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SUMMALRY

Consideration has been given to the nechanisns by which very regular
patterns of inclusions of nother liguor forn in certoin crystalline solids,
Experinental tests were carried out using hexsnine (hexanethylene tetramine),
anmoniun chloride, and sodiun chloride,

Two quite distinctive types of pittern werc 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 hexanine crystals,patterns
of twelve were observed; for the cubic crystels of the other materials, patterns
of gix. It has bcen shown that the formation of +his type of pattern is a
growth rate phenonenon, Above a certain growth rate a forn of crystal growth,
apparently internediate between plane-wise and dendritic growth,is observed.

In this forn, the crystals grow with cavities in their faces. These nay
eventually seal over to form the inclusions, HNHeasurenents of the growth rate
involved in this transformntion have bee mnde, 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 some prior stage of growth. It hos been
shown that these inclusions are forned primarily through growth on rounded or
irregular seed crystals,

Attenpts were rade to renove the included uother liquor by drying., These
were generally unsuccessful., Consideration was also given to the role played
by included solvent in the caldng of crystals on storage.

L compilation of the properties of hexanine and its solutions is given,
P ¥
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I. INTRODUCTION

Often small pockets of mother ligquor (or other mterials) con be
trapped within a crystal when it is grown from a solution (or a nelt).
These inclusions (as they are termed) of foreign material occur commonly
in nony crystals of industrianl importonce, They are usually undesirable
since they represent a source of impurity in the material. Also,
their presence moy be a cause of crystal caking, if the inclusion
contains a solvent which can escape and evaporate from the surfoce,

There arc many means by vhich inclusions may be formed and many
different oppearances 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 regulor patterns
of inclusions, since it is thought that the regularity of behaviour
should be of considerable zid in understonding the mechonism of their
formation, Several common materials show such regular patterns of
inclusions. The matericl selected foar especial study in this project
is hexamine (hexamethylene tetramine) which crystallises as rhombic
dodecahedra. These nay contain regular patterns of twelve inclusions,
The mechonics 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 materiol from crystols already formed, for excmple, by drying.
The role played by included solvent in the ceking 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 o widely used and important means
of purifying ond recovering solid products from impure mixtures,

A large number of texts have been devoted to this subject and severesl
are given as references ZEH§7.

The change in purity resulting from a single crystallization
can be quite remarkable, Crystols of high purity can be grown from
very impure solutions. This stens from the basic mechanics of crystal
growth, As a crystal grows,nolecules of the product transfer from the
impure mixture to occupy more-or-less rigid positions in a crystaol
lottice, This lattice is extremely selective as to the molecular species
which can be built into it. In nost cases only the product molecules
can be accepted, and o high degree of purification is achieved,

The impurities associated with most crystelline 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 orystel itself,

2.2 CLASSITICATION 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
cerystol might be used as a basis for a classification, such as that
shown in Table 2-1,

The first group includes impurities vwhich are incorporated directly
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IMPURITIES IN CRYSTALS

I, Those caused by lattice mechanisns; the accomnodation of

single atons, ions, or molecules in the lattice.

A. Replacenent in Lattice. 'Mixed crystals® e.g. alums,

alloys.,.

B, Accomnodation in Interstices., 'Interstitial conpounds!'

e.g. C in steel.

ITX., Those caused by surface entrapping nechonisms; the

containment of discrete amounts of impurity.

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

B, Inclusions.
submicroscopic, e.g. dyes in crystals, millyy quartsz,

nicroscopic.

TABLE 2-1 CLASSIFICATION OF INPURITIES 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 os the alums, Other examples are given

by Buckley / 1/ pp. 588-96., Altermatively, if the impurity molecule

is considerably smaller than the product molecule, it can be incorporats

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

to the 'interstitial compounds' such as carbon in iron(Buckley / 1/ p.396).

With these moterials the impurity is incorporated unit by unit
in the structure, and is dispersed on a molecular level, With the
second group,the impurity is contained as discrete multimolecular
conglomnerates, These are usually caused by surface effects or growth
irregularitics 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 / 1/ pp. 402-14.

The discrete amounts of impurity are termed 'inclusions's  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 1717 Ppe 4i5-33), 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 naoked eye. An inclusion may contain
one or several phases - gas, liquids, and solids. Examples are given
by Buckley / 1/ pp. 435-47,

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

Table 2,1) and only those large enough to be seen under the microscope.
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As this project is concerned only with crystallizetion from
relatively pure solvents, the inclusion when formed will contain only
o single liquid phase. However, becamse of the contraction of the

liquid on cooling a small vapour space may sonetimes 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 showa in Table 2-1. In what follows, only the term *inclusion'
will be used, with the neaning ascribed to it above.

The tern 'impurity' as used above was taken to mean naterial other
than that considered to be +the product. Impurity in this sense may not
be impurity in the usual chenical sense of being undesirable or
objectionable, For example, in the case o: o mixed crystal such as an
alun, the impurity is one of the constituents of the crystal ond could
equally have been considered as the product material, A crystal with
water of crystallization is another example., (Refer olso Buckley Zri7
p. 339). |

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 ligquor, yet be labelled "puriss.", since

the mother liquor contains only product and water,

2.4 REASONS WHY INCLUSIONS TN CRYSTALS ARE UNDESIRABLE

The presence of inclusions in crystoals may be undesirable for the

following reasons.
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i. The inclusion causes imperfections and non-homogeneity
within the crystal., This is especially serious if the oppearance
of the crystal is important, or if the crystal is to be used for its
optical, electricol, 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

germenium semi-conductor crystals has been considered by Hurle and

associates [5 ’ 27.

2. The contents of the inclusion contain impurity. The
inclusion M1y contain materials other than the product.  These
materials may be undesirable with respect to the chemical purity
of the materinl, For example, Powers / 8/ has shown that the
coloured natter content of sugar crystals is due almost solely to

the included mother liquor.

8, The subsequent behaviour of the included material nay be
undesirable. For exomple, the differential expansion behaviour
of included material and crystal may stress or crack the crystal,
1r the eschpo of solvent fronm the inclusion may cause caking of stored

crystalsg.

2.5 APEEARLUICEOF INCLUSIONS IN CLYSTALS

he appesrancce of inclusions in crystals varies considerably, as
11lustratcd by Fig. 2.1. This diogram is based on the description of
various cryftalsgiven by Buckley [ 2._7 pp. 415-444, and on the

classification ofinclusions in sugar crystals given by Powers @-197.
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FJORD ORIENTATED
VEIL

RANDOM

FIG.2-1.

SOME OF THE PATTERNS OF [INCLUSIONS
FOUND IN CRYSTALS.
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The tendency is to classify inclusions in terms of the degree of
regularity and orientation shown by the inclusion patterns, Thus the
thourglass' appearance of Fig. 2-1, where included naterial (usually
dye) occurs regularly with respect to certain faces of the crystal,
is considered more regular than the 'random' arrangements where no
oxder prevails,

With 'hourglass' patterns, the included materials tend to lie
in the solid volumes swept out by the growth of particular faces.

With '"blork! patterns the included material tends to lie on what
corresponded to the faces of the crystel at some previous stage of
growth - often the seed crystal itself, The inclusions in 'fjord'
patterns 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 apporent the arrangement
is termed randon,

This project is mainly concerned with patterns of inclusions which
exhibit o regularity of eppearance more pronounced than any shovm in
Fig 2-1, Description of these patterns will be delayed until section

2¢7,

2.6 MECHANISMS OF INCLUSION FORMATTION

There are several mechanisms by which ineclusions might be formed,

These are surmarised 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. TN GROWING CRYSTALS

(i) Adsorption processes on the surface.
(ii) Initial surface irregularities.

(1ii) Growth of irregularities, e.g. edge or
dendritic growth

B. IN FORMED CRYSTALS

(1) Resealing of cracks and fracturoe.
(11) Local dissolution and resealing,

C., IN MELTS AND MAGMAS

(1) Solidification (Inclusion Thermonetry).

TABLE 2~% MECHANISMS OF INCLUSION FORMATION

irregulerity in the growth of a crystal face. This irregularity may
be caused -

(1) by adsorbed impurity;

(11i) 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 reglon 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 / 1/). 'Hourglass' inclusions (Fig, 2-1) are probably
commected with a continual form of some such surface adsorption on

certain faces,
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The surface irregularity may be gimply the inditial 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
nay 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 appeararce and esre termed dendrites. If a crystal grows
dendritically, and then £ills in, inclusions may be formed trapped
between the original arms of the dendrites, This process of formation
is described by Buckley'ZTi7 Paé33. Certain 'orientated' patterns
of inclusions may be formed in this way,
The gallium rich inclusions in germanium crystals described by

Hurle and asaociates'zg,.z7 are formed by preferential growth at

the edges of individual 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 soms means, This may occur by locel 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



surface evaporation or further crystal growth, leaving inclusions. In
these cases, unlike the mechonisms 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,

2,645, Inclusion Formation in Melts and Magnas

Melts and magmas crystellize by solidification., Impurities present
in the molten material are trapped in the solidified mass. They may be
within the ground nass of the £0lid or within individual crystals in
the mass depending on the relative speed with which the impurities cen
be noved away from the advancing crystal front.

The presence of inclusions within naturally 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 /117, and an excellently illustrated article on the subject
recently appeared in’Scientific Amer:can’/12/,

In 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
nicroscope. The temperature at which the vapour space just disappears

is noted, After a correotion for pressure is applied, the resulting




3%
~
)

tenperature is taken to be the solidification temperature of the
rock., There are several uncertainties associanted with the procedure
1517,'but the method has been demonstrated to be basically correct

by tests on synthetic quartz crystals Zi27.

2.7 CRYSTALS WITH REGULAR INCLUSION PATTERNS

This projéct 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 Zi§7, and it was assumed that such
patterns in crystals were a very isolated ocourrence, However, it now
seems that they are more abundant than was at first realised,

Deﬁbigh‘1i£7 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 aleo been cbgerved by Bunn
and is described in a forthcﬁming book ZE£7. Bunn also described a
regular pattern of six inclusions In cubic crystals of ammonium
chloride - one inclusion corresponding to each face of the crysial. A
similar pattern of six has been cbserved in cubes of sodium chloride by
Birchall /15/. These crystals will be descrited in greater detail in
chapters 3 and 4,

Ayerst Zié? has reporited the appesrance of regular inclusion
patterns in large crystals of amnonium perchlorate formed by rapid
growth. These inclusions appear to be similar in sone respects to
those observed in hexanine, ammonium chloride and sodium chloride,

although a detailed analysis of their arrangenent and formation has not



yet been made,

Pairg of inclusions appearing in barium chromate crystals have
been described by Adamski Ziﬁ, 1§7 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 vegular patterns of inclusions would seem to be forned
while the crystals are growingy in which case one of the mechanisms

of growth described under section 2.6.1. would be applicahle,

¥ 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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3, DESCRIPTION OF INCLUSIONS IN HEXAMINE CRYSTALS

3.1 INTRODUCTION

Lt the time this project was begun the only materials known to
give regular patterns of inclusions were cyclonite (R.D.X.) and
hexanine, as described by Denbigh /13/. Of these, hexanine, 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

iniustrial chemical used as an intermediate in the manufacture of

fornmsldehyde plastics and of the explosive cyclonite (RDX). It is
nanufactured by the reaction between ammoni: and formaldehyde in aqueous
solution. The product is recovered by crystallization,

The main source of datn on hexamine is a book by Walker Zig7. In
many respects the data there was too limited for use, s¢ a separate
conpilation of the properties of hexamine and its solutions was made,
and is glven as a Surplement to thrs thesis. Scne properties were
not available and had to be neasured. The methods used to measure these
properties are given in Appendix VI, The results are incorporated
directly into the Supplenent,

5,5 CRYSTAL FORM

Hexamine belongs to the cubic systen of crystal symmetry and
crystallizea in the forn of a rhombic dodecahedron, a solid fipure with
twelve identical {Oilj faces, The crystals grow readily from most
solutions. Hexanmine is highly soluble in water; 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,

3,4 OBSERVATIONAL TECHNIQUE

3,4.,1. Equipment

The inclusion patterns could be seen at a suitable magnification
with a low powered laboratory microacope (X410 objective, X6 eyepiece). &
35 nn, single lens reflex camera was fitted to the microscope so that

photonmicrographs could be made, The crystals to be observed were
nounted on . recessed glass slide on the microscope stage. Further
details regarding this equipment are given in Appendix I.

Because of the opagueness and roughness of the crystal surfaces and
because or the dirferences in refractive indices between the crystals and
air, the internal st.ucturc could not be seen directly. Sectioning of
the crystals (as is done with geological and biological specimens) was
consifered undesirable as it wuld cut through the patierns and inclusions.
It was decided, tnerefore, to immerse the crystals in a fluid with the
sane refractive index as the crystal, in which case the surfaces of the
crystal would becone invisible and the internal inclusicns (of different

refractive index) would become plainly visible,

5.4.2., Selection of an Immersion Fluid

A suitable immersion fluid would

(1) have the same refractive index as thc crystal;

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

(iii) be non-vircous, so air bubbles would rise and crystals sink
quickly.,

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

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

The refractive indices and densities of several fluids tested far
hexamine crystals are shown in Toble 3-1, Glycerol was first tried,
but it had too low a refractive index, was too viECous, and rapidly
dissolved the crystals. A mixture of clove oil and oG bromo - nophthelene
had the ocryvect refractive index but the clove oil reacted chemically
with the hexsaine. o -bromo-naphthalene and «{~bromo-benzene were too
dense and A3d cot wet the crystals very well, Aniline proved to be quite
satisfactory, although it tended to dissolve the crystals after some
tine, and also slowly to evaporate away. The observed appearance of
hexanine cyrstals in the various flulds is shown in Appendix I,

Where the internal inclusion structure of hexanine was of interest,
aniline was used exclusively as the immersion fluid., Where the surface

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

3.5 APPEARANCE OF INCLUSIONS IN HEXAMINE

Many crystals of hexamine werc grown. Details concerning the
nethod of growth will be considered in later chapters. Sone crystals
showed nunerovs inclusions, others showed none., In sone cases the
inclusions were in quite randon arrangement (Fig 5-1) with no semblance
of order, However, in nost crystals ri:gular patterns of inclusions
were seen. Two distinct patterns were observed, which have been terned

'FACE! and 'EDGE! patterns,

3.6 'FACE' PATTERN COF INCLUSIONS

The face pattern is a very regular arrangenent of twelve inclusions



Material Ny ageg /7 5000
Iexamine 1,589 1,334
a |¥- bromo-naphthalend 1,658 1.L0
b clove oil 1,50 < 1,33
c mixture of a & b 1.5¢0 < 1.33
a slycerol 1,473 1,26
e bromno-benzene 1.560 1.Lk9
£ anilinc 1,586 1.02
c paraffin(zerosene)} 1.42 0.75

Jata on h_c,xc.:::inc fromn Supplement; othcecr data from
Lange /2907

roisey

TABLE % - 1 . PROPERTIZS OF IIi3.SION FLUIDS FOL HIXiIINE,
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as shown in Figs. 3-2, 3-3 and 3-4., Fig 5-2 has been published in
'Noture' /21/.

In spatial arrangenent 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 crystol grew
regularly the inclusions would liec at the centres of the faces of the
crystal at sone previous stage of growth,

That the inclusions have a dodecchedral pattern nmay be seen by
conparing the photogrophs in Figs, 5-2, 5~3 and 3-%4 with a rhombic
dodecahedron constructed of 'Perspex' with narbles at the centre of
each face. The different patterns, - seven nembered, sguare, and
hexagonal, shown in Fig 3-4 result nerely from the different points of
view taken of the ihree dimensional arrangenent., All can be reproduced
in the nodel,

The equivalence between the irclusion pattern and the face
centres of a dodecahedron can also be demonstrated by measurenents made
under the microscope, ore series of which is shown in Fig 3-56. The
neasurenents in plan were nade with a graduated eyepiece, those in
elevation with the micrometer adjustment racking the field of view up
and down, Within the accuracy of measurenent, the mttern is dodecshedral,.

Perhaps the nost striking way of demonstrating the regular three
dimensional nature of the m ttern is to mount the crystal on a spike in
an inaersion fluid and rotate it. A movie film has been nade of this,
ond several frames from it are shown in Fig 3-6,

This type of inclusion arrangement has becn termed a 'face'! pattern

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

3.7 'EDGE' PATTERN OF INCLUSICNS

In this case (Fig. 5-7) the inclusions lie along a regular pattern
of lines corresponding to the edges of a rhombic dodecshedron, i.e., to
the edges of the crystol at some prior stage of growth.
This moy be confirned by comparing the inclusion patterns in
Figs. 5-7 and 3-8 with the edges of the crystals, In Fig 5-8, the
same crystal is shown at thﬁe 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. 5-9),

3,8 SEAPE AND SIZE OF INCLUSIONS

Most of the inclusions have the appearunce of negative crystals,
that is, they show internal faces corresponding to the external faces
of the crystel, These dodecahedral faces can be seen clearly in
Figs, 5-2 and 3-3, and to some extent in the other photographs., Ain

enlargement of one inclusion is shown in Fig 3-10,

The inclusions range in size ~rom the barely microscopic. (n 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‘/L» .

The fraction of the total volume of the crystal that is an
inclusion can range up to several percent, for some of the crystals

shovn in Fig, 3-4,

3.9 CONCLUSICON
Hexamine crystals con exhibit two distinctly different regulaxr

patterns of mother liquor inclusions, In one, the 'face! pattern,















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.
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4, DESCRIPTION OF INCLUSIONS IN OTHER CRYSTALS

4.1 TNTRODUJTION

As mentioned in Ssction 2,7, regular inclusion patterna have
been ol served in other crystals, in particular, in crystals of
amnoniun chloride and sodiunm chloride., These exanples will now be
examined in grenter 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 symnetry, and under suitable

conditions can be crystallized as cubes,

4,2 SELECTION OF IMMERSION FLUIDS

Fron a knowledge of the refractive indices and densities of
anmoniun chloride aud sodium chloride (Table 4-1) immersion liguids
were chosen. For ammonium chloride, (. bromo-naphthalene was used.
This material islmialreiblowith ageous solution so it was necessary
to dry the batcaes of crystals quite thoroughly before observation.
Phenol (with a small nddition of water to keep it liquid at
room temperatures) was used for sodiun chloride crystals, After several
ninutes exposure to the air on the nicroscope slide, phenol began
crystallizing, but observations were usually conpleted before this
happened,

4,5 'FALCE' PATTERN OF INCLUSIONS IN AMMONIUM CHLORIDE

The presence of patterns of six inclusions in cubes of ammoniun

chloride has already been noted by Bunn Zi§7. 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 seta of



MATERTAL nD2O /O 20
ALRONIUM CHLORITE 1.64 1.53
2{_ - bromo- naphthalene 1.658 1.48
SODIUX CHLORIDA 1540 2.16
phenol 1.542 1,06

Data from LANGE / 207

TABIE 4 - 1. PROTERTIES OF CRYSTAL HAT

AT,S  AND IWMMERSION IFLUIDS.

L
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six inclusions is given by Bunn Zﬁé?ﬁ

Examples of inclusions in crystals grown by the author are shown
in Pig 4-1., The three dinmensional cubilc nature of the pattern is readily
visible fron the photographs, hlso the pattern was confirned by rotating
crystaols on a spike in the immersion fluid,

Sone 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 materinl, This aspect will be discussed
further in Section 9,2.2¢ After some time, these inclusions adopt
the forn of negative crystals i.e. each inclusion is bounded by three
pairs of parallel foces mutually at right angles.

