei but did not form inclusions. It was not possible 

to follow the early stages of growth of many of the crystals shown in Fig 7-38 

and 7-39 because of the time required initially to focus the microscope and 

manipula-L,e the camera. Fig 7-40 shows the growth curves for crystals which 

formed inclusions when grown from seed crystals. The corresponding curves for 

the growth on seed crystals where inclusions did not form are shown with the 

other curves on Pig 7-39. 

As a whole, these typical growth curves arc in substantial agreement with 

the defined critical region. Most of 'he inclusion formation takes place when 

the growth curves are inside this critical region and little when they are 

outside it. There is sone variation -with individual growth curves. This may 

be due mainly to errors in measurement. amever, it should be noted that 

individual crystals, with their inherent variation are being measured, whereas 
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proiyosed 
the critical growth region is a statistical mean quantity (see also section 7.6.6), 

That the results agree with the critical growth conditions already 

determinedpis of considerable interest. Whereas the critical conditions had 

been determined from experiments with highly agitated solutions, in the heated 

cell the solution was unstirred. The range of conditions for which an explanation 

by a critical growth region is applicable has thus been extended. Also, added 

confirmation is given that the critical growth rate is a suitable criterion 

of the critical growth conditions, and that having chosen a critical growth 

rate, agitation rate affects inclusion formation only through its effect on 

nucleation. 

It is also of interest that the same critical values apply to the formation 

of inclusions on quite large seed crystals. This shows that the formation of 

face inclusions can be explained for all sizes of hexamine crystals up to, ac 

least, 4OOi. Thus it is possible to grow a series of concentric inclusion 

patterns in the one crystal by continually causing the growth curve to rise 

and fall through the critical growth region. L. double set of inclusions formed 

in such t. way is shown in the first of the crystals of Fig 7•35. 

The effect of the number of nuclei appearing in the heated cell is sinilar 

to that observed in the evaporative crystallizer. When many nuclei appear, 

no inclusions are formed since the mean growth rate is low. When only a few 

appear, growth is rapid and large inclusions are formed. 

7.11.5 Supersaturation  

Solutions in the heated cell were supersaturated by increasing the 

temperature. Since solution temperatures were measured, it was possible to make 

a rough estimate of the prevailing supersaturation. For the crystal considered 
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in Fig 7-36 and 7-37 the supersaturation (defined as the relative change in the 

saturation concentration - refer Fig 5-1) was about 0.03 when the growth rate 

reached the critical value of 12p/min at about 55°C. This value is of use only 

as a rough guide since growth conditions in the cell are quite complicated and 

highly non-uniform. 

Several attempts were made using this cell and other apparatus to determine, 

under known agitation conditions, the relationship between growth rate and 

supersaturation. Because of excessive nuclei formation in all the supersaturated 

solutions used, these attempts were unsuccessful. 

For the growth of hexamine from vapour, it has been shown filij that the 

growth rate is proportional to the square of the supersaturation for microscopicall3 

plane surface, but only proportional to the supersaturation for the more usual 

flawed surface. 

7.12 SHAER CHANGES OF INCLUSIONS 

The inclusions in hexamine crystals form in the shape of rhombic pyramids 

(or for large faces, as portions thereof). After a time the shape changes to 

that of a negative crystal with f011.1 faces. The time required for this 

change varies from a few minutes to a few days. 

The first change in shape is the appearance of a plane face in place of the 

tip of the pyramid (Fig 7-41). Further changes appear as the introduction of 

other faces. 

The internal faces of an inclusion would eventually rearrange to give a 

negative crystal, since this represents the conditions of minimum free energy. 

However, this is likely to be a very slOw effect, the forces involved being so 

small. Much more rapid effects appear to be caused by temperature variations, as 
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follows. When a crystal of hexamine is cooled, the inclusions dissolve solute 

from the walls; when the crystal is reheated, the solute redeposits. The 

redeposition will tend to take place on the planes associated with the negative 

crystal, and the shape changes. The crystals shown in Pig 7-41. were treated 

in this waylwith samples taken after successive temperature cycles. 

A change in shape can also be caused by a temperature gradient across 

an inclusion. For hexamine, solute will dissolve from the colder edges of the 

inclusion and deposit on the hotter. In the transfer the inclusion will tend to 

change to a more regular shape. It may be noted that the position of the 

inclusion will change also, i.e. the inclusion will move. For hexamine}  

the 'inclusions will migrate down the direction of the temperature gradient. 

This effect has been discussed by Hurle 5, 27 for gallium rich inclusions 
in germanium crystals. In his experiments the temperature gradients are formed 

because a cooled rod is pulled from a hot melt. 

7.13 DENDRITIC GRO17971I OP 'EXAMINE  

Hex4,.mine can be grown in the dendritic form (refer Supplement). From 

aqueous solution dendrites will form on the surface of saturation solution 

exposed to the air. These dendrites (Fig 7-42) are cross-shaped with spikes 

at right angles. Tn three dimensions they would be expected to appear as 

six-spiked dendrites with the spikes in directions mutually at right angles. 

It was not possible to verify this shape experimentally, since presumably, 

because of the inability of achieving high enough supersaturations, dendrites of 

hexamine could not be grown in bulk solutions. However, there is little reason 

to doubt that the shape would be otherwise than that describedc 

The directions of the dendrite points are those of the cubic t001] a=es. 
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These correspond to the six sharpest corners of the dodecahedron, those furthest 

from the centre. If the dendrite develops from the place-facea dodecahedron, 

it must therefore be through the very rapid growth of these corners as columns 

or spikes. Each spike would be surmounted by four dodecahedral faces. 

Dendrites grow very rapidly. The rate of translation of the dendrite 

needles shown in Fig 7-45 is of the order of 5000 to 4000 y/min. Measurements 

on other examples gave growth rates usually in excess of 1001i/rain. Even 

allowing that for an isometric dodecahedron the corners grow at a rate J-T 
tines that of the faces, these values are well above the growth rates measured 

for the polyhedral crystals. 

7.14 THEORETICAL IITIERPRETATION OF RESULTS  

It has been shown that inclusion formation can be explained in terms of 

cavitite growth occurring above a critical size and a critical growth rate. It 

needs to be asked, what is the significance of these results in terms of basic 

mechanisms on the molecular level? 

The most likely interpr;tation is one involving the effects of non-uniform 

diffusion around the crystal corners. Bunn 5g has explained the formation 

of inclusions in ammonium chloride by just such a mechanism of tconvergent 

diffusion'. The same mechanism could well apply to inclusions in hexamine 

crystals. 

It is considered that the rate at which solute diffuses to the corners of 

a growing crystal will be greater than that to the rest of the face, because 

the corners are sharp angled and protrude further into the supersaturated solutiox 

Mathematical descriptions of this behaviour, based on the diffusion ,-quation, 

have been presented by Chernov 	57 and Seeger 2W. However, measurements 
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of the diffusion fields about large single crystals 2:62,37 indicate that 

conditions are not so simple as are usually assumed. 

If the rate of deposition of solute is higher at the corners, than at 

the centre of the faces then at low supersaturations there must be some 

compensating mechanism, bemuse then crystals usually grow with plane faces. 

This mechanism nay cause a buildup of supersaturation across the surface 

averaging out the diffusion ratesoor it may cause a migration of material 

across. the surface so that plane growth is maintained. 

At higher supersaturations this mechanism must break down or be overwhelmed. 

The rate of deposition on the edges and corners then becomes excessive and the 

crystal grows as a cavitite (or 'incipient dendrite'). The critical growth 

rate as measured mustpsomehow,be linked to the breakdown conditions of the 

compensating mechanism. The critical crystal size is possible some measure of 

the limiting size of the region around the growing edges which is influenced 

by the convergent diffusion effect. 

At higher supersaturations still, the growth at the corners becomes even 

more excessive and the crystal grows corner-wise as a dendrite. 

The cavitite is thus considered as a stage of growth between the polyhedral 

(lequidimensional' or 'isometric') plane-faced crystal and the dendritic form. 

For hexanilne, the shape of the crystal, cavititeland dendrite are in accordance 

with the concept of consecutive changes from one form to the next. The same is 

true for ammonium chloride (Bunn Z.142, see also section 9.2.4). 

For hexamine, limits have been found for the first transformation - polyhedr 

to cavitite. Perhaps similar conditions exist for the second transformation. 

Mechanisms involving surface a3 sorption of impurity cannot be ruled out 

entirely, although because of the great regularity of the formation of inclusion 
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and because of the success of the explanation involving a constant critical 

growth rate, they appear very unlikely. ;Adsorption mechanismmay)however)  

be a cause :Df randomly distributed inclusions in hexamine crystals such as 

those shown in Fig 5.1. It is also possiblelof course)that the cause of 

these inclusions may be some localised modification of the growth rate 

mechanism described above occurring under non-uniform growth conditions. 

7.15 CONCLUSIONS  

A study of growing hexamine crystals has led to a proposed mechanism for 

the formation of inclusions in face patterns in these crystals. The mechanism 

involves a falling crystal growth rate together with a critical region of 

conditions in which the crystal grows with cavities on its faces. 

Measurements of consecttive samples taken from a batch crystallization 

show that this critical region can be defined by two quantities, a critical 

size of 65 ± 5pland a critical growth rate of 12 4. 3 ?z/min. These critical 

quantities are unaffected by the operating conditions used in crystal growth. 

The effect of the operating conditions can be interpreted through their effect 

on nucleation rates. The results are confirmed by e7cperiments on two different 

types of crystallizer. 

The form of growth occurring in the critical region (cavitite growth) 

appears to be an intermediate form of dendritic growth. It is probably caused 

by non-uniform diffusion processes about the corners of rapidly growing crystals. 
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8. TUE EFFECTS OF IMPURITIES AND DIFFERMIT SOLVENTS 

8.1 INTRODUCTION 

So far hexamine crystals have been grown only from reasonably pure 

aqueous solutions. It is the purpose of this chapter to consider the growth 

of hexamine crystals either from aqueous solutions to which impurities have 

been added, or from other non-aqueous solvents. 

8.2 THE ADDITION OF SURFACE ACTIVE IMPURITIES  

In three batches in the evaporative crystallizer (Batches No. 3, 55 and 

56) quantities (respectively 3, 15 and 30 ml) of concentrated ILissapolt 

detergent were added to the batches of solution (about 1200 ml.). This 

introduced some difficulties with frothing in the early stages of evaporation, 

but provided agitation was kept below a reazonable limit, these subsided before 

nucleation began. 

The results of these batches are given in Appendix III and in Table 8-1. 

The results were analysed by the method outlined in Section 7.10 (although 

it should be noted that the assumptions upon which this method is based need 

not necessarily hold when impurity is present.) The results do not differ in 

any significant way from the results already obtained with pure solutions. 

They give the same critical growth values and much the same size of inclusion 

in the product. It would appear, therefore, that this surface active agent 

has no effect on the growth conditions for :inclusion formation or on the 

nucleation conditions in the crystallizer. 

Some of the crystals from these batches showed a rather unusual haziness 

about the pattern of inclusions as shown in Fig 8-la. The marks appear to be 
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BATCH 
No. 

CRITICAL 
SIZE, y 

/A- 

CRITICAL 
GROWTH., 

RATE, 11' 

.44/Min. 

-6 
10 	n. 

1  

NEP5 
INCLUSION 
SIZE, 	s 

/J. 

3 68 8 8.5 16 
35 71 13 7.2 23 
56 66 11 6.4 4.0 

57 67 10 10.4. 15 

75 - )3 - - 
76 - >3 - - 
77 62 9 8.5 39 
78  56 9 7.5 4.8 
79 65 7 14. 14. 
80 72 6 18 15 
81 )10 

ERRORS 4;10 ±5 *3 t 5 

TABLE 8 - 1„ RESULTS ROM BATCHES OF HEXAMINE 
CRYSTALS GROWN FROM IMPURE SOLUTIONS. 
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A . PATTERN HAZINESS ( WITH ADDITION OF DETERGENT 1. 

BATCHES 	No. 	35,56 . 	 x 120 1 

B. VARIOUS CRYSTALS GROWN FROM ETHANOL AND METHANOL 
SOLUTIONS , SHOWING SURFACE IRREGULARITIES 	OR 

DISTORTED SHAPES. 	 [ x50] 

C. CRYSTALS WITH DOUBLE PATTERN OF INCLUSIONS. 

BATCHES 	No. 23,41. 	 x 1201 

D. HEXAMINE CRYSTAL DISSOLVED AWAY TO 
LEVEL OF 	INCLUSIONS. 	 x 120 1 

FIG. 8-I. 	HEXAMINE CRYSTALS OF UNUSUAL 
APPEARANCE . 



161 

associated with each individual inclusion, but their immediate cause is not 

apparent. 

8.3 THE ADDITION OF OXALIC ACID 

In one batch (No. 57) a quantity of oxalic acid was added to the batch. 

The analysis of this batch (Appendix III and Table 8-1) shows that the 

critical growth conditions are apparently unaffected. However the size of 

inclusions are somewhat smaller than would have been expected for the pure 

solution. Apparently the presence of the oxalic acid increased the number 

of nuclei, probably by the addition of foreign nuclei with the oxalic acid 

crystals. 

8.4 THE  USE OF VISCOUS ADDITIVES 

It was decided to investigate the effect of the viscosity of the crystallizing 

solution on the formation of inclusion, in hexamine crystals. The use of glycerol 

and sucrose as additives was considered but the quantities required to give 

an appreciable viscosity change appeared excessive. 

It is known that certain substances such as carboxy-methyl-cellulose 

(C.L1.C.) are powerful viscosity modifiers, Such substances were believed to 

be present in a readily available wallpaper adhesive (Tolyoellt) and a quantity 

of this material was used as a viscosity additive. Less than 1% of additive 

was required to give a forty-fold increase in viscosity. 

Quantities of the adhesive were dissolved Iii saturated hexauine solution, 

Before use,the solutions were filtered and slightly diluted. After evaporation 

and crystallization the viscosity of the mother liquor (as measured by a U-tube 

viscometer) was determined at the operating temperature. This gave a measure 
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of the amount of additive present. 

With the more viscous solutions it proved very difficult to separate 

the crystals from the suspension, since settling was extremely slow. This 

was overcome by centrifuging the samples at several hundred gravities for a few 

minutes. 

Several batches of crystal were grown in the evaporative crystallizer 

using feedstocks with differing amounts of additive (Batches No. 75-81). Five 

of the batches (No. 77-81) were grown under identical operating conditions 

(40°, 60 R.P.M. and full heat). Further details of these batches are given 

in Appendix III. Photographs of the product are shown in Fig 8-2. It can 

be seen that with increasing quantities of additive, the size of the inclusions 

decreases, the crystal size becomes smaller, and the crystals become more 

irregular in shape. With an amount of additive equivalent to about a tenfold 

increase in viscosity,inclusion formation is completely prevented. 

Although the assumptions previously used may no longer be applicable, 

these: b".tches have been analysed by the method used for batches with a 

single sample Section 7,10). The results are shown in Table 8-1 and Fig 8-3. 

It can be seen that within the accuracy of the couputations, these values are 

in agreement with the critical values determined for the previous batchose 

The effect of the additive would appear to be through its effect on nucleation 

conditions. Increasing the quantity of additive increases the number of crystals 

formed per batch. 

Ls a solution becomes more viscous, the supersaturation required to promote 

crystal growth tends to increase, and thus the rate of nucleation tends to 

increase. This may be the explanation of the results obtained. The additive 
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itself, a source of impurity and foreign nuclei, could also be the cause. 

It would b3 interesting to see the effects of other additives, to see if the 

results are due to increase in viscosity or to the additive itself. 

8.5 GROWTH FROM NON-AQUEOUS SOLVENTS 

Hexamine crystals were grown in the thermal crystallizer from methanol and 

from ethanol. Attempts were made to grow crystals from glycerol by cooling 

saturated solutions but crystals did_ not form. 

Quite large crystals of hexamine could be grown readily from methanol and 

from ethanol. Hawever,in not one instance were crystals with internal inclusions 

formed, although in many cases growth rates were much higher than the critical 

value determined for aqueous solutions. Typical growth curves for crystals grown 

from methanol are shown in Fig 8-4. Growth rates up to ten times the critical 

aqueous value were achieved, yet inclusions still did not form. The same results 

were foulAfor ethanol. 

This gives rise to the interesting conclusion that the mechanism of incl.sion 

formation depends on the solvent from which the material is crystallized. A 

change in solvent would be expected to affect the diffusion field about a crystals  

since the solubility is changed and probably also the diffusion coefficient. It 

could also affect any surface mechanisms occurring. Again the effect of changing 

the solvent could_ be due to some interaction between solvent and solute. For 

example, the possibility exists of some hydrated fom of hexamine in aqueous 

solution. A more detailed investigation on a large number of solvents vould 

perhaps lead to an explanation. 

Many of the crystals of hexamine grown from methanol and ethanol often 

showed a series of shallow depressions on the surface (Fig 8-Lb). These were 
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sometimes ordered and sometimes seemingly irregular. With further growth 

however they did not fill in or form inclusions. On other occasions 

irregularly shaped crystals (Fig 8-ib) resulted. 

8.6 GROWTH FROE SOLVENT MIXTURES 

Hexamine crystals grown from aqueous solution form inclusions; those 

from methanol do not. Since methanol and water are completely miscible, 

it was decided to study crystals in the thermal crystallizer growing from 

mixtures of these two solvents. Solvent mixtures containing 7O to 90% water 

could not be used since the solubility does not vary sufficiently with temperature 

(see Supplement). However hexamine crystals with inclusions were obtained 

from mixed solvents with 5o,:(6, 25%, 14 and 9% water (by weight), but not 

from a 5% solution. 

Only very rough estimates of the critical growth rate could be Dade from 

these tests. These seem to suggest that the critical growth rate increases 

with decreasing water content, although the results are by no means conclusive. 

This would be an aspect of considerable interest for further study. Perhaps 

the evaporative crystallizer could be modified for this purpose, 

8.7 UNUSUALLY SMALL PACE INCLUSION PATTERNS 

Very occasionally in the examination of samples of hexamine from the 

evaporative crystallizer, a crystal v,as observed which showed two sets of face 

inclusions (Fig 8-1c). One of these patterns was of the usual size (inside 

dimensions about 65 )p) while the other was much smaller (about half the size). 

It should be emphasised immediately that such crystals are very rare Only 

five such crystals were observed in the counting of about one tenth of a million 
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crystals. So the postulate of a critical crystal size for inclusion formation 

of 65 + 5jz is still true for practical purposes, 

However these smaller patterns do occur occasionally. It is not 

immediately obvious how they are formed. All other crystals in the batches 

from which these crystals were taken had the normal appearance. Perhaps there 

is a second set of critical conditions leading to inclusion formation with a 

much higher critical growth rate and a smaller critical crystal size. But 

why do not the other crystals in the batch show this second pattern? The 

crystals in which they are observed are not the largest (or by inference,the 

oldest) in the batch. Perhaps the inner pattern represents portion of the 

outer inclusion pattern that has detached and migrated inwards because of 

thermal effects (see section 7.12), But again why does this not occur with 

the other crystuls? Some of the crystals in a batch nay have experienced more 

extreme conditions than the rest, and these crystals might be those with the 

double patterns, It seemsothenIthat before a suitable explanation of this 

behaviour can be obtained it will be necessary to grow such crystals in greater 

quantities and under controlled condicions. 

In some samples of hexamine, crystals with the 'dimpled' appearance shown 

in Fig 8-1d are obrerved. These are simply crystals that once contained 

inclusions, but now have been redissolved back to the level of the inclusions, 

8.8 CONCLUSIONS 

Batclies of hexanine crystals were grown from aqueous solutions to which 

quantities of a surface active agent or an additive modifying the viscosity 

were added. In each case the results could still be explained in terms of the 

critical growth conditions determined for pure solutions. Any effects of the 



169 

additive seemed to be explained by its effects on crystal nucleation, 

Hexamine crystals were grown from methanol and ethanol solutions.Tacel 

inclusion patterns could not be formed. However,,inclusions were formed if a 

moderate amount of water was mixed with the methanol solution. 
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9. FORMATION OF FACE INCLUSIONS IN OTHER CRYSTALS  

9.1 INTRODUCTION 

Face inclusion patterns were grown in two other crystalline materials;  

ammonium chloride and sodium chloride. The appearance of the inclusion 

patterns in these crystals has already been discussed in Chapter 4. 

These Crystals were grown mainly to show that 'face' inclusions can be 

formed in other crystals. A detailed experimental study was not undertaken. 

Although it Ls possible to make rough estimates of certain quantities from 

the results, these quantities are not very reliable. 

9.2 INCLUSIONS IN AMMONIUM CHLORIDE CRYSTALS  

9.2.1 Growth of Crystals 

Ammonium chloride generally crystallizes from pure aqueous solutions as 

six-pointed dendrites. These have the classical 'fir-tree' appearance. 

However by the use of additives in the solution, cubic crystals can be obtained. 

A list of suitable additives is given by Buckley /-17 p.555. One of the most 

effective is ammonium molybdate, and a  small quantity ( 1M of this 

matuzial was added to the ammonium chloride stock solution from which all 

batches of crystals were grown. The stock solution was given a prior 

crystallization to remove foreign nuclei. 

Eleven batches of ammonium chloride crystals were grown in the evaporative 

crystallizer. Details concerning these batches (No, 95-105) are given in 

Appendix III. Ammonium chloride has a marked change in solubility with 

temperature, so the batches were grown at quite low temperatures to minimise 

changes when the samples were cooled to room temperature. Otherwise the 
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experimental procedure was the same as that used for hexamine. 

Operating conditions favourable to inclusion foroz:Gion, namely lei 

stirrer speeds and full heating rate, were used at first. Large inclusions 

formed very readily and took an appreciable time ( '› 50 min.) to seal over. 

Later batches were grown at higher stirrer speeds or reduced heating rates 

in an attempt to obtain smaller inclusions. 

9.2.2 The  Mechanism of Inclusion Formation 

The inclusions in ammonium chloride crystals form in much the sane waj 

as those in hexamine. The crystals grow as cavitites, which eventually 

seal over trapping mother liquor in the cavities. For ammonium chloride the 

cavitite has the form of a ctbe with an approximately pyramidal Cavity in each 

of its six faces. Photographs of the inclusion patterns have already been 

given in Fig 4-1. Further photographs are shown in Fig 9-1 illustrating 

crystals at the cavitite stage and others just after the sealing of the 

inclusions. Portion of a large open cavitite is shown in Fig 9-2, 

FIG. 9-2 PORTION OF OWITITE CRYST2,L 010  AMYONEN CFEORID 	ff707 

The larger inclusions have a very unusual shape with four narrow spikes 

leading from the base of eachinclusio.a towards the nearest corners of the 



FIG. 9- I . 	FACE PATTERNS OF INCLUSIONS IN 
CRYSTALS OF AMMONIUM CHLORIDE DURING AND 
AFTER FORMATION . 

[ x ISO] 
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crystal. This probably results from the large change in solubility on 

cooling the included mother liquor. On cooling, crystallization will occur 

preferentially on those surfaces of the original pyramidal shape that cool 

the quickest, i.e. on those that are nearest the surface. Consequently most 

deposition will take place at the centre of the base of the inclusion. As. the 

deposition progresses spikes leading to the slower cooling corners, are left. 

9.2.3 Quantitative Measurements  

In examining the crystals of the one batch, it would seem that the general 

conslusions which were true for hexamine are true also for ammonium chloride. 

These are :- 

(i) the inclusions occur only in the largest crystal; 

(ii) the larger the crystal, the larger the inclusion; 

(iii) inclusions do not form below a certain crystal size; 

(iv) all inclusions seal over at much the same tine. 

This suggests that the results might be explained as for hexamine in 

terms of a critical growth region determined by a critical crystal size and 

a critical growth rate. Very rough estimates of these quantities for each 

batch are given in Table 9-1. 

It should be emphasised again that a detailed experimental investigation 

was not undertaken for this material. The batches were grown only for 

demonstiatien purposes, so that the errors in these computed quantities may ba 

quite severe. For example, the samples photographed are by no nears 

representative since usually a crystal of attractive appearance was photographed, 

Also segregation of the sample occurred, since those crystals with large 

inclusions tended to float in the immersion fluid. Further, the single sample 
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SAMPLE 
NO. 

TEMP. o c 
7 

04 

y 

4” 
RPm „44/inin 

R 
n 10- 	i  

STIRRER 
* 

95 31 105 @ 35 < 4 > 3 

96-1 3) 100 50 40 1.4 6 

96-2 30 100 50 35 1.7 11 

t 97 30 230 55 32 5 3 

98 30 150 40 35 2.3 10 

99 32 Co @ 35 < 3 > 2 

100 32 95 70 35 4 3 

101 32 24.0 - - > 6 - 

102 33 90 55 40 5 2 

95103 28 100 6o 45 1.5 6 

104 43 100 70 45 1.7 3 

105 43 220 - - ;,8 - 

As motor RPM. 
Inclusions not closed over, 

t Speed reduced to 100 rpm after 4- min. 
This rlIn at heat 6, all others full heat. 

TABLE 9 - 1. 	RESULTS FOR GROWTH OF AMMONIUM CHLORTM CRYSTALS. 
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method of analysis (see section 7.10) was used, but the assumptions upon which 

this is based may not be applicable to ammonium chloride. Llso the numbers: of 

crystals counted in the samples are quite insufficient for statistical purposes. 