Individual inclusions in these patterns range in size up to 80 4 o
The amount of volune occupied by the inclusions may be up to ten percent
of the total crystal, OCrystals with a high percentage'of included solution

tend to float on the imnersion fluld because of their reduced density,

4,4 'EDGE' PATTERN OF INCLUSIONS IN AMMONIUM CHLORIDE

Amnoniun chloride crystals were grown which showed 'edge! patterns
of inclusions (Fig, 4-2). The inclusions lie along the sdges of o cube,
The inclusions are quite suall (up to 204) and cornstitute less than one

percent of the crystal volume,

4,5 'FACE' PATTERN OF INCLUSIONS IN SODIUM CHLORILE

Sodiun chloride cyrstals can show patterns of six 'face' inclusions
sinilar to those in ammoniun chloride crystals, A photograph supp?ied

by Birchall [i§7 is shown in Fig 4-3 together with photographs of crystals
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grown by the guthor. Inclusions up to 604« have been obgserved in these

patterns, corresponding to about five percent of the crystel volume,

4,6 'EDGE' INCLUSIONS PATTERNS IN SODIUM CHLORIDE

Patterns of 'edge' inclusions can be grown readily in crystals of
sodiun 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//&) and conprise less than one percent of the whole

crystal,

4,7 REGULAR INCLUSION PATTERNS IN OTHER CRYSTALS

Reguler inclusion patterns may well occur in crystalline materials
other thon those described above, which were the only materials congidered
in this project, 3 will be seen in the following sections of the
thesis, the conditions under which these Inclusions forn 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 Yo be disregarded and discarded,
and oonditions which promote inclusion formation tend to be strenuously

avoided,

4,8 CONCLUSION

Other opystals, in particular ammoniun chloride and sodium chloride,
can show 'face' and 'edge' inclusion patterns. In the case of ammoniunm
chloride and sodium chloride the arrangements correspond to the symmetry

of the cube,
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5, EQUIPMENT FOR THE GROWIH OF CRYSTALS

5.1 INTRODUCTION

It was necessary to construct suitable apparatus for the growth
of crystals so that the formation of inclusions could be studied. The
naterial chosen for stuly was hexamine crystallizing from aqueous solution,
which was known to give crystals with regular inclusions (seec section
bel)s

In order to grow crystals, some neans of promoting supersaturation
was required. Possible means include,

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

(11) +the removal of solvent by evaporation; and

(1ii) +the use of added conmponents to 'ralt 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 second. neans was selected as the main method for growing hexanine
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 amnonin 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 rixing of solution and gas, and also on the undesirability

of introducing the possible complications of another 'impurity’,

5.2 DESCRIPTION OF EV/PORATIVE CRYSTALLIZER

Supersaturation was to be promoted by evaporation of the solvent,
water, The product, hexamine tends to decompose in solutions above
60°C 1227, so that evoporation 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 Z§3-2§7Z

Essentially the crystallizer (Fig 5-2 and 5-3) consisted of a 2-
litre agitated flask (6), maintained under vacuum, and heated by an
electric mantle (7). A continuous strecam 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 o side arm
and seal vessel (10), to either a sample receiver (12) or a product store
(13)e Liquor and vapour temperatures, and solution conductivity could

be measured,

5,8 DETAILS OF DESIGN AND CONSTRUCTION OF CRYSTALLIZER

5,31 Selection of Operating Conditions

A vessel of 2 litres capacity was considered to be a convenient
size., The available 400W heating mantle would produce a naximum of 8g.
of hexamine crystals per minute (Fig 5-4) so feed flow rates shoul d
be in the range 10-100g/min, Evaporating temperatures would be below
60 C (because of product decomposition) and above 25°C (vecause of the
limits of condenser water temperature)s. Corresponding vacuums in the
range 20~100 mm Hg. absolute would be required.
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5,842 Vacuum system

Suitable vacuums were produced by a single stage rotary pump
(Bdwards 'Speedivac' Model ISP 30) 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,

5,3.3 Crystallizing Vessel

The crystallizing vessel (Fig 5-5 and 5-6) was a 'Quickfit' glass

reaction vessel of two litre capacity fitted with a flat flange 1id.
The 1id carried five Bl9 cone joints through which the stirrer, thermometer,
conductivity probe,and condenser were fitted. The fifth joint was used
for £i11inz and emptying the vessel at the completion of a run, 4 large

anchor paddle stirrer was used to achieve uniform mixing, The stirrer
was supported by a stirrer guide surmounted by a ground glass vacuuvm tight
stirrer gland. The feed entered the vessel through the stirrer guide.
The sbtirrer glond was lubricated with glycerol. Under operating
conditions there was a very slight leakage of glycerol ( < 0.1 cc/day)
into the vessel, So that surfaces on which crystals could form or deposit
might be reduced to a minimam, the vessel was unbaffled. A reciprocating
stirrer was necessary to prevent swiyl while still promoting uniform
agitation, A small stainless steel baffle (3" x 23") near to the overflow
outlet was found later to be necessary to prevent splash-over.

Slurry left the vesszel by gravity overflow through a glass sidearm.
The working capacity of the crystallizer was 1500 ml.

The flask was heated with a standard 435V 'Isomantle' heating mantle
with power control.

5eBe4 Stirrer Drive

Since the crystallizing vessel was unbaffled a rctating stirrer
could not be used. Instead, one using an gscillatory moiion was constructed
(Pig 5-7)s 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
reciprocuting mechanism was so adjusted that each revolution of the motor
correcponded to two complete revolutions of the stirrer, one clockwise and
one anticlockwise, Motor speeds from 30 to 250 R.,P.M. were used.

5.,3,5 Condensate System

The solvent evaporated from the boiling solution was condensed in
a water-cooled glass condenser (see Fig 5-6). The condensatc rate was
measured by the time required to £ill a calibrated vessel (volume = 30,0 ml).
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After measurement the condensate collected in a one litre receiver,

5.,3,8 Peed System

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 o calibroted vessel (of 105 ml volume)*, The flow was also measured
by o '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¢3,7 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 wns too small the seal was blovm out by pressure fluctuations,
if too large the magnetic stirrer was incapable of agitating the full
height and the upper section of the seal wveéasel blocked solid,

The overflow from the seal vessel passed to the sampling chamber
(Fig 5-6). The flow tube could bz turned on the axis of two B19 cone joints
to divert the flow to either a 250 wl sample receiver or o 23 litre
product receiver,

Provision wos made on all vessels for venting either to the vacuum
system or to the abtmosphere, '

53,8 Temperature 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 shouid indicate the extent of any superheating, In all
cases, once steady boiling began, no miasurable superheating was observed;
the temperature difference correspoinded completcly to the expected elevation
of boiliag point (see Supplement, Fig, SII-6).

A conductivity probe was inserted into the solution in an attempt
vo neasure solution supersaturation, However, the variations of
conductivity with temperature fluctuations far cutweighed 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

F‘ig 5—2.




to differences in concentration. The mazirun change in supersaturaticn one
might expect would give a conductivity change less thon that given by

a 1°C change in temperature (refer Supplement Fig SIT-21). Also the
conductivity reading was affected by the amount of crystal in suspension,

5.4 CONTINUOUS CRYSTALLIZLTION 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 fern ¢f randomly distributed inclusions but
none as regular patterns. Medifications to the m thod of growth were
necessaery and these are considered in the next section.
for t§§*§%§§§33%§°tgec2§§e§bt§a§%335§ égggépeggodsmggsgggg were needed
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 &iflfered 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

Conslderation is given to the crysial shown in Fig 5-2., This crystal
was one of a batch grown in a smnll glass flask by boiling saturated solution
under vacym for about half an hour. The size of the inclusion pattern is
about one third the size of the cryatal i.e. the volume of material inside
the pattern is about 1/30 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 TempPae, °c 28 43 40 53
Stirrer l.,P,lke + 90 100 110 145
Condensate rate, g/min. 4,231 3,78 3,61 4,00
Feed Ratce, g/iain,. 11,9 13.C 13.5 18.0
Product rate, g/rin, 7.6 9.8 10.1 14,1
Duration of run,* mine 175 395 410 215

Slurry crystal content at
end of run

in final samplece 0,21 0.29 0,26 O.1l4

in vesgel 0e29 0,39 0.31 0,25

Included moisturo # ng/g. 2.3 1.5 3.0 1.7

Regular inclusions NONE | MONWZ | NOMEZ | NOWE
patterns

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

+ As motor R Pl (see scction 5,3.% )
* D'rom noment of nucleation,

£ By Xarl Fischer analysise (4ipprendix VI )

TABLE 5.1, RESULTS CF COUTIIIUOUS LUITS OH
EVAPORAT IVE CRYSTALLIZER.,
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of growth of the crystal. If this were so, the initial growth after
nucleation is the region of interest., /n approprinte 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 stote) growth is not quite so simple as for continuous
operation.[§§7, but with certein assumptions suitable calculations can

be nade,

5.6 DESCRIPTION OF BATCH OPERATED EVAPQR ATIVE CRYSTALLIZER

The evaporative crystallizer was adapted reasonably readily from
continmwoous to batch cperation. It was necessary only to seal off the
outlet tube from the crystallizing vessel, %o discard the original product

sampling system and to 0dd a new sampling device (Fig 5-10),

5.6.1 Details of Mndifications to Crystallizer

The glass outlet tube was effectively sealed by a rubber bung
(Fig 5-10). The stainless stedl 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 vacuun systems were unaltered,

54602 Details of Sampling Device

The sampling device (Fig 5-10) counsisted of six 20 ml sampling tubes
nounted on a rotatable platform in a vacuum tight vessel., This vessel
was conhected to a second vacuun system maintained at o vacuum lower than
that in the crystallizing vessel, A sample line ran from the crystallizing
vessel to the sampling device, By opening the sampling 009k on this line
sanples could be drawn over from the crystallizing vessell;ntpdt%e rggpectlve
sempling tubes. AL vent on the sampling line alleowed the liquid leg

droin 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. Peed stocks were made from distilled water and hexanine crystals,
For the initial feedatock the crystals were prepared from conmerciul
hexamine crystals by dissolution ard recrystallization. 1In this case
the first growth of crystals was discarded as 1t probably contained a
high percentage of the active nucleating impurities, Later feed stocks
were prepaied either from the filtrate of previcus batches or fronm
product crystals redissolved in distilled water. Orystals and solutions
associated with any batch using added impurity were discarded,

Undersaturated feed sclution woas used in order to dissolve.any crystal
nuclei present and ulso to allow an interval of several minutes operation
for adjustments before nucleation began. In this interval the heating
rate evaporation temperature (vacuum), and stirrer speed were adjusted
to the desired values.

Tine was measured from the noment of nucleation as indicated by
the first cloudiness in the appearance of the boiling solution. Aifter
suitable tine intervals crystal samples were taken. Condensate rate,
evaporation temperature, and stirrer speéd were neasuredduing the course
of the run, The stirrer speed was measured as the motor R.P.M, Each motor
revolution corresponds to two compirete rotations of the stirrer (see section
50804

At the end of a batch all crystal samples were filtered (while still
hot), dried, and photographed, A sample from the contents of the crystalli~

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
sanples 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 measurenents 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
'face' inclusion patterns and others with the growth of 'edge' patterns.
Details of conditions under which these batches were grown are given in

Appendix ITI,

Representative nhotographs of the crystal samples are shown in
following chapters. The photographs (nearly one thousand) were analysed
to determine the size distribution of the crystals and the size distribution
of only those crystals with inclusions, The size of the inclusions and the
inclurion patterns were also measured, These data are given in Appendix ITI
while the nethod 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 DISADVINTAGE OF EVAPORALTIVE CRYSTAI LIZATTION

Results with the evaporative crystallizer can be obtained only fironm
samples of the crystel bulk, It is not possible to follow an individual
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
sultable supersaturations by changes in temperature. Hexamine in water
has a slightly negative tenperature coefficient of solubility which
could be used to generate snmall supersaturations (Fig 5-1)s As it so
happens, these supersaturations are sufficient to grow crystals with
inclusions, and a small thermal crystellizer was built to grow crystals

by this means.

5,10 DESCRIPTION OF THERMAL CRYSTALLLZER

The thermal crystallizer (Fig 5-11) was a small hoated cell desigred
to fit on the stage of the microscope (Appendix I). The cell consisted
of three glass microscope slides cenented together to form two chambers.
Crystals and solutions filled the upper charber while the lower chamber
contained a heating element and heat transfer fluid, A4 thernocouple

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

5.10,1 Details cf Thermal Crystalligzer

The upper chamber (23" x 2" x ") was formed by sealing slices of
slass " high belween iwo glase slides with fAraldite' cpoxy resim . An
inlet tube, an outlet tube, and a B7 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, crysials could be grown or
observed on the spike of this shaft, either whiie it was stationary or
while it was rotated.

The lower chamber was formed from a brass wall sealed to the glass by
rubber cement, [ nichrome wire heating coil (10 £2 ) separated from the
metal wall by sheet mica passed thz whole length of the chamber, Outlet
and inlet tubes allowed for the flow of the heat transfer fluid (deaerated.
water) through the cell,

5.10,2 Details of Anrcillaries

L '"Wariac! auto-transformer acting through an 8:1 voltage tieansformer
was used to control the power supply to the heating coil, The heat
transfer fluid (denerated distilled water) and the saturated feed solution
were kept in stock bottles at suitable tenperatures, -« .
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5,11 EXFERTMENTLAL PROCEDURE

Some tests were conducted using a flew of sclution 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 neasured from the moment
the first crystal nucleus appeared in the field of view of the microscope.
Photonicrographs were taken at selected time intervals thereafter, and the
solution temperature was also neasured,

The resulting photographic negatives were projected onto a screen

(with a 420 tines overall magnivication) and the crystal sizes measured.

5,12 EXPERIMENTAL RESULTS

Examples of the photographs are shown in later chapters’ logeiner.
with graghicel presentation of scwe of the resalts. The method of
cooputirg these values is illustrated in ippendix II, The significance
of the results obtained will be discussed in more detail in the folleowing

chapters.
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6. RESULTS FROM THE EVAPORATIVE CRYSTALLIZER

6.1 INTRODUC TTON

It is the purpose of this chapter to relate, in an empirical manner,
the size of inclusions formed in a batch to the operating conditions used
in the evaporative crystallizer for that batch. Only the growth of

hexanine crystals with face patterrs 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 mechanisn of inclusion formation,

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

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

specifying inclusion size is required,

6.5 SPECIFICATION OF INCLUSION SIZE

The simplest measure that can be nade 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 nunerical data are given in Appendix III,

Similar results (Fig 6-3) are obtained if the mean inclusion size is
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used, The mean based on a volumetric basis can be conputed from the

size distribution of inclusions (refer Lppendix IT and Appendix I11),

6.4 VARILTION OF SIZE WITH OPERATING CONDITION 3

An examination of Fig 6-2 and 6-3 would indicate the following
observations i~

(1) There is a definite variation of inclusion size with agitation
speed, JAn increased stirrer speed givesvsmasller inclusions
in the batch.

(41) There is o marked trend with evoparation rate, Batches with
lower heeting rates give smaller inclusions,

(1ii) Within the scatter of the experimental results, operating
teaperature has no effect cn the inclusion size.

(iv) Differing feed stocks used have no marked effect on the size

of inclusion produced.

(v) There is considerable scatter in the data. The error in
neasurenent would be less than + 54+ for the mean inclusion
size and t 10 s for the oize 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 arystallization process itself, Even when feeds from the same stock
are used under ldentical conditions in consecutive runs, large variations
in the size of the inclusions are observed. It will be shown later that
the size of inclusion 1s governed by the extent of nucleation in the

batch, Nucleation is an inherently veriable 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
cryatallizing apparatus used, Quite different res;u",.'hs would probably
have been obtained if o different design of crystallizer or type of
agitation haod been used, Perhaps the same general trend of variation
with batch operating conditions would exist, but without experimental
confirmation this remsins an assumption,

Thus the direct application of these results to full scale plant,
the 'scale up' of the data, is iikely to be a difficult task. An easier
neans of applying these results might be to consider the basic nechanisn
by which these inclusions forn and apply the knowledge of this mechanism
to other plant. if the meclianism involves nucleation and growth, at
least these are phenomena aobout which a great body of experience and
knowledge has accunulated,

Any proposed mechanism of formneion must, of course, be able to

interpret the results given in this chapters
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7. ITHEZ FORMATION OF 'FAC&! INCLUSION PATTERNS IN HGXAMING

7.1 INTRODUCTION

Hexamine crystals containing 'face! patterns of inclusions can be
prepared by the batchwise growth of crystals. The cperating conditinns
of the crystallizer which favour inclusion formation have been determined
(Ch. 6)., Tu this chapter consideration will be given to the mechanisns
by which these inclusions form, This process will be examined first
in a gualitative manner and then gquantitative measurements will be

described,

7.2 THie 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 heatad cell under the microscope demonstrate
cthise. The fast growing ci'ystals form inclusions, the slow growing ones
do not.

Inclusions are formed under conditionrns of rapid growth in the following
manner; at first, while very small, the hexamine crystal grows with plane
faces. At a certain stage, suddenly the edges of the crystal begin to grow
more rapidly than the rest and hollows are formedat the centre of each face,
As this preferential growth at the edges continues, the hollows in the
faces become large cavities sinking from the faces into the depths of the
crystal. At a later stage the surfaces of the crystal may seal over giving
plane faces again and thus trapping within the crystal the sealed cavities
of ind.uded 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
reerystallization to give the regular form of a negative crystal. Wwhen
the crystal is grown under fairly uniforn 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 crystalc shown were selected from samples taken at the initial stages
of varioas 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
m 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
cryrtals photograjhed 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 ir. crystals which bave just sezled over (Fig. 7-4),

The various stages in the pattern of formation of inclusions can
also be seen from the series of photographs of sawmples taken from the
evaporative crystallizer (Fig 7-13 to 7-15;. Thase samples are to be

analysed in detall later.

73 TERMINOLOGY
4 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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There are certain similarities to the dendrite, although with a
dendrite, preferential growth usually occurs at the corners or in
selected directions., dAlso, the 'firtrce! appearance is missing. The

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

Phillips 1527. The term 'hopper crystai! is often taken to refer to
a crystal with a cavity in one face only, such as that shown in Fig 7-6.
Such crystais 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 SHAPE OF CAVITISS

lit 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 a* the surface (Fig. 7-7).

This chape 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 {011} faces). The patterns found by
rotating the model (Fig 7-1 to 7-4) reproduce th: observed patterns in
the crystal, indicating that this description of the shape is correct.

Decause orf the shape of the cavities, the width of the face remaining
either side of the cavity wist remain constant as the crystal and the
cavity grow. That is, the edges of the crystal grow as parallel faced

walls of constant thickness, 1his is observed to be so. Measurements
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show this residual face width to be between 15« and 25/‘4 for all
crystals.

The shape of the base of the inclusion when the cavity seals over
is more or less flat witn a central depression. 7The shapc depends on the

means by which the planc face re-established itself.

7.5 INCLUSIONS IN LARGEST CRKYSTALS

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 fer all the batches of
crystals growu. It is confirmed by measuremsnt of the size distributions
for all the crvstals in a sample,and for those with inclusions. Typical
size distrib&ticn histograms are shown in Fig 7-8. It can be scen that
all the crystals with inclusionc lic 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 e g.ven in Appendix III,

7.6 RILATICON BETWLEN SIZi OF INCLUSICON .iND CRYSTAL SIZE

That the lorger sime of inclusion iz found in the largest crystals
has already been noted (section 6.2) from a qualitative examination of the
samples from the batch evaporative .rystallizer. DMore detailed measurements

will now be made.

7.6,1 Quantities Measvred

For each crystal containing inclusions in a sample the following
quantitieq&ere 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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faces, Most crystals observed lie on a face with one horizontal 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 *he
crystal which would just contain the whole inclusion pattern,

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

(v) The tnickness of crystal covering the inclusion, t = (xj-v)/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. #£ach 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 x§{. Analysis of these

plots leads to several very important conclusiuns,

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 cf inclusion pattern, y.
This internal pattern size is unaffected by the size of crystal or the
siie of the inclusion. This is true for all the samples analySed.

Presumably, the larger and the smaller crystals have becen growing
for different lengths of time under different growth conditions, yet the
inclusions are initiated at che 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 all
batches of hexamine crystals. The mean internal pattern size, ;ﬁ fhe
'critical crystal size', lies in the range 55 to 7%/a,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 cre in agreement with cavity

¢

formation on an indtial crystal of this critical size.

7e6.4 Thickness of Cover - "Critical Growth Rate"

There is no measurable difference betwzen 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
samples.

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 ~onditions.,

The average crystal growth rate decreases as crystallization of the
balch proceeds, since the solvent is being evaporated at a constant rate
while the amount of crystal surface increases. Since thic quantity varies
it may be convenient to specify the critical growth conditions by a

‘critical growth rate!. This is the average grewth 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 nust be so, since inclusions do not form below this rate, yet forn
at all rates above, This can be seen fron Fig., 7-10 to 7-12, which show
o 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 21l 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 wile fornm for all growth rates abeve

she critical, Incluzions will stop groving 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, %, arc constent tor any sample of crystal, It therefore
follows that the size of the inclusion, s, varies linearly with the crystal
gize X{ by the reation

s =% (x1-y) -t
This relation using the nean values, i?and ¥ is shown in Fig 7-10 to
7-12. Tue data fit c¢losely %o it.
It also follows that the outside pebtern size y' is given by

v’ =xi - 2% and this is also coufirmed by the plots,

7466 Scatter of Results

Heasurenent errors, which are of the order of + 5u, account for some
of the scatter of results., However, there are also snmall variations

within the crystals thenselves, possibly caused by voriations in the growth
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conditioﬁs 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 anclysed and mean quantities measured. Vhen deal ing
with single crystols, allowance should be nade for the slight fluctuntions

associated with individual crystals,

74647 Details of Mechanism of Inclusion Pormation

The deductions given above are vital to this thesis, If true, they
allow the following explanation of the growth of face inclusions to be
nade,

In a bateh crystallization there is an initial shower of crystal nuclel
followed by further continuous nuclei formation, These nucleil grow with

plone faces until each rewches the critical crysbal 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 naintd ned 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 are formed, Further
growbth just increases the thickness of crystal covering the inclusions, It
should be noted that a variation of growbth rate is required, The growth
rate must first be above the critical volue then fall below it, If the
growth rate were mointained always above the critical value, an enormous
cavitite with large open cavities would be obtained.

When the inclusions are growing they have the shape of rhonbic
pyramids, while the cavitite edges of the crystal grow as porallel walls of

e. constant width related to the critical size of crystal.

Ca



98

747 CRITICAL CRYSTAL STZE /3D CRITICAL GROWTH RATE

The formation of inclusions nay be interpreted in terms 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 haos the sane vaiue
for all the batches of hexamine crystals grown. This value nay be taken
te be 65 + 5u,

Whether the critical growth rate is o suitable expression for the
growth conditions, and whether it varies with the operating conditions for
each batch,has yet to be considered. To neasure the variation of growth

raote with tine, o series of consecutive samples from the same batch mnust

be analysed,

7.8 [NALYSTS OF CONSECUTTIVE SAMPLES

For severnl of the batches, samples were taken consecutively during
crystallization., An analysis of these sanples will show how the growth

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

74841 Quantities Measured

For each series of samples the following quantities were measured -

(i) The operating conditions of the crystallizer and the tines
af'ter nucleation at which sanples were taken,

(ii) The size distributions of crystals and inclusions in the samples,
f (x) and f (s). Thesc are expressed as the fraction of the
totel number in the indicated size range.

(141) the fraction of the total nurber of crystals that contein

inclusions,/@ .
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(iv) The mean internal pattern size,'§ and the menn thickness of
cover, -I; for the first sample taken after all the inclusions

have sealed over,

7.8.2 Computed Quantities

Fron the quantities neasured, the following quantities were ccmputed.
A detailed exanple of thege computbations is shown in Apvendix II,

(1) The mean crystal size of all crystels, x., The mean is
couputed on a volume (or nmass) basis,

(ii) The mean crystal size, on a volune basis of only those crystals
with inclusions, Ei. Yhere the batch had no crystals containing
inclusions, the meen crystal size of a certain nuiber of the
largest crystals, Ei, was computed,

(1ii) The total number of crystals in the ba%ch, n. This was conputed
fron the mean crystal size and the total mass of crystal at
tnat tine.

(iv) The number of crystals with inclusions,, ni==/3rh

(v) 'he total surface avea of crystal, i, This was computed from
the total numher of crystals cnd the nean crystal size, with
a correction, o , epplizd for the crystal size distribution,

(vi) The fraction of the total volume of crystal contribused by those
crystals with inclusions, B;, and the fraction of the total
surface arean contributed by those crystals with inclusions, %z .

(vii) The unean growth rate, R, This is the linenr rate of advancenment
of each face, 1t has bheen calculcated froi the known nmass rate
of deposition of solid, and the total surface area, An alternatiwve

neasure of the growth raote (designoted R!') can be made fron the
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increase in %4 over the time interwval.

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

7.343 Lssunptions

In the conputation of the above quantitiecs the following assumptions
were nade, These should be noted since the significance of the results
nay depend upon thern,

(1) The sampleois assuned to be representative of the crystel
populotion at the time of sarmpling. It is assumed that there is no bias
in the sampling procedure or in the nethod of analysis of the sample, and
further, that the sanple does not alter (e.g. by dissolution) on storage
before analysis, Dvery effort wos made to satisfy this assuaption,

(2) Bach crystal is assumed to grow equi-dinmunsionally, there being no
excessive growth on a face in any preferred direction. . examinntion of
the sanples showed this assuuption to be substoantially true. Presumably
the agitation rates used were sufficient for uniforn growth conditions to
prevail around each crystal.

(8) For computations the crystals were assumed to be solid hexamdine,
No correction was made for the volune of solution in inclusions or in the
cavities of cavitites, the crystal size of which vwere nmeasured across the
outer edges., This gives rise to o small but definite error, vhich becones
of lesser impor‘iance once the inclusions are sealel over, .it the worst,
this error gives an underestinate of the total number of crystals of less
than 5.

(4) It is assumed that for comnpubing crystal quantities changes in the
supersaturation of the solution nay be neglected. This means that the

anount of crystal at any time can pe related directly to the cnownt of
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solvent eveporated. It would be expected that the sclution decreases
in supersaturation as crystallization proceeds, and that the lgpgest
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 neasured
directly,
(5) A1l crystals are assuned to grow at the same average rate ovar a

veriod of time. This implies that the " AL Law" of HcCabe'Zé§7 is

applicable. It follows that each crystal will grow equidimensionally
(see assumption 2),and further that all crystals experience the sane growth,
This would be so, if conditions throughout the crystallizer were unifurn,
and if any growvh fluctuations on individudl faces or crystals were on a

repid tinme scale, It is observed *hat the largest crystals in a batch
(thnse with inclusions) remain the largest as crystallizatien proceeds,. with
no apparent broadening of the size range. This gives sone experinental

support fur this assunption,

7.8+4 Results

Bxtendad series of samples were taken fron thirteen batches (Batches
No. 11, 26, 56-42 and 67-70), The nunerical quantities neasured and
comnputed for these atches are chovm in special tables in ALppendix ITID.
Results for four of these batches (Batches No., 37-40) will be presented
in detail, A1l 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 specd (250 R.P,il.) had none,

Representative pﬁotographs of the samples fron the three batches with
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inclusions are shown (IMg 7-13 to 7-15). The respective crystal size
histograns are shown in IMg 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
shevm in Fig 7-22 to 7-24, The corresponding gquantities for the batch

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

7¢84¢5 Crystal Size

The various stages in the growth of crystals with inclusions can be
seen frou the photographs of samples (Fig 7-15 to 7-15) and nay be compared
to the ncrmal growth of crystals without inclusions (Fig 7-25). The size
distribution histograms (Mg, 7-16 to 7-18) give further illustration that
only the larger crystals contain inclusions (refer section 7.5).

There are several sources of error in the neasurement of the crystal
gize distribution. Some crystals lie with none of their faces perpendicular,
naking it difficult to neasure "between parallel faces™, Sonme, a small
percentage, of the crystals appear ar conglommzratess Turther, it is
often very difficult to sec the very smallest crystals in the photographs.
The number of crystals in thc !'< 50' range of the histograns has probably
been considerably underestinated, 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 cf crystals.

In the duration of a batch,crystals up to s.veral hundred microns in
gize were grown, Batches with higher stirring speeds generally gave smaller
crystals,

If, after the initial nucleation, no further crystal nuclel were
formed, the cube of the mean crystal size would very linearly with

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

present increased continually.

7.846 Number of Crystals

In the early stages of these hatch crystallizations the number of
crystals present is of the order of 10 to 100 million, i.e. of the order

of 104 to 105 per nl. of solution.

The determination of the number of crystals is effected by the
difficulties in counting the smallest crystals and thus the quantities
nay be underestinated by up to 20%, However, couparisons between the
nunibers of crystals in consecutive sauples may be made bo

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

The nmuiber of crystals increases continumally with crystallization
time (Mg 7-19 to 7-21 and 7-26) in an approximately linear nmammer, at
least for the duration of the investlpgation. Thus, if required, the number
of crystals in a batch could be described by an initisl shower of crystals
at nucleation, and a constani formation rate of further nuclei.

There is sone slight suggestion in the nore ertended runs that
nucleation nay proceed in waves rather than at a steady rate., However,
the data sxrsnot sufficiently accurate for any firm conclusions to be nade,

Knowledge of the rates of nucleation could Le used with the changes
in the shape of the size histograms to checl: the assunmption of equal growth
rate on all crystals. Alternatively, using this assumption, the size
histograns could be predicted. However, the conputations are complex,and
the accuracy of the data does not warrant their use,

The quantity,/B , the fraction of the crystals showing inclusions,
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rises in the initial stages of the crystnilieation, then falls, The
actual nuriber of crystals with inclusion patterns, hi; plao.rises initially
but then reaches a constant value (Fig 7-19 to 7-21). This is in sccordance
with the mechanism of inclusion formation alrcady described, Under the
initial conditions of rapid growth, inclusions forn once the crystals reach
the critical size, Themumber of crystals with inclusions' (actually
cavitites),and the fraction of the total nuiber,rise, Once the growth rate
drops below the critical no further inclusions are formed, but since further
crystals are heing fornmed, the fraction with inclusions decreases.

The rmmber of crystals with face inclusion patterns, . is wmuch the
same order for all the batches analysed in detail (Refer Table 7-1 and Fig
7-50) and is about 7 million,corresponding to about 6000/ml, of solution.

This point will be discussed in section 7.8.9%9.

7e8e7 Total Surface Area

Excert for the region about the origin, the total surface area varies
linearly with the tire of crystelligation (Fig 7-19 to 7-21 and 7-26).
The continuation of the straight lines give a zero area intercept of about
half a mimtte prior to the moment talzen as the onset of nucleation. The
onset of nucleation wac measured as the noment when the solution changed
appreciably in opaqueuness, and could have been in error by nearly half a minwut
However, as there was no supporting evidence to confirm a linear variation
of surface area with tine, no alteration was made to the original tine
neasurenents,

The quantities 3; and 5: represent the fractions of the total surface

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

with inclusions, These quantitles were computed to show whether crystals
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with inclusions grew at the same linear rate as thoce without. In the
absence of further nuclei formation, 3: should increase for }:(/*7 0.5,
and decrease for XA { 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 Ratesg

The mean growbh rate was calculated fron the knowm constant rate of
depnsition of hexamine and fron the total crystal surface area at each
sampling time (computed fron X, the mean crystal size). These velues
were plotted against time (Pdg 7-22 to 7-24) and 2lso agsnst Ei, the
corresponding mean size of the crystals with inclusions,

The quantity ;c'i was chosen, since once the inclusions have sealed
over, it refers to a constant number of crystals (section 7.8.6). Changes
in ;i are therefore a true measure of the amount of growth on each crystal.
On the other hand a change in ;, rererring to all crystals, reflects the
change in the number of crystals as well as the growth on each,

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

growth rate can also be determined from the values of ;1 directly, by the

. ax 6w
relation, R = ¥ 35 = Jf;?.-

Values of R couputed in this way (designated R') are plotted thus,
(X), on Fig 7-22 to 7~24., LAlthough these values are not as accurate as
values of R computed from the surface area, there is subatantial agreement
between the two,

In these figures, the logarithm of the growth rate, R has been plotted
agai nst ;i‘ The experimental points so plo{:tecl. nay be approxinatedby a

straight line, This line (terned a 'growth curve') represents the nammer
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in which the mean growth rate varies with the mean orystal size for all those
crystals with inclusions, Since all crystals are assumed to grow with

the same rate at the same time, crystals with size,'EiLwill 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 %&,

Other crystals of differeunt size will have different growth curves.

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 Ei, and those with size Eﬁ +k, At a
certain time, the first set of crystals will be represented by a point

(at the corresponding growth rate) on the growth curve given., The second
set mist have the sane mean growth rate at the same time, so the point on
its growth curve will merely be displaced a horizontal digtance k from the
other, As growth proceeds the same difference in size, k, is maintained,
since all orystals grow equally., Thus a growth curve parallel to the

first will be traced out.

Thus there is a growbh curve associated with each set of crystals of
differing size. The growth curve representing the largest crystals has
been dravn (Fig 7-22 o 7-24), The position of this curve was computed from
the neasurement of the excess in size of the largest crystals over Ei.
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,end also because of growth



122

fluctuntions on individual swrfaces. The growth cuxrwves shown represent

the mean behaviour of all crystals of each size,

A critical crystal size and a critical growth rate have alreadv been
proposeds These critical values would be
Ashown on the 'growth curve' plots by two straight lines, one parallel to
oach axis. Together they form a region on the plof 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
valuc of'§ or by using the overall mean value of 6§/¢ (section 7.7). The
critical growth rate can be computed for any of the gvowth curves, It is
nost convenient to compute it for the'zi‘curve, i.e. for crystals of size
equal to the mean of those with inclusions,

The value of ;&_for which the growth rate is at 3ts critical value,
Eg*, corresponds to the mean size of all those crystals with inclusions at the
moment of inclusion sealing, It was therefore coumputed by equating it to the

volumetric mean val ue of y',the outer size of +he inclusion pattern (section

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

calculated from the simple relations :?i* = J-L-i - 2t and ;i* =y + 28 without
serious error (see Appendix IT),

By plotting the value of E&f on the ;ﬁ_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 drawnerystals with growth curves above this will have inclusionn; those
below, none., The size of inclusion formed is half the horizontal distance
between the critical crystel size and the intersection of the growth curve

with the ecritical growth rate line. The size distribubtion of inclusions will
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depend on the distribu*ion of crystal.numbers olong the various growth curves.
This will depend on the rate of production of nuclei after nucleations

Pron the critical growth rate the time at which inclusion formation
stops, 8g , can be deternmined, Inclusion formation is usually coupete
within the first minube or two of crystallization.

There are cerbain wicertainties associated with the ueasured value
of the critical growth rate. The iuntersection point on the growth curve
lies in the region where experinmental errors are the greatest. Also,
up to this value the nuwiber of cavitites is continmally increasing and
;i does not refer to a constant nuwiber of crystals. To compensate for
this, when drawing the linc of best £it to the data greater reliability
was attributed to later points. /An estinate of the errors associated with
the critical growth rate for each batch are given,together with the
neagured growth rates in Table 7-1,

Within the limits of =rror the sane critical growth rate is found
for all batches, independently of the operating conditions used, This
“mean value is 12 + 5}1/1:1:'111.

The constancy of this growth rate for all runs, would indicate that
the growth rate is quite a suitable parameter for describing the critical
growth conditions (refer section 7.804). Supersaiuration could have been
used instead, but since the critical growth rete is constant, a critical
supersaturation would probably be dependant on the temperature and agitation
conditions of crystallization. No neasure could be nmade of the supersaturatio
in the batch evaporative crystallizer, although estinates were made for
the thermal crystallizer, (section 7.11). The values are surprisingly snall

for the high growth rates involved,
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All batches about 1400 g. solution, full heat rate(about 7% g. of
hexamine crystallizing per min), aNo inclusions,

TABLE 7 -~ 1,

RESULTS OF DATCHES WITH CONSECUTIVE SAMPLING
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For Batch No. 40, no inclusions were formed, Here the growth curve f¢r

was shown -
(Mg 7-27). The quantity X, is the nean size of the largest 7 millior

crystals in the batch. This number is approxinately the same as the
number of crystals with inclusions in other batches, and thus the growth
curves should be comparable, The critical region as couputed from the
other batches is showm on Iig 7-27. It can be seen that all the grovwth
curves for this batch lie outside of this'region, so inclusions should not

and did not form.

7e38¢9 Effect of Cryatallizer 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 7-23,
The growth curves for Batches Mo, 357-40 have been replotted on this figure
for couparison, 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 curves with the deepest venetration 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 positioni:ig of the sets of growth curves relative to
the samc critical region of growth conditions. The positioning of the
growth curves in Fig %—29)is due solely to nucleation conditions in the
following mamier, Vhen the number of nuclei initially formed and the
rate of further formation are low, the mean rate of growth will be high;
since at any tine the number of crystals and therefore the total surface area

will be small, Crystals will reach the critical size rapidly while the
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Growth curve for largest crystals in batch.
~— e === Growth curve for X, or X, .
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growth rate is still high, and considerable growth will ococur before the
meen growth rate falls below the eritical value., Thus the growth curves
will penetrate deeply into the coritical region and large inclusions will
be formed.

Conversely,when the initial number of nuclei and the rate of nucleation
is high, the growth rate at any time will be correspondingly nuch lower.
By the tine the first crystals 1each 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,thet the effect of the operating variables ¢n
tne formation of inclusions will be their effezt on the rates of nucleation,
especially at the early stages of the batch. ..z might be expected ,the rate
of agitation has a narked effect on the formation of nuclei (Fig 7-30).
The nmore intense tune agitation the more nuclei formed., The tenperature of
crystallization has but smoll effect, Dirty solutions and the addition of
foreign nuclel have merkad. effeocts. “his was partiowlariy noticed when
attempts were made to uge freshly dissolved. solutions’ of commercial crystals
Inclusions were never form 2, Pretreatwmen?’ of the solution to remove
foreign nvolei ( as deseribed in ecotion 5.7 ) v7os necessary.

The effeot o she rate of evaporation of solvent, however, does not
depend on nucleation effects, but works dirvectly by :its influence on the

mean growth rase ( see se~tion 7,10 ).

It has becn noted (section 7.8.6) that the nurber of crystals with
inclusioas is approximately the sane (7 nillion) for all batches with the
full rate of heating. The mumber 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 becuase the

growth rate is so high, the time available for inclusion formation is large.
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-

If, on the other hand, the nucleation rate is high, the number of crystals
reaching the critical size becomes large,but 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
mey e 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 compred with direct measurement on several of the samples, using the
Karl Fischer analysis for water (ippendix V). The results are shown in
Fig 7-31, A certain rough agrcement is evident, olthough (i) the errors
in the respectiv= methods are large and (ii) the Karl Fischer method measures
the total moisture which includes that in the regular inclusion patiterns, 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 2all nucleation phenomena.

7.9 NUMERICAL V/LUES PPOR CRITICAL GROVWIH 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 micleation phenom=non, as, no doubt,
it depends on the type and the size of the crystallizing sjuipment used, as
well as the operating conditions. However, qualitative estimatss of the eiffects
of changes in the operating conditions can be made on the busis of prioxr

erperience of nucleation phenomnena,
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CODE | SAMPLE No.
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FIG.7-3l. VOLUME OF INCLUDED LIQUOR IN HEXAMINE
SAMPLES — COMPARISON OF COMPUTED VALUES WITH

MEASURED.
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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 wnaffected by the operating conditions
(Table 7-1). The mean values selected for these two quantities are -~
Critical crystal size, 65 + O

Critical growth rate, 12 + 5 p/min

7,10 INT'ORMATION 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 o single sample
was teaken.

Certain quantities such as the criticel crystal size and the number of
crystals with inclusions can be computed Airectly 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
fron a single sample without some further assumption.

The assumption made in addition to the previous ones, is that the tofal
surface aren varies linsarly with time with zero total surface area at zero
time, This assumption is only approximately true as plots of total surface
area ngeinst time (Fig 7-19 to 7-21,ond 7-26) have shown, A consequence
of +this assumption is that the growth curve is a straight line on s-~mi--

logarithmic paper (fLppendix II), The slope of this growth curve can be computed
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readily from measurements made on a single sanple, A4s xi* is nmeasured, 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 senples. The values
obtained (Table 7-2) are in quite reasonsoble agrecment with previous values,

The method was used to estimate critical conditions for sone 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 approximotely
constant at a value of 12 H/min. The approximate constancy of the number of
crystals with inclusions is also denonstrated.

The method was olso applied to those batches cf crystols withcut
inclusions, The maxioun mean growth rate of the crystals at o crystel size of
65p vias conputed (Table 7-4). In all cases,within the linmits of error, this
value was below the critical growth rate,

Several batches growm at lower hcating rates have also been analysed by
the method (Table 7-5). The results are in good agreement with the critical
volues determined previously.

Tt has alrendy been showm (Fig 6~2 and 6-3) that a reduction in the heating
rate decreases the size of the inclusions formed. This can also be seen from
Fig 7-31h where the results for batches No., 51-55 (all at 4000, 70 R.P.H.)
have been plotted again, The sane total smount of evaporation took place for
cach of these batches (50 g, of product formed)., I% can be seen that the numper
of crystals witn inclusions, ng, also veries with the rate of evaporation. The
nean crystal size ;; is nowever iuch the sane for 21l batches, This means

that there is the same number of crystals in each batch and approxinately the

same total surface area,




SAMPLE R* ¢ R* ¢
No. /‘/rm_n /4/m:1.n
373 10.5
374 10.7 11 @ 3
537-5 10.2
37-6 1044
38~2 14,2
38-3 14,6
38 12,0 1 w3
38-5 1263
28-6 11.5
38-7 10,9
352 135
39-3 11e7
394 140 11 w 2
39-5 136
39-6 165
39“7 1300

* Computed from single sample analysis,

t Computed from plot of all samples (Fig 7-22 to 7-24)

TABLE 7 ~ 2., COMPARISON OF VALUES OF CRITICAL GROWIH RAYES
COMPUTED BY DIFYERENT METHODS.
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SAMPLE 5 y R 10 n;
No.
A4 AL A/min,
1 15 4 14 567
2-1 19 65 16 &:1
2~2 21 65 17 7.7
4 18 67 9 114k
5 13 65 11 5¢7
G 12 61 14 5.6
10 14 69 11 5.8
12 14 6l 1 7.8
13 14 55 12 9.2
14 12 56 14 941
15 /A 58 Uy i1,0
17 33 69 10 7.2
18 48 7L 10 4.9
22 10 63 18 4.8
2l L3 67 ) 6.1
25 28 70 9 9.6
7 39 50 8 8.9
28 38 68 10 6.5
29 42 70 13 4.6
30 35 68 11 643
33 12 67 14 5.7
34 20 71 11 8.9
TABIE 7 - 4. COMFUTED QUANTITIES FOR RATCHES WITH

SINGLE SAMPLES,
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Growth Rate of

Batch L
No. argest
Crystals at
65 p size,
(}1/min)
6 ¥ 3¢5
16 ko0
20 1,8
LE* 5
55* e

A

*

low heating rate (heat Ho.6)

TABLE 7 — L4, AWALYSIS OF BATCHES FOR WHICH
NO INCLUSIOH FORMED.
] 1
Batch | Heat - | =r* -G _
v . 107

Noe Neo 2 p/mln 1 ;
7 8 70 13 2.1 i
&9 8 79 7 4e9 23
50 10 65 8 8.7 33
51 8 74 12 3okt 10
52 7 79 11 2,0 12
53 10 61 10 6.8 38
54 S § 73 13 6.5 | 25

TABLE 7 - 5, EFFECT OF ¥iAYING [EATING RATE.