However the results (Table 9-1) do suggest that an explanation in terms of 

a critical size and a critical growth rate nay be applicable. The critical 

crystal size would appear to be in the range 55 -4- 10p. with a critical growth 

rate,perhapsobetween 2 and 61n/Min. These values may of course depend on the 

quantity of additive present. The additive has a marked effect on dendrite 

formation so it could well effect the formation of cavitites. Furhter results 

on this material would be of interest. 

The rate of nucleation of nnmonium chloride crystals in the batch crystalliz 

seems to be an order of magnitude less. than that for hexamine. This may be 

the reason for the ease withlwhich large inclusions form. 

9.2.4 interpretation of Results 

Ln explanation of the formation of face inclusions in terms of cavitite 

(incipient dendrite) formation has already been proposed by Bunn a4.7. The 

explanation given for hexamine (section 7.14) has in fact been based on this. 

For ammonium chloride, the inclusions form by the sealing over of cavitites. 

It is suggested that these cavitites represent a form of crystal growth 

intermediate between the cube and the eight-pointed dendrite. The dendrites 

usually observed, with ammonium chloride are six-pointed. These are formed_ 

from pure solutions and represent the breakdown of polyhedral growth on 

icositetrahedral crystals (i.e. crystals with twenty four faces). The 

icositetrahedron is the normal crystal habit for ammonium chloride grown from 

pure solutions. However with certain additives, the crystal habit is changed 



to the cube and the corresponding dendrites which can form by the breakdown of 

polyhedral growth are the eight-pointed ones mentioned above. Eight-pointed 

dendrites have been observed 

Since ammonium chloride can also crystallize as icositetrciiodra,it seems 

that it should be possible using pure solutions to form patterns of twenty-four 

inclusions in crystals of ammonium chloride, if cavitites are formed intermediate 

between the icositetrahedron and the six-pointed dendrite, 

9.3 INCLUSIONS IN SODIUM CHLORIDE CRYSTALS 

9.5.1 Growth of Crystals  

Sodium chloride crystallizes as cubea from aqueous solutions. Six batches 

of crystals were grown in the evaporative crystallizer (Batches No 106-111). 

Of these, only the last batch showed a reasorable quantity of Ifacel inclusion 

patterns. This batch was grown by very rapid growth, achieved by allowing 

the solution to rea-th 1000C before suddenly applying the vacuum. The inclusions 

were grown on seed crystals and many of the inclusions have the flat appearance 

characteristic of this means of growth. Some examples have already been given 

as Fig 4-5; others are shown in Fig 9.3. 

9.5.2 The Mechanism of Inclusion Formation 

The appearance of the inclusions in sodium chloride is much the same as that 

in ammonium chloride and it might be expected that a similar mechanism of 

formation applies. The solubility of this material does not vary much with 

temperature)so irregularities in inclusion shape on cooling would not be 

expected. 



FIG, 9-3 . 	FACE 	INCLUSIONS IN 	SODIUM 
CHLORIDE CRYSTALS DURING AND AFTER 
FORMAT ION . 

x HO I 
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9.3.3 Quantitative Measurements 

Prom the limited number of samples it is impossible to make any really 

quantitative measurements or even to show that critical growth conditions 

might exist. However, assuming, as with hexanine, that the behaviour can be 

explained in terms of a critical crystal size and a critical growth rate, 

it would appear that the critical size is of the order of 20 to 391 and the 

critical growth rate is of the order oflOWrain. 

9.3.4 Inclusions in Octahedral Crystals 

With the addition of urea, sodium chloride will crystallize as octahedra 

instead of cubes (Buckley rg p. 556). If 'facet inclusions can be formed 

with such crystals, a pattern of eight inclusions should result. Several 

quick attempts were nAde to grow such inclusions form a urea; sodiu-A chloride 

solution but really definite results were not obtained. 

9.4 INCLUSIONS  L NON-REGULLR ORYSTLLS 

al the examples of face inclusion patterns so far considered have been in 

crystals with cubic symmetry, Which crystallize in regular forms. If the 

crystal grew in a non-regular habit, for example as a  prism, it is possible that 

face inclusions could be formed in the more rapidly growing faces and not in 

the others, i.e. in the directions of the length of the prism. Thus a pattern 

appearing only in certain selected faces would be obtained. 

If the barium chromate crystals of Fig 2-2 do contain mother liquor 

inclusions, they may be of this type, with the inclusions lying in the wake 

of the two most rapidly growing faces. The individual pattern members in 

these crystals certainly have the characteristic tapering and sealing of 
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face inclusions. It may also be of interest to note that barium chromate 

can be grown as dendrites with a shape corresponding to the crystal and its 

pattern 4f-182. 

9.5 CONCLUSIONS 

Face inclusion patterns can be grown in other crystals. The mechanism of 

formation appears to be similar to that for hexamine. Further measurements are 

required before exact details of the conditions for growth can be given. 
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10. FORMATION OF EDGE INCLUSION PATTERNS 

10.1 INTRODUCTION  

Eige inclusion patterns have been discussed in Ch. 3 and 4. It was seen 

that the inclusions lie upon lines oorresponaing to the edges of the crystal 

at some prior stage of growth. In hexamine, the inclusions outline a 

dodecahedral form; while in ammonium and sodium chlorides, a cubic one. It is 

the purpose of this chapter to consider the formation of these inclusions. 

10.2 PREPARATION OF CRYSTALS  

Edge inclusions were first noticed in a chance sample of hexanine, prepared 

when the solute was being recovered from tne accumulated mother liquor at the 

end of a series of batch crystallizations. The crystals were grown, while 

extra batches of mother liquor were added from tine to tine. Unfortunately 

no detailed record had been kept of the conditions used in this recrystallization. 

At first it was though that the important factor causing the formation of 

these inclusions was the iupurity of the feed solution. However further 

crystallizations from the same mother liquor showed that this was not so. Then 

it was thought that the contributory factor was dissolved air, added with the 

later batches of feed and coning out of solution on the crystal edges. Several 

batches of crystals (as shown in Table IIIA3 of the Appendix) were grown to 

test this idea. All were unsuccessful, 

It was foundothen,that crystals with edge inclusions could be produced if 

a quantity of unelersaturated feed solution were added to the crystallizer during 

crystal growth. It seems that somehow in the original batch a quantity of water 

must have added. with one of the later additions of mother liquor, thus causing 

the inclusicn patterns. 
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Thus the following procedure was adopted for growing batches of crystals 

for study. A batch of crystal was prepared in the normal way, then a quantity 

of water was added. to dissolve some of the crystal away. This crystal was 

used as seed for further crystal growth to form edge inclusion patterns. 

Photographs of typical samples of hexamine from the initial batch, the 

ix,rtly dissolved seed and the resulting product are shown in Fig 10-1. Other 

samples formed from seed with differing amounts of initial dissolution are 

shown in Fig 10-2. Photographs of individual hexamine crystals with edge 

inclusions have already been shown in Fig 5-7 to 3-9, while similar 

photographs for ammonium chloride and sodium chloride crystals were given in 

Fig 4-2 and 4-2. Details of all the batches of crystals grown are given in 

Table III A4 of Appendix III. 

10.5 MECHANISM OF INCLUSION FORMATION  

Edge inclusions are formed by crystal growth on partly dissolved seed 

crystals. It is usual in dissolution for the corners and edges of a crystal 

to be dissolved preferential2y and for the crystal to become quite rounded. 

It can be seen from Fig 10-1 that this rounding process has .occurred on the 

partly dissolved hexanine seed crystals. 

It is thought that edge inclusions are formed. by the redevelopment of the 

plane surfaces on such rounded seed crystals. Planewise growth would begin from 

the 96ntre of each face. As growth proceeds, the plane face would re-establish 

itself over the surface. However, because of the curvature of the surface, 

considerably more growth would be repaired at the edges and corners. of the 

crystal to bring them to the level of the plane surfaces. Mean While the plane 

surfaces may be spreading, repairing themselves, at a rate faster than the edges 
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and corners can be built up. So, after a time the crystal would appear as 

a number of plane faces separated by an interconnected pattern of open channels 

running along the edges of the crystal. With further growth, neighbouring plane 

faces may eventually meet and thus tubes of mother liquor would be trapped in 

these channels. Further crystal growth would just bury the included mother 

liquor deeper in the crystal. This process is shown diagrammatically in 

Fig 10-J, The positions of the growing surfaces around one edge of a crystal 

at various stages are shown, 

After a time the tubes of mother liquor formed in this way would break down 

into aiseries of discrete inclusions. It mould be expected that larger 

inclusions would form at the corners since this is there the largest difference 

between the smoothed crystal and the plane surface occurs. This is verified 

by observation (see Fig 10-1). 

In some instances, when the original seed crystal was not very rounded the 

inclusions form only at the corners and the edge patterns become just a number 

of isolatld inalusions:  one at each crystal corner. Eight such inclusions 

would be formed in a cubic crystal and fourteen in the dodecahedron. Six of 

the corners of a dodecahedron are sharper than the others and the inclusions 

in these oornors tend to be larger than the others. alder certain circumstances 

the pcbtern of fourteen inclusions described above can degenerate into a pattern 

of six, one in each of these corners. 

9).4 lEASURELIENTS ON CRYSTAL SA"liFLES 

10.4.1 Samples  

Attempts were made to grow crystals with edge inclusions under the microscope 
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using the thermal crystallizer. Inclusions were formed, but because of the 

difference in refractive index between crystal end solution details of the 

mechanism of growth could not be seen. Since the evaporative crystallizer allows 

greater control over the conditions of growth, this apparatus was used for the 
further 

growth of all/samples analysed in this section. 

10.4.2 Generalizations From Results  

Observations and measurements on the various samples (such as those in 

Fig 10-2) lead to the following generalizations : 

(1) Inclusions occur in the largest crystals of a sample. This can be seen 

directly, and is also demonstrated by measurements of the crystal size histograms 

(Fig 10-4). Thie result would be expected if inclusion formation took place on 

all the seed crystals. Naturallyithese would be larger than crystals nucleating 

subsequently. 

(2) Inclusions form on all the seed crystals. It is immediately obvious 

that inclusions form at least on all those seed crystals with face inclusion 

patterns, since, without exception, where edge patterns were formed, those 

crystals showing face inclusions (present only in the seed) also showed edge 

inclusions. Added proof is given by measurements which show that the number of 

crystals with edge inclusions is approxinately the same as the number of seed 

crystals added (Table 10-1). 

(3) The size of the inclusion pattern is much the same size as the seed from 

which it is formed. This is shown (Table 10-1) by measurements of the mean 

size of the patterns, and the mean size of the seed from which they were formed. 

It is rather difficult to get an accurate measurement of the size of the seed, 

since the particles are somewhat rounded. It would be interesting to have more 
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Batch 
No. 

PRODUCT 
R 

p /min 
Comments. 

SEED 

r 
10-7  n 

Y' -7 	• 10 	ni  7-i T 

P 11  
84. 133 2.6 - 0.7 - 

193 10 3.0 v,few; patterns of 6 
85 128 2.5 139 3.2 160 10 3.5 patterns of 6 
86 125 2.3 131 3.4. 151 10 4..0 patterns of 14. & others 
87 122 1.9 135 3.3 151 15 5.0 full pattern 
88 117 1.9 133 2.7 157 15 6.5 full pattern 
89 80 1.3 92 1.6 169 26 17 highly developed 
90 97 1.8 117 2.1 167 24. 11 fully developed 

91 106 2.1 121 2.2 14.3 15 2.2 medium. 
92 105 2.3 128 2.1 ,144. 12 3.0 weak patterns 
93 120 1,4. 14.2 1.4. 163 ic 1.6 weak patterns 
94- 119 1.5 127 1.8 153 12 6.5 full pattern. 

5 67 1.9 89 2.4- 208 55 10 - 
32 280 0.08 340 0.11 420 35 25 - 

TABLE 10 - 1. 	RESULTS FOR GROWTH OF EDGE INCLUSIONS 1N HEXAMINE. 
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exact measurements relating the size of the inclusion pattern to the size of seed, 

to obtain some idea of how much growth occurs before the inclusions seal. This 

might be an aspect for further work. 

(4) The thickness of crystal covering the inclusions is approximately 

constant for each batch. This can be seen directly from the photographs, and. 

is confirmed by measurements. Assuming that all crystals in a batch grow at 

the same rate at the sane time, thiS means that all the inclusions must have 

been sealed over at much the same time, irrespective of whether the crystal was 

large or small. 

These generalizations are consistent with the proposed mechanism of 

inclusion formation. 

10.4.5 Bates of Growth  

Estimates of the rate at which the crystals are growing when the inclusions 

form, have been made for the various batches (Table 10-1). The rates of growth 

are quite low. 

In an attempt to determine Nether there is a limiting growth rate for the 

formation of edge inclusions, four batches of crystal (Batches No. 91-94) were 

grown at different heating rates, using similar amounts of seed. The resulting 

samples arranged in order of increasing heating rate are shown in Fig 10-5. The 

corresponding rates of deposition of solid, m, are given. It can be seen that 

inclusions are formed at all heating rates, although at lower heating rates the 

amount of material included seems to have decreased. Perhaps at lower rates 

still the inclusions woul0 not be formed at all. If there is such a limiting 

growth rate it would appear to be rather low ( iC1 ,g/min). This may be an 

aspect worthy of further study. 
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10.5 EFFECT  OF VARIABLES ON SIZE OF INCLUSIONS  

The effect of growth rate has already been noted above. Variations in 

growth rate do appear to have an effect on the size of the inclusions formed on 

a given seed, although the effect is not pronounced. 

For the purposes of this project, the size of the inclusions was only 

estimated qualitatively. It is difficult to get a quantitative measure of the 

size of the inclusions since they are usually rather small, and also they vary 

in size at different points along the crystal edges. Measurements could have 

been made using the Karl ascher apparatus (Appendix V) to determine the total 

amount of included moisture. From this and estimates of the number and mean 

size of crystals with inclusions a mean inclusion size could have been 

determined. 

The major factor affecting the size of the inclusions formed is the amount 

of predissolution that has taken place GA the seed. The inclusions formed on 

seed crystals with aiPferent extents of predissolution are shown in Fig 10-2. 

The amount of predissolution is taken as the fraction of the original dodecahedral 

volume that has been dissolved away. It can be seen that about 2C% predissolution 

is required before any semblance of an edge pattern forms and about 40 % before 

the full pattern appears. 
through 

It appears that the effect of seed predissolution is simply/the increasing 

roundness of the seed crystals with further dissolution. The more rounded the 

seed, the larger the edge inclusions that are formed, 

10.6 MULTIPLE PATTERNS OF =SION'S 

By repeated crystal dissolution and subsequent growth, multiple patterns 

of edge inclusions can be built up quite readily. Crystals containing two 
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successive patterns of edge inclusions are shown in Fig 10-6. If the original 

seed crystals contained face patterns these -mud. be  visible as well. It is 

possible to grow further face patterns at any stage of growth (see section 7.11.4) 

so that patterns of great complexity could be formed in the one crystal, if one 

had the patience. 

10.7 IRREGULnLY SHAPED SEED CRYSTALS  

So far, the seed used has been uniformly rounded crystals. The edge patterns 

formed by subsequent growth have thus been very regular. If, however, the seed 

crystals were initially irregularly shaped, the inclusions which form on growth 

would tend to outline portions of the seed crystal and thus be somewhat 

irregularly arranged. For example, in the first batch illustrated in Fig 10-7, 

the seed crystals used were broken crystals. These irregularly shaped seeds gave 

the irregular inclusion patterns shown. The second batch illustrated in Fig 10-7 

shows the resulting patterns when commercial crystals were used as seed. 

This mechanism of regrowth over irregular surfaces may be the cause of several 

of the inclusion patterns illustrated in Fig 2-1. In particular, it would appear 

that the 'block' pattern (usually associated with growth on seeds) may have been 

formed by such a mechanism. 

10.8 EWE INCLUSIONS IN OTHER CRYSTALS  

Edge inclusions were also grown in sodiun chloride and ammonium chloride 

cubes. These were formed by exactly the same method as used for hexamine. 

quantity of the crystal was partly redissolved (to about half its original weight) 

then regrown. The mechanism of formation would appear to be similar to that 

already described. 
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10.9 CONCLUSIONS  

Edge inclusions are formed in various crystals by subsequent regrowth on 

partly dissolved seed crystals. The major factor affecting this formation is 

the amount of dissolution that has occurred on the seed crystal. The rate of 

crystal growth appears to have a lesser effect. The mechanism is believed to 

be caused by growth on rounded crystal surfaces. 
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11. THE  DRYING OF CRYSTALS CONTAINING INCLUDED MOTHER LIQUID  

11.1 INTRODUCTION  

In industrial practice it may not always be possible to avoid the 

formation of inclusions in crystals, and yet the presence of included 

mother liquor may be undesirable. Is it possible, perhaps, to remcve 

the included liquor from the grown crystals, for example by drying? The 

results of experiments concerned with the drying out of inclusions will be 

considered in this section. 

Mecharisms by which included solvent might pass from the crystal 

include the diffusive transfer of the solvent through the solid crystals  

the seeping out of liquor through the cracks and flaws in the crystal 

structure, and the rupture of the crystal by the pressure generated within 

the inclusions. If -my of these mechanisms, occurs to a significant extent 

it should be possible to remove the included solvent by drying. 

Hexamine contabing aqueous inclusions was used as the test material. 

It was noted that hexamine samples stored in desiccators at room temperature 

for sz.veral months still contain appreciable amounts of included moisture. 

Also commercial hexamine crystals which are driedrat temperatures up to 

500C in manufacture still contain moisture. By drying at higher temperatures 

for longer times it is possible that the included moisture may be driven out. 

For this purpose a small batch-operated through-dryer was constructed. 

11.2 DESCRIPTION OF BATCH  D "t1 DI" 

Essentially the dryer (Fig 11-1 and 11-2) cohaists of a small bed 

of hexamine crystals through which hot dried air is passed. The moisture 

removed is recovered from the air in weighed drying tubes (8). Tne dryer 

and air heater are immersed in a constant temperature oil bath (6). The 
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spent air is recirculated by a blower (1) through drying towers (2, 3) 

and a flow meter (5). To prevent the evaporation of the hexamine sample 

the air passes through a hexamine presaturator before entering the drying 

bed, Hexamine vapour is removed in a water condenser (7) ahead of the 

drying tubes. 

11.5 DETAILS OCUCERNING DESIGN AND CONSTRUCTION OF DRYER 

11.3.1 Selection of Operating Conditions 

A batch dryer capable of treating about 40 g, of sample was considered 
a convenient size. This corresponded to about a hundred mg. of included 
moisture, a quantity that could be detected quite accurately on a good 
laboratory balance. Drying temperatures up to about 100 C were to be 
investigated and a constant temperature oil bath could achieve this. Air 
flow rates up to a litre per minute were considered adequate. Toe low an 
air flow rate woule. cause serious time lags in the measurement of the moisture 
removed. 

11.5.2 palng Was21 

The drying vessel (Fig 11.3 and 114) consists 
air preheating coil and a presaturatoi. The sample 
internal diameter and six inches long) supports the 
sintered disc. Ai: passes upwards through the disc 
holder supported by a B40 cone joint may be readily 
or filling. Although this joint is not 173bricated 
leak proof, so that little air bypasses the sample. 

of a sample holder, an 
holder (about one inch 
sample on a coarse grade 
and sample. The sample 
removed for weighing 
it proved substantially 

Originally it was intended to weigh the sample holder in situ by means 
of a wire passing out of the drying vessel through a rubber bung and attached 
directly to one arm of a balance mounted above the dryer, Lifting the 
arrestment would have lifted the sample holder from its cone joint. However, 
because of sublimation and condensation of the hrommine sample, changes in 
weight proved to be no measure of the moisture lost; so this proposal was 
discarded. 

Air was preheated by a glass coil, immersed in the bath. In all testa 
the temperature of the air leaving the coil was substantially that of the 
oil bath showing that the coil provided sufficient heat transfer. 

Preliminary runs showed that sublimation of hexamine from the sample 
and its subsequent condensation in the drying tubes were serious factors* 
The vapour pressures of hexamine at 20

o 
 C end 100°C are 0.0004 and 0.29 mm. 

Hg respectively (refer Supplement Fig SI-9). For an air flow rate of 1 
litre/Min under saturation conditions this corresponds to a transfer rate 
of about 120 mg. hexamine/hr., a quantity very large compared to the amount 
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of moisture present. To prevent this sublimat.on of the sample the 
hot air before passing through the sample, was presaturated with hexamine 
vapour by passing it through a bed of moisure free hexamine crystals. 
The hexamine vapour was condensed out prior t0 the drying tubes by a 
water condenser, 

The small chamber at the vapour outlet was to collect any hexamine that 
condensed on the cooler portions of the outlet tube and to prevent it from 
being carried back onto the sample holder. 

As much as possible of the drying vessel was bet ow the oil level, but 
all joints and seals were kept above the surface to minimise contamination. 
All caps and joints were held tight with spring clipe. 

11.5.5 Constant Temperature Bath 

A three gallon stainless steel tank filled with oil was used for the 
bath. Temperature control was achieved by a 'Sunvict bimetallic thermostat 
(Model TS3) acting through a hot-wire vacuum swit8h on a 500W imnersion 
heater, This gave temperature control within ± 2 C. 

11.5.4 tir .9.1pAz 

Air was circulated oy means of a vane blower. The flow rate was 
controlled by means of a bypass line around the blower. A closed air 
recirculation system was used, vented only through a duet filter at the 
blower inlet. The pressure in the dying vessel was 20 to 30 mm Hg above 
atmosphere. Air flow rates were meaeureL by two Rotameters (0.1 - 0.8 
1/min on the main air line tuel 0,2 - 2.0 1/min on the second bypass line.). 

11.3.5 Drying Tubes and Towers 

The rate of drying was determined from the increase in weight of a 
pair of drying tubes containing calcium chloride. By -loans of two three-
way cocks air could be passed through one of the tubes while the other was 
removed for weighing. Both tubes wore enclosed in a desiccated cabinet 
to avoid erroneous variation in weight caused by humidity changes or Custe 

The calcium chloride in the tubes was from the same batch as that 
used in the drying tower before the dryer. The air entering the dryer 
and leaving the dryer tubes should therefore have the same moistere content 
(0.2 mg. h 0/Litre (34.7) and the only moisture collected In the tubes 
should ae 	t from the sample. 

Two silica gel drying towers were used prior to the calcium chloride 
tower to take most of elle drying load;  especially during start-up. With 
the recirculation of the air little dryiag was required once the apparatus 
was operating. A plug of glass wool after -he drying towers, filtered 
out dust and entrained drying agent. 
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11.3.6 Condenser 

To remove hexamine vapour from the air, the exit gases passed 
through a glasstwater jacketted etwo-tube condenser, Condensed hexamine 
was collected in a cup at the bottom of the first tube. A glass wool 
filter in the second tube removed entrained hexamine particles. 

In preliminary tests using samples with appreciable surface moisture, 
water also condensed out in the tubes, and formed a pool of solution in 
the bottom of the cup. This eventually partially re-evaporated. To avoid 
this behaviour, a flow of cold dry air by-passing the sample was added to 
the outlet chamber. This air mixed with and undersaturated the main air 
flow preventing condensation. This by-pass was only nsed at the beginning 
of a run. 

11.4 PRELIMINARY TESTS 

11.4.1 Preparatory 

Preliminary tests were undertaken in the development of the apparatus 
as described above, These led to the discarding of 'in situ' sample 
weighing and tc the addition of the presaturatcT, condenser, and the by-
rase air line. 

In preparation for operation the equipment was tested and made leak-
proof. To dry it out completely it was then run at a high bath temperature 
for several days until the drying tubes gave no increase in weight. 

11.4.2 Dynamic Behaviour 

To achieve some idea of how rapidly moisture could be detected, a 
sample comprising 57 g. of slightly damped 30 	'Ballotini' glass beads 
was used with an ir rate of 500 ml/min, no by-pass air, and a drying 
temperature of 80°C. Successive ten minute intervals gave moisture 
recoveries of 86. 102, 102, 111 and 108 mg. This corresponds to the value 
expected for saturated air at the condenser temperature. In the absence 
of by-pass air considerable condensation occurred in the condenser). It 
seems probable that even in the absence of condensation a change in the 
sample moisture would be fully recorded in the drying tubes in a few minutes, 
which is quite acceptable. The voluire of air space between the sample and 
the drying tubes is less than 500 ml. 

11.3 EXPERIMENTAL PROCEDURE 

The bath was broug:it to the desired temperature and the apparatus run 

for a short time until the drying tubes reached constant weight. The sample 

to be dried was taken from a well mixed and sieved bulk sample, weighed into 
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the sample tube, and quickly put into the drying vessel through the 

cone joint. Several minutes were allowed for the sample to reach bath 

temperature, then the air was switched on. After suitable time intervals 

the air flow was switched to the other drying tube and the first weighed. 

For safety reasons the bath had to be switched off each evening so that 

extended drying runs consisted of e shut-down and start-up every six 

hours of drying. At the end of the run the sample tube was reweighed. 

Samples for analysis were taken from the initial bulk sample, the 

dried material, and from a portion of the bulk sample stored in a 

desiccator until it had reached constant weight. These were analysed 

for moisture by the Karl Fischer Method (Appendix V ). 

11.6 EXPERIMENTAL RESULTS  

All samples (Table 11-1) were from batches of hexamine crystals 

grown under vacuum at 40°C in the two litre crystallizer. All except 

one contained regular inclusion patterns. 	Sample 4 contained only random 

inclusions. Sample 7 contained 'edge,  inclusions as well. The last 

three runs were carried out at some time subsequent to the others and 

it was possible to use hexamine samples with a much higher inclusion 

content. 