Initial - =
Bartrch Contents| Y E;* . 10“6 ni 8
iOe To }.1 }1 min }1
Ly 680 55 10 9.8 26
4s 1270 65 8 8,0 19
L6 2G9S0 74 11 9,1 18
L7 1520 €9 12 7¢6 26 |
TASLE 7 -~ 6, EFFECT OF Vi.TING fMOUNT OF

SOLUTICN III BATCH.



| - 137
409
- CRITICAL REGION
FOR

£ INCLUSION FORMATION
— 201
\
L
= 104
<
a 8
I -
; 67 Experimental
O / Point
5 4 |
— i ESTIMATED EVAPORATION RATES
< GROWTH CURVES 8:2 g. HyO / min.
5 FOR

29 X, or X,
L d

4:9 ¢9.H,O/ min.
|.u ' ' 341 g. H,0 / min.

L ] A L L
O 50 100 150 200 250
CRYSTAL SIZE — .

EVAPORATION RATE - g.H,0 /min

FIG.7~-31 A. EFFECT OF EVAPORATION RATE ON THE
FORMATION OF INCLUSIONS IN HEXAMINE .
BATCHES No 51-55., (40°C , 70 RPM)



136

Thus the effect of the heating rate on inclusion formation is just its
direct eflect on the rate of growth. The growth curves will sinply be
displaced by amounts proportional to the change in heating rate (see Fig 7-31A),
The amount of inclugsion 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 sane stirrer gpeed., This suggests that the rate of crystallization is
not governed by stirrer speed nlone, but nust be influenced by the evgporation
rate cr the amount of crystcl in suspension,

Other bhatches of crystal were growm with differing amounts of solution

present {Table 7-6), The ancunt of solution hal no noticeable effect on any

of the quantities neasured,

7.11 RESULTS WITH THERMAL, CRYSTALLIZER

In the thermal crystallizer (the hented cell) the growth of individual

crystals can be followed,

7e11l.1 Mechanisn of Inclusion Form.tion

The growth of several crystals under the nicroscope is shown in IFig 7-32,
Two cxmmples are shown of crystals growing without inclusion formation, and two
of crystals in which inclusions form,

The mechanisn of inclusion formation is exactiy the same as that alrendy
described, The various stages in the growth of inclusions ~ plane growth,
cavitite formation, inclusion sedl ing, ond further plane growth can be scen in

the photographs, Because the crystal sits on a soiid 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 fron the evaporative crystolliger.

7.11.,2 Growth of Inclusions on Large Crystals

Placing an unblenmished 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 7-54), This will occur
irrespective of the size of the initial sced crystal (provided it is over GQP).
The soame effect can be obtained in the evaporative crystallizer by using
large plane faced seed crystals, Several exauples of crystals grown in this
way are shown in Fig 7-35.

The cavities appear as 1arge,flatpapproximately dianond-shaped depressgions
in the centre of each face, The thickness of the growing face elther side of
the depression is of the sane order as that measured previously for the
cxvitites (section 7.4). This means that the shape of the cavity corresponds
to the truncated continuntion of the rhombic pyranidal shape previously
described, With large crystals the supersaturation is rapidly depleted,and the

crystals seal over oafter little growth,forming very thinyigts like inclusions.

7.11.,5 Measurenent of Growth Rates

The size of each crystal after various intervals of tiume can be measured
from the photographs taken. The average growth rate of each face ovsr each
interval of time can then be determined from the i:crease in size.

Because the crystal sits on one race in a very poorly agitated solution,

it does not grow equidimensionally. For examnple, the change in shape and size
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with time for one of the crystals shown in Fig 7-34 is illustrated in

Fig 7-36, Crystal growth occurrcd on a regular seed crystal initially
showing the usual dodecahedral {011} faces. It can be seen that growth
occurred at different rates on different faces, with the consequent charnge

in shape, It con also be seen that cubic {txnu} faces developed as well
initially, then started to diminish, This neans that at first (at high
supersaturations) the rate uf 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 moy have developed
likewlse on crystals grown in the evaporative crystallizer, but because of the
exaninetion of‘samples inmersed in aniline, they could casily have passed
unobserved,

Since the crystal grows non-equidinensionally, it is neccessary to be
quite careful in designating the faces on which measurements are made,

The majority of the crystals observed lay on a face as showvn in Fig 7-36, The
distance x was neasured, This corresponds to the growth of the pair of
perpendicular faces. The computed greath rate was the average for.the:iwo faces,
The crystal size and growth rate for the crystal of Fig 7-36 ere shown in

Pig, 7-37.

Since the face observed is generally a perpendicular one, it is difficult
to estimate the nonents when cavity formation begins and ends, I% will not
neceasarily 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 nade,

The f£i% of the experimental date to this growth rate plot (Fig 7-37) is

rather better than for most of the other crystals measured, mainly because
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this crystel grew quite considerably. Certain inaccuracies are present in

the nethod of ccmputing growth rates, If too small o time interval i dhosen,
errord in neasuring the small changes in size give rise to enormous fluctuations
in the computed growth rate, If too large a time interval is chosen,ectual
variactions in the growth rate are averaged out., This can be particularly

serious about a maxirmum in the growth rate,

7elle4 Conparison with Critical Growth Cunditions

The gruw*h rate curves (growth curves) of crystals observed in the heated
cell may be compared with the results obtained fron the evaporative crystalligzer,
In Fig 7-.58 the growth curves for several of the crystals which nucleated and
formed inclusions are compared with the critical growth region deternined
previously. In Fig 7-F9, are shown the curves for several of those crystals
which grew from nuclei but did not forn inclusions, It was not possible
to follow the early stages of growth of many of the crystals shovm in Fig 7-38
and 7-39 bescause of the time required initially to focus the microscope and
nonipulave the canera, 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 shuown with the
other curves on Fig 7-39.

As a whole, these typical growth curves arc in substantial agreenment with
the defined critical region, Most of the inclusior fornotion tekes place when
the growth curves are inside this critical region and little when they are

outgide it. There is some variation with individusl growth curves. This may
be due nainly to errors in neasurement. However, it should be noted that

individual crystals, with their inherent variation are being measured, whereas
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the critical growth reg%ggﬁﬁfi?statistical nean quantity (see also section 7.8.6)
That the results agree with the critical growth conditions already
deternined,is of considerable interest. Whereas the critical conditions had
been deternmined from experinents with highly agitated solutions, in the neated
cell the solution wos unstirred, The range of conditions for which an explanation
by a critical growth region is applicable hacs thus been extended, Also, added
confirnation 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 tne formation
of inclusions on quite large seed crystals, This shows that the formation of
face inclusions can be explained for all sizes of hexanine crystals up to, at
least, 400p. 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 fell through the critical growth region. . double set of inciusions forned
in such « way is shown in the first of the crystuls of Fig 7+35.
The effect of the number of nuclei appcaring in the heated cell is similar
to that observed.in the evaporative crystallizer, When nany nuclei appewar,
no inclusions are formed since the mean growth rate is low, When only a few

appear, growth is rapid and large inclusions are forned.

7.11.5 Supersaturation

Solutions in the heated cell were supersaturated by increasing the
tenperature, Since solution temperatures werc neasured, 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 (definmed as the relative change in the
saturation concen‘raotion - refer Fig 5-1) was about 0,05 when the growth rate
reached the critical value of 1%p/min at about 55°C, This value is of ugse only
as a rough guide since growth conditions in the cell are quite complicated and
highly non-uniforn.

Several attenpts were nmade using this cell and other apparatus to deternine,
under knowmagitation conditions, the relationship between growth rate and
supersaturation, Because of excessive nuclei fornation in all the supersaturated
solutions used, these attempts were unsuccessful,

For the growth of hexanine from vapour, it has been shown.[ﬁﬂt7 that the
growth rate is proportional to the sqQuare of the supersaturation for nicroscopicallj
plane surface, buv only proportional to the superasaturation for the more usual

flawed surface,

7.12 SHAPE CHANGES OF TNCLUSIONS

The inclusions in hexamine crys¥als form in the shape of rhombic pyramids
(or for large foces, as portions thereuf'), After a tine the shape changes to
that of a negative crystal with {01121 faces. The time required for this
change varies fron a few ninutes to a few days,

The first chonge in shape is the appearance of o plane face in place of the
tip of the pyramid (Fig 7~41), Purther changes oppear as the introduciion of
other faces,

The internal faces of an inclusion would eventually rearrange to give a
negative crystal, sincec this represents the conditions of mininun free energy,
However, this is likely to be a very sluw effect, the forces involved being so

snall, Much nore rapid effects nppear to be caused by temperature variations, as
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follows. Vhen 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 teke place on the planes associated with the negative
erystal, and the shape changes. The crystals shown in I'ig 7-41 were treated
in this wuy)with sanples token after successive tenperature cycles,

L change in shape can also be caused by a temperature gradient across
an inclusion, For hexanine, solute will dissolve fron 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 nay be noted that the position of the
inclusion will change also, i,e, the inclusion will nove. For hexanine 4
the ‘inclusions will migrate down the diraction of the temperature gradient.,
This effect has been discussed by Hurle ZE; 27 for galliun rich inclusions
in germaniun ¢rystals., In his experinents the tenperature gradients are formed

hecause a cooled rod is pulled fron a hot nelt,

7.13 DENDRITIC GROVTH OF HEXAMINE

Hexanine can be grown in the dendritic forn (refer Supplement), TFrom
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. 7Tn three dimensions they would be =xpected to appear as
gix-spiked dendrites with the spikes in directions nutually at right angles.

It was not possible to verify this shape experinentally, since presunably,
because of the inability of achieving high cnough supersaturations, dendrites of
hexarine could not be grown in bulk solutions. However, there is little reason
to doubt that the shape would be otherwise than that described.

The directions of the dendrite points are those of the cubic {001} nZes,
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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 plase-faced dodecahedron,

it nust therefore be through the very rapid growth of these corners as coluns
or spikes. Each spike would be surnounted by four dodecahedral faces.

Dendrites grow very rapidly. The rate of translation of the dendrite
needles shown in PFig 7-43 is of the order of 5000 to 4000 y/ﬁin. Measurenents
on other exanples gave growth rates usually in excess of 100‘p/hin. Even
ollowing that for an isonetric dodecahedron the corners grow at a rate J—§1
tines that of the faces, these values are well above the growth ratcs neasured

for the polyhedral crystals.

7,14 THEORETICAL THTERFPRETATION OF RESULTS

It has been showvn that inclusion formation can be explained in terns of
cavitite growth occurring above o critical size and a critical growth rate. It
needs to be asked, what is the significance of these results in terns of basic
nechanisns on the molecular level?

The nost likely interpr.tation is one involving the effects of non-uniforn
diffusion around the crystal corners. Bunn.[i§7 has explained the formotion
of inclusions in amnmoniun chloride by Just such a mechanisn of 'convergent
diffusion'., The sane mechanisn could well opply to inclusions in hexanine
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 solutior
Hathematical descriptions of this behaviour, based on the diffusion ~quation,

have been presented by Chernov ZEQ, 597 and Seeger 1327. However, neasurenents



of the diffusion fields about large single crystals ZEZ,&é7 indicate thot
conditions are not so simple as are usually assuned,

If the rate of deposition of solute is higher at the corners than at
the centre of the faces then at low supersaturctions there nust be sone
conmpensating nechonisn, becruse then crystals usually grow with plane faces.
This mechanism nay cecuse a buildup of supersaturation across the surface
averaging out the diffusion rates,or it nmay cause a nigration of material
acruss. the surface so that plane growth is naintained.

At higher supersaturations this mechanisn mnust break down or be overwhelned,
The rate of deposition on the edges ond corners then becones excessive and the
crystal grows as o cavitite (or 'incipicnt dendrite!)., The critical growth
rate as measured must,sonehow,be linked to the breakdown conditions of the
compensating mechanisnk, The critical crystal size is possible sone neasure of
the limiting size of the region around the growing edges which is influenced
by the couvergent diffusion effect.

At higher supersaturations still, thc growth at the corners becomes even
nore excessive and the crystal grows corner-wise os a dendrite.

The cavitite is thus considered as o stage of growth between the polyhedral
('equidinmensional' or ‘'isometric') plane-faced crystal and the dendritic fornm,
For hexamine, the shape of the crystal, cavitite,and dendrite are in accordance
with the concept of consecutive changes fron one forn to the next. The sane is
true for ammonium chloride (Bunn.Zié7, see also seciion 9,2.4).

Por hexanine, linits have been found for the first transformation - polyhedr
to cavitite. Perhaps sinmilar conditions exist for the second transformation,

Mechonisns involving surfoce ai sorption or iipurity 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. .dsorption mechanismsnny, however,
be a cause »f randouly distributed inclusions in hexanine crystals such as
those shown in Fig 3.1. It is also possible,of course,thot the cause of
these inclusions may be sone localised modification of the growth rate

nechonisn described above,occurring under non-uniforn growth conditions.

7.15 COHCLUSIONS

A gtudy of growing hexanine crystals has led to a proposed mechanisn for
the foruation of inclusions in face patterns in these crystals, The nechanisn
involves a falling crystal growth rate tngether with a critical regiwn of
conditions in which the crystal grows with cavities on its faces,

Measurenents of consecttbive sanples token from o batech crystallization
show that this critical region can be defined by two quantities, a critical
size of 65 + Spjand a critical growth rate of 12 + 3 p/hin. 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 experiments on two different
types of crystallizer.

The forn of growth occurring in the critical region (cavitite growth)
appears fo be an internediate forn of dendritic growth. It is probably caused

by non-uniform diffusicn processes about the corners of rapidly growing crystals.



8, THE EFTECTS OF IMPURITIES /JND DIFVFERENT SOLVENTS

8.1 INTRODUCTION

So far hexamine crystals have been grown only fron rcasonably pure
aqueous solutions, It is the purpose of this chapter to consider the growth
of hexanine crystals either fron agueous solutions to which impurities have

been added, or from other non-agueous solvents,

8,2 THE ADDITION OI' SURTACE ACTIVE IMPURLTIES

In three batches in the evaporative crystallizer (Batches No., 3, 35 and
56) quantities (respectively 3, 15 and 30 nl) of concentrated 'Lissapol!
detergent were added to the batches of sulution (about 1200 ml, ). This
introduced sone difficulties with frothing in the early stages of evaporation,
but provided agitation was kept below a reaconable linit, these subsided before
nuclention began.

The results of these batches are given in lAppendix ITIT and in Table 8-1.
The results were analysed by the nethod outlined in Section 7,10 {although
it should be noted that the assunptions upon which this nethod is based need
not necessarily hold when impurity is present, ) The results do not differ in
any significant way fron the results already obtained with pure solutions,
They give the sane critical growth values and nuch the sane 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 un the
nucleation conditions in the crystallizer,

Sone of the crystals fron these batches showed a rather unusual haziness

about the pattern of inclusions as shown in g S~la. The marks appear to be
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CRITICAL < MEAN

BATCH CRITICAL |  GROWH 10 n INCLUSION

No. SIZE, ¥ | RATE, R SIZE, s
S A</min. P
3 68 8 8.5 16
35 71 13 Te2 23
55 66 11 6ol 40
57 67 10 10,4 15
75 - 23 - -
76 ~ >3 - -
77 62 9 8.5 39
78 56 9 7.5 48
79 65 7 1 14
80 72 6 18 15
81 - »10 - -
FRRORS +10 +5 3 £ 5

TABLE 8 - 1, RESULTS IROM BATCHES OF HEXAMINE

CRYSTALS GROWN FROM IMPURE SOLUTIONS.







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 IIT and Table 8-1) shows that the
critical growth conditions are apparently unaffected, However the size of
inclusions are sonewhat snaller 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 4o 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 chonge oppeared excessive,

It is known that certain substances such as carboxy-nethyl-cellulose
(C.1.C,) are powerful viscosity nodifiers. Such substances were believed to
be present in a readily available wallpaper adhesive (!'Poly-ell!) and a quantity
of this material was used as o viscosity additive. Less than 1 of additive
was required to give a forty-fold increase in viscoesity,

Quantities of the adhesive were dissolved in scturated hexanine solution.
Before use,the solutions were filtered and slightly diluted. after evapcration
and crystallization the viscosity of the nother liquor (as neasured by a U-tube

visconeter) was deternined at the operating temperature, This gave a neasure
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of the amount of additive present,

With the nore viscous solutions it proved very difficult to separate
the crystals fron the suspension, since settling was extrenely slow, This
was overcone by centrifuging the sarples at several hundred gravities for a few
ninutes,

Several batches of crystal were growvm in the evaporative crystallizer
using feedstocks with differing amounts of additive (Batches No, 75-81), Tive
of the batches (No, 77-81) werc grovn under identical operating conditions
(40°, 60 R,P.M, and full heat), Further details of these batches are given
in Appendix ITX, Photographs of the product are shown in IMig 8-2, It can
be seen thot with increasing quantitics of additive, the size of the inclusions
decreases, the crystal size becomes snaller, and the crystals become nore
irregular in shape, With an anount of additive equivalent to about a tenfcld
increase in viscosity,inclusion formation is comppletely prevented,

Although the assunmptions previously used nay no longer be applicable,
thesc batches have been analysed by the method used for batches with a
single sanple (Section 7,10)., The recults are shown in Table 8-1 and Fig 38-3,
It can be seen that within the accuracy of the couputations, these values are
in agreenent with the critical values determined for the previous batches,
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 becones nore viscous, the supersaturation required to promote
crystal growth tends to increase, and thus the rate of nucleation tends to

increase, This nay be the esplanation of the results obteined, The additive
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itself, a source of impurity and foreign nuclei, could also be the couse,
It would bz interesting to sece the effects of other additives, to see if the

results are duc to increase in viscosity or to the additive itself,

8.5 GROWTH TROM NON-AQUEQUS SOLVENTS

Hexanine crystals were grown in the thermal crystallizer fronm nmethanol and
fron ethanol. Attempts were nade to grow crystals fron glycerol by cooling
saturated solutions but crystals did not formn.

Quite large crystals of hexanine could be grown readily fron nethanol and
fron ethenol. However, in not one instance were crystals with internal inclusions
forned, although in nany cases growth rates were ruch higher than the critical
value deternined for aqueous scvlutions, Typical growth curves for crystals grovm
fron methanol are shown in FPig 8-4. Growth rates up to ten tines the critical
aqueous value were achieved, yet inclusions svill did not form. The sane results
were foud for ethanol,

This gives rise to the interesting conclusion that the mechanisn of inclwsion
formation depends on the solvent from which the naterial is crystallized, A
chonge in solvent would be expected to affect the diffusion field about a crystal,
gince the solubility is changed and probably also the diffusion coefficient., It
could also affect any surface nechanisns occurring. 4gain the effect of changing
the solvent could be due *o sone interaction between solvent and solute, TFor
exanple, the possibility exists of some hydrated forn of hexanine in aqueous
solution, A nore detailed investigation on a large nunber of solvents would
perhaps iead to an explanation.

Mony of the crystals of hexamine grown fron nethanol and ethanol of'ten

showed a series of shallow depressions on the surface (Fig 8-1b), These were
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sonetines ordered and sometines seeningly irregular, With further growth
however they did not fill in or forn inclusions, On other occasions

irregulerly shaped crystals (Fig 8-1b) resulted,

8.6 GROWTH FROil SOLVENT MIXTURES

Hexamine crystals grown fron aqueous solution forn inclusions; those
fron nethanol do not.,  Since nethanol and water are conpletely miscible,
it was decided to study crystals in the thermal crystallizer growing fron
nixtures of these two solvents, Solvent mixtures conteining 70% to 90% water
could not be used since the solubility does not vary sufficiently with temperature
(see Supplenent), However hexamine crystals with inclusions were obtained
fron nixed solvents with 500, 25%, 16% and 9% water (by weight), but not
fron a 5% solution,

Only very rough estimates of the critical growth rate could be uade fron
these tests, These seen to suggest that the critical growth rate increaseé.
with decreasing water content, although the results are by no neans conclusive,
This would be an aspect of considerable interest for further study, Perhaps

the evaporative crystallizer could be nodified for this purpose,

8,7 UNUSUALLY SHALL FACE INCLUSION PATTERNS

Very occasionally in the examination of sanples of hexanine from the
evaporative crystallizer, a crystal vwas observed which showed two sets of face
inclusions (Fig 8-1c). One of these patterns was of the usual sizc (inside
dinensi ons about 65‘p) while the other was nuch 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 obout one tenth of a million
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crystals, So the postulate of a critical crystal size for inclusion formation
of 65 + ﬁp is still true for practical purposes,

However these snaller potterns do occur occasionally, It is not
immedintely obvious how they are formed, All other crystals in the batches
fron which these crystals were taken had the nornal 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
vhy do not the other crystals in the batch show this second pottern? The
crystals in vhich they are observed are not the largest (or by inference,the
oldes*) in the batch, Perhaps the inner pattern revrcsents portion of the
outer inclusion pattern that has detached and nigrated inwards DLecause of
thernal effects (see section 7.12). But agoin why does this not occur with
the other crystuls? Sone of the crystals in a batch ney have experienced nore
extrene conditions than the rest, and these crystals nipht be those with the
double potterns, It seens,then,that before a suitable explanation of this
behaviour can be obtained it will be necessary to grow such crystals in greater
guantities and under controlled condivions,

In sone sanples of hexanine, crystals with the 'dinmpled! oppearence shown
in TPig 8-1d are observed, These are sinply crystals that once contained

inclusions, but now have been redissolved back to the level of the inclusions,

8.8 CONCLUSIONS

Batches of hexomine crystals were grown from agueous solutions to which
quantities of a surface active agent or an additive wodifying the viscosity
were added, In each case the results could still be explained in terns of the

critical growth conditions determined for pure solutions. .Any effects of the
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additive seened fto be explained by its effects on crystal nucleation,
Hexanine crystals were grow: fron mnethanol and ethanol solutions, 'Face!
inclusion patterns could not be forned. However>inclusions were fornzd if o

noderate amount of water was nixed with the methanol solution,
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9., TIORMATION OF FACE TIICLUSIONS TIN OTHER CRYSTLLS

9.1 INTRODUCTION

Pace inclusion patterns were grown in two other crystolline materials,
amyoniun chloride and sodiun chloride, The appecerance of the inclusion
patterns in these crystals has already been discussed in Chapter 4,

These Crystals were grown nainly to show that 'face' inclusions can be
forned in other crystals, I detailed experinental study was not undertaken.
Although it Zs possible to nake rough estinates of certain quantities fronm

the results, these quantities are not very reliable,

9.2.IHGLUSIONS IN /AMMONTIUL CILORIDE CRYSTALS

Q4241 Growth of Crystals

Lmmoniun chlouride generally crystallizes from pure agueous 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 obtaired.
A list of suitable additives is given by Buckley_lfg7 P.535. One of the nost
effective is amnoniun nolybdate, and . small quantity ( € 1%) of this
noaterind, was added to the amnoniun chloride stock solution fron which all
batches of orystsls were grown, The stock solution was given a prior
crystallization to renove foreign nuclei.

Eleven batches of ammoniun chloride crystals werc grown in the evaporative
crystallizer, Details concerning these batches (No, 95-1C5) are given in
Lppendix TIT, Amnoniun chloride has a narked change in solubility with
temperature, so the batches were groim at quite low temperatures to minimise

changes when the sanples were cooled to roon temperature, Otherwise the









crystal, This probably results froa the large change in solubility on

cooling the included mother liquor. On cooling, crystallisation will occur

preferentially on those surfaces of the original pyranidal shape that cool

the quickest, i,e. on those that are nearest the surface. Consequently nost

deposition will take place at the centre of the basc of the inclusion. As the

deposition progressea spikes leading to the slower cocling corners are left,

002.3 Quantitative Measurenents

In exanining the crystals of the one batch, it would seen that the general

conslusions which were true for hexamine are ftrue also for ammonium chloride.

These are &~

(1) the inclusions occur only in the largest crystal;

(1i) the lorger the crystal, the larger the inclusion;

(1ii) inclusions do not fornm below a certain crystal size;

(iv) all inclusions seal over at ruch the same tine,

This suggests that the results might be explained as for hexanine in
terns of a critical growth region deternined by a critical crystal size and

a critical growth rate. Very rough eatinates of these quantities for each

batch are given in Table 9-1,

It should be enphasised aogain that a detailed experimental investigation
was not undertaken for this material, Tr.e batches were grown only for
denonstration purposes, so that the errors in these coupubed quantities nay be
quite severe, TFor example, the sanples photographed are by no neaas
representative since ustvally 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. TFurther, the single sanple




SAMPLE TEMP. | STIRRER 5 y R %
NO. c REM - o A/min | 107 ny
95 31 105 @ 35 < & >3
96--1 3> 100 50 40 104 6
96-2 30 160 50 35 1.7 11

¢ 97 30 230 55 32 5 3
98 30 150 40 35 2.3 10
99 32 2e © 35 <3 > 2
100 32 95 70 35 L 3
101 32 240 - - > 6 -
102 33 90 55 40 5 2

$103 28 100 60 45 145 6
104 43 100 70 45 167 3
105 | 43 220 - - >8 -

*+ As motor RPM,

@ Inclusions not closed over,

t Speed reduced to 100 rpm after 4 min,

$ This rm at heat 6, all others full heat.

TABIE 9 - 1. RESULTS FOR GROWIH OF AMMONIUM CHLORIDE CRYSTAIS.



nethod of analysis (see section 7.10) was used, but the assumptions upon which
this is based nay not be applicable to amioniun chloride, Z4Also the numbers of
crystals counted in the sanples are quite insufficient for statistical purposes.

However the results (Table 9-1) do suggest that an explanation in terms of
a critical size and & critical growth rate nay be applicable, The critical
crystal size would appear to be in the range 55 + 10 n with o critical growth
rate, perhaps ,between 2 and qu/nin. These values noay of course depend on the
quantity of additive present. The additive has o marked effect on dendrite
formntion so it could well effect the fornation of cavitites. PFurhter results
on this naterial would be of interest.

The rate of nucleation of ammoniun chloride crystals in the batch crystalliz
seens to be an order of nmagnitude less than that for hexanine. This nay be

the reason for the ease wibth which large inclusions forn,

9, 2.,4 lnterpretation of Results

In explanation of the formation of face inclusions in terms of cavitite
(incipient dendrite) formalion has alrealy been proposed by Bunn.[ﬁ%;ﬂ The
explanation given for hexamine {section 7.14) has in fact been based on this.

For amnoniun chloride, the inclusions form by the sealing over of cavitites.
It is suggested that these cavitites represent a forun of crystal growth
intermedinte between the cube and the eight-pointed dendrite, The dendrites
usunlly observed, with ammonium chloride are six-pointed, These are formed
fron 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 fron

pure solutions, However with certain additives, the crystal habit is changed



to the cube and the corrcsponding dendrites which can form by the breskdown of
polyhedral growth are the eight-pointed ones mentioned above. Eight-pointed
dendrites have been observed

Since ammonium chloride can also crystallize as icositetrchedra,it seens
that it should be possible using pure solutions to forn patterns of twenty-four
inclusions in crystals of ammoniun chloride, if cavitites are formed internediate

between the icositetrahedron and the six~pointed dendriie.

9,3 INCLUSIONS IN SODIUM CHLCRIDE CRYSTALS

9.3.1 Growth of Crystals

Sodiun chloride crystallizes as cubes from agueous 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 'face! inclusion
patterns, This batch was grown by very rapid growth, achieved by allowing
the solution to rea~h 100°C before suddenly applying the vacuun, The inclusions
were grcown on seed crystals and many of the inclusions have the flat eppearance
characteristic of this neans of growth, Sone examples have already been given

as Mg 4-3; others are shown in Fig 9.3.

9,562 The Mechanism of Inclusion Formation

The appearance of the inclusions in sodiun chloride is nuch the sane az that
in ammoniun chloride and it wnight be expected that o similar mechanisn of
fornation applies, The solubility of this :mterial does not vary nuch with
tenperature,so irregularities in inclusion shape on cooling would not be

expected,
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96840 Quantitative Measurenents

Fron the linited number of sanples it is impossible to moke any really
guantitative neasurenents or even to show that critical growth conditions
night exist, However, assuwiing, as with hexamine, that the behaviow can be
explained in terms of a critical crystal size and a critical growbth rate,
it would appear that the critical size is of the order of 20 to 3Qu and the

critical growth rate is of the order ofi10p/min,

9,3,4 Inclusions in Octaliedral Crystals

With the addition of urea, sodiun chloride will crystallize as octahedra
instead of cubes (Buckley / 1/ p.556). If 'face! inclusions can be formed
with such crystals, o patbern of eight inclusions should result, Several
gquick attempts were nade to grow such inclusions form a urea; sodiuwa chloride

solution but really definite results werec not cobtained.

9.4 LICLUSIO:S I NON-REGULAR CRYSTLLS

111 the examples of face inclusion patterns so far considered have been in
crystals with cubic symmétry, vhich crystallize in regular forms, If the
crystal grew in a non-regular habit, for exanple as g prism, it is possible that
face inclusions could be forned in the nore rapidly growing faces and not in
the others, i.e., in the directions of the length of the prism. Thus a patbern
appearing only in certain selected faces would be cobtained,

If the bariun chronate crystals of Fig 2-2 do contain nother 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 nerbers in

these crystals certainly have the characteristic tapering and sealing of
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face inclusions. It nay also be of interest to note that barium chronate

can be grown as dendrites with a shope corresponding to the crystal and its

pattern Z_‘I8__7.

9.5 COHCLUSIONS
Face inclusion patterns can be grown in other crystols, The mechanisn of
formation appears to be sinilar to that for hexanine, Further neasurenents are

required before exact details of the conditions for growth can be given,
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10, TFORMATION OF TFDGE TNCLUSION PATTERNS

10,1 INTRODUCTION

Bdge inclusion patterns have been discussed in Ch. 3 and 4, It was seen
that the inclusions lie upon lines oorresponding to the edges of the crystal
at some prior stage of growth. In hexanine, the inclusions outline a
dodecahedral forn; while in ammoniun and sodiwn chloride, a cubic one. It is

the purpose of this chapter to consider the formation of these inclusions,

10 .2 PREPARALTION OF CRYSTALS

Edge inclusions were first noticed in a chance sarple of hexanine, prepared
when the solute was being recovered fron the accumulated nother liquor at the
end of a series of batch crystallizations., The crystnls were grown, while
extra batches of rother liquor were added from tinme to time, Unfortunately
no detailed record had been kept of the conditions used in this recrystallization,

At first it wons though that the important factor causing the formation of
these inclusions was the iupurity of the feed solution, However further
crystallizations fron the sane mother liquor showed that this was not so. Then
it was thought that the contributory factor was dissclved sir, added with the
later batches of fleed and coning ocut of solution on the crystal edges. Severnl
batches of crystals (as shown in Table IIIAS of the Appendix) were grown to
test this idea., All were unsuccessful.

It was found,then,that crystals with edge inclusions could be produced if
a quantity of unlersoturated 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 crystel was prepared in the normnal way, then a quantity
of water was added to dissolve sone of the crystal away. This crystal was
used as seed for further crystal growth to forn edge inclusion patterns.
Photographs of typical sanmples of hexamine fron the initial batch, the
pertly dissolved seed and the resulting product are shown in Pig 10-1, Other
sanples formed fron seed with differing anounts of initial dissolution are
shown in ¥ig 10-2, Photographs of individual hexanine crystals with edge
inclusions have already been shown in Fig 5-7 to 3-9, while similar
photographs for ammonium chloride and sodiun chloride crystals were given in
Mig 4~2 and 4~4, Details of all the batches of crystals grown are given in

Table IIT A4 of Appendix TIT,

10, 3 MECHANISHM OF INCLUSION FORM.ITION

Edge inclusions are formed by crystal growth on partly dissolved seed
crystals. It is usuzl in dissolution far the corners and edges of a crystal
to be dissolved preferentinlly and for the crystal to hecome quite rounded,

It can be seen from IFPlg 10-1 that this rounding process has.occurred on the
portly dissolved hexanine seed crystals.

It is thought that edge inclusions are formed by the redzvelopnent of the
plane surfaces on such rounded seed crystals, Planewise growth would begin fron
the cantre of each face, As growth proceeds, the plane face would re-establish
itself over the surface, However, because of the curvaturc of the surface,
considerably nore growth would be reaired at the edges and corners of the
crystal to bring then to the level of the plane surfaces, leamhile fhe plane

surfaces nay be spreading, repairing thenmselves, at a rate faster than the edges









and corners can be built up. So, after a tine the crystal would appear as

o nuober of plane faces separated by an interconnected pattern of open channela
running along the edges of the crystal. With further growth, neighbouring plane
faces may eventually meet and thus tubes of nother liquor would be trapped in
these chammels, TPurther crystal growth would just bury the included nother
ligquor deeper in the crystal, This mrocess is shown diagramnmotically in

Fig 10-35. The positions of the growing surfaces around one edge of a crystal
at various stages are shown.

ifter o time the tubes of mother liquor forned in this way would break down
into a:geries of discrete inclusions, It would be expected that larger
inclusions would forn at the cormers since this is where the largest difference
between the smoothed crvstal and the plane surface occurs, This is verified
byz observation (see Fig 10-1).

In sone instances, when the originel seced crystal wos not very rounded the
inclusions forn only at the corners and the edge patterns becone just a number
of isolatsd inclusions, one at each crystal corner. Eight such inclusions
would be forned in a cubic crystal and rouwrteen in the dodecahedron, Six of
the corners of a dodecahedron are sharper than the others and the inclusions
in these corners tend to be larger then the others, Uunder certain circunstances
the pbttern of fourteen inclusions described above can degenerate into a pattern

of six, one in each of these corners,

0,4 MEASURELMENTS ON CRYSTAL SANMPLES

10.4.1 Sanples

Lttenpts were nade to grow crystels with edge inclusions under the nicroscope
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using the thermal crystallizer. Inclusions were formed, but because of the
difference in refractive index betwcen crystal and solution details of the
nechanisn of growth could not be seen. Simce the evaporative crystallizer allows
greater control over the corditions of growth, this apporatus was used for the

further
growth of all/sanples annlysed in this section,

10.4.2 CGeneralizations I'rom Resulis

Observations and measurerents on the various sanples (such as those in
Fig 10-2) lead to the following generalizations :

(1) Inclusions occur in the khrgest crystals of a sample, This can be seen
directly, and is also demonstrated by measurenents of the crystal size histograms
(Fig 10-4). Tnic result would be expected if inclusion formation took place on
all the seed crystals., Naturdlly,these would be lorger then crystals nucleating
subsequently.

(2) Inclusions form on all the seed crystols. It is inmedintely obvious
that inclusions forn at least on all those seed crystals with face inclusion
patterns, since, without exception, where¢ (dge patterns were forned, those
crystals showing face inclusions \present only in the seed) also showed edge
inclusions. fidded proof is given by neasurenents which show that the nusber of
crystals with edge inclusions is approximtely the sane as the nunber of seed
crystals added (Table 10~1),

(3) The size of the inclusion pattern is much the sane size as the seed fronm
which it is formed., This is shown (Table 10-1) by neasurements of the nean
size of the mtterns, ond the nean size of the sced from which they were forned,
It is rather difficult to get an accurate neasurenent of the size of the seed,

since the particles are sonewhat roaunded. It would be interesting to have nore
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r SEED PRODUCT
Batch i R
Noe X 7 7 - x; S Comments,
107 n 10 ' ng B /min
Do 2 R R
84 133 2.6 - 0.7 193 10 3.0 vefew; patterns of 6
85 128 2.5 129 342 160 10 345 patterns of 6
86 125 23 131 3k 151 10 4.0 patterns of 14 & others
87 122 1.9 135 3e3 151 15 5.0 full pattern
88 117 169 133 2.7 157 15 6.5 full pattern
89 80 1.3 92 1.6 169 26 17 Lighly developed
90 97 1.8 117 2,1 167 24 11 fully developed
91 106 2.1 121 2.2 143 15 2.2 nedium,
92 105 243 128 261 Al 12 360 weak patterns
93 120 1e& 142 1ol 163 1C 1.6 weak patterns
oL 119 145 127 1.8 163 12 645 full pattern.
5 67 149 89 2.4 208 55 10 -
i 32 280 0.08 330 0,11 420 35 25
TABIE 10 -1, RESULTS FOR GROWTH OF EDGE INCLUSIONS 1N HEXAMINE,
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exact measurenents relating the size of the inclusion pattern to the size of seed,
to o'bt‘o.ip"sj_ome idea of how muech growth occurs before the inclusions seal, This
night 'be‘ an aspect for further work.,
o ‘.-(4) The thickness of crystol covering the inclusions is approxinately
oonstaﬁt for each batch, This can be seen dlrectly from the photographs, and
is confirmed by measurenents, Assuning that all crystels in a batch grow ot
.tho sane rate ot the sane tine, this neans that all the inclusions muat have
been senled over at much the sanme tinme, irrespective of vhether the crystal was
large or snall,

These generalizations are consistent with the proposed mechanisn of

inclusion fornation,

10,4,3 Rates of Growth

Estinates of the rate ot which the crystals nre growing when the inclusions
forn, have been nade for the various batches (Table 10-1), The rates of growth
are quite low,

In an attenpt to determine whether there is a liniting growth rate for the
formation of edge inclusions, four batches of crystal (Batches No, 91~94) were
growm at different heating rates, using sinmilar amounts of seed, The resulting
sanples arranged in order of increasing heating rate are shown in Fig 10-5, The
corresponding rates of deposition of =0lid, n, are given. It can be seen that
inclusions are formed ot all heating rates, although at lower heating rates the
ariount of nmaterial included seens to have decreased., Perhaps at lower rotes
still the inclusions would not be formed at all, If there is such a limiting
growth rate it would appear to be rather low ( € 1 p/min), This nay be an

aspect worthy of further study,
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10,5 EFFECT OF VARTABLES ON SIZE OF INCLUSICNS

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
estinated quolitatively, It is difficult to get a guanlitative neasure of.the
size of the inclusions since they are usually rather small, and also they vary
in size at different points along the crystol edges. Measurenents could have
been nade using the Karl Rischer apparatus (Appendix V) to deternine the total
amount of included noisture. Fron this and estimates of the nuumber and mean
size of crystals with inclusions a mean inclusion size could have been
deternined.

The major factor affecting the size of the inclusions formed is the anount
of predissolution that has taken place ca the seed. The inclusions forped on
seed cfystals with different extents of predissolution are shovm in Fig 0 -2,

The anounc of predissolution is taken as the fraction of the original dodecahedral
volune that has been dissolved awny, It can be seen that about 20% predissolution

is required before any semblance of en edge pattern forns and about 40 % before

the full pattern appears,
through

It appears that the effect of seed predissolution is sinply/the increagsing
roundness of the seed crystals with further dissolution., The nore rounded the

seed, the larger the cdge inclusions that arc forned.

10,6 MULTIPLE PATTERNS OF TIICLUSTIONS
By repeated crystal dissolution and subsequent growth, nultiple 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 would 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 IRREGUIARLY SHAPED SEFD CRYSTALS

So far, the seed used has been unifornly rounded crystals. The edge patterns
formed by subsequent growth have thus been very regular. If, however, the seed
crystals were initially irregula rly shaped, the inclusions which forn on growth
would tend to outline portions of thce seed crystal and thus be sounewhat
irregularly arranged. For example, in the first batch illustrated in Fig 10-7,
the seed crystals uscd were broken crystals, These irregularly shaped seeds gave
the irregular inclusion potterns shown. The second batch illustrated in Fig 10-7
shows the resulting patterns when commercial crystals were used as seed,

This nechanisn of regrowth over irregular surfaces nay 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) nay have been

forned by such o nechanisn,

10.8 EDGE INCLUSIONS IN OTHER CRYSTALS

Idge inclusions were also grown in sodiun chloride and ammonium chloride
cubes, These were formed by exactly the sanme nethod as used for hexamine, A
quantity of the crystal was partly redissolved (to about half its original weight)

then regrown, The nmechanisn of formntion would appear to be sinilar to that

already described.






10,9 CONCLUSIONS

Edge inclusions are formed in various crystals by subsequent regrowth on
partly dissolved seed crystals, The najor 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 mechanisn is believed to

be caused by growth on rounded crystal surfacas,
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ii. THE DRYING OF CRYSTALS CONTAINING INCLUDED MOTHER LIQUIT

11.1 INTRODUCTION

In industrial practice it may not always be possible to avoid the
formation of inclusions in crystals, ond yet the presence‘of included
nother liquor may be undesirable, Is it po:.v,.'s,:i.“bil.e,1 perhaps, to remcve
the included liguor from the grown crystals, for ‘exanple by drying? The
results of experiments concerned with the drying Sut of inclusions will be
considered in this section,

Mecharisns by which included solvent night p&ss‘from the crystal
include the diffusive transfer of the solvent through the solid erystel,
the sesping out of liquor through the cracks and flaws in the crystel
structure,and the rupture of the crystal by the pressure generated within
the inclusions, If any of these nechanlsns occur§ to a eignificant extent
it should be possible to remove the includ2d solvent by drying,

Hexanine containing aqueous inclusicns was used as the test material,
It was noted thati hexanine samples stored in desiécators at roon terperature
for scveral months still contain apprecioble amOunts of included noisture,
Also commercial hexanlqe crystals which are dried' at temperatures up to
50°C in manufacture still contain moisture, By dfying at higher tenperatures
for longe:r times it is possible that the includedsmaisture nay be driven out.