The experimental results are presented in Table 11-1. Column A 

shows the moisture content (by analysis) of the sample before drying; 

column► B, after drying. Column C shows the analysis of portion of the 

original sample after storage in a desiccator. The results are plotted 

in Fig 11-5 as the residual moisture content of the sample after various 

drying times. 

Samples 1 and 2 are from the same batch of material. Run 1 used 
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a damp sample with about 1% of surface moisture, while Run 2 used air 

dried material. It is seen that surface moisture is very rapidly lost, 

but also that a certain common residual moisture remains in both cases 

even after lengthy drying times. Later samples were all predried either 

in the atmosphere or in a desiccator to substantially eliminate the 

surface moisture. In these cases, the rates of moisture loss were very 

slow or negligible. 

The moisture content could be determined only to within + 0.03 mg/g 

by the Karl Fischer method. Errors in determining the moisture recovered 

in the drying tubes are probably less than 0.1 mg/g. Within these errors, 

the moisture contents of the sample after drying and the desiccated 

sample (columns B and C) may be considered identical. Further, the 

moisture loss as computed from analysis is in agreement with that recovered 

in the drying tubes. 

The change in weight found by weighing the sample before and after 

the drying run could not be equated to the moisture loss. In some cases 

the sample gained in weight. This was probably due to condensation of 

hexamine vapour on the initially cold sample. 

11.7 DISCUSSION OF RESULTS  

It seems reasonable to consider the residual moisture content as 

being solely included moisture, since surface moisture is so readily 

removed. It is impossible to say whether all the included moisture remains 

or whether some is lost in drying since there arc no means of deciding 

whether the moisture recovered comes from the inclusions or from the 

surface (unless surface moisture has been deliberately added as in Run 

1). Under the microscope there is no obvious change in the appearance of 
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the inclusions before and after drying. Also the residual moisture 

content after drying (column B) does not differ significantly from that 

of the bulk sample after desiccation (column C), so there are some 

grounds for suggesting that the included moisture remains intact. 

However, it is quite clear that the major portion of the incInded 

moisture remains even after extended drying under extreme drying conditions. 

These conditions are considered to be beyond the limits of practical 

feasibility in the industrial manufacture of this material. It must 

therefore he concluded that drying cannot be considered a means of removing 

the included moisture. 

The included moisture might be removed if the crystals were 

crushed end the liquor released but this would require extensive grinding 

and woulld give a powdery product. A likely alternative to drying would 

be dissolution and subsequent recrystallivation under controlled conditions, 

or from another solvent. 

11.8 EXPERT 
	

S WITH HEATED CELL 

One of the mechanisms by which the included liquor may be released 

is the rupture of the crystal by the pressure generated within the 

inclusions. The glass cell shown in Fig 11,6 was used to investigate the 

temperature at which this would occur for hexamine crystals. 

The cell consisted of two optically plane faces situated about a 

centimetre apart. Into the cell passed a stirrer, an electric heating 

coil, a thermometer, and a glass sample holder. The sample holder was a 

flat tapering tube with two moderately plane sides. The taper was 

sufficiently narrow that only a single layer of crystals was held, and 

readily observed. The cell was mounted in place of the slide carrier of 
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a lantern slide projector ar its image projected onto a screen with 

sufficient magnification for the inclusion patterns in the crystals to be 

seen. 

L suitable immersion liquid should be non-opaque, non-inflammable, 

have a high boiling point, and should not dissolve the sample. Glycerol 

and bromobenzene were tried without success; ad butyl phthalate behaved 

satisfactorily. The sample crystals grown under vacuum at 4000 were about 

500/44 in size and taken from the same batch as the crystal shown in 

Fig 5-2. Heating rates varied from 1 to 5°C per minute. 

No evidence of crystal rupture was observed at least up to 180°C. If 

the volume of the inclusion and the amount of liquor in it are assumed to 

remain constant (though this is most unlikely) the pressure generated in 

the inclusion could be as much as 1000 atmos. at this temperature. Beyond 

190
oC the crystals dissolved rapidly. Fig 11.6c shows the sample intact 

at 17i°C, while photograph d shows the sample dissolving at 195°C. Barely 

discernable on the photograph (but ouch clearer on the screen) can be seen 

the shower of rapidly rising drops expelled at this stage. These are 

probably .vapouriqed liquor released when the dissolution of the crystals 

reaches the inclusions. 

11.9 CONCLUSIONS  

Drying is not likely to be a practical moans of removing the included 

moisture from crysta191  at least from hexamine crystals. 

The temperature at which hexaminc crystals will rupture throagh 

pressure buildup in the inclusions is far in excess of the temperature of 

formation. 
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12. THE CAKING OP STORED CRYSTALS  

12.1 INTRODUCTION  

It has been argued that the presence of included solvent in crystals 

may be a cause of their caking in storage. The solvent might diffuse out 

from the inclusions and evaporate on the surface/depositing its solute in 

the crevices between a crystal and its neighbours, thus enabling them 

to bond together. 

This proposal will be examined in the light of the observed storage 

behaviour of hexamine crystals which often cake. The type of bonding 

between caked crystals is clearly illustrated in Fig 12.1. 

12.2 STORAGE IN DESICCATORS  

Batches of aoulD newly-manufactured crystals when stored in a desiccator 

invariably caked solid, irrespective of whether the batch had inclusions 

or not. If the dried crystals were sieved and replaced in the desiccator 

no caking occurred, even after many months, although some samples contained 

several percent of included moisture. If the crystals were deliberately 

redampened they would cake again. 

12.3 STORAGE TN AIR  

With air of low humidity a similar behaviour to that in the 

desiccator was observed. In high humidity air, however, hexamine 

samples became most noticably damp. For air at 20°C the relative humidity 

which this deliquescence occurs has been calculated. as 76.3% (refer 

Supplement Fig SII-8). This value is in agreement with the tests shown 

in Table 12.1 giving the increase in weight of identical saraples of hexamine 

stored in atmospheres of controlled relative humidity for one day. All 

the samples that took up moisture caked when stored in dry air. 



FIG, 12 : CAKING BOND BETWEEN TWO NEXAHINE 
CWSTALS (DM1BIGH Z7.357 ). 

	 ----- 
21oC. P 	3 ,c,, of sample in 5 cm. dia, Petri dish 

Aqueous % Relative % Increase in 
Solution. Humidity of Wei ht after 

hir above. One day. 
Solution. 

Ca C3.2 	(satd.) ca. 	30 0 

Ca C12 	(ca. 33%) ca. 	60 0 

Na Cl 	(satd.) 75,6 0 

NH4Cl 	(satd.) 79.2 11 

(NH4)2SO4 	(satd.) 01.0 4 

Ca C12  (ca 20%) ca. 	82 0 u 

Water 100.0 11 

TABLE 12 12 .1 DELIQUESCENCE TESTS ON i XiI INE SAMPLES 
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12.4 DISCUSSION 

Caking is a problem in the commercial production of hexamin. 

recent patent z-36] recommends the addition of benzoic acid derivatives. 

as anti-caking agents. 

The major cause of caking of hexamine crystals would appear to be 

the interplay of the deliquesent behaviour of hexamine with the varying 

humidity of the air. This is a common cause with many other materials 

5,7. Included moisture as a mechanism of caking seems to be of little or 

no importance, since samples in a desiccator do not cake. Drying tests 

have already inclicatedthe extreme reluctance of the included moisture to be 

removed, so its non-effectiveness in caking is not surprising. Further it 

should be noted that the amount of included moisture in commercial crystals 

is quite small (0.1 to 0.*). 

12.5 CONCLUSION 

Included moisture appears to be of little importance as a cause of 

caking, at least of hexamine crys Gals. 
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15. SUGGESTIONS FOR FURTHER WORK 

15.1 GRUTTE OF HEXAMINE CRYSTALS FROM AQUEOUS SOLUTION 

The results obtained in this project can explain the formation of 'face' 

inclusions in terms of measured critical quantities. Little can be said of 

the exact significance of these quantities. The somewhat tentative ideas 

expressed in section 7.14 require a more thorough experimental basis, and 

investigations with this aim would be quite useful. 

It would be interesting, for example, to grow inclusions on crystals of 

hexanine mounted in an interferometric cell (such as that used by other authors 

52, g7) or something similar, so that the actunl concentration profiles around 

the crystals could_ be determined. A knowledge of the variation of concentration 

gradients about the crystal cornars and cavities would be very useful in any 

discussion of inclusion formation. There may be certain experimental difficulties 

in obtaining suitably supersaturated aqueous solutions to do this. One possiblity 

is to use an initially cold solution and to heat the crystal internally causing 

the solution at the surface to become supersaturated, The non-isothermal nature 

of the system might however make interpretation of the interference patterns 

difficult. 

It would also be of interest if dendrites of hexanine could be grown in 

bulk solutions and the existence of a Change from cavitite to dendrite established. 

Growth conditions for the transformation could be aetermined. 

A study of the manner in which subsequent growth seals over an open cavity 

could also be undertaken. Thin slices of crystal with artificial cavities could 

be observed growing between glass slides. Such investigations would be an aid 

to the understanding of the formation of edge inclusions as well. 
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Basic measurements linking the crystal growth rates to solution super•-

saturation and relative motion would also be of considerable use* 

15.2 GROITH OF MAL= CRYSTALS FROII OTHER SOLVENTS  

A more detailed study could be undertaken of the gro'th of inclusions in 

hexamine crystallized from other solvents, or from solvent mixtures. The 

conditions giving rise to inclusion forration could be determined and compared 

with those for aqueous solutions. The thermal crystallizer is not particularly 

suitable for these measurements. Perhaps the evaporative crystallizer could 

be modified and used to give more accurate data. 

15.5 GROWTH OF OThOR CRYST1 T8 FORMING INGLUSIMTS  

A much more thorough investigation is required of the growth of ammonium 

Chloride and sodium chloride crystals with inclusions. The technique of 

consecutive sampling as used in this project for hexamine should be quite suitable. 

A search should be made for other crystalline materials that show 'face' 

inclusions to ascertain the importance of this phenomenon in crystallization 

practice. 

15.4 GROWTH OF 'EDIGEI INCLUSIONS  

Tests could be carried out using well rounded (ideally, spherical) seed 

crystals in supersaturated solutions to ascertain if there is a limiting growth 

rate below which tine plane crystal faces will develop without forming 'edge' 

inclusions. If so, this critical rate could be related to operating variables 

such as the seed size and relative motion of the seed crystal to the solution. 

Attempts could be made to grow edge inclusions in hexamine crystals using 

other solvents, to see if the nature of the solvent has any effect. 
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13.5 MIGRATION OF INCLUSIONS 

Measurements could be made of the rate of movement of inclusions in 

crystals subjected to a temperature gradient. This could possibly be a means 

of removing inclusions from crystals. The rate of migration could perhaps 

be linked to the rate at Whioh the inclusions change shape under conditions 

of fluctuating temperatures. 

15.6 INCLUSIONS AS A SOURCE OF STRAIN IN CRYSTALS 

The presence of inclusions in crystals may be a cause of localized 

stressing within the crystal, especially with changes in temperature. For 

cer-hain crystal applications this could be a serious problem. It mould be 

interesting to measure the pressure generated 4.11 an inclusion with variations 

of temperature. For low temperatures the size of the vapour bubble in the 

inclusion could be measured. Llternatively, an artificial inclusion containing 

a pressure transducer could be grown,by drilling a hole through a crystal and 

resealing the ends by crystal regrowth. The stresses in the crystal could 

be seen also by optical or other methods if the crystal, as hexanine does, 

shows photo-elastic, electro-optical or piezo-electric IToperties, 

13.7 APPLICATION TO LLRGE SCALE EQUIPMENT 

In this project most of the crystals with inclusions were uroduced in one 

crystallizer. The results were explained in terns of critical growth conditions 

and the nucleation behaviour. Different results,no doubt,mould have been 

obtained in other or larger crystallizers because of the variations in 

nucleation behaviour. It may be of interest from a practical point of view 

to ascertain the nucleation behaviour in comurcial batch crystallizers to 

see if 'scaling up the equipment size will increase or decrease the tendency 

to inclusion formation. 
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15.8 A METHOD OF TAGGING CRYSTALS 

A possible use of crystals with regular internal patterns of inclusions could 

be mentioned here. Such crystals could be used as 'tagged' or 'marked' crystals 
in crystallization studies. 
The crystals are readily recognised and reasonably readily formed. An advantage 

over other methods of tagging is that no further impurity is introduced; however 

there may be a slight difference in crystal density. 
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14. CONCLUSION S  

Patterns of inclusions of very great regularity have been grown in 

crystals of hexamine, ammonium chloride, and sodium chloride. Patterns of two 

distinct types have been seen. In the first, termed 'Face' inclusion 

patterns, inclusions lie in sets with one inclusion corresponding to each 

face of the crystal. In dodecahedral crystals of hexamine twelve inclusions 

occur in the pattern; in cubes of ammonium chloride and sodium chloride, six. 

In the second type of pattern, termed the 'edge' pattern, a large number of 

small inclusions outline the edges of the crystal at some prior stage of growth. 

In hexamine crystals the 'edge' inclusions outline the edges of a dodecahedron; 

in the other two materials, the edges of a cube. 

The growth of face inclusions in hexamine crystals formed from aqueous 

solution hus been analysed in detail. It has been shown that when face inclusion; 

form, the crystal grows first as a cavitite i.e. as a crystal with cavities on 

all faces. This cavitite even+ually reverts to plane crystal growth and. the 

mother liquor in the cavities is sealed in forming the inclusions. From various 

measurements on a large number of crystal samples it has been shown that the 

formation of inclusions can be described in terms of a critical crystal size and 

a critical growth rate. Above this critical size an at growth rates higher than 

the critical, hexamine crystals will grow as cavitites; below it as plane faced 

crystals. These critical values are the same for all batches of crystals grown, 

and were evaluated as 65 5 p and 12 1- 41/min respectively. The same results 

were found to apply to crystals grown in static solution. 

The variation of inclusion formation with crystallizer operating conditions 

has been explained in terms of the variation in the batch nucleation rate. 

Stirring speed, for example, increases the rate of nucleation, and therefore 

decreases the size of the inclusions formed in the batch. The use of additives 
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appears to be explained also by their effect on the nucleation rate. 

Hexamine crystals were grown from other solvents. From non-aqueous 

solvents inclusions could not be formed. From mixed solvents inclusion 

formation occurred provided there was a moderate amount of water in the solvent. 

The growth of 'face' inclusions in other crystals appeared to follow the 

same general mechanism as proposed for hexamine crystals. The critical 

growth conditions were not measured accurately, However,they appear to be of 

the same order as those for hexamino 

'Edge' inclusion patterns are formed by regrowth on rounded or partly 

dissolved seed crystals. The amount of rounding of the seed crystal is the 

major factor influencing the size of the edge inclusions formed. 

Attempts to remove the included mother liquor from hexamine by drying were 

unsuccessful, even though quite severe drying conditions were used. It seems 

unlikely that the included moisture is a cause of crystal caking. 
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APPENDIX I  

PHOTOM/CROGRAPHIC EQUIPMENT 

A standard "Spencer" transmission microscope with a 6X eyepiece and 

a turret objective was used. The microscope had a mechanical stage. 

For most work the lowest powered objective (10X, 16 mm) proved quite 

suitable. 

35 rm. /Praktical camera body with focal plane shutter was fitted 

to the microscope by an adaptor tube for photographic recording (Fig.AI-1). 

The eyepiece was removed from the microscope and the Objective acted 

simply as a simple lens throwing an image onto the focal plane of the 

camera. An obj'ct to image magnification of 16 was obtained. This was 

purposely kept low to give a reasonable depth of field. 

Illumination was from an ordinary microscope lamp. Fine grain film 

('Panatomic X') was used with shutter speeds WE 1/200th of a second. The 

film was developed in fine grain developer. Typical micrographs showing 

hexamine crystals in various immersion fluids are shown in Fig. AI-1. The 

selection of a suitable immersion fluid was discussed in section 4.2. 

Prints were made from all negatives of the evaporative crystallizer 

samples. An overall magnification of about 70 was achieved. The 

magnification was checked by photographing a p!.ece of stainless steel 

wire of known dimension also immersed in these 	All sample 

measurements were made from these prints. 

The negatives from the tests on the heated cell were projected across 

a room onto a screen, and the size of individual crystals measured. This 

gave an overall magnification of about 700 which was also checked against 

the stainless steel wire as reference. A special scale rule allowed 
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direct measurements of size to be made. 

Cine photographs were taken with a 16 mm IDelexo reflex viewing mine 

camera. The camera without lenses was mounted over the microscope in 

place of the 35 mm camera. The microscope lamp had to be moved away 

to reduce the illumination to a suitable level for tEe filming speed used 

(up to 32 f.p.s.). 'Ilford' F.P.3 film was used. 
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APPENDIX II  

SAMPLE CALCULATION 

1. EVAPORATIVE CRYSTALLIZER RESULTS  

(i) Measurements on Photographs. 

Pour different photographs of each sample were taken. On each print 

a rectangular frame including about 60 to 100 crystals was ruled. The crystals 

inside this frame were counted. At least half of a crystal had to be inside the 

frame for it to be included. All the crystals inside the frame were numbered 

consecutively and the size of each determined. The crystals were classified into 

various size ranges. The size range interval depended on the total size range, 

but usually either a 25 33. or a 50i interval was used. The number of crystals 

in each range was determined and the total number for the four photographs was 

computed. While measuring the size of each crystal, note was also made whether 

the crystal showed 'face' or 'edge' inclusion patterns. The numbers and size 

rangy of such crystals was also determined. 

For example for Sample No. 37-4 of Batch No. 37 a total of 556 crystals (n') 

from the four photographs were counted. This sample contained crystals with face 

patterns of inclusions. A photograph of this sample is shown in Fig 7-14. 

The size distributions of the crystals was as follows (see Appendix III). 

Size Range,p. Number in Range Number with Inclusions 
in Range 

0 - 	50 82 0 
50 - 	75 88 0 
75 - 100 62 6 
100 - 125 37 53 
125 - 150 52 52 
150 - 175 55 55 

556 126 
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(ii) Direct Computations on Size Distribution 

From this size distribution the fraction of the crystals with inclusions, (3 

can be computed. The mean crystal size, x, of the distribution on a volumetric 

basis can also be calculated from the relation :- 

3c = (E x5f(x )) 

where x is the mean size of crystal representative of each size range,and f(x) 

is the fraction of the total number of crystals in that range. 

The quantity 	linked to the mean surface area of crystal was computed from 

the definition, 06 = (Zx2f(x))/i2. This gurartity usually lies between 0.7 

and 1.0 and this gives a useful check on the computations. The value of oCedepends 

on the shape and extent of the distribution, 

For the distribution of those crystals with inclusions, similarly Ja.  and 0(.,1 

can be computed. For the example taken, 

= 0.55 

x = 1044 

= 0.87 

xi- 141 )1 

= 0.98 

Assuming that all crystals have the same shape, the ratios of the surface 

area and volume associated with the crystals with inclusions to the total, YA and 

YV respectively, can be computed. 

For the example 	= = 0.72 	, 	= 0088 . 

(iii) Farther Measurements on Photographs  

Those crys-cals in the sample with inclusions were remeasured to determine 

the internal and external sizes of the inclusion pattern, y and y', the size of 

the inclusions, s, and the thickness of crystal covering the inclusion, t. These 
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quantities were discussed in Section 7.6. It was. shown there that y and t 

have sastantial7y constant values for each batch. The various estimates of y 

and t were averaged (arithmetically) to give y and t for each batch. The mean 

values of a and y' (on a volumetric basis) were computed from the relations 

7 	s5 f(s) 

YI  = fg Yl5f(Yt  

where f(s) and f(y1 ) are respectively the fraction of the total number of 

observations lying in the size range characterized by s and y'. 

The results for the example chosen (Sample 37-4) has been shown in the 

text (lig 7-10). It was shown that 3744p., -1=9F., 7s:=28yL, and y1 =119y.. 

Although y' = y+2s = x1-2t for each individual crystal, because of the way 

means are taken these relations are not applicable to the mean quantities. 

If a flat distribution for f(s) is assumed it can be shown that 

yi = y 171 s where %has a value between 1.59 and 2 depending on the value of Sly. 

This relation could be used to estimate y' from y and s although errors would be 

involved if the size distribution of s were not flat. Similar corrections could 

be computed for the other relationship for y'. 

(iv) Calculation  of Number and Surface Area of Crystals and Total Inclusion Volume  

The number of crystals, n, can be determined from the mass of product, M, and 

the mean crystal size, x, by the relation 

n =Alap3c3  

where pis the crystal density and a is a volume shape factor for the crystal. 

For dodecahedral crystals, a = 0.707. 

The total surface area of crystal, A, can be evaluated by the f,J1lowing 

relation 
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= ne4hR2  

where c' is the area-volume factor for the size distribution as discussed above 

and b is an area shape factor. For dodecahedra, b=4.240 

For the example considered, the scruple was taken 3 min after nucleation 

and the rate of evaporation was 8.6 g./min, Which corresponds to a hexamine 

deposition rate, ml  of 7.5 g/min. 

M = 22 g 

Hence 	n = 22/0.707 1.33 (104)5 1012. 

= 2.0 .10
7 

„ma 	A = . 200 	107 0.87 4.24 0.04)2 	8 10 CM2  . / 	.   

8,0 	.10
3 
 cat, 

The number of crystals, with inclusions ni =pn 

7.0 ,106  

The total volume of included liquor maybe calculated as follows : 

vt  = ni  c g
5 

where c is a volume shape factor for the inclusions. If the inclusions are 

dodecahedral, c=0.71; if pyramidal, c=0.48. 

For the example considered, the inclusions are pyraniaal in shape and 

vt  = 0.76 cc. 

(v) 	Growth  Rates  

Assming all crystals grow at the sane instantareous rate, the mean growth 

rate per face, R, can be dctermined from the deposition rate, u, and the total 

crystal area, 11, 

R= :Vic) 	= ic•C 

For the example R = 7.5/1.53 830 	103  104p/rain 

= 7.0 p/12in. 

t = 
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An estimate of the growth rate can also be made from two consecutive sample 

sampled at times g i  and 0
2 
when the mean size of those crystals with inclusior 

were respectively, Rii  and 5E12. This estimate of the growth rate, 

= (342  Xi)/2( 2 	1). 

(vi) Critical Growth Rates 

For a batch where consecutive samples were taken the critical growth rate 

can be determined graphically, The growth rates for each samae are plotted 

against the corresponding value of xi to give the xi  growth curve. The value 

of xi at which the inclusions just sealed over, 	= y is plotted and the 

corresponding growth rate is the critical value, 

For Batch No. 37 the growth curve was shown in Fig 7-22, YI = 119p, and the 

critical growth rate R* = i i * 3 

From a plot of growth rate against time the moment of inclusion sealing 

s 
can be determined. For the example 0s 

	1,,7 min. 

Uhen only ona sample is token for each batch an estimate of the critical 

growth rate can be made if a linear relation between surface area and time is 

assumed, as fonown 

Assuming A = k 

then R 1 .41 2 	= m/lok 0 

Hence by integration, :71 2: 1n0 coast. 

i.e. In R = Ak :74 + cons.% 
2: 

or \RR*  2: 

	

ln f\  = 	(Ri-R1$) 	(xi -' Ii*) 0 

since k = A/0 2 where R* is the critical growth rate corresponding to the mean 

crystal size Ri*. 

	

All the quantities R, 	2 
x. u1d R * can be determined from the single 

samPle. 
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For the sample considered. 

1.53. 8.   
10.4  j"" 	

0 
1.0 - 2 7. 5 3 42141-119  ) 

and R* = 	10.7 p./min- 
The assunption of a linear relation between the surface area and time 

means that a linear relation exists between In R and xi  with slope of 

bee/tax. The ratio 1/a  is usually 6 and c is approximately constant. 

Hence this assumption implies that X is virtually unchanged as crystallization 

proceeds. 

(vii) Sample with No Inclusions  

Quantities which do not depend on the presence of inclusions, namely x, 

A and R, were computed in the same way as in the yfevious example. In place 

of xi, xi  vas computed. This was determine& as the volumetric mean of the size 

of a number of the largest crystals in the sample. The number counted for this 

quantity was such as to correspond to about 7 million crystals in the batch, and 

wns computed from n and n'. 

For example for Sample No. 40-2 (shown in Fig 7-25) the following quantities 

were computed (see Appendix III). 

44p. 

o4 = 0.89 

n = 14. .10 

11 = 1003 .105 cm2 

R = 	505 	}t/Min. 

The number of crystals counted in the sample was 394 and a fraction 7/14.0 

of the largest of these (ie 20 , was averaged (on volumetric basis) to give 
Oa* 

x1=66p. The largest crystal in the sample was 75p. 

For a consecutively sampled batch, oommrison with other growth curves 

can be made if the values of R from the various samples are plotted against xi. 
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An estimate of RI can also be made from the relation RI= .f  I (:-1-2E1  do  . 

FDr a batch with a single sample a growth rate of interest is that of the 

largest crystal When it was at the critical size of 651. This may be computed 

from the relation :- 

In (P5R) 	(x largest -65)  

For the sample chosen this becomes 

f.1365. 	1 55 103 105  In 	 (75-65) 10.4  5.5 	2 7.5. 	11- 6  

%5= 	1(1,1 

(viii) Samples with Edge Inclusion Patterns  

In the manner alreacy outlined, the quantities 2,c4, n, A and R can be 

computed. Similarly the quantities 1G, xi  and ni  can be determined where now the 

quantities refer to crystals with edge inclusion mtterns. 

The size distribution of the inclusion patterns can be determined and the 

mean value on a volumetric basis 5:1  determined. The mean thichness of crystal 

covering the inclusions t can also be measured. The calculltions following from 

these data are similar to those already shown for crystals with face inclusions. 

2. THERMAL CRYSTALLIZER RESULTS 

For each test a set of negatives were obtained, These showed the same set 

of crystals at various time intervals. The negatives wore projected onto a screen 

and the sizes of individual crystals measured. Estimates were made also of the 

times and crystal sizes at which inclusions began and stopped forming. 

The mean growth rate in each tine interval was computed from half the 

increase in size divided by the tine interval. This was taken to be the rate 

at the mean crystal size during that intervals  A more representative mean 

quantity could have been chosen but with the accuracy of measurement involved, 

this would not really have been warranted. 
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APPENDIX III 

EXPEI:ZDIENTAL :RESULTS F0 EVAPO_ZATIvE C...-ZYSTALLIZER 

A. 	DETAILS OF OPEZZATING CONDITIONS  

TABLE III A 1 : Those batches concerned with the growth 
of 'face' inclusion patterns in hexamine• 

TABLE III  A 1 
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1 41 120 10 9G 2 1580 25 1 
2 40 1.20 10 9,0 1410 26 2-2 Sample 2-1 at 10 min. 

1 4 41 120 10 9.3 1350 28 4 
6 40 100 6 2.82 1370 93 6 
7 40 100 8 5,0 1330 54 7 

2 8 40 10C s 10 8.3 1100 31 8 

9 38 100 10 3.8 1360 20 9 
10* 39 100 10 0.6 1350 20 10-1 
11 38 100 10 8.6 1320 30 See Table III E 1 
12* 44 100 10 800 1300 10 12-1 

3 13* 36 100 10 8,0 1340 7 13-1 
14* 40 100 3.0 8.6 1350 6 14-1 
15* 40 100 10 3.4 1350 7 15-1 
16* 40 220 10 8.5 1310 6 16-1 
17 44 33 10 9.0 1190 10 17 

18 45 33 10 8.3 1160 10 18 ) 
19 45 150 10 8,8 1190 10 19 ) 
20 45 240 10 0.0 1140 10 20 ) 
21 45 80 10 3.4 1170 10 21 ) Variation 

4 22 45 120 10 0.5 1160 10 22 ) 	with 
23 45 60 10 8.5 1140 10 23 ) 	Stirring 
24 45 44 10 3.1 1160 10 24 ) 	Speed. 
25 45 60 10 0.3 1120 10 25 ) 

26 42 60 10 8.6 1500 65 See Table III E 2 
27 32 60 10 8.0 1530 20 27-2 Sample 27-1 at 7 min 

5 20 45 60 10 0.6 1300 30 28-2 Sample 28-1 at 7 min 
29 59 Go 10 0.6/410 7 29 
30 51 60 34, e„,5 14201  30 30-2 Sample 30-1 at 7 mill 

Continued,,.. 
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TABLE III A 1 (Continued)  (p.2) 
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0.6 1510 37 31-3 Samles 31-1, 31-2 
at 1 min C. 7 min. 

6 33* 150 3.4 1490, 5 33-1 
34* loo 0.4 1460 7 34-1 

36 rr, .D. 3.6 1353 5 see Table III E 3, 
37 6o 3.6 1550 7 see Table III D 4. 
38 100 3.6 1350 10 see Table III E 5. 

7 39 150 3.6 1350 11 ties Table 	III IL' 6, 
40 230 0.6 1350 7 see Table III Z 7. 
41 100 3,6 1550 14 see Table III 3 0, 
42 100 0.6 1350 10 see Table III 3 9, 

44 90 0.2 600 7 44 ) 
45 90 

3,3 1:•;7C 7 ) effect of 
46 90 0.7 2090 7 

145 
46 ) vessel 

47 90 3.6 1520 6 47 ) capacity. 
43 42 2.77 1100 22 48 ) 

8 49 42 4.4 110 14 49 ) 
50 42 7.9 1230 7 50 )0ffect of 
51 70 4.9 lao 14 51 )heating 
52 70 3.75 1250 16 52 )rate. 
53 70 3,2 1200 7 53 ) 
54  70 8,2 1240 7 54 ) 
55 70 3.11 1i:4C 20 55 ) 

59 Go 0.6 35.50 3 59-1 
6o 100 0.4 1210 2 60-1 
61* Go 8.0 1233 3 61-1 

, 62a° r 0 0 3,6 1230 lo 62-1 
Y  631 65 8.6 1200 10 65-1 

64 150 8.3 L;,-5.0 15 64-1 
65 40 3.5 1230 6 65-2 Sample 63-1 at lain 
66 Go 2.6 .1.60 4 66 

67 50 9.1 1290 10 see Table III E 1C 
10 68 50 0.2 1270 10 see Table III E 11 

69 50 0.5 1300 10 000 Table III E 12 
70* 50 0.4 1270 10 see Table III E 13 

/Continued... 
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TABLE III A 1 (Continued)  (P•30)  
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33 
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33 

50 
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75 

10 

10 
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10 
10 
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10 
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0.6 
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0.6 
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0.6 
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1250 
/320 
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1300 
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1270 

30 

GO 

9 
9 
9 
9 
9 
9 
9 
10 
10 
10 
10 

72-1 

32-2 

34-i 
35-1 
36-1 
37-1 
08-1 
89-1 
90-1 
91-1 
92-1 
93-1 
94-1 

Sample 82-1 at 5 min. 

An as 	indicates that the crystals of this batch 
have been used for the .;:rowth of fedoer inclusion patterns 
(See Table III A 3). 

-j- heasured as motor speed (see Section 5e7). 
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TAD LE III k 2  

Those batches concerned with the growth of Ifacel 
inclusion patterns from he;:amine solutions with additi4m0 . 

TABLE III A2 

1-1 • 
P40 

U ( 
+WI 

Cd 
M ej 

T1 
CD 

ts
0  

4 

C o • 
di  
0 

p7. 
13 
0 

6.4  S
t
i
r
r e
r
  

R
.
  P
.M
.
* o 1-7. 

A., d 
0 C

o
n d
e
n
se

s  
g
./

re
i
n
.1
  

.H Pci 
i-)0 	• 
•ri 0.) 	tO 

t x.  D
u r
a
t
i
o
n
  

o
f
 R
u
n
,
  

m
i
n
.
  
 

3 1 39 100 10 9.0 1330 28 2 ml Lissapol added. 
35 6 40 100 10 8.7 1470 16 15 ra Lissapol added. 
56 3 40 45 10 3.7 1100 7 30E11 Lissapol added. 
57 8 40 45 10 8.6 1210 7 54-g. onalic acid added. 
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Viscosity of 
soln. at 
40 O0 _Sep). 

75, - 38 110 9.2 ) 126 
76' 45 30 9.0 ) 	Various 116 
77 '40 60 9.0 ) 	quantities 3.8 
78 - 40 Go 3.6 ) 	of 7.9 
79' 40 6o 8.2 ) 	viscous 17 
30 - 40 Go 8.6 ) 	addictive 22 
81 40 6o 3.6 ) 34 

X Viscous addictive - (Polycell" wallpaper 
adhesive - active ingredient, carboNy _ 
methyl-cellulose (Cla:). Viscosities of the 
resulting solutions at 40°C, are shown. 

lleasured as motor speed (see section 5.7) 
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Those batches concerned with t':.10 growth of 'edge' inclusion 
patterns 	ho;camine. 
(i) Those batches in which 'edge' patterns were not fo=ed. 

TA3LE III A 3  LAI 
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,-,. .- 

• 
cl- - 

Seed Pretreatmc7at 

cn  

rt 

1-3_ 

1.`' 
0 d 
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12 12-1 75 rai:f.ocl 100 r_11 feed, 	cooled 3 44 100 10 3.3 - 1400 12-2, 

13 15-1 52 nal;:ed cold feedbubbled airthro• 3 36 100 10 3.3 - 1340 13-2 

14 14-1 45 shaLen with air 3 - 100 1C - 52 1350 lh-2 

15 15-1 52 add 200 ml solnysatd with air 3 - 100 IC - 52 1350 15-2 

16 16-1 45 cooler: 	room temp. 3 40 220 10, 3.5 - 1310 16-2 

33 33-1 3.5 air.dries. 6 3:1-, 50 ld 3.7 - 1490 	I 33-2 

34 34-1 52 cooled and saturated with air 5 4o 100 1 3.6 - 1460 34-2 

43 4;,-5 7.5 air drf_cd 7 42 30 1 3.4 - 1320 43 

59 59-1 22 mi:zed wfth ,.00 L:11 fresh feed 9 40 60 1 3,6 - 1360 59-2 
60 50-1 15 bubbled air through 9 40 60 101 8.6 - 1410 60-2 
6302-4 100 Inone 12 40 200 1 9.0 - 1300 83 

measured as motor speed (see section 5.7) 



(ii) Those Batches in which Edge Patterns were formed. 
TABLE III A 3 (Ii)  
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pulverised crystals 
commercial crystal 

1 
6 

9 
9 
9 
9 

17 
11 
11 
11 

12 
12 

32 
12 
12 
12 
12 
12 
12 

12 
12 
12 
12 

40 
42 

- 
- 

45 
42 
39 
40 

40 
40 

40 
40 
4o 
40 
40 
40 
40 

33 
33 
33 
33 

100 
6o 

loo 
60 
65 
Co 

120 
8o 
loo 
50 

33 
200 

75 
75 
75 
75 
75 
75 
75 

75 
75 
75 
75 

10 
10 

10 
10 
10 
lo 

10 
lo 
10 
10 

10 
10 

10 
10 
10 
lo 
lo 
10 
10 

6 
8 
4 
10 

9.2 
0.5 

- 

8.6 
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31 
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10 
10 
10 
10 
10 
10 
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15 
10 
21 
5 

5-2 
32-2 

61-3 
62-3 
63-3 
64-3 

71-2 
72-3 
73-6 
74 

32-4 
83 

84-3 , 
85-3 
86-3 
87-3 
88-3 
89-3 
90-3 

91-3 
92-3 
93-3 
94-3 i 

add 12 ml w&ter(sample 61-2) 
add 50 ml water(sample 62-2) 
add 50 ml water(sample 63-2) 
add 75 ml water(sample 64-2) 

add 35 ml water(sample 71-1) 
add 10 ml water(SaMple 72-2) 
sampled at I-2112/31  and 5 mine 

add 15 ml water(sample 82-3) 
none 

add 10 ml water(sample 84-2) 
add 20 ml water (sample 85-2) 
add 30 ml water(sample 86-2) 
add 40 ml water(sample 87-2) 
add 50 ml water(sample 88.-2) 
add 70 ml water(sample 89-2) 
add 60 ml water(sample 90-2) 

add 60 ml water(sample 91-2) 
add Go mi water(sample 92-2) 
add 6o ml water(samplo 93-2) 
add 6o 0.4. water (sample 94-2) 

All with about 1300 g, of solution inItia/ly. 
* As motor speed (see section 5-7), 
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TABLE III A4 : Those batches concerned with 
the growth of ammonium chloride and sodium 
chloride crystals. 

cl 
H 
IA 
0 

4-) 
(-4 
-1 

• 

Z 
0 

A 
0 
4" 
(61 m 

0 

* 
04 
El 0 

E-1  

H ri
 

S
t
i
r r
er
  
X
 

a
.
  p
.m
.
  

L 	
 

C
 

S
 

H
e
a
t
  
N
o
,
  

P
C
o
nd
e
n
s
at
e
  

R
a
t
e
  

g
a
m
i
n
.
  • 4 

0 0 
• ‘,. 
.
0 ri . 	i -p P 
cl IY., 

c1-1 n o 

F r
iS
7
a
i
um
  
C
nl
o
r
i
d
e
  95 31 105 10 0.6 7 

96(11 3o loo lo 3,6 Go 
970 3o 23o to • 3,6 15 
90 3o 150 1C I 0,6 120 
99 32 30 10 0,6 10 
100 32 95 10  3.6 20 
101* 32 240 lo 0.6 20 
102 33 90 10 $ 	8.6 23 
103 20 loo 6 3,.45 38 
104 43 100 10 3.6 20 
105 43 220 10 3.6 20 

106 41 Go lo 9,2 15 
0  107 44 55 10 900 4o 
100 44 90 10 9,0 25 

,.1 ., 109* 44 23o 10 9,o 50 
'00  orq 110 44 5o 10 0.6 6o 
44 ill t 55 t T 30 

All batches about 1 litre of solution 
As motor speed. 

•14 	Sam7;led also at 30 min. 
is 	Speed altered to 100 	after 4 tin. 
* 	Used for growth of edge inclusions, For 

101, 13n Dl water added and regrowth for 
15 min. For 109, 400 ml, water added and 
regrowth for 20 min.  
Solution heated to 100°C!  then vacuum applied. 
Equivalent time at full heat given. 
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B. SIZE DISTSIBUTION OF CRYSTALS 

TABLE III 13 1 

Those tables show the size analysis for samples of 
each batch. The number in each column in the size 
analysis represents the number of crystals in the sample 
with sizes in the micron range indicated. The upper 
numbers refer to all the crystal, the lower numbers to 
only these crystals with inclusions. Where no inclusions 
were formed the second size analysis is omitted. An 
asterisk (*) placed against the second line of size 
analysis figures indicates that the results apply to 
crystals with ledge' inclusions; otherwise, the inclusions 
are in tfacet patterns. 

Nomenclature 

ni 	N-zrabor of crystals counted. 
x 	Mean czystal size on volumetric basin, 

xi 	Mean size (on volumetric basis) of those 
crystals with inclusion patterns, 

xi  : Mean size of largest crystals, 

: Area-volume factor for distribution. 

: Fraction of crystals with inclusions. 

TABLE III 3 1 

SAMPLE 
NO. 

Size Analysis x  
oG .3 - -100 '-150 200 -250 -300 -350121 1 

1 166 9 17 37 34 35 31 51210 0.90 0.25 
14 24 3 271 A 

2-1 118 7 11 41 48 11 163 0093 0.43 
- - - 40 11 194 

2-2 266 53 44 30 43 33 12 1 167 0,85 0.18 
8 29 11 11240 

3 204 21 25 76 53 23 1 -'163 0.90 0.16 
2 10 1 228 

1 
4 176 11 26 45  35 45 14 1139 0.891 0.32 

3 34 14 240 

5-1 231 103 71 33 17 2 67 0.71 . 

Contld. 
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TABLE III no. (Contid)(11.2)  

SikEPLE 
NO. 

Size Analysis 	I 

, 1 
, 

O'''' /3  nrj  5 -100 -150 -200 -250 -300 0 

5-2 253 6 17 74 7o 55 22 14 161 0.34 0.33 
* 14 40 22 14 203 

6 150 7 31 43 40 13 11 175 0,80 - 
256 

7 223. 14 53 63 50 24 10 ... f175 0,94 o,o4 
3 6 1 275 

8 213 32 37 45 27 20 2 k 149 0.71 0.08 
- - 15 2 236 

9 150 39 56 37 15 3 112 0.80 0,05 
5 3 202 

10 150 37 6o 31 13 4 115 0.01 0.06 
- - 6 3 200 

11-1 251 48 104 86 13 - - 107 0.36 0,33 
- 7o 13 - - 135 

11-2 241 29 78 30 53 1 - 130 0,90 0.30 
_ - 21 51 1 -4170 

11-3 225 27 83 50 39 26 - 145 0.04 0.24 
29 26 - 204 

11-4 294 53 107 69 33 23 4 - /41 0.00 0,19 
- - 6 17 23 4 - 214 

11-5 260 53 303 49 24 21 5 - 136 0,77 0.12 
- - - 6 21 5 - 232 

12-1 305 93 103 67 37 - - 112 0079 0.12 
5 32 - - 175 - 

12-2 2941  06 106 57 30 15 - - 122 0,30 C.09 
12 15 - - 210 

13-1 322 144 104 72 2 - - 37 0.31 0.13 
- 1 54 2 - - - 129 

13-2 323 116 116 53 43' - . 119 0.70 0.11 

1 	- 1 
35 - - 1021  

/Continued. 
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TJLDLE III E,1 (Cont / d)(Pao 3) 

6AMPL 
NO. 

1 	Size Analysis -17 . 
.:71, ' 

. 
,.: -100 -150 -200 -250 -300 -3 o • - 

14-1 315 i  93 131 37 4 - 94 0.33 0.23 
. 3 74 3 - 128 

14-2 290 107 109 49 25 - 102 0.79 0009 
3 22 - 177t  

15-1 280 30 103 72 20 : 04 0,33 0.25 
- 51 20 - 

15-2 214 35 75 33 17 4 103 0.74 0.10 
2 15 4 go 

16-1 207 147 6o - - 55 0.80 - 
8o 

17 190 44 66 39 20 21
-  

..- 137 0.79 0.22 
1 20 21 - 207 

13 198 6o 57 29 25 2.9 7 1 149 0.76 0.21 
- 21 19 7 1 225 

19 216 
1 
 39 77 41 9 - - 94 0.30 0.02 

4 - 170 

20 295 p40 55 _ - - - - 5o 0.72 - 
75 

21 224 87 79 36 19 3 - 112 0.80 o.o8 
- 14 3 - -p192 

22 235 94 89 41 11 - - - 94 0.79 0.05 
i - 4 3 - - - 168 

23 216 92 65 34 24 1 - 1 106 0.74 0.01 
2 1 ... 200 

24 224 36 79 32 16 8 2 1 119 0.72 0.14. 
- 5 15 8 2 1 203 

25 208 33 62 23 33 2 ' 	- 117 0.7/ 0.20 
4 36 2 131 

26-1 260 23 79 77 72 9 - 1  142 0,91 0050 
- - 5o 72 9 1 17o 

/Continued. 
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TABLE  III 13,1 (Continued Paco 4) 

SAMPLE 
NO. 

Sizo Analysis 	I 
fiT 'r.50 -100 -150 -200 -250 -300 -350,-400   -450 

26-2 

26-3 

26-4 

26-5 

26-6 

26-7 

26-8 

26-9 

27-1 

7-2 

P8-1 

8-2 

29 

GO-1 

&0-2 

226 

170 

164 

169 

16? 

138 

.164 

116 

200 

216 

220 

218 

200 

196 

21034 

13 - 
12 

11 

13 

1 
- 

7 
- 

6 

4 

69 

.90 
- 

66 

76 

65 
- 

70 

[ 

70 - 
37 

44 

39 

35 
- 

24 

27 

29 

59 
- 

75 
- 

73 
-t 

72 

53 
- 

58 

63 

70 
10 

45 

42 

41 

50 
- 

36 

55 

25 

38 
29 

24 
1 

24 
3 

35 
2 

35 
- 

26 
4 

34 

34 
29 

36 
23 

20 
8 

261 
4 

26 
- 

29 
- 

29 

19 

26 
26 

11 
6 

44 
44 

11 
3 

26 
25 

31 
31 

15 
2 

i  

38 
38 

231  

20 

161 
121 

15  1 

13 
-1 

12 

12 
1 

8 
8 

12 
12, 

12 
12 

5 
1 

12 
12 

11 
11 

9 
9 

23 

1

17 

7 " 

1 , ... 

17 

27 
 27 

31 
31 

14  
14 
_ 

121 
il 

11 
6 

7 
1 

- 
- 

4 
4 

1 
1 

8 
7 

4 
4 

20 - - 
3 
3 

12 
1 	12 . 

1c! 
 12 

11 
11 

10 
8 

_ 
- 

- 
- 

- 

10 
10 

- 
- 

- 
- 

3 
3 > 

- 
_ 

- 
- 

- 

- 
- 

- 

5 
5 

13 
13 

9 I 	9 

- 
- 

I 	- 
- 

- 

1 
1 

- 
- 

- 
- 

- 
- 

- 
- 

- 
- 

- 
- 

- 
J 	- 

- 

1 
1 

- 
- 

- 
- 

- 

- - 

- 

- 

1346 

/56 
205 

180 
232 

137 
254 

195 
268 

193 
293 

224I 
310 

1 221 

230 
355 

122 
170 

122k  
2281 

1931 
3021 

135 
211 

127 
192 

145 
1272 

13310.78 

156i0.67 

0.87 

0.07 

0.85 

0.35 

0.33 

0.36 

0,02 

0,81 

0.78 

0.70 

0.81 

0.71 

0.69 

0.34 

0.31 

0.33 

0.30 

0,20 

0.20 

0./0 

0,17 

0.32 

0.11 

0,27 

0,11 

0.20 

0,23 

0.1 

/Continued, 
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TABLE III B.1 (Contld)(P.5)  

SAMPLE 
NO, 

Size Analysis 
'..„ II  • 5 -100 '_1$C -2001-2501-300 -350 -400 -4$0 

31-1 252 25 103 124. - - - 107 0.93 0.63 
- 36 124. - - - 117 

31-2 101 39 23 20 20 .-- - 138 0.82 0.34. 
7 20 8 - - 188 

31-3 103 12 21 28 17 13 10 - 183 0.91 0.10 
8 - 292 

32-1. 42 6 1 13 5 7 - ' 280 0.89 ... 

32-2 103 37 4.9 7 0 0 8 197 0.57 0.1C 
4 8 4.20 

33-1 254 124 92 38 - - - 79 0.80 0.08 
20 - 135 

34-1 154 59 39 27 29 - - 117 0.79 0.27 
12 29 - - 169 

35 179 54 56 40 14 10 5 - - 133 0.76 0.13 
9 10 5 - - 223 

43 162 75 52 28 5 2 - .-. 95 0.75 -- 

44 178 79 63 22 14 - 97 0.77'0.17 
16 14 - - 157 

45 161 62 63 29 7 - 94 0.79 0.12 
- 13 7 - - - 150 

46 149 52 49 31 17 - - - 108 0.80 0.21 
1 17 - - - - 161 

47 156 55 48 28 25 - - • •••• 114 0.80 0.24 
- - 12 25 - - - - 167 

48 151 56 61 27 7 - - 95 0.80 - 
135 

49 162 61 52 23 22 4 - - 116 0.74 0.14 
13 4 - 192 

50 146 54 45 27 19 1 - -.112, 0.78 0.24 
- - 15 19 

L 1 - - - 164 
i 

/Continued.... 
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TABLE III B.1 (Contintiod).Spage 6)  

SAPLI.; 
NO. n' 

Il Size J:na 	,4s i 
'C' 	I  j50 100 -1501-200 -250 -300 7  o 400 - 450 

5i 154 48 54 30 22 - 1/3 0.81 0.0E 
- - 12 - - 1175 1 

52 168 53 64 25 25 - -113 0.78 C.05 
8 - 100 

53 153 61 47 25 i  20 5- , - -1119 0.77 0.22 
- 9 20 5 18o 

54 164 49 63 22 29 1- - 1117 0080 002C 
3 28 .... -18o 

55 156 46 59 26 25 - - djt.4 
170 

0.3o - 

56 135 31 34 26 24 20 - - 150 0.82 0.3E 
_ 9 22 20 ' 	- - 197 

57 225 45 96 65 19 - - 109 o.85 0.24 
- - 35 19 • - - 150 

75 332 205 35 12 - 54 0.72 - 

76 318 294 24 ' - 4o 0.32 

77 217 41 Co 51 45 - - 124 0.34 o.4c 
- - 41 45 - - 160 

70 128 23 39 27 34 - 079 1_, o. 84 .5c 
- - 25 34 -117o 

79 165 44 66 55 - - 95 0.87 0.34 - 2 55 - - lio 

Co 111  69 413 2 __ - 821 0.86 0.25 
- 27 2 - -,120 

31 147 126 19 2 - 50 0.75 
100 

84-3 * 134 29  39 
- 

36 
3 

24 
7 5 

J132 
193 

0.83 0.11 

05-3 142 16 33 39 44 10 150 0.88 0.80 * 1 20 39 44 10 160 

/Continued.0.. 
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yADLF, III B.1 (contfd)(pas.:_e  7.) 

SAMPLE 
NO. 

nt  Size AnalaziEl 
-450 

*4 oe 0 -50 -100 -15o'-200-250 -300-350 -400 
86-3 218 4. 55 81 67 11 - .- - r 149 0.91 0.96 * - 51 81 67 11 r" - • 151 

37-3 177 14. 24 67 72 - 1 	:1 0.93 0.97 * 9 19 67 72 ••• . • • ., • ..' 151 

33-3 177 3 27 65 82 - - - r . 1 	153 0.94. 0.92 * . 17 65 82 - a • , - - 15 

39-3 160 37 33 63 27 ,.. - .. .. 152 0090 0.67 
* , 	• i6 63 2.  - - - - 169 

90-3 157 26 26 32 67 6 - - - - 14.9 0082 0.75 
* -• 12 32 67 6 - - - • 167 

91-3 216 31 62 64 59 - - - 133 0.88 0.81 
* 3 48 64 59 - - 14-3 

92-3 208 20 50 92 4.6 1/.• -• - . . 133 0.90 0.76 
* 20 92 4.6 - - 1 

93-3 151 13 21 50 42 25 _ - - - 15 0.92 0.74- 
* 4- 41 42 25 - - - 163 

94-3 132 7 21 6o 39 5 - -1 	14.8 0,89 0.89 
* 14. 6o 39 5 li 153 

95 21 2 9 4 5 1' - -138 0.85 0.5 
- 3 2 5 1 - - 163 

96-1 58 4 7 18 22 7 - - 164 0,37 0.43 
- - 7 11 7 • - 1137 

96-2 20 0 1 2 7 9! - 206 0.96 0.75 
1 4 91 F -1  - 218 

97 119 32. 42 91 5 _ - 166 0.89 0.50 
- - 12 33 9 5 - - 196 

98 3 0 4 6 3 - 256 0.94 0.75 
- - - - 3 6 3 - 285 

99 11 5 4 - -'138 0.94 0.6 
- - - 3 4 - - 210 

100 29 7 6. 11 - 23o 0.931 0.54 
4 61 11 A -

j 
1254 

I 
/Continued. ,,.. 
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TABLE III B 1  (Contld)(Palw 8  

SAIIPL2 
NO. 