For this purpose a smoll batch-operated through-dryer was constructed,

11,2 DESCRTIPTION OF BATCH DRYER ‘

Essenticlly the dryer (Fig 11-1 and 11-3) consists of a small bed
of hexamine crystals *hrough which hot dried air is passed, The moisture
removed is recovered fron the air in weighel dryipg tubes (8). Tue dryer

ond air heater are immersed in a constant temperafure 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 renoved in a water condenser (7) ahead of the

drying tubes.

11,3 DETAILS CONCERNING DESIGN AND CQOUSTRUCTION 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 accuragely on a good
laboratory balance, Drying temperatures up to about 100°C were to be
investigated and a constant temperatur¢ oil bath could achieve this, Air
flow rates up to a litre per minute were considered adequate. Toc low an
air flow rate woull cause serious tine lags in the measurement of the moisture
removed,

11,5.2 Drying Veasel

The drying vessel (Fig 1i.3 and 11,4) consists of a sample holder, an
air preheating coil and a presaturator, The smple holder (about one inch
internal diameter and six inches long) supports the sample on a coarse grade
sintered disc, Adi. passes upwards through the disc and sample, The sample
holder supported by a B40 cone joint nay be readily removed for weighing
or £illing, Although this joint was not libricated it proved substantially
leak proof, so that little air bypassca the sample,

Originelly it was intended to weigh the sample holder in situ by neans
of a wire passing out of the drying vessel through a rubber bung and attached
directly to one srn of a balance mounted above the dryer, Lifting the
arrestment would have lifted the somple holder fron its cone joint, However,
because of sublimation and condensation of the hexamine sample, changes in
weight proved to be no measure of the molsture lost; so this proposal was
discarded.

Air woe preheated by o glass coil, immersed in the bath. In all testa
the tempzrature of the air leaving the coil wns substantlolly that of the
- 01l bath showiig that the coil provided sufficien* heat transfer,

Preliminary runs showed that sublimation of hexanine from the sanple
and its subsequent condensation in the drying tubes were serious factors.
The vapour pressures of hexanine at 20°C ond 100°C are 0,0004 and 0,29 mn,
Hg respectively (refer Supplement Fig STI-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., o quantity very large compared to the amount



BYPASS
VAR

THERMOMETER

4
r I‘-AlR

LiQuID

LEVEL

HEXAMINE

)
O Whed I
N
SAMPLE~-JL J‘-

\
]

SAMPLE _-
HOLDER

HEATING COIL

FIG. II-3, DIAGRAM SHOWING DETAILS OF DRYING VESSEL.

864






200

of moisture present, To prevent this sublimation of the sample +he

hot air before possing through the sampie; was presaturated with hexanmine
vapour by passing it through a bed of moisturs free hexamine orystals,
The hexemine vapour was condensed out prior 1o the drying tubes by a
water condenser,

The snall chamber at the vapour outlet was to collect any hexamine that
condensed on the cooler portions of the ocutlet {ube and to prevent it from
being carried back onto the sanple holder,

As much as posaible of the dryling vessel was below the oil levei, but

all joints and seals were kept above the surface to nminimise contanination,
All caps and joints were held tight with spring clip.:.

11, 5.3 Constant Temperature Bath

A three gallon stainless steel tank filled with oil was used for the
bath, Temperature control wns achieved by a 'Sunvic! bimetallic therrostat
(Modnl TS3) acting through e hot-wire veacuum switgh on a 500W immersion

heater. This gave temperature control within + + C,

11,5,4 pir Suppiy

Air was circulaied oy neans of a vane blower. The flow rate was
contiolled by reans of a bypass line around the blower, A closed air
recirculation system was used, vented oniy through a duvst filter at the
blower inlet, The pressure in the dxying vesscl wos 20 to 30 mn Hg above
atmosrhere. Air flow rates were mestw oG by two Rotareters (0,1 - 0,8
1/min on the main air line and 0,2 « 2,0 1/x§1rin om the second bypass line, ).

11,3, Drying Tubes and Towers

'he rate of drying was determined fiom the increase in weight of a
pair of drying tubes containing calciun chloride, By ncans of two threc-
way cccks air could be passed through one of the tubcs while the other vas
renoved for weighing, Both tubes wers enclosed in a desiccated cabinet
to avoid erroneous variation in weight ceuscd by humidity changes or Cust.

The calciun chloride in the tubes was from the same batch as that
uscd in the diying tower before the dryer., The air enlering the dryor
and leaving the dryer tubes should therefore hav: the same nmolstire content
(0.2 ng, h 0/Litre /3,.7) and the only moisture ccllected in the tubes
should be t fron the sample,

Two silica gel drying towers wers used prior to the calcium chloride
tower to take most of che drying load, especially during start-ups With
the recirculation of the air 1little Axying was required once the apparcive
was operating., A plug of glass wool after *he drying towers, filtered
out dust aud entiained drying agent,
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11.3.6 Condenser

To remove hexamine vapour from the air, the exit gases passed
through a glasewater jacketted,two-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 poocl 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 nised 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 presaturatyy, condenser, and the by-
rass air line, :

In preparation for operation the equiprent 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 nave no increase in weight,

11.4.2 Dynamic Behaviour

To achieve some idea of how rapiily moisture could be detected, a
sample comprising 57 g. of slightly damped 30 %Y 'Ballotini' glass beads
was used with an air rate of 50U 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 condensalion a change in the
sample moisture would be fully recorded in the drying tubes in a few minutes,
which is quite acceptable. The volume of air space between the sample and
the drying tubes is less than 500 ml.

11,5 £XPERIM:NTAL PROCEDURE

The bath was broug.t to the desired temperature and the apparatus run

for a short time until the drying tubes reached constant weight. Tae saﬁple

to be dried was taken from a well mixed and sieved bulk sample, weighed into



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 2 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 mcisturc by the Karl Fischer Method {(Appendix V ).

11,6 BE¥PERIMENTAL 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
che contained regular inclusion patterns. Sample 4 contained only random
inclusions. Sample 7 contained 'edge' inclusicns 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, Colum A
shows the moisture content (by analysis) of the sample before drying;
colunmm 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 éery 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, Im these cases, ihe 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 tbese 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
tﬁe sample gained in weight, This was prubably due to condensation of

hexamine vapour on the initially cold samnle.

11,7 DISCUSSION CF RESULTS

It seems reasonable to consider the residual moisture content as
being solely included moisture, since surface moisture is so readily
removad., It is impossible to say whether all the included moisture remains
or whether sone is lost in drying since there arc no means of deciding
whether the moisture r=covered comes from the inclusions or from the
surface (unless surface moisture has been daliberately 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 (columm C), so there are sone
grounds for suggesting that the included nmoisture remains intact,

However, it is quite clesr that the major portion of the inclrded
noisture remains even after extended drying under extreme drying conditions.
These conditions are considered to be beyond the limits of practical
feasibility in the industrisl manufacture of this material. It must
therefore be concluded that drying cannot be considered a means of removing
the included moisture.

The included moisture night be removed if the crystals were
crushed end the liquor releapsed but this would require extensive grinding
and woul1d give a powdery product., 4 likely alternative to drying would
be dissolution and subsequent recrystollization under controlled conditions,

or from another solvent.

11.8 EXPERIMENTS WITH HEATED CELL

One of the nechanisms by which the inecluded 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
ternperature at which this would occur for hexamine crystals,

The cell consisted of two optically plane faces situated about a
centinetre apart, Into the cell passed a stirrer, an electric heating
coil, a thermoneter, and a gless sample holder. The sarmle holder was a
flat tapering tube with two noderately plane sides, The taper was
sufficiently narrow that only a single layer of crystals was held, and

readily observed, The cell wos mounted in place of the slide corrier of
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a lantern slide projector and its imapge projected onto a sereen wlth
sufficient magnification for the inclusion patterns in the crystals to be
seen,

£ suitable immersion liquid should be non-opague, non-inflannable,
have a high boiling point, and should not dissolve the sample. Glycerol
and bronmobenzene were tried without success; d&i butyl phthalate behaved
satisfactorily. The sample crystals grown under vacuua at 4000 were about
SOQ/LA in size and token fronm the same batch as the crystal shown in
Pig 3--2, Heating rates varied from 1 to 5°C per ninute,

No cvidence of crystael rupture was cbserved at least up to 180°C. Ir
the volune of the irclusion and the anount of liquor in it are assumed to
remain constant (though this is nost unlilely) the pressure generated in
the inclusion could be as ruch as 1000 atmos. at this tenperature. Beyond
19000 the crystals dissolved rapidly., Fig 11.6c shows the sanple intact
at 17600, while photograph 4 shows the sample dissolving at 195°C, Barely
discernable on the photograph (but muchclearer on the screen) can be seen
the shower of rapidly rising drops expelled at this stage. These are
probably ~vapourised liquor released when the dissolution of the crystals

reaches the inclusions,

11,9 CONCLUSIONS

Drying is not likely to be a practical neans of removing the included
noisture fron crystals, at least fron hexamine crystals,

The temperature at which hexanine crystals will rupture throagh
pressure buildup in the inclusions is far in excess of the tenperature of

formtion,
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12, THE CAKING OI' STORED CRYSTLLS

12,1 TNTRODUCTION

It has been argued that the presence of included solvent in crystals
nay be a cause of thelr caking in storage., The solvent wmight diffuse out
fron the inclusions and evaporate on the surface,depcsiting its solute in
the crevices between a crystal and its neighbours,thus enabling then
to bond togetner.

This proposal will be examined in the light of the observed storage
behaviour of hexamine crystals which often coke, The type of bonding

between cnked crystals is clearly illustrated in Fig 12.1.

12,2 STORAGE IN DESICCLTORS

Batches of danp newly-nanufactured crystals when stored in a desiceator
invariably caked solid, irrespective of whether the batch had inclusions
or not, If the dried crystals were sieved and replaced in the desiceator
no caking occurred, even after many nonths, although sone sonples contained
several percent of included noxsture., If the ciystals were deliberately

redampened they would cake again,.

12.3 STORAGE IN LIR

With air of low humidity a sinilar behavieur to that in the
desiccator was observed, In high hunidity air, however, hexamine
saiples becane most noticably demp. Ior air at 20°C the relative hunidity
a* which this deliquescence occurs has been calculated as 76.3% {refer
Supplenent Fig SII~8), This value is in agreement with the tests showm
in Table 12,1 giving the increase in weight of identical samples of hexanine
stored in atuospheres of controlled relative hunddity for one day., All

the saiples that tock up noisture caked when stored in dry air,.
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12,4 DISCUSSION

Caking is a problen in the cemmercial production of hexamine., 4
recent patent zf3§7'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 hexauine with the varying
hunidity of the cir, This is a conmon couse with many other materials
Z§;§7. Included noisture os a mechonism of caking scems to be of little or
no importance, since saiples in a desiccator do not cake., Drying tests
have already indicatedthe extrene reluctance of the included noisture tn be
renoved, so its non-effectiveness in caking is not surprising, Further it
should be noted that the amount of included nuisture in commercial crystals

is quite small (0.1 to 0,3%).

12,5 CONCLUSION
Included nojsture appears to be of liltle importance as a cause of

caking, at least of hexanine cryscals,
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15, SUGGESTIONS FOR FURTHER WORK

15.1 GROVTH OF HEXAMDE CRYSTALS FROM AQUEQUS SOLUTION

The results obtained in this project can explain the formtion of 'face!
inclusions in terms of neasured critical quantities. Little can be said of
the exact significance of these quantities, The sonmewhat tentative ideas
expressed in section 7.14 require a nore thorough experinental basis,and
investigations with this ain would be gquite useful.

It would be interesting, for example, to grow inclusions on crystals of
hexanine mounted in an interferonetric cell (such as that used by other authors
[5_2, 5_§7 ) or sonething sinilar, so that the actual concentration profiles around
the crystals could be deternined, A knowledge of the variation of concentration
gradients about the cryscal cornzrs and cavities would be very useful in any
discussion of inclusion formation., There nay be certain experimental difficulties
in obtalning 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 becone supersaturated, The non-isothernal nature
of the system might however moke interpretation of the interference patterns
difficult,

It would also be of interest if dendrites of hexanine could be grown in
bulk solutions and the exictence of a change from cavitite to dendrite established.
Growth conditions for the transformation could be determined.

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 glaoss slides, Such investigations would be an aid

to the understanding of the formation of edge inclusions as well,



213

Basic neasurenents linking the erystal growth rates to solution super-

saturation and relative notion would olso be of considerable use,

15,2 GROVTH OF IEXALTNE CRYSTALS FROM OTHIR SOLVENTS

A nore detailed study could be undertaken of the grovth of inclusions in
hexanine crystallized fron other solvents,or from solvent nixtures. The
conditions giving rise to inclusior formtion could be determined and conpared
with those for aqueous solutions, The thernal crystallizer is not particularly
suitable for these neasurenents, Perhaps the evaporative crystallizer could

be nodified ard used to give more accurate data.

15,5 GROWTH OF OTIFR CRYSTALS FORIING INCLUSIQNS

A puch nore thorough investigation is required of the growth of amnoniun
chloride and sodiun chloride crystals with inclusions, The technique of
consecutive sanpling as used in this project for hexanine should be quite suitable.

A search should be nade for other crystalline naterials that show 'face!
inclusions to ascertain the importance of this phencnenon in crystallization

practice.

13.4 GROVIH OF 'EDGE' THCLUSIANS

Tests could be carried out using well rounded (id2ally, spherical) seed
crystals in supersaturated solutions to ascertain if there is a limiting growth
rate below which tne plane crystal faces will develop without forning 'edge!
inclusions. If so, this critical rate could be related to operating variables
such as the seed size and relative notion of the seed crystal to the solution,

Attenpts could be nade to grow edge inclusions in hexanine crystals using

other solvents, to sce if the nature of the solvent has any effect,
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13.5 MIGRATION OF TNCLUSIONS

T
——

lleasurenents could be nade of the rate of novenent of inclusions in
crystals subJected to a temperature gradient. This could possibly be a neans
of removing inclusions fron crystals. The rate of migration could perhaps
be linked to the rate at which the inclusions change shape under conditions

of fluctuating temperatures.

15.6 INCLUSIONS AS A SOURCE OF STRATN T CRYSTALS

The presence of inclusionsg in crystals noy be a cause of localized
stressing within the crystal, especially with changes in terperature. TFor
certain crystal applications this could be a serious problen, It would be
interesting to neasure the pressure generated “n an inclusion with variations
of temperature. TFor low tenperatures the size of the vapour bubble in the
inclusion could be neasured, [Alternatively, an artificial inclusion containing
a pressure transducer could be grown,by drilling a hole through a crystal and
resealing the ends by crystal regrowbh., The stresses in the crystal could
be seen also by optical or other nmethods if the crystal, as hexanine does,

shows photo-elastic, electro-optical or plezo-electric jroperties,

13.7 APPLICATION TO LLRGE SCATE EQUIPMENT

In this project nost of the crystals with inclusions were produced in one
crystallizer. The results were explained in terns of critical growth conditions
and the nucleation behaviour, Different results no doubt,would have been
obtained in other or larger crystallizers because of the variations in
nucleation behaviour, It pay be of interest froz a practical point of view
to ascertain the nucleation behaviour in commrcial hatch crystallizers to

L] / . .
see if sedl ing up the equipnent size will increase or decrease the tendency

to inclusion fornation,



135.8 A METHOD OF TAGGING CRYSTALS

A possible use of crystals with repgular internal patterns of inclusions could
be nentioned here, Such crystals could be used as 'tagged' or 'marked! crystals
in crystallization studies,

The crystals ere readily recognised and reasonably readily formed. An advantage

over other nmethods of tagging is that no further inpurity is introduced; however

there nay be a slight difference in crystal density.



216

14, CONCLUSIONS

Paiterns of inclusions of very great regularity have been growm in
crystals of hexanine, annoniun chloride, and sodiun chloride, Patterns of two
distinet types have been seen, In the first, terned 'TFace'! inclusion

patterns, inclusions lie in sets with one inclusion corresponding to each

face of the crystal. In dodecshedral crystals of hexanine twelve inclusions
occur in the pattern; in cubes of ammoniun chloride and sodiun chloride, six,
In the second type of pattern, terred the 'edpe' mttern, a large number of
somall inclusions outline the edges of the crystal at sone prior stage of growth,
In hexanine crystals the 'edge'! inclusions outline the edges of a dodecahedron;
in the other two naterials, thc edges of o cube,

The growth of face inclusions in hexanine crystals formed from agueous
solution hus been analysed in detail., It has been shovm that when face inclusion:
forn, the crystal grows first as o cavitite i.e. as a crystal with cavities on
all faces, This cavitite eventually reverts to plane crystal groﬁth and the
nother ligquor in the cavities is sealed in foruing the inclusions, Fron various
negsurenents on a large nurber 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, ibove this criticel size an’ at growth rates higher than
the critical, hexamine crystals will grow as cavitites; below it as plane faced
crystals, Taese critical valies are the same for all batches of crystels grown,
and were evaluated as 65 4 5 p and 12 + Qp/hin respectively. The sane results
were found to apply to crystals growvan in static solubion,

The variation of inclusion forimation with crystallizer operating conditions
has been explained in terns of the varintion in the batch nucleation rate.
Stirring speed, for example, increases the rate of nucleation, and therefore

decreases the size of the inclusions forued 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 growmn fron other solvents. Fron non-agueous
solvents inclusions could not be forned, Fron nixed solvents inclusion
fornation occurred provided therc was a noderate anount of water in the soclvent,

The growth of 'face! inclusions in other crystals appeared to follow the
sanc general mechanisn as proposed for hexanine crystals. The critical
growth conditions wers not measured sccurately. However,they appecar to be of
the sane order as those for hexmnine

RBdge' inclusion patterns are formed by regrowth on rounded or partly
dissolved seed crystols. The anount of rounddng of the seed crystal is the
major factor influencing the size of the edge inclusions forned.

Attenpts to renove the included nmother liquor from hexanine by drying were
unsuccessful, even though quite scvere drying conditions were used. It seens

unlikely that the included noisture is a cauce of crystal caking,.
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APPENDIX I

PHOTOMICROGRAFHIC uQUIPMENT

A gtandard "Spencer" transmission microscope with a 6X eyepiece and
a turret cbjective was used. The microscop2 had a mechanical stage.

For most work the lowest powered objective (10X, 16 mm) proved quite
suitable.

i 35 mme 'Praktica' camera bedy 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 dﬁjective acied
simply as a simple lens throwing an image onto the focal plane of the
camera. An objrct 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 lawp. Fine grain film
('Panatomic X') was used with shutter speeds of 1/200th of a second. The
film was developed in fine grain deveioper. 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,

Frints were made from all negatives of the evaporative crystallizer
satiples. /An overall magnification of about 70 was achieved. The
magnification was checked by photographing a plece of stainless steel
wire of known dimension also immersed in these fluids. All sample
measurements were made from thesz 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. 4 special scale rule allowed






220

direct measurements of size to be made.

Cine photographs were taken with a 16 mm 'Bolex' reflex wvicewing cine
camera. The camera without lenses was mounted over the microscope in
place of the 35 mm camera, The microscope lanp had to be moved away
to reduce the illumination to a suitable level for tlke filming speed used

(up to 32 f.pes.)s 'Ilford' F.P.3 film was used.
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APFENDIX IT

SAMPLE CALCULATTION

1. EVAPORATIVE CRYSTALLIZER RESULTS

(1) Measurements on Photographs.

Four 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 lepst 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 clagsified into
various size ranges. The size range interval depended on the total size range,
but usually either « 25 p or a 501 interval was used. The nunmber of crystals
inveach 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
rangz of such crystals was also determined.

For example for Sample No, 37-4 of Batch No., 57 a total of 556 crystals (n')
fron the four rhotographs were counted., This sarple contained crystals with face
patterns of inclusions, A photograph of this sample is shown in Fig 7-14.

The size distributicns of the crystals was as follows (see Appendix ITI),

Size Range,n Number in Range Numper with Inclusionéj
in Range
0- 8 82 0
50 - 75 88 U
75 - 100 62 6
100 - 125 37 353
125 ~ 150 52 52
i 150 -~ 175 55 55
556 126
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(i1) Direct Computations on Size Dis tribution

From this size distribution the fraction of the crystals with inclusions, @ ’
can be conputed. The mean crystal size, 5'5, of the distribution on a volumetric
basiz can also be calculated from the relation :-

X = (Sx%(x))13
where x is the mean size of crystal representative of each size range and f(x)
is the fraction of the total mumber of corystals in that range.