1 Size Analysis  X aj 
-50 100 -150 -200 -250 -300 -350 -400 -4500 

, 
101 41 17 16 - - - 4149 0.95 - 

102 24 1  3 6 6 7 2 - - - 195 0.92 0.3 
2 4 

103 19 6 7 1 3 . - 

2-I y36 

- 145 0.34 0.63 
1 1 6 1 3 - - 166 

104 24 5 9 53 2 - -1176 0.37 0.42 
- - --3 3  2 - -1215 

Y 
105 47 3 Y 15 16 12 1 -  - -1139 0.90 - 

106 107 17 76 14 - 
- 

- 51 0.35 - 

107 19 1 3 10 5 - - ' - 139 0.91 - 

108 84 9 69 6 - - - 32 0.91 - 

109 193 15 159 22 2 - - - - 33 0.91 - 

110 27 7 12 6 2 - - - 143 0.75 - 

111 26 1 3 6 6 5 - - - 162 0.513 0.34 
6 4 - - - 200 
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TABLE 	III B. 2. 

SAMPLE 
N0. 1 Size Anal eis 

-175;-200  50 -75 .-100 -125 -150 

36 - 1 354 210' 91 39 14 
44 34 14 - 

36 - 2 607 335 156 60 44 12 - 
- 26 58 44 12 

- 3 385 	1 155 85 54 56 33 - 
-i  9 50 56 33 

36 - 4 471 179 130 67 50 44 
- 9 64 50 4/) 

36 - 5 235 86 51 37 34 26 
- 1:; 37 3h. 26 

3 6 - 6 202 81 53 31 16 18 
5 17 15 17 

36 - 7 269 62 'i 1 61 17 24- 20 14 
10 20 20 14 

37 - 1 375 101 207 58 9 
27 45 7 

37 - 2 432 148 153 55 49 27 
1 39 49 27 - 

37 - 3r 356 95 107 47 48 49 
1. 22 47 49 9 - 

37 - 4 356 1 82 83 62 37 52 
- 

35 - 
6 33 52 35 

37 - 5 363 98 76 78  35 40 25 
- 16. 40 29 7.  

37 - 6 365 82 35 83 35 28 36 16 
9 25 36 16 

37 - 7 74 8. 14 13 13 7 6 
8 13 7 6. 

/Continued 	 
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ThDLE III  Dy2, (Ccntinu0d)(Pr2-) 

AMPLE 
NO, 

Size Aaal sis __, 
r5 -75 -100 125 -150.-175 200 

) 
38-1 234 83 90 43 - 

- 1 

38-2 304 771 01 77 61' 31 - - 
42 61 3 - - 

33-3 405 991103 06 . 73 44  - 
..1 . 4  63 4-4 • - 

30-4 	1452 lo6 100 99 32. 	65 _, 

1 
- - 3 49 	65 -I - 

33-5 	1365 106 34 52 47 	63 13 

I

_ _ - 9 	Go 13 - 
38-6 402 0.73i 69 50 31 	41 34 4 	i 

i 	_ ...i - -1 27 341 4 	1 

38- 447 1150j 102 1  59 37 38 1 	37 
J 

11 33 37 

39*".1 451 267 177 - 

39-2 433 164 J76 146 
56 

39-3 433 140 152 126 15 
30 	13 

39-4 .497 184 
- 
147 
- 
• 99 

3 
62 
32 

, 
- 
- 

39-5 324 110 96 68 3ci 12 
- 

- 
- 10 12 

39-6 327 . 72 1 71 51 37 - ' 

i
I 	1 13 

39-7 293 6 76 56 42 39 17 1 
9 11 

/Continu0d00,n 
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TABLE III B.2.(Continuod1(1201 

SAMPLE 
NO. n' 1 

Size f.nalysis 

) 	ti 
) 	o 
) r  
( 	0 
) 	Ir.:I  
) 	E; 
) 	r 
) 	ri  1 	Ll 

) 

-25 -50 75 .100 125 

- 

- 

- 

- 

40-1 

40-2 

40_3 

40-4 

40-5 

292 

394 

390 

375 

203 

39 

110 

79 

67 

33 

182 

207 

158 

149 

46 

71 

77 

137 

115 

75 

16 

44 

36 

SAMPLE 
N0. 

0 Size Analysis 
/50 -75 -100 -125 -150 -175 -200  -225 

41-1 456 120 133 107 78 18 - .. 
- 42 78 18 - - 

41-2 312 75 82 66 55 34 - 
4 48 34 - 

41-3 307 8o 75 43 44 51 14 
23 51 14 

41-4 344 103 87 52 31 41 27 
1 29 27 3 

41-5 246 62 51 51 32 19 10 13 
-1 - 7 17 13 - 

1-6 254 51 62 43 241 13 13 22 15 
-- - - - L' 16 15 

SAMPLE 
NO. n'  1r Size Anal s is 

4.541-75 -100 -125-150   

42-1 685
.

251 434 

N
o
 2

n
o
lu

zim
3 

42-2 536 161 255 120 

42.43 484 137 201 146 
42-4 547 212 129 1081 93 
42-5 353 131 93 531 40 36 /Conttdo 
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TABLE III B.2. (Cont'd)(1).40) 

SAMPLE 
NO. 

Size Anal sis 
450 -75 -100 -125_-150 -175 -200 -225 

67-1 

67-2 

67-3 	1 

67-4 

67-5 

67-6 
. 

•••••,•••• 

68-1 

68-2 

63-3 

68-4 

60-5 

63-6 1 

63-7 

/Continued.... 



2.!1-7 

TABLE III P, 2:(Continuecl~~~ 

SAMPLE 
NO. 

Size Anal 3 is 
450 —75 —100 —125 *-3.50 —175 -200 -22 

69-1 

69-2 

69-3 

69.-4 

69-5 	1 

170-1 

70-2 

70-3 

70-4 

f7o-5 

, 70—o 

'7C-7 

69-6  

1 

1 

I I 

I 
1 
/ 

I 

I  

' 

A 

1 

i 

I 

sa......mor- ....... oajanrammoiaan.• 

I 
1 



g : 
53. : 
i. : 
.1 

Mean inclusion size(on volumetric basis) 
Size of largest inclusion 
Mean thic2smess of crystal covering inclusion 
Mean internal size of pattern 

Y i 	Mean external size of pattern 

raj 	: 	Number of crystals with inclusions counted. 
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C. SIZE DISTRIBUTION OF INCLUSIONS 

These tables show the size distribution of the 
face inclusions in each sample. Only one inclusion 
from each pattern was measured. 

Nomenclature : 

TADLE TII C 1 

SAMPL ) 
, 	4. ....Gt. 

s s, Yi  311  -1C -20 -30 
Size Anal c.is -.

NO. -40 	-50 -b 1 
1 

•  
14

".  
I -

1 	
i"

1
.4 	

V .)
 I—
A

 P
 	

tv.$
 	

N
I-

' 	
P

 	
N

 	
1—t

 	
N

 	
P

 	
I-1

  
07 "-•

 O N
 0
 0
 -.1

 W
 	

C1
  ‘D

  1
-1

 	
1-

1 	
CD

•o
 	

G.\
  O

D  
cc

,  
‘0

 	
G

l 0
 •
0
 

P
 

W
  c

a  
C 1

•0
  0
1
 

"N
I
 N
) ‘.
0
 C
) 	

1.4
 k=

  k
ki

 	
\j

i  G
V

N
1  

\D
 	

0
 W

k./
4  
O
N

 C
) 

3-1 5
 

9 - - 	, 74 63 15 20 99 
2-1 7 - 65 34 19 30 98 
2-2 3 4 - - 65 49 21 30 102 
3 4 - - - 68 46 16 20 96 
4 13 3 - - 67 50 10 25 98 

i 

7 - - - 70 68 7 10 31 
8 4 - - - 65 65 13 15 87 
9 2 - - - 61 59 12 15 82 
10 3 - - - 69 67 14 15 93 
11-1 12 7 - - 59 17 22 30 99 

12-1 5 J .,-, - .. 53 40 13 15 35 
12-2 4 — — — 66 61 14 15 90 

— — — L 	54 25 13 15 76 
e3-2 6 — — — ! 	56 49 15 15 32 

I 4-1 4 - - - 55 26 12 15 75 
14-2 3 — — — 56 39 13 15 78 
15-1 10 — — — 57 27 15 20 33 
15-2 6 - - - 58 45 14 20 82 
17 4 6 9 2 69 34 33 45 137 
19 — — — — 66 45 6 10 76 
21 4 — — — 74 45 14 20 90 
22 1 - - - 63 34 10 15 80 

.23 — — — — 72 48 7 10 33 
25 5 . 5 1 1 70 44 ..:3 45 
26-1 9 13 10 7 65 13 34 50 

r.16 
127 

1 
/Continued. 
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TABLE III C 	(Continued) (p.2)  

SAUPLE 
NO. 

Size hiaalys is s 
)1  

N.  
)1  -10 -20 -30 -40 -50 

30-1 22 0 1 8 13. 2 63 23 35 45 133 

31-2 25 1 6 9 8 1 65 32 31 4-5 124. 
33-1 24 10 6 - 67 23 12 15 87 
34-1 1. 3 2 8 3 - 73. 26 20 30 109 

35 17 1 9 7 - 71 62 23 3o 1. 
36-6 31 4 la 4 3 4 64 5 32 50 122 37-4 32 7 6 10 9 - 64 9 23 40 119 
3,-3 21. 7 12 2 70 13 13 30  100 39-2 15 15 - - - 65 6 6 10 78 
41-1 29 11 10 - - 69 8 16 2098 

44 17 4 4 3 - 55 24 26 35 106 
4.5 1,1; 5 10 - - - 65 26 19 25 111 
46 31 12 15 Z. - - 74 26 10 25 106 
47 32 9 5 13 5 -59 26 26 4o 115 
49 16 2 7 7 ' -- - 79 33 23 30 123 
5o 25 4 2 6 9 4 65 22 33 50 122 
51 10 9 1 - 74 44 10 15 84 
52 3 6 2 - - - 79 48 12 15 96 
53 15 2 1 3 4 5 61 23 33 5o 127 
54 13 1 6 5 1 - 73 33 25 35 114 
57 28 11 17 - - - 67 25 15 20 101 
-67- 4. 30 /1. 4. 7 9 6 6o 11 35 5o 126 68-2 iO 10 - 63 8 6 10 75 

69-2 12 12 - 72 7 8 13 87 70-4. 34. 6 
k 

9 13 2 6_ 9 11 3 2 4.5 1,28). 79 15 9 - - - 65 14 14 20 106 
Co 14 6 8 - - - 72 10 15 20 100 

I 
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TABLE III C 24  

SANPLE 
NO. 
• i Size ,nalysis I 	7  

,u 
7b. 
Al 31  

E s 1 
11  Al 0 -40 -6o -Co -100 

18 20 2 11 4 3 - 74 4o 48 30 154 
24 22 7 3 11 1 - 67 33 43 70 140 

27-1 18 3 9 6 - - 59 20 41 6o 132 
27,2 18 5 8 5 - - 1 	61 49 36 55 129 
23-1 25 9 10 6 - _ 63 27 38 6o 136 
28-2 10 2 6 2 - - 	r  72 66 1  38 55 14o 
29 23 4 6 13 - - 70 33 42 6o 146 
56  23 7 9 7 - - 66 34 40 6o 146 
77 51 15 19 17 - - 62 15 39 6o 132 
78 34 3 9 20 2 - 56 12 48 65 146 

95 5 2 2 - 35 0 30 - 160 
96-1 4 1 1 1 1 - 40 10 50 90 160 
96-2 9 2 4 1 2 - 4o 37 48 7o 130 
97 24 2 12 5 3 2 32 30 54 90 135 
98 5 1 3 1 - 35 8o 4o 6o 125 
100 7 0 2 0 4" 1 35 30 7o 100 170 
102 7 0 2 3 2 - 40 3o 55 7o 105 
103 12 2 2 4 3 1 45 22 6o 90 130 
104 7 _ - 3 3 1 4.5 0 7C go 210 

I 
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D. SIZE OF EDGE INCLUSION PATTE2NS 

This table shows the size distribution of the 
edge inclusion patterns in he;:amino crystals. The 
size of the IDattern is to :en as the outside dimension 
of the crystal just enclosing the pattern. 

Nomenclature : 

n 	Number of crystals counted* 

t 
	Mean thickness of crystal covering 

inclusion. 

Volumetric mean size of pattern. 

SAMPLE 
NO. 

ill Size Analysis t 

;1  
:.'" 
)1 	, -50 -100 -150 	-200 -250 - 

85 '.10 9 28 39 33 1 10 139 
86 167 17 52 60 38 - 10 131 
57 120 10 31 4.9 30 - 10 135 
88 105 4- 26 53 22 - 15 133 
89 115 20 67 28 - 26 92 
90 128 13 35 73 7 - 24. 117 

91 169 27 57 6^ 24- - 15 121 

92 109 9 35 41 24. - 12 128 

93 112 5 21 44 42 - 10 14-2 
9 4 107 9 35 44. 19 - 12 127 
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E. DETAILED CLICULITIONS OF THOSE BATCUES FOR WHICH 

SEVERAL CONSECUTIVE SAMPLES WERE TAIcEN  

Nomenclature  • 

	

- 	

A : Total surface area of crystal, cm2. 

m : Rate of hexanine production, g/min. 

H 	Total mass of product in batch, g. 

n : Total number of crystals in batch. 

ni  : Number with inclusions. 

nl : Number counted in sample. 

R : Crystal growth rate per face (calculated fromx), /1-41rain. 
R' : Crystal growth rate (computed from':;c1), /AA /Min 

R* : Critical growth rate, p/Min. 

s : Volumetric mean size of inclusion, 

Vt  : Volume of included liquor in whole batch, cc. 

: Volumetric meal. crystal size, 

Volumetric mean size of those crystals with inclusions, 

xl  : Volumetric mean size of largest crystals, 
: Critical crystal size. 

0G : Area -volume factor for botal crystal distributions  
: Area-volume factor for the distribution of crystals with inclusions. 

: Fraction of crystals with inclusion pattern. 

: Fraction of surface area associated with those crystals with inclusions, 
Vc : Fraction of crystal volume associated with those crystals with 

irclusions. 

69 : Period of time after nucleation, min. 

61: Time of inclusion sealing, min. 



Batch No.11. 	Feed 3, Terap. 38°C $  100 RPM, 	heat No.10 
Condensate Rate 8,6 thain.$ 	Initial solution 1320 g, 	ELI = 7.5 ,c,/min, 

En 
,-$ 
8 • t4 9 

cain 

Mai:. SU.L1211ENTS F.ROivi PFIOTOGJa.P.PIISil 	COI 	UTED CaLl::NTITIES 

nt 
== 
it 

cl...,  
_ 

xa 
06.  
' 

?( 
 V 

P.1 /0_771,  /...1,70-6 

--I: 

 -3 
/0 A 

Cot.3' 

R 

/4,1  

R 1  

-1 6 251 107 0.86 0.33 138 0.98 0.63 0.7 45 
- 	1 

3.9 
- 

13 16.7 3.4 
2.7 

12 241 130 0.90 0.30 170 0.98 058 0.68 90 4.4 13 28 2.0 

-3 19 225 145 0.84 0,24 204 0099 0358 0.701142 4.9 12 37 1.54 2.3 

-4 24 294 141+0.80 0.19 214 0.97 0.52 o.6 180 6.9 12 47 1.21 1.3 

-5 30 260 1561 0.77 o,121252 
1 

0.98 0.45 0.6 	225 9,4 12 57 0.99 

---- * 	, ox 	8 5- 	= 	59 il l 	ac 	f-K : = 99 fill 	= 	± 5 1u/rain, 	es 	= 	101 	min 

s 	= 	22 p0 	shape, kyA. 0 	 2.7-* 	= 0.61 	cc. 

TABLE III E 1 : 	Results for Batch No.11. 



Batch No.261  Food 5, Temp. 42°C,, 60 R.P.M., Heat No. 10. 
Condensate Rate 8.6 gamin, Initial solution 1500 ga l  r = 7.5 simln. 

T 
124 	, o • t 

L.: 

6 
rain 

Analysis of Photographs Computed :.luantitios 

;t1  oC 
p • 

)C-4:, 
u Y A X, 

m rw_c 

10-7  
11, 

/0-4  
4.;. 

A 
WA'  

, ,,,2 

R 

pimin 
R I 

picin 

5 260 142 0.91 0.50 170 0.99 0,78 0.86 37 1.4 6.9 1.1 5.1 ) 	3.5  

-2 10 226 156 0.87,0.34 ,  205 0.97 0.66 0.78 75 2,1 7.1 1.9 3.0 .S 

170 180 0.87 0.37 232 0.97 0.70(0.81 112 1.97.1 2.3 2.4 1  2 7 j 	(" -3 15 

-4 20 164 187 0.85 0.33 254 0.93 0.71 0.83 150 2.4 7.9 3.0 1,9 1 2,2  
1 1.4 

25 169 195 0.85 0.30 268 0098 0,65 0.77 j 137 2.6 7.9 3.6 1.55 - --? 

35 167 193 0.83 0.20 293 0.98 0.54 0,69 

1 

262 3.8 707 5.0 1.12 1,25  i  

-7 45 133 213 0.06 0020 318 0.98 0.54,0.67 1 . 337 3.8 7,5 6,3 0.90  1.03  

_8 55 164 221 0.32 0.18 	346 0.99 0.5410.70 412 4.0 702 6.8 0,83 
. 

116 230 0,81 0.171 355 10.99 1 0,51/0.63 4 487, 	4.2 I 	, 
7.217.6 0.74 -965 

= 65 ;12, 	,c. ^ = 127 127  Fe% 10 	5 idininl 	t9, = 1.4 rain, 

= 34 )p, shape -kes. 	ltd. 	= 1.38 cc,  

TABLE III B 2 : RESULTS FOR BATCH NO.26. 



Batch No. 36. 	Feed 71 	Temp. 40°C, 	60 R.P.M. 	Heat No.10 
Condensate Rate 8.6 gamin, initial solution 1350 S, 	m = 705g/min. 

to 
D 

1-101  4 • 1-+ o 
6 

min 

Computed Quantities Measurements from Photographs 	4- 

nt 
- -- --oC 
FL P ' - ?‘' . A 

1 

) / v 
4 

,-, 	4 
10-7 1  n 10-6  ni 10-3 A 

cm2  
R 

)1/min 

RI 

juimin, 

-1 

-2 
-3 
-4 
-5 
-6 
-7 

-- 
1 
34 
13 
2 
5 

354 
607 

365 
471 
235 
202 
269 

60 
68 
37 
85 

, 	90 
86 

108 

0,82 
0.80 
0,82 
0.32 
0.84 
0,81 
0.82 

0.26 
0.23 
0.39 
0,36 
0,4.6 
0.29 

, 	0.24. 

85 
102 
114 
3.5.5 
113 
120 
158 

0.96 
0,95 
0.94 
0.96 
0.97 
0.95 
0.98 

0.60 
0.61 
0.80 
0.75 
0.85 
0.65 

1 	0.61 

0.72 
0,771 
0.90 
0.87 

' 002 
0,78 
0.75 

2.5 
5.0 
7.5 
10 
12.: 
15 
38  

1.2 
1.7 
1.2 
1.7 
1.8 
2.5 
3.2 

3.2 
3.9 
4.8 
6.2 
8.4- 
7.3 
7.7 

1.5 
2.7 
3.2 
4.3 
5.2 
6.3 

, 12.8 

37 
21 
17.5 
13.1, 
10.7 

8.9 
, 	4-.4- 

126 
) 
) 
10 

) 

) 	
3.5 

 6  

ig 
y 	= 	64 /11 I 	7,..1.  = 122 ft. 	, 	R* 	= 12 	± 3p/min 	I 	Os 	= 	2.1 	min 

s 	= 	32 /u 1 	shape 	1 	pyr. 	vt 	= 	1.19 	cc. 

T. ;Lip III E 3 : 	Results for Batch No . 36 . 



Batch No. 37 	Feed, 7.2  Temp. 40°C., 	60 R.P.M. 	Heat No.10. 
Condensate Rate 8.6 gamin, Initial solution 1350 G., m = 7.5 g/min. 

181  r 
t r. 

e 
min 

MEASUJ2L2NTS FROM PHOTOGRAPHS 11 	COMPUTED QUANTITIES 

_ 
,u 

i? - 
,u 

''' 	i ?(LN  X:o g e  71' 
/0-6  

11,,: 
lek  
cm4  

R 

plmin 

RI 

u/min 

-1 1 375 66 0.92 0.21 85 0.97 0,37 0,45,3,81 104 3,0 2,4 2305 - 	15 

	

--) 	6 J 

	

1 	7  
-1 

	

J 	4.5 - 

5  

-2 1 432 81 0.811 0.27 115 0.9740.63 0.77 7.5 195 
1 

4,0 3.4 16.5 

..3 2 356 95 0.85 0.36 127 0.97 0.73 0.86 1 15 1,8 6.5 5.9 9.5 

-.4 3 356 104 0.8 0.35 141 0,98 0,72 o,3 22 2,0 7.0 8.0 1  7. 0 

-5 4 363 105 0.33 0,26 150 0.98 0.62 0.75 30 2.7 7.0 10,5 5.4 

6 5 365 109 0.83 0,23 160 0.93 0.59 0.74f38 2.9 7.8 12,0 4.7 

74 127t  - 0.55t sot - - - 53 - - - 

- 
Y 	

p 

= 20 pl  

= 	64 ::-Z. 2 

shape, 

* 	* 	f' 
,: 	= 119)u, 	R 	= 11 + 3 	plmin 2 	j%°,i. = 1,7 min 

i i„,/. 	AOlt 	= 0,76 cc. 
	r. 	  

t Crystals partly redissolved. 

TABLE III E 4 : 	RESULTS FCR BATCH 110.57. 
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  LE

  

Batch No. 339  Food 71  Temp. 40°C., 	100 R.P.M. 	Heat No.10, 
Condensate Rate 3.6 gamin, Initial solution 1350 s., 	m 	= 	7.5 c./min. 

8 
min 

neazurcrionts from Photoraphs . ComDuted Quantities 

n ' 
- x 
)1. 04 	.  13 X- 

i: r ot- 4, 1 Y A  V.. 
m 
3' 

-7 
10 

/1' 

-6 
10 

41'1:  

-3 
AD A 

5,. 
Cm-  

R 
p/min 

RI 
dimin 

- 1 ,1 234 62 0.38 0.03 39 1.00 0.10 0.22 
i 
3.3 1.7 1.3 2.4 23.4 ) 

4 3.4:) 

(3.5 
I; 

. 
0 

14"3 

- 2 11 304 35 0.39 0.36 109 0.99 0.65 0.75 11.3 1.9 6.9 5.2 10.3 

- 3 21 405 93 0.37. 0.271'126 ,0.99, 0.5 0.691 
19  • , 2 

2.5 6.3 3.0 I 	7.0 

- 4 32 452 96 0.30 0.26 130 0.99 0.54 o.64 26 3.1 7.8 10.7 5.3 

- 5i 5 365 100 0.05 0.22 143 0.99_054 0.66 33 4.0 0.3 14.5 3.9 

-6 1 	7 402 100 1 	0.73 0.16 153 1.00 0.54 0.64 
t 
52 5.5 3.8 17 3.3 

13.7 

2.5 
- 7;  10 447 112 	Y  0.79 0.13 173 1.00 0.55 0.6 75 5.7 10.2 24 2.3 

* 
- = 	70 p, 	,.:4*  = 	100 pl 	R 	= 	14 4- 	3 plmin. 	EL\J  = 	1.2 min. 
Y  

7f 	= 	1.f 	Jul 	shape 	' 	1--'1 )̀-• t- 	11 	= 	0.22 	cc. 
t 

TABLE III 35 : R_,SULTS FOR BATCH? NO.33. 



Batch No. 391 Feed 7, Temp. 40°C., 	150 R.P.M. 	Heat No.10. 
Condensate Rate 006 gamin.. Initial Solution 1350 g.. 	m 	= 	7.5 gamin. 
Measurements from Photographs Computed ..-4:uantities 

' Di  -Ell  7  1-1  

i.- 	

= • -7:4  du a6,i YA Y v 
111 	1 
g. 

ic:7  
l'i• 

/0  -6 
71,;. 

IC 	A 
en  

R 
,u/min 

RI 
amin 

451 51 o.87 0 6o - - - 3.8 3.1 - 3.0 18.7 _ 
-2 34 408 68 0,91 0.1 90 1.0 0.23 0.27 4.6 6,8 C. 

-3 2i 701 0,92 o,1$ 97 0.99 0.21 0.27 19 5,3 5.8 11 5.6 
3.5 

11111497 76 0.85 0.0Z 0.99 0.22 0.29 30 III= 15 3.8 
6.7 

3241  78. 0.80 0.0 130 0.991200 32 45 10.0 6,8 21 2.7 
3.3 

92 0.86 III

-  
0.06 140 1000 0.16 0,21 60 10.64 6.1 33 

2.5 

1/ 298 102 o.35 0:,07 157 0.99'0.200026 
t 

62 3.2, 5.8 8- 31 1.8 
2.8 

* 
- 	= 	65 p, 	. 	= 70 ).1, 	R 	= 	11 ± 2 to/piny  Os  = 	1.1 min. 

- 	= 	6 u, 	shape, 	p,..,, 	, 	1..). 	= 	0,01 cc. . 	,  

No inclusions visible. This value estimated from largest 17% of crystals. 

TABLE III 26 : rizsuus FOR BATCH NO.59. 



Batch Us, 40, 	Feed 7, 	Temp, 40°C., 	230 R.P.M. 	Neat No,10 
Condensa;:e sate 3.6 gamin, 	Initial solution 1350 g, 	m 	= 7.5 go/min 

ri) 

obi e ti 9 
aim 

Measurements from Photographs Compt,ted ..uanti-:,ies 

M 

c- 
L)4 

-7 
AD 	010 

MI3.k 

CM
G  

R 

yirlin 

0 
t. 

p/M in* 

- i 
nl 7  il  c'6   x---  ') .., 

- -2-  292 47 0092 0 47 3.8 4 3.5 	116,0 
/ 	9.5 

li 394 	I 44 0,89 , 	0 66  11,3 14  10.3 5.5 
2.3 

- 3  390 1 	52 0o90 0 73 22 ------16  17 3.4 N 

--C_3 	3.5 
5 1375 57 o„83 0  87 36 20 25 2,3 

1,- 	M 

203 	63 t 0.93 j 	o 1 101 52  22 34 
_.J - 7 

NO 	INCLUSIONS 

TABLE III E 7 : RESULTS FOR BlaCH NO, 40, 



Batch Ho, 41, 	Feed 79 	Temp. 57°C., 100 R.P.M. 	Heat No,10 
Condensate Rate 0.6 gamin., 	Initial Solution 1350 g, 	m 	= 	7.5 gamin. 

m Measurements ,p  fro= Photographs Comut.od -,uantities 1. 
• 

7,q3 
6't. • 0 min nt 

_ 
.I.L 

Z 
F 

/ 
',.i.  , v 

1 	61, 

m 
r  

• --, - 7 i C. • 
n 

/0 - t 
n: -. 

-1. I 40 I.,\ 
, 

crn4 
/4  

..14,-, -*. / aOrptLh4.  

1 11 456 35 0.88 0.30 113 009c 0.60 I11  00701 11 1091' 5.7 5.1 11 0 - 	, 

- 21 312' 92 0.08 0.20 126 0.99 0.53 0.691 19 2.6 7.3, 0.2 6.9 
j 005 

) 	b. 	'7 

3 4 307 102 0.84 0.29 140 0.9 0.6310.741 
----, 

30 2.9 80_10.8 5.2 
j 	-
, 	

., 

- 4 _ 5/ 344,  104 0,001 0.17 155 0,9 0.431 0.50: 41 6.615.8 3.6 I J 5.0  4--, 
47 

- 5. 7 246 10. 0.33 0.15 169 1.0 0,44i 0.57 53 4.4 6.5/18.4 
3 
--) 

6. 15i 254! 	131 i  0.6 0.15 208 	1 1.0 0.47 0.60 _ 	a 101 
- 

4„8 7e1 231 2.0 
j 3.0 

-----) 	 * r = 	09 Ill 	...,- = 93 p, 	R 	= 	14 ± 4 ig,,imin, 	4 = 1.1 min. 
Y 	/ 

7 	= 	16 /u, 	shape, 	fr,er, 	2 	(1-t 	
= 	0.20 cc. 
	 ........-.....+a+.1..c-.....4 

TABLE III E 3 ; RESULTS FOR 3ATCH NO.41. 



Batch No.42, Feed 7, Temp. 55°C., 100 R.P.L., Heat No.10 
Condaisat)Rate 8.6 g/miu, Initial Solution 1350 g, tit 	= 	7.5g/min. 

.- 	P. 
o' 

Measurements from 
photoGraphs. Computed Zaiantities 

1, zu.  
..ku. 

m 

, 

l0 ̀7  3 10 	A 
2 cm 

R 

p/min 

11,4 

p/min 

-1 1 685 57 0.90 0 63 7.5 4.4 5.4 12.8  

-2 li 536 66 0.92 , 81 4.2 7.2 7.8 8.3 

-3 21 484 68 O.90 u 1 	88 6,2 11.1_ 5.0 

547 78 0.86 0 121 52 11.5 26 2.2 3.3 

-5 10 353 86 0.83 0 128 75 12.5 33 1.7 1.2 
..--- 

NO INCLUSIONS 

E 9 	RESULTS FOR Il&TCH N0,42. 



_, Bntch N 	 oo. 67. 	Food 101  Temp. ..),L CI 	.50 R.P.E. 	Haat 10. 
Conc:onsato 	too 9.1 g./min. 	Initial solution 1290 c., m = 7.9 2;•/min• 

ul 
rl 

t--,  , 
o  • min 

Koasuremonts from ?hotora,,-; 1 o=puto 	liantities 

x - c  ,,.. 
. 

e• 
A 

v 
/5v 1  6 	7 ' M-71- t 

-.3 

c,,,t.)  ylmln filmin 

-,„ 

-3 
-4 

-5 
-6 

1 2 
1 
2 

4 
6 
10 

i 

4 
8 
16 

31 
47 

79 

_ 
Y 	= 	60 

s 	
= 	35 

--* 
y 	1 	

--,* :jic:i  = 126 	/1_ , 	- 	= 

p_ 5 	shape, pyr. 	1 

,Pi min, 	1.24  _J , - - 

-1.) 	= 	cc. 

min. 

Ti.DLE III 3.10 : 2-SULTS Foa 21,TCE NO.67. 



Batch No. 63. 	Feed 10, 	Temp. 83oC. 	50 R.P.M. 	Heat 10 

Condensate Rate 8,2 g./min s  Initial solution 1270 g. 	m = 	7.2 gamin, 

m 0 
R 
PO 
P 
o 
, rain 

Measurements from Photographs Computed Quantities 

n 

- ( , 

o, 

M 

• 

-711- ID 	-VI  Ai 
-6 i 

/ 0-3A, 
 2. 

R 

/min 
l I 

min 

-3 
-4 

-5 

-6 

-7 

1 

2 

3 

4 

6 

10 

3.6 

7 

14 

22 

29 

43 

72 
4 L. 

S  = 	6 	32  9 

= 6 3 	,P- 	o 	x:„. 

...-... 

= 75 	il 2 	
R* 	= 	?/mina 	). 	d 	= 	rain.  0 

shape, dOcieVt. 	5 	 4T-, 	= 

	

r 	 CC, 

TABLE III E 11 : RESULTS FOR BATCH NO. 63. 



Hatch No. 69, 	Feed 10, 	Tempo 	58°C. 	50 R.P.M. 	Neat 10. 

Condensate Pate 	8.5 gamino2 	Initial solution 1300 go 	m 	= 7.4 go/min 

m 
El 
iti F., 

- 1:earlurq(T fr.ol_ Photographs Cpmput d Quantities 

y in 
nl 

- 1 

4 
k. 

M 7 
/0 

46 
/0 	11-4 

A;)-  
A R  

wa 

i2 

-3 
i 
iLi 

15 

1 
2 

3 

1 	4 

6 

[ 

7.4 

15 
22 

30 

44 

14 

NT 

' 	s 

= 

= 

72 

8 

-R* 

......,- 
_...)0. 

ji 	e 	. 	7= 	87 p. 	0 	. 

yl 9 	shape , 	Ood,.:c. 	4)i* = 

Allmin, 	es  = 

cc. 

min. 

TABLE III 	E 12 : Result for Batch No. 69. 



Batch No.701 	Feed 10 	Temp. 42°C.9 	50 R,P.M,9 	 Heat 10 

Condensate Rate 8.4 gamino2  Initial solution 1270, gof  Cl = 733 g./min 

'ci 
I-I o 
0 

min/ 

Measurements from Photographs Co nut_ :Zuantities 

n I 
X 

1 1  f2C,,4 

144* 

 -4( A Y 
' V 

m 

3 

-7 
/0 In- /0 

_6, 
-Pa. - 

.4' 

 io-3  k 

C411,  

R 

pimin 

R2  

L
ialmin 

—1 

—2 

..3 

—4 

5 

—6 

—7 

1 

1 

2 

3 

4 

6 

1G 
d 

1 

34 
7.3 

15 

22 

29 

144 
t 73 

I 

= 	69 Y 

= 	32 N 
 

.tik 
P* ;a 9 	0::.,; 	= 	128 	jut 	..k 	= 	,u/::yin. , 

;119 	shape: 	pyr 0 	o 	V-. 	= 	cc. 
OS 	= 	m:Lno 

LLL M 13 : RESULTS FOR BATCH NO 0  70 
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F. COMPUTEDUANTITIES 

These tables show values com7;uted from the 
;previous data. 

'Nomenclature  : 

A : Total surface area of crystals. 
M : Total mass of crystal 
n : Total number of crystals. 
ni : Number of crystals with inclusions. 
R : Uean 3rowth rate 
R*: Critical zrowth rate for inclusion formatioL 
R65: Maximum jrowth rate at crystal size 65 p. 

TALE III F 1 : Datches with inclusions 

.'" m 

DI 	v10-7 
g 

n 10 I-4
*  

9
• 10-3A 

cm2 
R 

p/ ;,.gin 

R 

p./min ----- 

N
-C

O
 N- N

- C
I
 

 0
 C

Q 	
0

  C
A

 C
V 	

‘,0
CJ 	

CD
 

If\ CO  C
J  0

 CQ  L
'N

 r- I  CJ C
Q

 	
CV

 Lt" \
 M

 0
  tr1

 
0
  lf\ ON

 CV 	
M

  0- •
 

C
T  IA

  
w

o
o
.
. 	

o
s
o

• 	
•
 

0
0
0
 0 	
•
 

•
o
•
 • 	

o
e
s

o
•
 

r-1
N

r
i
r
4
r
g
O
 	

r
4
  r
4
  r
i
  c
l
 	

r
l
P
I
r
1

M
rl 	

M
r-4 CQ  tet

 r4 	
C

Q
 ri  CQ

 CV Cl  

1 198 2.3 507 39 14 
2-1 73 1.9 3.1 21 16 
2-2 200 4.6 7.7 46 17 
3 218 5.3 8.5 54 10 
4 226 3.6 11,4 48 9 
7 235 4,7 2.1 57 13 

8 223 7.2 5.7 43 
48 	I 

11 
9 153 10.6 5,6 14 
10 150 9.6 5,3 46 11 
12- 75 5.7 6.8 24 15 

12,16C 94 5 8.7 48 13 
13.- 52 8.7? 15? 23 12 
13- 130 8.6 9.2 36 11 
14-1 45 5.0 14? 19 13 
14-2:.05 10.6 9.1 37 16 	

. 

5.-1 52 4.8 12? 13 13 
15,109 10.4 10.5 35 14 
7 78 3,2 7.2 20 10 
8 72 2.3 4.9 17 10 
9 77 10.0 1.3 30 18 

rl 73 6.6 5.0 24 17 
e' 74 9.5 4.0 28 18 
r.'3 74 6.5 0.6 23 - 
r.,4 71 4.4 6.1 19 9 
5 72 4.8 9,6 21 

/Continued.... 
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TABLE III F 1 (Continucd)(P020)  
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2.9 9,1 141 3.7 8 
27-2 3.2 3.6 36 1.45 8 
28-1 2.2 6.0 13 4.3 II 
28-2 6.3 6.9 44 1.28 3 
29 2.2 4.6 14 4.0 13 

30-1 2.7 6.3 13 4,3 11 
30-2 7.7 3.5 47 1.17 11 
31-2 2,0 7.0 13 44 lit 33-1 7.2 5.7 15 3.6 
34-1 3.3 3.9 15 3.6 11 

35 5.4 7.2 31 1.84 13 
44 5.3 9.0 13 2.9 10 
45 6.4 3.0 19 2.8 8 
46 4.4 9.1 17 3.2 11 
47 3.2 7.6 14 4,0 12 

49 3,6 4,9 15 1.07 7 
50 3.6  8.7 15 3.4 8 
51 4.4 3.4 19 1.7 12 
52 3.8 2,0 16 1.51 11 
53 3.2 6.8 15 5.7 10 

54 3.3 6.5 /5 3.5 13 
56 1.7 604 13 '1,3 11 
57 4.3 10.4 18 3.0 10 
77 202 E05 12 4,7 9 
78 1.5 705 10 5.5 9 

79 4.4 14 15 3.7 - 
80 7.3 13 18 3,2 

__ _ 

TABLE III F.2. Batches Without, 

4  

Pi ,I - a ,  
N 

g 
10-7  n 

10-3 A 

cm2 
R 

pimin 
65 	

r. 
R 

plmin 

6 256 5.o 52 0.35 3 
16 44 28 29 2.0 4 
20 77 69 53 1.09' 1.8 
43 53 6.2 19 0.90 3 
55 54 3.8 17 1.19 10 
75 96 66 53 1.03 3 
76 47 75 42 1.39 3 
81  3332 25 2.2 



268 

APPENDIX IV  

THE ANALYSIS OP HEXLINE SOLUTIOITS 

The usual chemical method wa.s used for the analysis of hexamine. In this 

method, the hexamine is reacted with an excess of acid. This promotes the 

decomposition of hexamine into ammonia and formaldehyde. The ammonia reacts 

with ',he acid and the formaldehyde is driven off by boiling the solution. The 

excess acia is back-titrated with alkali. 

A gravimetric method of analysis was used for increased accuracy. e. 

Accuracies to within + 0.1% could be expected. 

Details of Znalytical Procedure  

A quantity of the sample is weighed directly into a stoppered 100 ml flask. 
An excess of 	4 sulphuric acid is added from a weight burette. Distilled 
water and tile chips are added and the solution is boiled for about 7 hours. 
Further distilled water is added as required. After this time (when the odour 
of formaldehyde has entLroly dissappeared) the solution is cooled, and boiled, 
distilled water and a few drops of methyl orange are added°  The solution is 
then titratei to a slight excess with 1N caustic soda from a weight burette. 
The final end point is obtained by volumetl.ic titration with 0.IN H01. 

The acids were standardised against sodium bicarbonate and the caustic 	. 
against potassium hydrogen phthal ate. Also the solutions were intercalibrated 
one against the other. 
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211-1-16.NDDC V 

THE DETFifliI;TION OF DICLUDED MOISTUEE  

1. Possible Methods  

11 means is required of determining the amount of mother liquor included in 

various batches of crystals. Several methods could be used. 

1. By direct measurement. /1 sample of each batch could be taken, exmined 

under the microscope and the size and nudbur of inclusions (and crystals) measured. 

Simple calculations would then give the percentage of included volume directly. 

This method was used for samples Which contained only regular patterns of face 

inclusions. Hovever it is very time consuming and not very accurate. 

2. By analysis for solute. Quite accurate gravinetric methods of analysis 

are available for the solute materials used in tnis Tiroject - hexamine, ammonium 

chloride and sodium chloride. The quantity of included liquor is generally ancll. 

Since it would be computed in these cases by a difference method involving two 

large quantities, the resultant estimate is nct likely to be too accurate. 

3. By variations in physical  -cronerties. The presence of included mother 

liquor would change the physical properties (e.g. density) of the crystal. These 

properties could be measured reasJnably accurately, but again a difference method 

is involved, and the resulting accuracy maybe low  . 

4. By analysis for solvent. Since the solvent is present only in small 

quantities, a method which analysed directly for the solvent should have certain 

advantages. However,itIptibl measure the total amount of solvent, including that 

adsorbed or adhering to the crystal surface. The solvent was usually water, so 

the :Karl Fischer method of analysis for water could be used. 
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2. Karl Fischer Apparatus 

The application of the Karl Fischer method to the analysis of water in 

hexamine has been described by Mitchell and Smith /517. Other descriptions 

of the method are available 54  397. 
The apparatus (Fig AV-1) was based on that described in Vogel if. The 

solvent used was methanol with a low moisture content, prepared by the repeated 

fractional distillation of commercial methanol. The desiccated hexamine sample 

was dissolved in a quantity of this methanol and the moisture content of the 

resulting solution was determined. The solubility of hexamine in methanol gives 

a limit to the amount of sample that can be used. The dissolved hexamine does 

not interfere with the reaction, although it tends to precipitate out of the 
titrated solution on standing. The r3ual 'dee stops electrometric method 

of aetermining end points was used. A cotalyst involving n-ethyl-piperidine 

1.4F7  was added to the solutions to give a more rapid reaction. 

3. Procedure  

The methanol solvent (for moisture content) and the Karl Fischer reagent 
(for reactant strength) were calibrated initially by titration against each 
other and against methanol containing known amounts of water. Before a series 
of titrations was begun, catalyst was added to the reaction vessel and titrated 
with the Karl Fischer reagent to the end point. The reaction vessel was agitated 
by shaking. 

In analysing the hexamine samples, e. weighed quantity of the dried sample 
(about 5g.) war dissolved in 50 ml. of methanol and used to titrate quantities 
of the Karl Fischer reagent. 'Ath corrections for the moisture content of the 
methanol and the volume of the sanple the moisture content of the sample could 
be determined. 
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APPENDIX VI  

APPARATUS USED IN THE ITILA.SUMMTP OF PROPERTIES 

Introduction 

A brief description will be given of the equipment used in measuring 
the properties of hexamine and its solutions. The techniques of measurement 
were for the most part, based. on those described by Weissberger ZW. The 
data have been given directly in the attached Supplement of Properties. 

Hexamine solutions were prepared from the solvent and from dried heyamine 
specially recrystallized from the solvent. Crystals prepared for aqueous 
solution were analysed for included moisture by the Karl Fischer method 
(ApponaL&V). The compositions of certain of the solutions were checked by 
the analytical method (Appendix IV). 

(i) Density 

Solution densities were measured with 25 ml. specific gravity bottles, 
used in constant temperature baths. The bottles were calibrated with boiled 
distilled water. All weighings were done on cn accurate analytical balance, 
with corrections for buoyancy. Crystal densities were measured while immersed 
in a petroleum fraction. 

(ii) Refractive Index 

Refractive indices were measured on an Abbe refractometer maintained at 
25.00C. The instrument was calibrated against distilled water. Supersaturated 
hexamine solutions could not be used, since they tended to crystallize out on 
the prism surfaces. 

(iii) Analysis of Hexamine Hydrate  

Crystals of the hydrate were prepared by freezing saturated hexamine 
solutions. Samples of the filtered crystals (maintained < 13 C) were taken, 
weighed, and dissolved in a known quantity of water. The composition of the 
resulting solution was determined ay the refractomet-r to give the hydrate 
composition. 

(iv) Viscosity 

Solution viscosities were measured with standard U-tube viscometers 
maintained in constantAsemperature baths. The procedure is described in 
British Standard B.S. 188-1929. 

(v) Surface Tensions 

Surface tensions were neasurea by the rise of liquid in a capillary 
tube tensiometer. The tube was calibrated with distilled water. The height 
of the liquid column was measured with a travelling microscope. 
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(vi) Solubility  

Several methods were used to measure the solubility of hexanine ir 
water. 

The solubility was determined directly by the analysis of solution stored 
over excess crystal for prolonged periods of time in constant temperature 
baths. 

The solubility was also measured in the reverse way by evaluating the 
saturation temperature at which solutions of known composition became 
saturated. Ts was done at first using the light slit method [42,431 h3 	in the 
apparatus Shorn in Fig AVI-10. The change in appearance of a thin light 
beau on passing through the film about a crystal surface allows the saturation 
temperature to be determined. A Schlieren method (Fig AVI-la) was also used. 
Here the Schlieren patterns about an immersed crystal (Pig 	change as 
the solution approaches saturation, sc. allowing the saturation teunerature 
to be determined. 

The solubilities of hexanine in non-aqueous solvents and prepared solvent 
mixtures were determined directly by chemical analysis. In the case of 
saturated solutions of hexanine in aqueous ammpnia, the chemical 
analysis gave the hexanine plus ammonia content. The quantity of ammonia 
was estimated separately by the Necsler -aethode  

(v-2i) Freezing Points  

The malting points of aqueous hexanine solutions were determined as the 
temperatures at Which frozen solution first started and finally completed 
melting. The solutions were contained in thin sample tubes attached to a 
thermometer in a brine bath of slowly varying temperature. 

The melting point of the hydrate was determined in a similar manner,, 

(viii) Boiling Points  

Elevations of boiling point were measured using tvo otanclarci ebulliometers, 
one containing the solution, the other distilled water. Both were inter-
connected:ma connected to the sane vacuum system,. The elevation of boiling 
point was determined as the differences in reading of two standard thermometers 
and also as the reading from a thermocouple. 

(ix) Conductivity 

Conductivities were measured using a pair cf platinized electrodes and 
a standard conductivity bridge. The electrodes were calibrated against 
standard KCl solutions. 

(x) Thermal Properties 

All measurements of thermal properties were made in a water jacketted 
copper calorimeter, with manual stirrer. 
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The temperature rise on, solution was determined by adding weighed 
quantities of hexamine to weighed quantities of a; stilled water all initially 
at 25.0 C, and measuring the resulting temperatures. Corrections were 
applied for the calorimeter and stirrer, andfor heat losses. 

Heat capacities of solutions were measured by electrically heating 
the solutions and measuring the temperature rise. The quantity of electrical 
energy added was measured by an accurate wattmeter and a stop-watch. The 
heat capacity of the crystalline material was measured using a slurry of 
crystals in saturated solution. Corrections were applied for the solution 
and the change in solubility. 

The heat of decomposition of hydrate crystals was determined in a 
similar way. 
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SI. PROP, RTIZS OF PURE HEX MINE 

INTRODUCTION 

Excellent sourcebooks for the available data on the properties 
— — 

of hexamine are Beilstein LI% (in German) and Walker L  g/. Less 

comprehensive surveys are given in Kirk-Othmer (27 and Heilbron & 

Bunbury 27g. Additional data may be found in Landolt-Bornstein C • 

SI-1 DESCRIPTION 

(i) Nate: 	Hexamethyleiie tetramine. 

(ii) Other Names: 	Hexamine 	"Urotropin", 

Methenamine 	"Formin" 

Formamine 	"Hexa" , 

HexamtLylenamine4  "Aminoform". 

(iii) Formula: 	(CH2)6 714 

(iv) Molecular WeigIEL: 140.19 

(v) Appearance: 

Hexamine is a colourless crystallire solid. It crystallizes from 

the vapour and from solvents as regular rhombic dodecahedra (Fig. SI-1). 

The commercial product (Fig. SI-2) appears as an opaque mass of small 

rounded crystals about 1mm. in size. Under certaill conditions, Loth 

from the vapour and from solution, hexamine can grow dendritically 

giving the usual fir-tree appearance (Figs. SI-3 and SI-4). 

(vi) Odour 

The pure material is practically odourless. The commercial product 

often has a strong amide odour due to the presence of impurities. 
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(vii) 	Taste and Toxicity: 

Hexamine has a sweet metallic taste. In small amounts it is 

often prescribed for internal use as a urinary antiseptic drug. 

— — 
However in some instances toxic action has been reported L2, /. With 

certain people it may also be a cause of skin rash Z7, 

SI-2 MOLECULAR AND CRYSTAL STRUCTURE 

Various chemical structures have been proposed for hexamine. 

These are reviewed by Walker zw. Tne structure generally accepted 

is that of Duden and Scharff (27 shown in Fig. SI-5. In this structure 

all the nitrogen atoms in the molecule are equivalent as are all the 

carbon atoms. An alternative structure of some interest (Fig. SI-7) 

in which the nitrogen atoms are not all equivalent is given by Lbsekann 

gg. This structure explains the monobasic behaviour of hexamine in 
solttion. However it does not agree v-ith the X-ray and spectra results 

on the solid and vapour, nor apparently with dipole moment and Raman 

measurements Lill of hexamine in chloroform and aqueous solution. 

The atom numbering convention shown in Fig. SI-6 is taken from the 

Ring Index gg. 
The spatial arrangement of the atoms in the hexamine molecule 

has been determined by X-ray, nuetron diffraction, electron diffraction 

and other techniques L11, 15-42/. The structure so found is very 

regular. The nitrogen atoms occupy the corners of a tetrahedron while 

the carbon atoms lie on the corners of an octahedron. This structure 

is shown in Fig SI-8. Bond lengths and bond angles as computed by 
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FIG. S I-8 . STRUCTURE 
OF HEXAMINE. ( From 
Dickinsi,n and Raymond 
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FIG.S1-9 . PHOTOGRAPH 
OF SCALE MODEL OF 
HEXAMINE MOLECULE . 
( Becka and Cruickshank 

[13] 	). 
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Becka and Cruickshank Lig are shown in Table SI-1. Bond lengths 

measured for hexamine vapour L241  227 are in substantial agreement 

with these values Lif. Fig. SI-9 shows a scale model of the hexamine 

molecule. The molecule is almost spherical except for the slight 

protrusion of the CH2 groups. 