The quantity £ , linked to the mean surface area of crystal was computed from
the definition, of = ( J x°£(x))/%°. This quantity usually lies between 0.7
and 1,0 and this gives a useful check on the computations. The value of o, depends
on the shape and extent of the distribution,

For the distribution of those crystals with inclusions, sinilarly -)é_ and oCi
can be computed., For the example taken,

/3 = 0.55

X = 104 1
o = 0,87
Xy=141p
o3 = 0,98

Assundng 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 exanple ‘c;: = 0.72 ’ Y# = 0,88 .

(iii) Prther Measurenents on Photographs

Those crystals 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 orystal covering the inclusion, t. These
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quantities were discussed in Section 7.6. It was shown there that y and ¢
have substantially constant values for each batch, The various estimates of y
and t were averaged (aritimetically) to give ¥ and t for each batch. The mean
values of & and y' (on a volumetric basis) were computed from the relations
s = [ S sz(s)J%
v = [eriiy ) T
where f£{s) and £(y') 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 (Sauple 37-4) has been shown in the
text (Fig 7-10), It was shown that y=64j1, t=9p, s=28p, and ' =119,
Mthough y! = y+2s = xi—-‘Zt for each individual crystal, because of the way
neans are taken these relations are not appliceble to the mean quantities.
If a flat distribution for f{s) is assumed it can be showm that
=7+ ‘ZE vhere ¥ has a value hetween 1,59 and 2 depending on the value of /v,
Tis relation could be used to estinate ;’ fron -:; 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 ;' .

(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 = il/a P X2
where /o is the crystal density and a is a volume shape factor for the crystal.
For dodecahedral crystals, a = 0,707,
The total surface area of crystel, A, can be evaluated by the fullowing

relation
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L = nelbx2
vhere o' 1s the area-volune factor for the size distribution ns discussed above
and b is an area shape factor, Tor dodecahedra, b=4,24,
For the example considered, the sauple was taken 5 nin after nucleation
and the rate of evaporatiocn wns 8.6 g./min, vhich corresponds to a hexanine

. deposition rate, n, of 7,5 g/nin,

M=22g
5, 12
Hence n = 22/0.707 1.33 (104) 107,
7
= 200 .10
and A= 2.0 107 0.87 4.24 (104)2 108 on?,
5 2

tz 8.0 L0 co',
The nunber of crystols with inclusions nyg = /3:1
= 7.0 a0
The total wvolume of included liquor nay be calculated as follows :
v

t

where ¢ is o volunc shape factor for the inclusions, If the inclusions are

:n.cH
1

dodecahedral, ¢=0.71; if pyranidal, c=0.48,
For the exanple considered, the inclusions are pyranidal in shape and

v, = 0,76 cc.

(v) Growth Rates

Ixsswn'n'.ng all crystals grow at the sane instantoreous rate, the nean growth
rate per face, R, can be deternined fronm the deposition rate, i3, and the total
crystal area, ii,

R IJ//O.A. =a;c/b-(‘.(9

i

5 b .
7.5/1.55 840 107 107 p/min

‘700 P/lzin.

FPor the exanple R

|}
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in estinate of the growth rate can a2lso be nnde fron two consecutive sarples
sanpled at tinmes 91 and & o vhen the nean size of those crysteals with inclusior
were respectively, 5211 and :?,-_2. This estinate of the growth rate,
! = (X3~ X -
R! = (x-_;2 xii)/2(02 01).

(vi) Critical Growth Rates

For a batch where consecutive sanples were taken the critical growth rate
can be determined grophically, The growth rates for each saimle are plotted
againat the corresponding value of 5§L to give the 51 growth curve, The value
of 551 at which the inclusions Jjust sealed over, 55{” = ¥' is plotted ond the
cﬁorresponding grovth rate is the critical wvalue,

For Batch No, 37 the .grovrth curve was shown in FMg 7-22, y' = 119n, and the
oritical growth rate R¥ = 41 & 3 p/min,

Fron a plot of growth rate against tine the nonent of inclusion sealing

ﬂ}s can be determined. For the exanple 9, = 1,7 nin.

\-’lhén only one sanple is teken for ecch batch on estimate of the critical
growth rate can be mnde if a linear relaticu vetween surface aren and tine is
assuned, as follows @

Assuning L = kO

——e

then R = 33 n/pk 0

2a@
Hence by integration, xy = /%ic— 1nd =+ const,
seee InR =% 3 4+ const.
2n

R* A et - b 05 hooet -,
or I (f) =G (BE) =gz (Gu- %)

ol
since k = A/® , vhere R* is the critical growth rote corresponding to the meon
crystol size 525_*.,

411 the quantities R, 4, , X; and X4¥ can be detornined fron the single

sanple,
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For the sanple considered,

3
R* 1.33. 8.0,10%, .
1n(7.0) =S (141-119) 10

and R* = 10,7 p/min.
The assunption of a linear relation betwecn the surfece ares and tine
neans that a linear relation exists between 1n R and ;li with slope of
—~ bef/2%X, The ratio b‘/a. is usually 6 and o/ is approxinately constant,
Hence this assumption implies thot x is virtunlly unchanged as crystallization

proceeds,

(vii) Sawple with o Inclusions

Quantities which do not depend on the presence of inclusions, nonely 55, L,
n, A and R, were comnuted in the scne woy as in the previous example, In place
of 5?1, :?_L was coaputed. This was deternined os the volunetric nean of the size
of a number of the largest crystals in the sample. The number counted for this
quantity wos .such as to correspond to about 7 million crystals in the batch, and
vmas coiputed fron n and n',

For exanple for Sanple No, 40-2 (shovn in Pig 7-25) the following quantities

were couputed (see Aprendix IIT).

X = 4.

& = 0,89

n = 14 ,:1.0'7

A = 103 ,10° on?
R = 565 p/nin.

The nurher of crystals counted in the sanple was 394 and o fraction 7/140
of the largest of these (ie 20 , was averaged (on volunetric basis) to give
;:1—_-66}1. The largest crystal in the sanple was ’75}1.

For a consecutively saipled batch, coirerison with other growth curves

can be unde if the vnlues of R fyron the various samples are plotted against J-L_L.
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In estimate of R' can also be made fron the relotion R'= & %J‘-;l .
¥For a batch with o single saiple a growth rate of interest is that of the
largest crystal vhen it was at the critical size of 65}1. This nay be couputed

fror the relation :=

Resy _ p4
In (T) = 2n0 (= largest ~65)
For-the sample chosen this hecones

Rs5.  1.55 10g3 .10°
: . . - -
505 S5 7.5 A (75-65) 10

R65= 10.1 }l/tlina

(viii) Sanvles with Edge Inclusion Patterns

In the nanner alrealy outlined, the quantities X,%€, n, A and R can be
conputed, Simdlarly the quantities /5 R i:i. and n; can be deterizined where now the
quantities refer to crystals with edge inclusion »tterns,

The size distribution of the inclusion patterns can be deternined and the
nean value on o volunetric basis y' determined, The neon thiclmess of crystal
covering the inclusicns t con 2lso be neasurcd, The coleul tions following fron

these data are similar to those already shown for crystals with facs inclusions,.

2. THERMAL, CRYSTALLIZER RESULTS

For each test a set of negatives were obtained, These showed the sanc set
of crystals at vorious tine intervels., The neratives were projected onto o screen
and the sizes of individual crystals neasured, Istiimtes werce vade olso of the
tizes and crystel sizes al vhich inclusions began and stopped forning,

The nean growth rate in each tine interval was couputed frow half the
increase in size divided by the time interval, This was token to be the rate
at the nean crystol size during that intervel, . tore representative nean

quantity could have been chosen bhut with the accuracy of neasurenent involved,

this would not really hove been warranteds
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APPLETIUDTIX I I I

JESULTS FOR DVAPOILTIVE CAVSTALLIZER

DITAILS OF OPIRATIIIG COCIID IT IONS

TALOLE III A 1

These batches concerned with the growth
of 'fzce! inclusion patterns in hexamine,

TADLE III A4 1

Eﬁ 4= 0 o e )
0 5 d °© g E g.g g
H- ) . L
in «| & |© H Sl O |Hn O =
ol « R g_,' “ g \o :dl &) 3 g 3 Remarks,
I & = :
0 Of & (q o+ |3 © 14T < o
o | HIE %1818 "o | B 4
- m e g |m b He |8 o]
1]|%41 J120112]| 9.2 | 15560} 25 1
2 {40 J120{10] 9.0 | 1410} =6 2-2 | Sanple 2«1 at 10 min,
1t 4 |41 |120]10] 9.3 | 13501 28 L
6 |40 [100] 6] 2.82] 1370] 53] 6
7 |40 100 8} 560 | 1350] 54 7
2] 8 |40 J10Ci10]| 8.3 | 1100} 31 4]
4 } 38 }100}{2 3,0 | 1360| 20 9
10*| 39 | 100}10{ Go56 | 1350¢ 2C | 10-1
11 | 38 |100{10| 8,6 | 1320f 30 | Sce Table III Z 1
12*| 44 |100]10| 8.8 | L300 10| 22-1
3113* 36 |100}10| 8.8 | 1340 71 13-1
14*| L0 | 100310 | 846 | 1350 61141
15* 40 100|100 | 844 | 1350 71 15-1
16*| 4o {220(10}| 8,5 | 1310 6| 16-1
17 | L4 38]110]| 9,0 | 1190 10 17
18 | 45 33110{ 8.3 | 1160| 10 18 )
19 | &5 |150l10)] 8.8 | 1190| 10 19 )
20 | &5 |240f10}f 8,8 | 1140] 10| 20 )
21 | 45 80110 G4& | 1170| 10 21 ) Variation
Ll22 | 45 (12010} $.5 { 116C| 10 22 ) writh
23 | 45 6oj10!} 8,5 | 11Lof 10 23 )  Stirring
24 | 45 | Lil10]| 0,1 | 1160f 10| =24 ) Speed,
25 | 45 60({10{ G,3 | 1120 10 25 )
26 ) 42 60l 10] 8,61 1500, 65| Sce Table III Z 2
27 2 60}10| 8.0 | 1530{ 20} 27-2 Sariple 27-1 at 7 min
5128 { 45 6ol 10} 8.6 | 1330 30| 28-2 Sample 28=1 at 7 nin
29 | 59 | 60[1C| 8.6 1 1410 7 29 .
30 | 51 | 60{3Qf 845 ] 1420 30| 30-2 Sample 30-1 at 7 min

/6dhtinuedoo..
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TABLE ITII 4 1 (Continued) (pe2)

Loy
o . s °,
pd QO . ] o) g0
1A Fq O % .’: ':.9 S (o) -ﬁ .S rU .,(.)’ .;‘! .3 [ 2
00 o] o Jh T 0w glwo oo Remarks
O O0f4 0t le lgagN|nowe ~ 05
[OJES] [ I3 ™|y (8] QM e O [ o]
|60 0 0 e ¢] (o) tg| ol 197]
L lonpg 15 1O Q5
z1 | &1 6o{1c | 8.6 |1510| 37 | 31~3| Sawcples 31-1, 31-2
at 1 min & 7 mine
6 | 33% 39 | 150| 10| 844 {1490 5| 35-1
354 Lo | 10010 | SO [1L6GO 7 | 34-1
36 | 4O 50110 | 846 1350 5 | sce Table III E 3,
37 | &C Gojic | .6 | 1550 7 | cee Table IIT B &,
381 20 | 100l10| G.6 |1550| 10 { see Table III B 5,
71 7291 Lol 150|100 36 J1350) 11 | rec Table III & 6,
Lo | 40 | 230]10 | .6 | 1350 7 | see vable III E 7,
L1y 57 | 100l10} Ge€ |135C | 14 | see Table III I &,
L2¥ 5% 1 100, 10| 0.6 1550 | 10 | sec Cable III I 9,
Lt | L3y 90 10 | Ce2 crole 7 | &L )
Ls | L] 90| 1C | 5.3 [1u7C 7 | 45 ) cffect of
46 | L1 9010 | 847 12090 7 | L6 ) vessel
L7 | & oolio | C.6 [1520| G | &7 ) capacity.
3| o | k2] 5| 2.7711160 ] 22 | 48 )
81 &9 4o Lot Sl L4 12104 1k | L9 )
50 | 4O L2l 10| 7.9 | 1250 7 | 50 Joffect of
51| 40 701 81 he9 12801 14 | 51 Yheating
52 | kO 720l 7| 3.75]125C | 16 P Jrate,
53 | 40O 70{ ic | 8,2 |1200 7153 )
54 | 40 70l 9| 8,2 |1z4cC 7 | 54 )
551 40 70l 6] 3.,11j1.2Cc| 20 |55 )
594 Lo 60l 10| 8.6 | 1550 3] 59=1
60% 40 | 100} 10 | 8.4k |121C 21 60-1
61% Lo sof10 ] 8.8 {1230 3| 61-1
Gz* Lo 50l 0] 846 1230 10 | 62-1
91 634 tc | 6510 .5 {1200 10| 63-1
644 Lo | 150{ 10| 8.3 {1-30| 15 | 64-1
65 | 40 Lol 10| £,.5 |10 6 | 65-2} Sarple 65-1 atlmin
66| 39 Gol10 | .6 | 1460 L | 66
671 32 500 10| 9,1 | 1290 10 | see Table III E 1C
10| G& | 063 50, 10| 8.2 {15270 10 | seec Table III E 1l
691 58 50 10 | 8,5 |1300{ 10 | sece Table III E 12
70% L2 50 1C | Ce& [ 1270} 10 | sec Table III E 13
|

P

/Continuedyse
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TLBLE ITITI A 1 (Continued) (D.3.)

(; ° -\"3 o (;
= Q ' L e,
Q pad
3830 ﬁ‘ r«'ﬁ T Bl gae T"i Remarks
calgg | & [3%] 187 a|E8 s|Eud &
RS | e % = o g A ol U?
11| 724 41] 50 1o| 8.6} 1310| 30 | 72-1
827 Lol 33) 10| G.6 | 1z20) 60 | 82-2Sample 52-1 at 5 nin,
84 4ol 751 10} 3.6 | 1250 9 | 341
854 40| 751 10| 8.6 ] 1320 9 | 85-1
o6% 40} 751 1o} 8,6 1300 g | 86-1
12} 87% 40| 75| 10 8,61 1230 9 | &7-1
88% Loy 75| 10! 8,61 1290 9 | 83-1
89% 4ol 78| 10| C.6 § 1210 9 | 69~1
904 Lo!' 75| 10| 8.6 ] 1280 9 | 90.1
91 33| 75| LO| 5.6 | 1250} 10 | 91-1
924 331 751 1c}| €.6 | 1300} 10 | 92-1
93% 331 751 10} G.6 1 125C| 10  9%.-1
oL 334 75 10| G.6 1} 12701 10 | ok-1

4in asierisli(*) indicates that the crystals of this batch
have been used for the growth of ledge! inclusion patterns
(See Table III 4 3).

+ Jlicasured as motor speed (sez Section 5.7),



TLDLE IIT A 2

Those batches concerned with tize growth of
inclusion patterns from he

231

Iface!

***** ine solutions with additizes .

adhesive ~ active ingredient,

carvoxy _

rmethyl-cellulose (CMC). Viscositics of the
repulting solutiocns at 40o°C, arc shovme

licasured as notor speced (see scction 5.7)

T 4B LE III A2
3 i
@ . . o o
Zre s Q, -
20 (o) s('j*' zo g a 'g r'o‘f doe
el I o R g A" ko
4] e [N ﬁ e | P a O e |gmA
-:;m 8 g .p ﬂq. S o =1} - O &) g 8]
A |m & Juelm [O g s
3] 1} 394 100{10| 9,0 | 1330| 286 | 2 ml Lissapol added,
351 6 4ol 1ocl10| 8,7 | 1470 16 (15 ml Lissapol added,
56 8 4o 45|10 8.7 | 1100 7 |30 ml Lissapol added,
571 81 4ol 45/10| 8.6 | 1210| 7 |5% g« onalic acid added.
“Viscosity of
soln, at
L‘ro Oc (CD.)‘
751 - | 38{ 110| 1C 2| 1zco 21) 126
761 - | 45 30| 10 0| 1200f 6|) Various 116
770 - 10| 60} 10 0| 1150f{ 5| ) cuantities 3.8
781 - Lo 60| 10 6 | 1150 51) of 749
791 - %4o{ 60f10 2{1150{ 5| ) wviscous 17
30| - 4o 60| 10 6 | 1150 51 ) addictive # 22
81| - Lot 60| 10 611150 51) 3L
1
£ Vigcous addictive - 'Polycell! wallpaper




T & T L E I I T a 3

Those batches concerned with the growth of 'edge! inclusion
patterns in hezamnine,
(i) Those batches in which l'edge! patterns were not formed.

TASLE IIT A4 3 (4)

Seed Gro;—:'.rth Conditions 2.*{1‘;
° g. 6 g Sced Fretreatmen ;."; ';5 ?—Jg 92_509% gEr? ¢ & ;;. g g- 9
& N - A B
. R = o
10-1} 150}mixed with 500 ml fresh feed 3§ 391 100} 1 8.6{ - {1600 1
12-Y 75imized 100 nl feed, cooled 3} k& 1oc 19 CL.E - 100 11
151 Zlnized cold feed,bubbied air throf 3| 36] 300! 14 8,5 - 13L0O 10
1421} 45isholken with air 3 = 100 1 -~} 52 1350 S
15-1 52}ladd 2CC nl solngsatd with air 31 <1100 1Qq - 52 1350 3
15-1} L5 cooled o rocm tcnipe 31 Lol 20 1 8.5, - 1310 3
53=1] 3,5 air dried G 3;-t €Cp 1 2,71 - | 1490 7
3k-1] 52 {coocled and zaturated with air stLol1oc 19 8,6 - iL6o ko
Li=51 7e5 |ladir &ricd 71221 301 1 Sy - 1%20 ic
59=1} 52 |mizxed with 46C ml fresh feed 91 L0] 60 14 C.61 -~ 1360 $)
50=~1] 15 bubbled air through 9{40f 60 1d 8.6} - |14lo 22
82—4i100|n0ne 121 4o} zod 1 9.¢] ~ | 130C i0

(@]
M
(4]
K
0
[al
™
Q
7
(@]
o
0
L)
5]
L]
0]
0
[aN
~~
Q
(a}
V]
(4]
©
[¢]
ok
(8
(@]
4]
\%) |
[ ]
\]
N’

4%




(11) Those Batches in which Edge Patterns werc formed,
TABLE III & 3 (ii)

Seed Growth Conditions
25 {3 mol = | POlm =&
S3l 7ol E SE 2 2 | B8EE] 5| 58
S 28 ®™o Seced Pretreatnunt 3 el e m| = L Sleslre [
85 s C ot . = sl e [ IR o
2 3 w5l 7| REEe|t s
v o F s
:'.10":.:

5|5=1 | 5.3 | pulverised crystals 1{ 4C [100 | 310 | 9.2 - 31| 5~-2
32132-.1 15 commercial crystal 61 42 60 | 10 | 85 9 |32-2
61|61-1 23 add 12 nl water(sample $§1-2) 9| ~ |l00 |10 |~ 55| 17 [61~2
62)62-.14 75 add 50 ml water(sample 62~2) 9 - 60|10 |-~ 58 623
63163-1 75 add 30 ml water(sample 63-2) sl = 65 ] 10 | = 60} 12 |63-3
6L Gé-y 105 | add 75 nl water(sample 64~2) 91 ~{ 8ol 1ic |~ 60l 15 |64-3
71| 70-7 add 35 ml water(sample 71-1) 11} 45 {120 | 10 | 8.6 ~ | 10|71~2
721 72-1 25 add 10 nl water{Sample 72-2) 11} 42 80| 10 [ 8.6} - 10 |72-3
73|72~ 25 | saumpled at £,1,2,;34 and 5 nine 11 39 [100 | 10 | 8.5 - | 10[73-6

74172~ 100 11} 40 50 {10 |86} - | 10| 74
82182-3 33 | add 15 ol water(sample 82-3) 12} 40| 33] 10 {8.6] - | 10|32-4

83| 82-4 108 | none 12| 40 | 200 | 10 |B3.6} ~ | 10} 83
84} 84-1 67 | add 10 ml water(sample &4-2) 3 40 751 10 | 8,6 = | 10|84-3
85185-1 67 | add 20 ml water(~ample 85.-2) 12| 4o 751 10 | 8.6] - | 10853
8618661 67 | add 30 ml water(sample 86-2) 12| 40 751 10 | 3.6} - | 10186-3
87|187-3 67 | add 4C ml wator(sample 87.-2) 12| 40 751 1 8.6] 10 (873
88188-1 67 add 50 ml water(sample 88-2) 12| 4o 75| 10 { 8,6 - | 10{88-3
89]189-1 67 | add 70 nl water(sample 89-2) i2| 4o 751 1C {8.6]| = | 10]|089~5
90} 90-3 67 | add 60 ml water(sample 90-2) 120 40 | 75| 10 {346 -~ | 10[90~3
91 91-* 75 add 60 nl water(sample 91-2) 12| 33 75 6 2,9 _ | 15]91-3
92192-1 75 add 60 ml water(sample 9$2-2) 12| 33 75 O lhaJl| = | 10;92-3
63193-1 75 | add 60 nl water(sample 93-2) 12| 33 75 b {2.1] ~ 211933
ohiok-1 75 | add 60 ml water(sample 94-2) _ 12| 33 75 ] 1C |8.6] - 5 {chk-3

A1l with about 130C g, of solution initiallya
* As notor speed (see scction 5-7),

¢ee
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TLDLE IITI A4 ¢ Those batches concerned with

the growth of ammonium chloride and sodium
chloride crysitals.