Crystalline hexamine has a body centred cubic lattice of the 

space group T34  143m. The molecular lattice is equivalent to the space 

lattice. The unit cell is a cube of length 7002A at 298°K and contains 

two molecules. Lach molecule is surrounded by eight others along <111> 

at 6.08A between centres and by six others along <100> at 7.02A L127. 

A nitrogen atom of one molecule fits neatly into the recess formed by 

three hydrogen atoms of a neighbouring molecule. The CH
2 

group at the 

top of one mo3ecule neJtles at 90°  across the CH
2 

group at the bottom 

of the next molecule. The positioning of the molecule in the unit cell 

is also shown in Landolt-Bornstein 

This structure is retained over the full temperature range 

5 to 300°K LT31 2c. Increasing temperature merely expands the unit 

cell and increases the magnitude of the lattice vibrations Lig. It 

has been suggested that the cause of the high stability and low volatility 

of hexamine may be the hydrogen bonding between neighbourning molecules. 

This view is not accepted by Becka and Cruickshank Lig who consider 

the caus( to be simpiy the shape and packing of molecules in the lattice. 

A lattice model of hexamine has been proposed gg capable of 

predicting many of the observed opticalrelasticjand thermodynamic 

properties. 
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SI-3 PHASZ Rae.TIONSHIPS 

(i) Number of Phases  

Under normal experimental conditions (atmospheric and sub-

atmospheric pressures) only two he=cmine rhases are known - the 

vapour and the crystalline solid. Liquid hexamine is unknown, since 

hexamine sublimes at these pressures. Only the one solid phase is 

known, at least for the temperature :range 5°K to 500°K /26, 527. 

(ii) Solid-Vapour Behaviour: Vapour Pressure of Hexamine 

The vapour pressure of solid hexamine (corrected for decomposition) 

has been determined /31, 5?7• Data between 20oC and 280oC 

(10
-4 to Soo mm Ha.) may be correlated /)37 by 

,9110 log, fe 	10„0 
10 

where /, is the true vapour pressure in ti em of Hg. at an abeelute 

temperature T°K. This correlation is shown in Fig. SX-10. 

From this relation the vaporisatien temperature at atNeophere 

pressure was computed as 255
oC. At temperatures above about 250°C 

charring and decomposition of the hexamine may oceur, Charring is 

quite rapid aoove 230°C. The decomposiion of heramine is coleeeWered 

further in Section SI-8. 

(iii) Phase Diagram 

Since there are only the two phases, the k-own phase diagram is 

solely the vapour pressure curve given above. 
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SI-4 PROPERTIES CF HEXAMINE VAPOUR 

Published data could not be located. If required, Nc., _er might 

be predicted from generalised equations of state. 

SI-5 PHYSICAL PROPERTIES OF SOLID HaAMII,,IL 

(i) Density 

Available density data are given in Tabla J1-2. At room .%emperature 

the density of solid hexamine might be taken as 1.335 t 0.002 g/ml. 

with a coefficient of variation with temperature of -(1.P5+0001).10-4/°K. 
.- - 

The effect of pressure has been measured 45!1/ At /ow pressures the 

compressibility is approximately 9 x 10 6 atmos-1  . 

(ii) Flash Point 

The flash point is given 23§) as 482°F (250°C),a value close to 

the normal vaporisation temperature. 

(iii) Refractive Index 

The reIrae.ave index of solid hexamine at room temperature was 

deteimined by an immersion method as 1.590 + 0.003. Much more accilra;:e 

data are available gg and are given in Table SI-3 
(iv) Other Optical Properties 

Extensive measurements have been made of the Rman 271.2  39-43, 45, 419 

and infra red spectra 50, 46-427 for crystals, vapour and solutions. 

A recent reference 5.17 claima that hexamine rhows a large electro- 

optical effect, comparable to CuCl and ZnS. 

(v) Magnetic Properties  

Magnetic resonance studies have been published 2237  26-227. 

Hexamine is reported 527 as having a surprisingly high positive 
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diamagnetic behaviour. 

(vi) Electrical Properties  

The dipole moments of hexamine have been measured ili7, 

Hexamine exhibits piezo-•e?ectric bebnviour /63 - 69.7 	ti: 

electromechanical constant has beer measured (27g, 2/3, 1,0430. 

(vii) Elastic Constants 

The elastic properties of hexamine have been measured by X-ray 

methods L5, 31-33,  3.§7 and ultrasonics L31, 37. 

(viii) Diffusion Through Hexamine arystals 

The diffusion coefficient of water through solid hexamine is given 

by Smith J27. 

SI-6 THERMODYNAMIC PROPERTIES OF }EXAMINE 

(i) Heat of Combustion 

Values reported for the molai heat of combustion at constant 

pressure, in k-cal/g.mole are 

LSHc 
= -1003.6 gg, 611c 

= -100F..7 1.67, and LNHc 
= -1037,1 m 

(ii) Standard Heat of Formation 

The standard heat of formation at 25°C of hexamine has been computed 

from the above data as 

11H
f
°  = 28.8 k-cal/g.mole 5:27. 

(iii) Entropy and Free Energy of  Formation 

The values at 25°C have been calculated /V and are shown in 

Table SI-4. 

(iv) Heat Capacity of Solid Hexamine 

The heat capacity of hexamine between 5°K and 350°K has been 
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determined by Chang and Westrum 527. Their tables should be consulted 

for Accurate data. Their results are shown in Fig. SI-11, and z,:lso 

on Fig. SI-12, where they are compared with rough data obtieed 	t!?e 

author. Over the range 0°  to 50°C the linear relation 

c = 0.2535 + 0.00105 t 

may be used without undue erroy, whe:re c is the heat capacity in 

califb
0 o_ 

)-k LA and t the temperata 	
. 

re 	°C. 

(v) Other Thermodynamic Properties  

Table SI-4 lists other properties at 25°C computed by Chang and 

Westrum o97. 

Values of the Del ye and Einstein temperatures have been calculated 

53, 70, 717. Estimates of (Cp Cv) have been made 58, 77 and range 

from 0,7 to 1.i cal/(g.mole)(°C). 

A theoretical model capable of predicting many of the properties 

of hexamine has been proposed by Becha and Cruickshank /737. 

(vi) Latent Heat of Sublimation 

The latent heat of sublimation computed from the vapour pressure 

data of Section SI-3(ii) is to.SHv = 18.0 k-cal/g. mole. This is in good 

agreement with values of 17.5 and 17.9 k-cal/g.mole at 8°C and 25°C 

measured by Buderov og and the value of 18.1 k-cal/g.mole proposed 

by Smith 2E77. 

SI-7 PU,TES OF EVAPORATION AND GROWTH 

(i) Evaporation of Hexamine Crystals 

Rates of evaporation of solid hexamine have been measured 02, 737. 

From -12°C to 20°C the evaporation coefficient is constant at 0.27 
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and the apparent activation energy equals the heat of sublimat5.on. 

Limited data are also given by Buderov g7. 

(ii) Growth of Crystals  

The growth of hexamine from its vapour- has been extensively 

studied by Stranski, Honigman, and others L74 - Fv]i/ over a wide range 

of temperatures. Early work was concerned with the morphology of the 

) 
crystals formed. A 	p s well as the usual 1li faces, I0013 and {112J 

planes were also obtained. Later work was concerned with the rates of 

crystal growth. Honigmann and Heyer L72/ found that the rates of growth 

on 1O11} faces was proportional to the square of the supertturation for 

Microscopically plane surfaces, but only proportional to the EupeOturation 

for flawed surfaces. 

High purity hexamine crystals suitable for testing purposes have 

been prepared by sublimation, or by recrystallization from methanol, 

ethanol, chloroform, acetone, or water L13, 22, 23 52/. Very small 

crystals may be prepared by adding gaseous ammonia to a saturated aqueous 

solution LT)3, 8g. The growth of :large crystals for piezo-electric 

purposes has been considered by Chumakov and Koptsik 8157. 

The presence of inclusions in crystals grown from aqueous solution 

has been reported L86, 827. Hexamine crystals have been grown from 

benzene solution on the face of gypsum crystals g8.7. 

SI-8 CHZMICAL PROPEZITIES  

Further details concerning the chemical behaviour of hexamine 

can be found in the texts quoted L1-W. 
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(i) Effect of Heat 

Hexamine is readily ignited and burns with a bluish yellow 

flame. In the absence of oxygen charring becomes noticeable abr...e 

250°C. The products and rates of decomposition under heatilLg Lcxe 

been investigated. 81, 53, 89-917 

(ii) Reaction with Acids  

With acids hexamine decomposes to give formaldehyde. The 

kinetics of these reactions have been investigated L92, 9/. This 

reaction is the basis of the method of analysis usually used for 

hexamine solutions. 

(iii) Decomposition by Radiation and Ultrasonics  

Decomposition of hexamine can be caused by irradiation Z9/1/ and 

ultrasonics 527. 

(iv) Compound Salt Formation 

Hexamine readily reacts to form salts with a variety of acids 

and other materials. An extensive list is given in Deilstein / -7 

(v) Nitration 

Hexemine may be nitrated to give the explosive .7;yclonite (R.D.X.). 

Further details are given by Walker Z 2/ and Simmonds et.al./5g. 
• .^ 

The mechanism of this reaction has been studied. Z2, 97/ 
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SIX, PROPERTIES OF FILOCAMINE-WATER SYSTEM 

INTRODUCTION 

Hexamine is prepared industrially by crystallization from 

aqueous solution. Yet the amount of published data on the hexamine- 

water system is limited. 

Nuch of the data given here was determined by the author. Details 

of the experimental methods used are described in Appendix VI of the 

_ — 
author's thesis L101/. .J,stimates have been given of the errors 

associated with the experimental values. The errors are expressed 

as the 9596 confidence limits about the experimental values with respect 

to the true values. In most instances it was possible only to give a 

very rough estimate of these errors since errors of method are involved 

as well as errors of measurement. 

SII-.1 PHASE, RELATIONSHIPS 

(i) Possible Phases 

At pressures up to one atmosphere, at least five phases are 

possible in the hexamine-water system: the vapour, the liquid, and 

at least three solid phases. Only one liquid phase occurs, since at 

these pressures hexamine itself does not exist as a liquid (solid 

hexamine sublimes). Neglecting the various different forms of solid 

water, the three solid phases are nexamine, ice, and the hexamine 

hydrate 
C6H12

N
4
.7H

2
O. 

(ii) Composition of Hydrate  

If a near saturated solution of hexamine in water is cooled to 
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well below 0°C the hydrate nay crystallize out. Such solutions can 

become highly supersaturated with respect to the hydrate without 

nucleation occuring, even in the presence of dust or hexamine crystals. 

The seeding with hydrate crystals however will cause rapid crystal 

growth as clusters of long needles radiating from the seed point 

(refer Fig. SII-1). Individual crystals of the hydrate are shown to 

larger magnification in Fig. SII-2. 

The composition of the hydrate corresponds to hexamine heptahydrate 

C
6.  H12 N4 

 .7H
2 
 0 (mass fraction of hexamine = 0.526). This was determined 

by measuring the composition of the solution formed by dissolving a 

known quantity of the filtered and dried crystals in a known amount of 

water (Table SII-1). The presence of a hydrate has been reported 

previously 5g-1022 although it was termed a hexahydrate. 

The hydrate is stable below 13.5 0Q2 °C (Table SII-1). Above this 

temperature it decomposes immediately into hexamine crystals and solution. 

The heat of decomposition of the heptahydrate at 13.5°C into hexamine 

and saturated solution at 13.5°C was determined with an electrically 

heated calorimeter L101/ as A  H = 6.3 4. 0.2 k.cal/gomole of hydrate. 

(iii) Solid - Liquid Behaviour:- Solubility of Hexamine in Water 

Hexamine will dissolve readily at all temperatures in a little over 

its own weight of water. Aqueous hexamine solutions show an inverse 

solubility-temperature behaviour up to 80°C, however the variation with 

temperature is small. With prolonged heating at temperatures above 

50°C decomposition of the hexamine will occur 503.7. The heptahydrate 

is the stable form of hexamine below 13.5°C (+ 0.2°C) but metastable 
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FIG . S 11-2 _ HEXAMINE HEPTAHYDRATE CRYSTALS 
[ X 8 ] 
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solutions of hexamine can be prepared and maintained without difficulty. 

Published solubility data are given in Table SII-2 and Figures 

SII-3 and SII-4. These include the much neglected data of Evrard L17007 

for temperatures between -4°C and 165°C. An abnormally high solubility 

value of 167g hexamine per 100g water at room temperature was reported 

by Utz L10g. This may refer to the solubility of the hydrate since 

at 13.5°C its solubility is 167.1g of heptahydrate per 1009 of total 

water. The authorts values obtained by several different methods 

L101/ are given in Table SII-3 and are also plotted on Fig. SII-.3. 

These data are in excellent agreement with those of Evrard. 

(iv) Solid-Liquid Behavionr: Freezing Points of  Solutions  

The solubility of hexamine heptahydrate can be determined from 

freezing point data. The temperatures at which frozen hexamine 

solutions of known composition finally melt when slowly warmed are 

given in Table SII-4 and Fig. SII-5. Literature values including the 

comprehensive data of Evrard LlOg are given in Table SII-5. 

It can be seen that hexamine in water exhibits eutectic behaviour 

at a mass fraction of hexamine of 0.292 + 0.003 (Evrard, 0.298). 

This corresponds to a mole ratio of water to hexamine of 18.6 to 

19.1 (Evrard 18.3). The freezing point of this eutc-ctic is 

-10.2 + 0.5°C (Evrard -9.0°C). Theory for dilute solutions oveOstimates 

the depression of the freezing point by about 15% 50g 
There appears to be a volume increase on solidification, for on 

freezing a number of the solutions the glass saAple tubes shattered. 
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Temperature, °C. Solubility * Reference 

12 

0 

o.448 
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(v) Liquid-Vapour Behaviour: Boiling Points of Solutions  

The boiling point of a hexamine solution of known composition 

was determined as the difference in temperature between the solution 

and water both boiling under the same pressure. Details are given 

- - elsewhere L101/. The data obtained are given in Table SII-6 and 

Fig. SII-6. Smoothed and interpolated values are given on Fig. SI1-7. 

The elevations of boiling point of saturated hexamine solutions 

lie between 4.3°C and 4.9°C. Using the above data the boiling point 

curve for saturated solution was prepared (Fig. SII-8). This curve is 

in reasonable agreement with approximate values supplied to the author 

from Bridgewater gog. 

The ratjo of the partial pressure of saturated solution to that 

of water is also shown in Fig. SII-8. If an inert third component 

(e.g. air) is present in the vapour this ratio corresponds to the 

relative humidity at which deliquescence occurs. 

(vi) Phase Diagram 

With the use of the preceding iata the phase diagram for the 

hexamine-water system was prepared (Fig. SII-9). 

SII - 2 PHYSICAL PROPERTIES OF AQUEOUS HEY AMINE SOLUTIONS 

Of the regions shown by the phase diagram by far the most important 

is that of the aqueous solution. Solubilities, boiling points and freezing 

points of aueous solutions have been given in the previous section. 

Further properties of aqueous solutions are considered in this section. 
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6+ 
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1.16 
1.20 

29.1 
1.19 
1.22 

35.9 
1.30 
1.31 

43.8 
1.35 
1.38 

47,6 
1.30, 
1.42 

53.7 
1.3 
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64,9 
10 
1.58 

78.1 
1.55 
1.61 

86.4 
1,55 
1.65 

- 
- 
- 

To 
AT 

24.7 
2.03 

28.2 
2.07 

37.3 
2.24 

41.1 
2.27 

47.6 
2.32 

48.0 
2.3 

55.0 
2.5 

64.0 
2.6 

77.3 
2.6 

92.0 
2.6 

ill  2,10 2.14 2.27 2029 2036 2.35 2.45, 2.56 2.68 2.72 
0 o 
To 22.6 32,8 37.8 43.5 44.0 56.4 64.7 76.0 90.1 _ 
-.T 3.67 3.66 3.41 3.88 3.85 4.2 4.2 4.5 4.6 - 

To 19.4 20.6 25.5 26.2 28.2 33,8 35,2 37.5 39.4 140,3 
AT 4.30 4.30 4.34 4.27 4.36 4.39 4,38 4.33 4.34 4.30 
AT' 4.21 4.24 4.28 4016 - 4.32 - 4.31 - - 

To 43.8 45.6 52.2 54.0 58.5 63.7 74.3 81.4 87.7 - 
/AT 4.36 4.4 4.5 4,5 4.5 4.5 4.7 4.8 4.7 . 
(ST' 4.40 4,38 4.46 4.39 4.48 4.52 4.65 4.72' 4.82 ... 

x = 0.363, To = 38.5°C, 4T = 2.53°C0  
x = Composition,as mass fraction of hexaminein o  

solution. To = Boiling point of water, C. 	0  
tyr,p,  = Difference in boiling points between solution and water in C 
as measured respective]y by thermometers and thermocouple. 

Errors, in x, + 0.001 ; in To, + 0.1°C; in AT, for To <45°C, + 0.07; 
for To ? 45°C, + 0.15°C; inoT1 , + 0.070C, 

TABLE SII - 6. EL LVATICN C7 BOILING POINTS FOR 4 UECUS HEXLMINE 
SOLUTICNS. 
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(i) Refractive Index  

Measurement of the refractive index of an aqueous hexamine 

solution is a very convenient method of evaluating its composition. 

An accuracy of •+ 0.001 mass fraction units can be readily achieved. 

Data at 25.0°C measured by the author are given in Table SII-7 

and Figs. SII-10 and SII-11. Both the refraction angle as determined 

directly from the Abbe refractometer and the computed refractive 

indices are given. daperimental details are given elsewhere L.101/. 

Published data L1:1, 100, 109-1117 are given in Table SII-7 and Fig 

SII-11. 

The refraction angle data may be correlated within + 1.0 minutes 

by the relation 

0 =80 +965x .1- 354r2  

where 9 represents the refraction angle of an aqueous solution of 

hexamine of mass fraction =. Alternatively the refractive index 

at 25.0°C relative to air, np, may be correlated within + 0.0002 

refractive index units by 

nn  = nn  + 0.169= + 0.048x2  

Figures SII-12 and SII-13 show the test of these correlations to 

the experimental data. In a similar manner the data of Fialkov and 

Bgerskaya 50192 at 200C may be correlc.ted by 

nn  = riD  + 0.171x + 0.048x2 
0 

(ii) Density  

Measurement of the density is another convenient means of 

determining the composition of an aqueous hexamine solution. 
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DATh 07 	: 	25.00 + 0.02°C. 

COITC3ITT_li.TION t 
x 

:0_1-02I0N i-dIC7.7,3 
3 -a 	(Einutes) 

:i:;?..:,cTITIFJ 	nix ,• 
n:, 

pure water (x = 0) 0.0 1.33250 
0.1021 104.0 1.3505 
0,1207 121.5 1.3535 
0,1322 133.9 1.3556 

0.1660 193.5 1,3658 
0.1933 199.7 1,3669 
0,1950 200.3 1.3670 

0,2356 246.7 1.3749 
002534 267,0 1.3784 
0.2535 267,8 1.3785 

0,2778 1 	294,0 1.383o 
0.3006 3309 1.3092 
0,5144 337,0 1.3902 

03297 355.3 13932 
0,3333 360,2 1.3941 
0.3868 L2.6.3 1,4052 

0,3331 427,6 1.4054 
0.3962 437„:2 1,4070 
0,4139 460.0 1.4103 

0.4473 502,.5 1.4178 
0,463E 52248 1.4212 

o,4658 * 526,4 1.421 
0,4661 * 

_____ 
526.7 

• 
1,4218 

• 	 
Concentration as mass fraction hexarAne in solution 
,-.+.:.^r' or + 0.0002. 
Composition by chemical analysis. 7,77ror + 0.0010 
Difference in refraction ar.Gle between solution and 
distilled water, Zrror 	differenee + 1.0 minutes 
Raiative to dry air at 25.0 aac: atmospheric pressurez 
computed from carts -rovided with .i.bbe refs actor 
3rror in refractive Index ±0.0002, 

- 7 
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Ni.SS F.:-,,CT:CN 
:-:,:..i_zr_;; 	ill 
5..L -,Y2.7.CIT 

. 
:.7:_l;F.Z..i.C.TIV.1 	INL 

n 	T ... 
RLDITC3 

0.0100 1.3342 ) 
0.0200 1.3359 ) 
0.0299 1.3376 ) 

0.0398 1.3393 ) 
0.0496 1.3409 ) Evrard 

) .5.007 
) 

0.0594 1,3426 ) 
0.0692 103443 ) 25°C. 
0.0789 1.3461 ) 
0.0886 1.3478 ) 
0.0932 133495 ) 

0,0444 1.3406 ) N 

0.0562 1.3424 ) Le Fevre es 
0,0710 1.3450 ) :Rayner 
0.0819 1.3469 ) /117 

) 25°C. 

0.0100 103347 ) 
0.0201 103365 ) 
C.0298 103331 ) 
0.0395 103398 ) 
0.0496 1.3416 ) 

) 
0.0690 1.3450 ) Fiaikov & 
0.0882 1,3484 ) Eagrskaya 
0.0975 1.3501 ) /1027 
0.1076 103519 ) 
0.1465 1.3591 20°C, 

) 
0.1933 1.3679 ) 
0.2391 1.3766 ) 
0.2845 1.3857 ) 
0.4014 1.4093 ) 

1 
Saturated. 1.4242 l'iosobach/Ill 7  

T Based on values for water Li:107, 
np25 = 1.33250, np20= 1.33299. 

TABU, SII 3. PUBLISHBD 23F_'.ACTIVB DIDICBS FOR 
AqUBOUS N.1.2:1.111I13 SCLUTIOUS. 
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Data at 25.0°C measured by the author and published data L113, ii!ky 
are given in Table SII-9 and Fig SII-14. Most of the experimental 

data may be correlated within + 0.0001 g/ml by 

+ 002135x + 0.066x2  

wherep3is the density at 25.0°C of an aqueous hexamine solution of 

hexamine mass fraction x. Figure SII-15 shows the test of this 

correlation to the experimental data. 

Densities at temperatures other than 25.0°C are given in Table 

SII-10 and Fig . SII-16 and SII-17. 

(iii' Viscosi.tx 

Viscosities of aqueous hexamine solutions at various temperatures 

are given in Table SII-11 and Fig. SII-18. Experimental details are 

given elsewhere gG17. Smoothed and interpolated viscosity values 

are given in Fig. SII-19. Viscosities of saturated hexamine solutions 

are five to ten times that of water. 

(iv) Surface Tension 

Surface tensions of aqueous hexamine solutions in contact with 

air at room temperature were measured b7 a capillary tube method L7017. 

r- — 
These values and the published data of Huang et. al. L113/ are given 

in Table SII-12 and Fig. SII-20. The variation of surface tension 

with composition is quite small, 

(v) Diffusion Coefficient 

Diffusion coefficients for hexamine in aqueous solution are 

given in Table SII-13. Values for dilute solutions at other temperatures 

may be predicted by the Stoke-Einstein relation. 
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i;5.0C3C -I- 0.02°C. 

I-- CCITC:111TTION 
:t 	t 

DI;;ILL1r2Y 
c;•,:...-a• 

".i-CD,.31,L :.:ca 
IIT ',.:_L;NS1TY 

Je.ter (x=e) 0.99707 fi - 

0.1021 1.01965 ) 
0.1068 1.03922 ) 
0.2535 1.05537 ) + 0,00005 
0.3863 1,08935 ) 
0.4661 1.11050 ) 

0.1322 1.0264 ) 
0.1938 1.0400 ) 
0.3086 1.0692 ) + 0.0001 
0.3962 1.0919 ) 
0.4473 1.1054 ) 

0.1202 1.02372 ) 
0.1950 1.04107 ) + 0.00005 
0.3144 1.07058 ) 

* 0.1721 1.0353 
* 0.2559 1.0557 

t concentration as mass fraction of hexamine in 
solution. Solutions 73repared by weight with 
recrystallized hexarAne and distilled water; 
corrected for included moisture. Zrror in 
concentration + 0.0002. 

CorLosition by chemical analysis. Lrror -I- 0.0010. 

Value from Perry .670.27 p0175* 

Data of Huang et. al. 5.1g 

TA:31,2, SIT - 9. D:KTSITY OF ;:-.12:1:i.l.:ETD SOLUTICITS AT 25.0°C. 
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0,1900 1.0422 ) 
0.2125 1,0482 ) Huang et.a . 
0.0603 1.0070 ) 
0.1455 1.0261 ) Z11.27 
0.0983 1.0115 ) 
0.1919 1.0324 ) 

0.0444 1.00825 ) 
0.0562 1.01081 ) Le Fevre Cc 
0.0710 1.01405 ) Rayner L117 
0,0819 1.01652 ) 

satd. 1.0985 Utz Z1047 

Data of author, 

TalaTU2,3 
C. 

DITSITY OF SOLUTION g/n11 
. 
= 0.1322 0.1938 	003036 0.3962 0,4473 

10.0 + 0,2 ' 	1.0297 1.0447 1.0744 1.0979 1,1126 
15.0 - 4- 0,2 1,0238 100436 100728 1.0960 1,1103 
20.0 + 0.1 1.0277 1,0423 1,0711 1.0940 1,1079 
30.0 + 0.1 1.0249 1.0391 1.0672 1,0897 1.1029 
35,0 + 0.1 1,0232 1.0372 1.0651 1,0874 1.100 
40.0 + 0.1 - 1,0352 1,0629 1,0849 1.0976 
43.0 + 0.1 - - if.0606 1.0825 1,0949 
52.5 _t 0,2 1  - - - 	

_ 
1.0760 1.0906 

t Composition of solution as mass fraction of he:mmine. 
Probable error in composition -i• 0.00050 

3rror in ;:encity + 0.0002 g./ml. 
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T31 :1? E:111,T'iLiES OTara 	25°C C, 



1.12. 10°C 

•I4- 

15 t 
20°C 
25°C 
30°C 
35 °C 
40°C 

45°C 

52.5 °C 

HO- 

1.0 

+ 	25.0 °C 
• Other temperatures 1.00 

353 

0.98' 
0•I 	0.2 	0.3 	0.4 	0.5 
	 • 

x , MASS FRACTION HEXAMINE IN SOLUTION 

FIG . 511-16 DENSITIES OF AQUEOUS HEXAMINE 
SOLUTIONS . 



, 

WITH. 
HEXAMINE 

i)t  : DENSITY 

TEMPERATURE 

1 
OF 

MASS 	FRACTION 
— x , 

t 

AQUEOUS 
OF 

AT 
. 

SOLUTION 

,, C, 
" O 

t, c, 
-, \c - 

• 

--- iiii 

2. 

25 °C 

30 

35- 0 

10 

° 

. 

—,.. 

°C` 

+ HUANG et al 

LE FEVRE 	and 

AUTHOR 

11131 

RAYNER [ ii X 

• 

0.004 

0.003 

0.002 

0.001 

th 

0 

`0•001 

c),) 

(Z.-0•002 

—0.003 

0 	0.I 	0 2 	0.3 	0 4 	0.5 
x , MASS FRACTION HEXAMINE IN SOLUTION . 

FIGS II-17. DENSITIES OF AQUEOUS HEXAMINE SOLUTIONS 
10 	tc.• 50 ° C . 



MASS FRACTION HEXAMINE IN SOLUTION t x = 0.134 

18.6 25.4 31.1 36,0 40.6  45,5 49.8 TEMPERATURe 	80231 

VISCOSITY cp* 	2.2 1.613 1,356 1.186 1.087 0,959 0.871 0,809 

S55 

MASS FRACTION HEXAMINE IN SOLUTION x = 0,236 

TEMPERATURE,°C 19.3 25.2 30.6 35.5 40.8 45.8 4906 59.8 
VISCOSITY cp. 2.36 1.993 1.719 1.522 1.366 1.223 1.120 0.925 

MASS FRACTION HEXAMINE IN SOLUTION x = 0,282 

802  18.6 25.4 31.1 	36.0 40.6  4505 49.8 TEMPERATUREI CICI 
VISCOSITY,cp 4.14 2.94 2.38 2.04 	1.795 1.606 1.436 1.306 

MASS FRACTION NEXAMINE IN SOLUTION x = 0.388 
- 

TEMFERA1URE1°C 
VISCOSITY,cp 

1 
895,67 0 
7.1115.219.325.230.6 

405 4005 3042 
35.5 
2.96 

40,8 
2.54 

45.8 
2.23 2.04 

49.659.8 
1,625 

MASS FRACTION HEXAMINE IN SOLUTION x = 0.460 

TEMPERATURE1°C 

9.3 

 15.4 	19.4 25.0 30.2 35.9 40.5 47.1 
VISCOSITY,cp 11.62 9,05 	7091 6.25 5.18 4.35 3.77 3.11 

SATURATED SOLUTION 

TEMPERATURE,°C 10.0 25.0 30.0 35,0 40.0 
VISCOSITY,cp 12,82 6.36 5.39 4.47 3.80 

t Error in composition + 0,001 

Error in temperature + 0.1 °C. 
Error in viscosity + 196. 

TABLE SII •. 11, 	VISCOSITIES OF AQUEOUS HEXAMINE SOLUTIONS. 
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Pure irater : International Critical Tablesglg 

TEEPERTUR3 °C. SURFACE TENSIMJ,j  
Y dynes/cm. 

13.0 
20.0 
25.0 
35.o 
45.0 

73.05 
72.75 
71.97 
70038 
68,74 

% ± 0.05. 

Huang et, al. ../.71g 

TED1P. t °C 0  
--7 x SULFhCE TENSION 

dynes/cm. 
72.19 
72.11 
71.22 
70.77 
70.07 
69.98 
68.4o 

1 	
67.97 

20.0 
20.0 
25.0 
25,0 
35.0 
35.0 
45.0 
45.0 

0.1900 
0.2125 
0.1721 
On2559 
0,0603 
0,1455 
0.0983 
0.1919 

TEUP, 4.1 °C. x SURFi.CE =S ION* 
d 	es cm. 

1800 0,131 72.2 
18.3 0.234 71,6 
18.1 00334 7007 
13.0 0.369 70.3 
13.4 o.46o 63.3 

	..... 

t Error ± 0.1 °C. 

X Composition of solution as =ass fraction hexamine. 
Authors data, error + 0.001. 

Error + 0.2 dynes/cm. 

S II - 12 : SUaFACL; TEUSIONS OF AUEOUS HEXA:EINE 
SOLUTIOUS. 
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FIG. S11-20. SURFACE TENSIONS OF AQUEOUS 
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66, 	 

35 °C 



Tom 
0. 

1,1 anti 
concn.* 

 4 :: 3.:.:6  1 
c='/ser., ..szefz:rencu 

21 0.04 6 .1.0.T.LI1g 

( 0.0025 3.99 ) 
( 0.005 9.34 ) 

13( 0.01  8,92 )Sullman 
( 0.04 7.97 ) /116/ 
( 0,.08 6.00 ) - 

.....•••••••maa 

060 

* as mass fraction of hox=nine in solution. 

TkJzL S 	- ?3, DITFUSICIT CCZETICIIDITTS FOR 
GUS :.-12;2:-11: IUD SCUT ICJITS 

.1.11.•••••••••••• 

sz = 0.211 	at 
_. 	 ------ 

x = 0.341 x = 0.456 

Temp. 0C Ff  CAAmp.`'0. 
--,- 

C Temp. C 
----- 

21.0 
26.8 
33.2 
37.3 
44.6 

I 

0,648 
0.856 
0.86e 
0.867 

.0.377 

1.2 
20,,7 
28.1 
33.5 
39.0 
45.4 0

 0
 0
 0
 0
 0
 

*  
•
  •

  •
  •

  
G I

•N
I 

0
 V
)  

C \
 

1 ,4  
0
1
 C
o
 0
 V
I  17.6 

20.3 
25.2 
26.3 
26.4 
30.6 
32.6 
33.1 

1 43.3 71.80.7e9 

0.693 
0.709 
0.713 
0.709 
0.702 
0.729 
3.730 
0.732 

0.73 	*1  

t hass fraction of hoxamine in solution; ;2,rror + 0.001 

0 Neon TomperaturelZrror + 0.10  C. 

4 Mean heat capacity as calfig.)(°C.Orror + 0.015 cal4W.CC4 
* 

Tit3LD S II - 14 : E34c,T 0.,,,YLC22ILS OF 	LL- A:1-.1.7.1T3 
suurpicrs. 

. n..-roi• 	0.03 cal/() o 
 ) I C./. 
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(vi) Conductivity  

Hexamine solutions have a very low electrical conductivity 

L2, 1027. Hexamine in aqueous solution behaves as a very weak base 

(about the strength of aniline) having a pH in the range 8 to 8.5. 

Values of the dissociation constant have been reported /405, 117-1227. 

In water hexamine hydrolyses to a very slight extent to give 

formaldehyde and ammonia. 

Conductivities of solutions of commercial hexamine in distilled 

water are shown in Fig. SII-21. These values cannot be considered to 

be in any way absolutely accurate, since the nature of the impurities 

in the hexamine greatly affects the measured conductivity. However 

the figure Lerves as an indication of the variation of conductivity 

with concentration and temperature. 

S11-3 THERMAL PROPERTIES OF AQUEOUS HEICAMINE SOLUTIONS 

(i) 	Heat Capacity 

Heat capacities of aqueous hexamine solutions were determined 

by means of an electrically heated calorimeter LIC.17. The data 

obtained are presented in Table SII-14 and Fig. 311-22. Values for 

r- — 
water are taken from Perry L102/, p225. 

The available heat capacity data may be correlated within 

+0.015 cal/OC)by the relation 

C = 1 - 0,77x + 0.004xt 

where C is the heat capacity at constant pressure in cal/(g)( "C) 
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of an aqueous hexamine solution of mass fraction hexamine x, at a 

temperature t
oC. The test of this correlation to the experimental data 

is shown in Fig. SII-23. 

(ii) Heat of Solution 

Hexamine dissolves readily in water with an appreciable evolution 

of heat. The adiabatic temperature rise on mixing erystalline hexamine 

and distilled water, both at 25.0°C was determined in a calorimeter 

/1701.7. The experimental values are given in Table SII-15 and Fig. SII-24. 

Using the heat capacity data given above integral heats of solution at 

25.0°C were computed (Table SII-15 and Ag. SII-25). Published values for 

of 
the heat/solution at infinite dilution L69, 99/ are also given. 

(iii) Enthalemposition Chart 

Using the phase and thermal data given ab:me the enthalpy-

composition chart for the hexamine-water system (Fig. SII-26) was 

prepared. The chart is for engineering use and is given in engineering 

units. enthalpies are relative to a datum of zero enthalpy for liquid 

water at 32°F (the steam table datuL), and an enthalpy of 100 Btu/lb. 

chosen for solid hexamine at 77°F. The enthalpies of water were taken 

from steam tables. 

The liquid region of the chart is shown to larger scale in Fig SII-27 

and numerical values are given in Table SII-16. The data given is 

probably accurate to + 2 Btu/lb. 



C 	= 1.00 — (0.77 — 0.004 t) x 

C = Heat capacity of solution , • cal./ g.°C 
x = Mass fraction hexamine in solution. 
t = Temperature ,  

X x. 0.436 
0.341 

0.02- 	 is x.0.211 

oU 0.01- 

a 
0- 

T5 	 O 	A 
U 

0 	 2b 	 40 	 60 	 80 

t „ TEMPERATURE , 

FIG.SII-23 . TEST OF CORRELATION FOR HEAT CAPACITIES OF AQUEOUS HEXAMINE 
SOLUTIONS, 

ter 
a 40 

X 
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Composition of 
final solution. 1 

Adiabatic Temperature 
P.ise on Solution in 
Uator at 25°C9  /2.  

Integral Heat of 
Solution at 25.0cC 
6,1ish.cal/g. 

mole Hx. 

infinite dilution - - 4,8 * 
it — — 4.9 t 

0.097 3.43 + 0.15 _ 4.6 + 0.3 

0.151 4.6 	+ 0,5 — 405 + 0.5 

0.221 3,25 + 0.15 —4.41+ 0.15 

0.226 8.34 + 0.15 -.4.38+ 0.15 

0,285 10030 + 0,15 —4,12j- 0.08 

0,321 11,2 	± 0.5 -3085 + 0.2 

0.415 15.2 	+ 005 -300 + 0.15 

0.436 13.76 ;I:  0,15 -3.19 + 0.07 

As mass fraction hexamine in solution, Error + 0,001 

Value from I.C.T./1157 p.150; data of Del'e'pine 1.79:g 

t Value fro= Harvey ez Baekeland 

TABLE SII - 15. HEAT OF SOLUTION OF I-ELXJ.1.111121 IN 
WATLR AT 25.0°C. 
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Dtue.L0. 	UNTHA-..L.-2Y 
x=1.0 	x=0 x=0.52Z cF:1==0.0 x=0.1 lx=0.2 x=0.3 x=0.4 Si-ill. x=0.5 

2001168.0 f 160,,7 1154,4 149.3 146.2 144.6 144.1*  136.3 

1701 137,9 132.1 127.0 12302 121.5 120.6 120.5*126.6 

160 127.9 122.5 113.0 114.5 113.4 112.9 112,3* i.1236 
150 117.9 115.0 109.0 106.1 105.4 105,3 105.5* 120.5 
140 107.9 105.5 100.1 97.6 97.4 97.7 97.9*  117.5 

130 97.9 94,1 91.1  89.2 89,6 90.2 90.6*  114,6 

120 1  07.9 34.6 82.3 	I 00.9 31,9 82.7 83,04.1.111.7 

110 77.9 75.2 73.4 72.3 74.1 75.3 7§..o.4* 103.9 
loo 60.0 65.3 64.7 64.5 66,5 63.1 6.3*  106.1 , 
go 53.0 56.4 55.9 56.4 59.1 61.0 62.5*  103.4 

3o 43.0 47.1 47.2 43.4 51.3 54,7 55.6*  100.8 

77 45,0 44,3 44.6 46.0 49.5 52.6  53.3 100.04  . - • 

7o 33.0 37.7 30.6 40.4 44.5 47.9 49.2*  98.2 . 
6o 20.1 28,5 29,9 32,5 37.1 41.0 42.7*  95.7 
56.3 38.1 94.8 1.0 

-1.2t 50 13,1 19.2 21.4 24.7 30.1 32.0 36.3 93.2 
_4.7t 

40 0.1 9.9 12.9 16.9 23,0 20.9 29.9 90.8 

32 0.0/ 2.5 6.1 10.6 17.4*  14.o 25.0*  33.9 -143.4 -7,5t 

150 
20 

_ 2.0 0.7 4.4 
-4.0*  

9.2 
1.6 

16.1* 
9,2* 

12.1 
2.5 

23.3*  
17.8* 

38.4 
86.1 

-144.4' 
-149.3 

-8,2i- 
-11.71 

13.6 
1 

- . 
- 

1". 

-4.o 34.7 
83.9 -154.2 

-15,2f 

o 31.7 -158.9 -10.7f . 

Mass fraction of hemamine. 	* Hypothetical values. 	Datu values. 
Based on assumed hydrate heat capacity = 0.35 Btap.b.fF,) 
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SIII, PROPZRTIES OF NINTURZS OF H2XAMIN.L 	COMPOWNTS 

Introduction  

This section will be concerned only wita solutions of hexamine 

in other materials of common use. Reference has already been made 

(Section SI-8) to the large number of compounds formed by hexamine, 

and details of these substances may be found in the reference quoted. 

sza-1 SINGL,i; COMPONLNT 

(i) Solubility  in pure solvents 

Reported solubilities in various solvents at room temperature 

are given in Table SIII-1. The solubilities in absolute methanol, 

absolute ethanol, and commercial chIcroform at various temperatures 

are shown in Table SIII-2 anti 	SII:-1. 

(ii) Refractive Indices of Solutions 

The refractive indices of non-aqueous solutions at 25.0°C are given 

in Table SIII-3 and Fig STII-2. The curve shown fcr water on Fig. SIII-2 

has been plotted from the correlation given in Section SII-2i. 

(iii) Densities of Hexamine-Chloroform Solutions 

These data of Le Fevre aid Rayner Lid] are given in Table SIII-4. 

SIII-2SLVLRhLOOMPON.;NATS  

(i) 	Solubility in aqueous mixtures  

The solubility of hexamine at several temperatures in aqueous 

* '7 
methanol and aqueous ethanol solutions was determined LP1/. The 

data are given in Table SIII-5 and Fig. SIII-3. The plot of the data 
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Data of Utz. /5047 

Solvent 
Solubility, 	g.H.1r. 

--__ 
per 100 ml .colvent 

aoom temp. Hot colvent 

Chloroform 13.40 I 14.04 
Methanol 7.25 11.93 
Ethanol 2.09 - 
Iso-ayl alcohol' 1.04 - 
Carbon tetrachloride 0.05 - 

Acetone 0.65 - 
Tetrachlorethane 0.50 - 
Benzene 0.23 - 
Carbon disulphid 0.17 - 
Xylene 0.14 - 

TrLchlorethylene 0.11 - 
Ether 0.06 0.38 
Petrol ether 0.0 0.0 

L -_ 	--- 

Solvent 
_ 

Ter.7.- 	0C, 
- 

Solubility deference 

liq.ammonia 
ethanol 
chloroform 
glycerol 
ethylene glycol 

400 
I. 	40 

- 
12 
12 
20 
20 

( 
I 	60 

0.016 
000312 
0.0743 
0.20 
0.01 

0.02 

Carter /1217 
)DelOpine /1§..9'7 
)Seidell /12g 
Holm /122/ 

)Jahl,gren 
) /1227 
) - 

* aa maze fraction of hexamine. 

TABLE S111 - 1 SOLUBILITY OF ELX-5iIIT 3II vkaious 
soLWATTS. 
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Terz:Jerature 
t, 	°C• 

Solubility, 	as mass fraction hexamine in 
Solution 

in methanol in ethanol in chloroform 

15.5 o.o351 	i 0.0279 - 

25.0 0.0953 0.0340 0.0907 

39,5 0.114::8 0.0487 0„o93.2 

55.5 041363 0.0661 0.0937 

70.0 - 0.0364 - 

1- 
	Brror + 0.10C 

:terror + 0.0010 

Commercial Chloroform: 99% CZel3,1% 3thanol, 

SIII - 2, SOLUBILITY CF 	 FIZTHAITCL ,3THAITOL 
AID CHLORGF02.14. 

••••••••••1••••• 
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FIG. S III -1. 	SOLUBILITY OF HE XAMINE IN ORGANIC 
SOLVENTS. 
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S^tWIIT 
1,:.4.23 	1.a.t.cTicu 
:-:_:',-IILIF, 	IN 

SOLUI2ICH 
15_25' 

,J  

* 

ET:11,-NOL 
0.0 
0.0093 
0.022/1. 
0.0340 / 

1.3596 
1.3607 
1.3620 
1.3630 

t 

P=IY,LIOL 

0,0 
0,0196 
000287 
0,0376 
0.0577 
0.0315 
0,0060 
0.0958 

• 

4- 

1.3268 
1.3290 
1.5516 
1.5524 
13355 
103403 
1.3405 
1.3421 

- 

t 

CHLGaCFORM 

000 
0n0095 
0,0172 
0.0256 
c€0398 
o.o688 1,4531
0.0907 	.4558 

1,427 

1_04442 
1.4454 
1,4468 
1.4489 

t 

CHLCa0F= 
- Le ,Ievre 	(2t 

aayner ral7 

o,o 
0,0..2o 
0.0223 

0.0434 
0.0250 1v44:757 

1.44310 
1.44532 
1.44723 

3„45012 1 
Uith respect to clry air at 25,00C; error 	0.0002 

t Data for pure solvents fro= Teissberger /1127 

Saturated solution at 25,0°C, 

C0==ercial : 99% CHC13  1% Ethanol, 

Ti-ELE Sill - 3. 113/7..-..C.:TIVE IITDICES OF 	SCLUTIOITS. 
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(f) 
0.005 	 

rx 

I Saturated at 25 °C 
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FIG S 	INCREASE I N REFRACTIVE INDEX AT 25.0°C 
WITH HEXAMINE CONCENTRATION 
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------------- 
Solvent Temp, °C. Selubliity 	I 

Hass Fractiod 
flex. 

41.e.Lerence 

••••=minvmeMO 	 maws 

90% achetha_lol 
90% aq.ethanol 
06e5% acl.glycoroi 

9805% aci.glycero 

15-20°C. 
room 
20°C. 

20°C, 

0,133 

00558 
0.209 	) 

0173 ) 

Saujre &..Caines 
/1247 

Utz 250717 - 

Holm /1227 

•••••••••••••••11 

Author 

SOLVENT * 
Solubilitytas mass fraction of he;:amine 
A15.5°C 2500uC 39050C 55.5°C 0.0°C 

0.730 Me01-1:00270 H2O 0.246 0.255 0.279 0.314 - 

0.493 Me0H:0•507 H20 0.343 0.340 0.357 0.369 0.386 

0.249 Mo0H:0.751 1320 0.410 0.413 0.415 0.419 0.425 

0,702 Et01:0.298 1320 0,237 0.250 0c200 0,319 

0.479 Et0H:0.521 H2O 0.339 0.344 00353 00362 .- 

0.248 30H:0.752 1120 0,412 .. 0.414 0.416 0.423 
••••,.....mtb 

Compositions as mass fractions. Error in composition 
for 15.59  25.0 and 39.5°C, +  00002. Error in solvent 
composition at higher teml3eratures unknown through 
possible differential evaporation of solvents. 

t Error in malysis + 0.002. 
Error in temperature + 0.1°C. 

— 5 SOLUBILITY OF HEXiliiN3 	AC4UE OUS 
SOLVENT =TURES. 
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FIG.5 III- 3 . SOLUBILITY OF HEXAMINE IN AQUEOUS 
METHANOL AND AQUEOUS ETHANOL . 
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on triangular diagrams (Fig . SIII-4 and SIII-5) show that supersaturated 

hexamine solutions cannot be prepared by mixinz ethanol or methanol 

solutions with aqueous solutions. The data of Holm L122/ for glycerol 

are given in Table SIII-5 and shown on Fig. SIII-6. 

kdding gaseous ammonia to aqueous solutions will cause a high degree 

of supersaturation. This effect is used in the commercial manufacture 

of hexamine L.105/. The data of Carter L121/ and of the author are 

given in Table SIII-6 and Fig. SIII-6. Temperature has no great effect 

on the solubility curve. The amount of hexamine 'salted out' by adding 

gaseous ammonia has been computed from the above data and is presented 

in Fig . SIII-7 and SIII-8. 

(ii) Solubility in Non-aqueous ?Mixtures  

Utz L1011./ states that hexamine can be precipitated out of chloroform 

solution by adding ether. This was confirmed by the author but quantative 

measurements were not made. Petrol ether will behave similarly on 

chloroform solutions. 

(iii) Solubility in non-miscible  solvents 

Collander L12§/ has measured the distribution coefficient of hexamina 

between ether and water and butanol and water at 13°C. For a he7amine 

concentration in the aqueous phase of 0.252 g.moles/l. the coefficient 

(hexamine concentration in organic to that in the aqueous phase) was 

found to. be 0.067 for butamol-water and 0.00026 for ether-water. 



0.75 	 0.75 COMPOSITION S 
B y 	Weight . 

SOLUBILITY CURVE 
AT 25.0°C DRAWN 

TEMPERATURE 
• • I5.5°C 

+ 	25 .0°C 
x 39.5 °C 
A 55 • 5 °C 
❑  70.0°C 

0.5 
0 

WATER 
0 

METHANOL 0-25 0.75 

0.5 	 0.5 

0.25 	 0.25 

FIG . SIII-4 . 	SOLUBILITY OF HEXAMI NE IN AQUEOUS METHANOL . 



COM POSIT IONS 
BY WEIGHT . 

SOLUBILITY CURVE 
AT 25.0°C DRAWN 

0 SQUIRE and CAINES [ 124 ] 
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AUTHOR 
I5.5 °C 

+ 25.0 °C 
39- 5 °C 
55.5 °C 
70.0 "C 

0.5• 	 0.50 

025 	 0-25 

WATE R 	 025 	 0.5 
	

0;75 
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FIG • 5 III- 5 	SOLUBILITY OF HEXAMINE I N AQUEOUS ETHANOL 



AMMONIA  . 
x 	WALKER [ 2 ]. Room temp. 
• AUTHOR 25.0 °C 
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'............... 

...----AQUEOUS • 
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FIG . S III- 6 . SOLUBILITY OF HEXAMINE IN AQUEOUS AMMONIA AND AQUEOUS GLYCEROL . 
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Carter 2720 (Walker IP). Room Temperature. 

Ammonia Content Hexaciine Content 

as g/100 cc 
soln 

as mass 
fraction 4 

as g/100 cc 
soln 

as mass 
fraction g_ 

18,4 

35.7 

0.19 
0.40 

22.2 

6.4 

0.23 

0.07 

Computed on assumed densities. 

Author : 	25.0°C. 

Mass fraction 
ammonia in soln. 

Mass fraction 
hexamine in soln. 

Macs fraction 
Water.(by cliff.) 

0.0 o,466 0.534 
0.055 0.396 0.549 
0.087 0.356 0.557 
0.140 0.293 0.567 
0.192 0.230 0.578 

0.198 0.229 0.573 

Author : 40.0°C. 

Mass fraction 
ammonia in soln. 

Masa fraction 
hexamine in so1n. 

Macs fraction 
Water (by diff.) 

0.0 00462 0.538 

0.048 .0.402 0.550 

0.081 0.359 0.560 

0.134 0.298 0.568 

0.101 0.242 0.577 

TABLE SIII - 6. SOLUBILITY OF NEXAMIBE IN AQUEOUS 
AMMONIA SOLUTIONS. 
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SIV. OTHSR 	CCHOLRNIFG HZXAMIME  

(i) Manufacture  

Hexamine is usual3y prepared industrially by the exothermic 

reaction between ammonia and formaldehyde. 

6HeH0 + 4NH3 	Cei12
N4  + 6H20 

The hexamine is recovered from the resulting solution by evaporation 

and crystallization. Further details of this process are given in the 

literature L2, 3, 56, 96, 102, 127-1227. ether methods of manufacture 

are possible and many patents on hexamine manufacture are on file. 

(ii) Nineties of Formation of Hexamine 

The mechanics of the formation of hexamina have been studied 

L2, 130-13g, 

(iii) Materials of Construction 

Aluminium has found considerable use as a material of construction 

for hexamine solutions. Dress and other copper containing alloys 

cannot be used. 

(iv) Analysis for Hexamine  

The usual method of analysis for hexamine when the sample is 

reasonably pure involves the consumption of acid in the hydrolytic 

decomposition of hexamine. Details of this and other methods are given 

in Walker L  2/. 
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