: E
?J O. L; \'LE? Ps 4;3) ® Qd
o] =z o) q @ Q 0 A Q0w
i O N pr] g 0-d '.ig
o) 's P h ™ 0 2 D 42
] Fx} g 'ﬁ 3 am . é
s p o ) 9] o o
- (" [ ) ] Q A o
95 31 105 10 3.6 7
3 969 30 100 10 3.6 6O
a1 97¢| 30 230 10 3.6 15
41 98 30 150 1c 5.6 120
a1 9y 32 GO 10 8.6 10
o | 109 32 95 10 Se6 20
101* 35 240 10 8.6 20
5 102 33 90 10 ¢ 8.6 23
41103 28 100 6 2. hz 38
o | 104 43 100 10 3.6 20
g 105 43 220 10 8.6 20
106 L1 60 10 9.2 15
o] 107 4 55 10 9.0 4o
53 108 Ly 90 1 9.0 25
ms| LOO* Ly 230 10 9.0 50
891110 b 50 10 8eb 60
- -
g 111 ¥ 55 1 i T 20
A11 Dbatches about 1 litre of soluticn
Z hs motor spcede
&) Sarmpzled also at 30 min,
9} Speod altered to 1CO X,2,lM, after 4 nin.
*

Used for growth of ecdje incliusionss Fox

101, 130 nl water added and rcgrowth for

15 min. For 109, 400 ml, water acded and
regrowth for ZC min,

Solution heated to IOOOC, then vacuun applied,
Bgudvalent time at full hcat given,
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B, SIZE DISTRIBUTION OF CRYSTALS

TABLE III B 1

These tables show the size analysis for samples of
each batche The nunber in each column in the size
analysis ropresents the nuaber of crystals in the sample
with sizes in the micron range indicated, The upper
nuobers refer to all the crystal, the lower numbers to
only thecse crystals with inclusions, Where no inclusions
were formed the second size analysis is omitted, An
asterisk (*) placed against the gecond line of size
analysic figures indicates that the results apply to
crystals with 'edge! inclusionsj otherwise, the inclusions
are in 'face! patterns,

Nomenclature :

n!' : INmber of crystals counted,
x ¢t lean crystal sizec om volumetric basis,

—-—s

B

Mean size {(on volumetric basis) of those
crystals with inclusion patterns,

xH 3 Mean sizme of largest crystals,

o ¢ Arca=volume factor for distribution,
/3 ! Fraction of crystals with inclusions,
TABLE III 3 1
stMPLE| Size Analysis 1.x L 5
0, |® N-5C[-100[-150 F2C0 [-250 [-200 [-350(%4 f
1 166F of 17| 37 34| 35) 31 3210l c.90 | 0.25

- - - -] 14y 2% 31271

2~1 118 7 11 41 183 11 - ~11631 0,93 | 0,43
- - -1 40| 11 - -1194

2-2 266 53 4y 30 43 33 12 1167 0.85] C.18
- - - 8 29 11 1§240

3 204 | 21 o5 76 53 28 1 1163 0.90] C.16
- - - 2 10 1 ~-1228 .

!

i
i 176 11 26 Ly 35 45 1k —'189 0.891 0.%2
- 31 34} 14 ~l12ko

5.1 |231 {103 711 38 17 2 -} -! 67| 0e71] =

/Conttld,
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TABLE III B,1 (Coat'd)(p.2)

S ITPLE Size Analysis 1_;_- , A
No, | »'[j-50[-100] -150T-200[-250]-300]-350]f1.%) o f
52 25& 6 17 74 70 55 22 14) 161{0,04 | 0,33
* - -] 14} 484 =22} 1Li 208
6 150 7 31 L3 Lo 18 11 - 172 0488 -
25
7 223 14 5% 63 50 24 13 1Y 1751094 | G0k
- - - 3 6 1 275
8 213} 32 067 is 27 20 2 -~ 14910,71 | 0,08
- - - -t 15 2 -l 236
9 1504 39 56 37 15 3 - ~-i{ 112}0,80 | 0,05
- - - 5 3 - -l 202
10 15¢§ 371 60| 31| il 4 - -l 118}0.,81 | 0.06
- - - 6 3 - ~fi 200
11-1 | 251, 48] 104) 86 13 - - ~ﬂ 10710.86 | 0,33
112 2411 29 78] 801 53 1 - -w 130}0.90 | 0,30
- -l 21} s1 1 - -l 170
11-3 2250 27 83 &0 39 26 - = 145]10,54 | 0.24
- - - 29 26 - -F 204
11-4 294y 53] 107 69 33 28 4 -J 1£110,50 0,19
- - 6 17 28 L —i 214
11-5 2601 581 103} 4o 24| 21 5 -l 136[0.77 | 0.12
- - - 6] =1 5 ml 232
12-~1 {305} 93| 108} 67| 37 o B -h 112}0.79 (0,12
- =l -l 5] 32] -t o) Sfa7s| -
12-2 |294lY 86| 1061 571 30| 15 - -i 122}0,80 {Cc.c9
=l - - - 21 15 - - 210
13-1 322014 | 104 72 2 - - -l 8710.81 10,18
- 1 5L 2 - - -l 129
13-2 228116 ] 116 53 L3 - - - 119{0,70 jO.11

/Continucd,
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TLDLE III B,1 (Cont!d) (Paze 3)

SAMPLE J Size inalysis ._E_r‘,/’ -
NO, n‘kso ~100{-150}-200 }-250 |-300 [-%50 ~3,xq s 1 /T
14-1 315' 93| 131 a7 b - - - o4{0,8810.25
- 3 74 3 - - - 1§ 128
1.2 290?107 109 Lo 25 - - - 1 102§ 0.791{0,09
i - - 3 22 - - - {177
15-1 (282} 8o} 108 72 20 - - - ] 104} 0.83]0.25
- - 51 20 - - - |t 147
15-2 l21zl 65| 751 33! 17 A - -l 103} 0,74 0.10
i Rt ~ 2| 15 - -~ 90
161 [=07])147 60 - - - - - 55{ 0,00 =
' 8o
17 190§ 44 66 39 20 2i - = ] 13710679 10,22
- - - 1 20 21 - - |} 207
18 19814 60 5% 29 5 19 7 11149t 0.76 (0,21
- - - 21 i9 7 14225
l
19 216} 89 77 41 9 - - - 94t 0.80 0,02
. - - L - - - {1 170
20 295 {240 55 - - - - - 50§0.72| -
75
21 {224} 87 79 36 19 3 - -~ 1111210,80]0.08
. - - 14 3 - - f3192
22 1235} 9k 89 41} 11 - - - 9410.79 [|0.05
- - L 8 - - ~ 11 168
23 lz16ll 92| 65| 3&| 24 1 - I} 106]0.72 lo.01
- - - 2 1 - -{ 200
24 224 | 86 79 32 16 8 2 1% 119{0e72 |Ool1L.
- - 5 15 8 2 1] 208
25 2081 83 62 2 38 2 - _l 11710,77 |C.20
26-1 (260l 23] 791 771 72 9 - -i 142]0,91 0,50
- - 50 72 9 - - t170

/Continucd,




TABLE III B,1 (Continued){(Pagsec &)

238

X

S AMPLH ! Sizc Analysis )
NO. n'fZ50{-100 ~150}-200}-250}~-300 }~350 -4oof-450;f;;, o /3
Lo | /
26-2 [226}13| 70] 70| 34| 38 1 - - i 156} 0,87 0434
- - 10 291 38 3 - - -1 205 '
26-3 |170}l12 37 45 36 23 17 - - ~11301 0.,87| 0,37
- - - 23 2% 17 - -i{232
26-4 |164}111 4L L2 20 20 27 - - -} 1871 0. 8510633
- - - 8{ 20} =27 - - -l 254
26-5 [169fla3| 39} s1{ 26! 6y 31| 3| -] -l195l0.85]/0.30
- - - L 12 k % - ~11268
26-56 16%11s5 35 50 26 15 14 12 - ~11931 0.83}0,20
- - - - 7 14 l 12 {1293
26-7 {1384 7 24 36 29 13 i2 1A 5 224} 0,86]0,20
z - - mi -] a1l 12 5 -1 318 |
26-8 h64fl 61 271 55¢ 29) 12y 1i: 11 13 -(122110.82{0,18
- - - - - 6 11 13 —l346
26-9 pa6ll & | 29 25| 19] 22| 7| 10|l 9| 1lf230)0.81}0.17
- - - - 1 1 3 9 1/{355
27-1 pRoolite | 59 38} =26 8 - - - -11122)0.78] 0,32
- - 29 26 8 - - -1170
R27~-2 [216[i90 75 24 11 12 4 - -11122} 0.70|0.11
- - 1 G 12 L - -3228
38-1. p20iI66 | 73| 2k| L4 12 1 - - -{13310.,783{0,27
- - 3 Ly 12 1 - - -1193
282 R1OI76 72 35 11 5 8¢ 12 1 -1565 0.67{V,11
- - 2 3 1 7 10 k] ~1302
29 P00 ||G5 58 35 26 12 L - - -{135 0,301{0,20
- - - 25 12 L - - ~f211
30-1 Q96|70 58 26 31 11 - - - ~112710,71| 0,23
I - 41 31| 11 - - - ~;192
30-2 PR1O|BL | 63 34| 15 9 9 3 1 -’145 0.69|0,11]
- - - 2 9 9 3 1 -k272

/Continuedeosaes



TABLE TIT B,1 (Cont'd)(p,.5)
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SAMPLH _, Size Analysis _?“ qj
No, ~50]-100{-15C [-200 {-250}-300 [-350]-400] -450}(= 3} /3
31-1 |252 |1 25] 103 | 124 - - - - - ~ 11107 [ 0693 ] 0.63
- 36| 124 - - - - - - 1117
31-2 101 || 39 23 20 20 8 - - - ~ 1138 1 0.82 {034
- - 7 20 8 - - - - ;188
31-3 103 || 12 24 28 17 13 10 2 - - 11183 | 0,91 |0.10
- - - - - 8 2 - - l|292
32-1 L2 L 6 1 3 3 13 5 7 -1/280 ] 0.89 -
32.2 105 || 371 49 7 0 0 0 0 2 8 11197 | 0¢57] 041C
* ~ - - - - - - 2 8 [14%-20
33-1 |25kfnek| 2] 38 - - - - - -|l 79]0.80}0.08
- -] 20 - - - - - -l{135
34-1 154} 59 39 27 29 - - - - =117} 0479]0e27
- - 121 29 - - - - -]|169
35 1791l 54 56 %0) 14 10 5 - - =l|133] Ce76]0.13
- - - 9 10 5 - - ~{l228
L3 162} 75| 52| 28 5 2 - - - ~}| 95]0475} ~
Ly 1781} 79 63 22 14 - - - - ~ll 97] Ce77{Cel?
- -1 16} 14 - - - - ~1157
ks 161} 62 63 29 7 - - - - -}l 94]0.79}0.12
- ~ 13 7 - - - - -fi150
L6 149}l s2t 29l 31} 17 - - - - ~11108} 0,80]0.21
- - 1% 17 - - - - -} L6}
%4 156]| 55 48 28 25 - - - - ~{{1141 0,8010424
- -~} 12} =25 - - - - ~||167
48 151! 56 61 27 7 - - - - ~fl 95}0.,80f -
135 f
4o 162} 61 52 23 2 L - - - ~1116} 74| 0,14
- - -} 18 A - - - ~ll192
50 1464 54 45 27 19 1 - - - ~{112} 0,78} 0,2
- -} 15] 19 1 - - - 1164

/Continuedcess
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TABLE _IIXI B,1 (Continyed)(page 6)

SAMPLL| Size hnalygis = 18
10, n #:50 100 §=150}~2C0 |~250 {~300}=35C [~400 |~450: 24
51 154f 481 541 30} 22 - - - - ~$1130,81 0,08
- - - 12 - - - - -{175
52 168} 53 6L 25 25 1 - - - ~{11310,781C,.05
- - - 8 1 - = -{|1.88 .
53 158} 61 L7 25 20 5 - - - ~{j11sl0.77 |0.22
- - 9 20 5 - - - - 1180
54 164 49 63 22 29 1 - - - ~111710.80 [0.2C
| Y
- ~6 2 2 - — - Lnd - ‘j--L 008 -
55 15C] & 59 6 5 173 0
56 135) 31| 34] 25| 2&] 20 - - - ~|l150} 0.82 10,38
- - 51 221 =20 - - - -~ 1197
57 225) &5 96 65 19 - - - - ~{[LO9I 0,85 [0.,24
- -1 35 19 - - - ~-{|l150
75 332512851 25! 12 - - - - - -l 5410,72| ~
76 3181294 24 - - - - - - ~l| £0}10.821} -
77 2171 41 80 51} 45 - - - - ~1124] 0,84 |0 4C
- -~} 41} 45 - - - - - §1.60
78 128] 23 29 27| 34 5 - - - ~ 11291 0,84 |Ce50
- -1 25| 34 5 - - - -j170
79 1654 44 66 55 - - - - - -l 9510.,87|Ce34
- 2 55 - - - - - ~ll110
50 1141 59 L3 2 - - - - - ~fi 8210.86 (0,25
- 2 2 - - - - - ~ 1120 .
o1 1471126 19 2 - - - - - -} 5010.75{ ~
100
84—2 1341 291 39 36 24 6 - - - ~l 132} 0,83 { 0411
- - 3 7 5 - - - ~{t 193
35-3 142yl 161 33( 39 Wy 10 - - ~if 150] 0088 | 0,80
: R I T T s T el T

/Continuedoseo



TABLE III B,1 (Cont'd)(page 7)

241

SAMPLE{ 4 Size Analysis x|
NO, ~50 |=100 j~15C =200 ]|~250}-300 }{~-350{-400}-450|%; o g3
86-3 | 218} 4| 55 8] 67 1 . - . 111490 0,91 | 0,96
* -1 51 81 67 11 e - - ~li 151
87-3 177f 1| 24} 67 72 -t =t = = -l 14810693 [ 0.97
. 5 191 671 72 - - " =1t 151
88-3 a7l 31 271 6] 8 - - - < 1531 0,94 | 0,92
* . 17 65 82 - - . o ; 15
89-3 1500t 37 32 53 27 - “ - - -'% 152[ 0690 | 067
* . i5 63 27 - - - - -t 169
90=3 157 26 26 30 6‘{ 6 w: . - - 119 0,82 0.75
. N TN T Y el -1 -] -~ -y 17
91~z | 216 3 6 T - - ~ll 133} 0,88 | 0,81
* 51 481 6} 59 S DS B R BT W%
92-3 | 208)| 20! 50| 92} 46 - - - - 133] 0,90 | Cu76
* ~] 20 92} 46 . mi e - Uy
93-3 1548 431 24 501 424 25 - . - -8 150 0,92 | 0. 7%
. =1 ] k| s2| 25 o -m 163
ou-3 |432ll 7| 21| 60} 3 5 N Y -1l 148] 0,89 | 0.89
: ol w| sof | 5 ] - - 153
95 21 2 9 4 5 1 - - - ~[{138]0,85}0.5
- 3 2 5 1 - - - -1163
961 58| &4 7l 18] =22 7 - - - “f16&1c.87]0.43
- - 7] 12 7 - - - -¢ 187
962 20| © 1 2 7 9 L . - -~ 206 |0,96]0.75
- - 1 b4 9 z s - 1218
97 119 6 26 3 L2 9 5 - - ~116610.591045C
- - i2 33 S 5 - - 1196
98 15 - - 2 0 L 6 3 - -}25610.9410.75
- - - - 3 6 3 - ~it285
99 1l -] = &l 5| &) - -1 -1 tisslo.otlo.6
- - - 3 b - - - -1 2410
100 29 - 1 L 7 6 il - - -1230]0.93]0.5%
- - - L 6 'JLlag - 25k

/Continuedcqee




TABLE III B,l1 (Cont'd)(parc 8)

saPLE| pf Size inslysis HEl
NO., ~50 [~100]~150 }|-200 |-250}-30C |-350 |~400 [-450j[x x, < /3
101 41 - & 17 16 - - - - ~H149] 0,95] -~
102 24% 3 6 6 7 2 - - - ~195] Cu92{ 0633
- - 2 L 2 - - - -1l 236
103 19 2 6 7 1 3 - - - 1451 0,84} 0,63
1 1 6 i 3 - - - -~} 3.66
104 24 - 5 9 5 3 2 - - ~f1761c.87)0.42
- - - 3 3 2 - - 1215
H
106 10714 17 76 1 - - - - - ~ll 810,835} -~
107 19 1 3 1¢ 5 - - - - -§13910.,91} -
108 Y 9 69 6 - - - - - -l 82}0.91} ~
109 193 { 15 } 159 22 2 - - - - ~fi 8810,91) -
110 271 - 71 2 6 2 - - - ~-[114810,75) -
111 26 1 8 6 6 5 - - - -11162]10.88]0,34
- - - 6 L - - ~1200




SAMPLE \ S5ize Analysis
NGC. n' 150 ~75 }-100 |-125 [-150 }-175 {-200

36 ~ 1i%54 [{210] 91 39 14 - - -
36 - 2607 {|335]156 60 Ll 12 - -

30 - 31385 (155! 351 541 56 33

N\
U
&)
A%
(@)
n
N
N n
1

%56 ~ 4ih71 {l1761130 67 50 Ly

R
I

36 - 51235 | 86| 514 371 3| 26 1 -

%6 -~ 6] 202 811 53 31 16 18 2 1

56 - 71269 || 627 71} e1{ 17 2| 20|
P - - - 10 20 20 1

fo | ot

37 ~ 17375 ({101} 207 58 9 - - -
-l 271 45 7 - - -

37 - 2|432 ||148 153} 55 4o 27 - -
1
37 - 3;356 | 950 1Cc7; 47 48] 49 9 -

37 - 4] 356 2] 38 62 371 521 35 -

37 - 6] 365 82t 85 83 35 28 3 16

37 -~ 7] 74 § 8 1k 13 18 7 6
4 - ~ g8 18 7 6

/ContinucC,essase



TABLE III B2,

ol
o
=

(Centinued) (p.2.)

SAMIPLE n' 1. Sizc Lnalysis
NO. «500 ~75 }-100 125 {~-150 1-175 [-200
38-1 {234 881 <8 Ly - - - -
- - 19 - - - -
38-2 {304 77i O1 77 61 | 8 - -
- - Lo 614 S - -
A
33.% 405 991 10% 36y 753 Lh - —
- - L 03 aly - -
H ¥
33-4 {452 l1105f 1001 99§ 823 65 - - §
-l -i 3y 4oy 657 -1 - |
38-5 1365 [1106] as} 52l &7l s3] 13| -
- - n' 9 60 13 -
38-6 1402 {|173; 69) 50| 3Ly Lkii 34 4
- - - ‘l 27 34 L
38~7 kb7 l§ 150 102I 59 24 37 38 37
- - - - 11 2l 37
- o~
39~1 '451 2671 177 7 - -| - -
39.-2 488 || 164l 3761 146 2 - - -
- -1 56 2 - - -
39-% L33 |§1k0] 1524 126 15 - - -1
- - 305 13 - . ~-
Z29-4 (497 |1184 147 991 62 5 - -
- - 3 32, 5 - -
39-5 1324 ||118 961 68 3ci i2 _ -
- - -1 10} 12y - -1
39-6 |327 9& 72 7y 51 37 - -
- - - 1 18 - -
39-7 {268 67 76 56 42 39 17

1
1
1
\D
=4
=t
(R
Jia.-zw:-

/Continuedes oo
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TALBLE III B,2,(Continucd(p,.3)

SAMPLE . Size fnalysis

NO. B TE5]<50] =75 R10O L125

40-1 292 || 39{182 71 - - ) w®
) (¢}

4o-2 | 394 j|110|207| 77 - - ) B
( o

L0-3 390 7911581 137 16| = )
) )

ho-4 |375 || 67|149| 115 L4k -1) 5
y B

o5 |203 || 38| u6| 75| 36 8 1) “

SAVMFPLE n Size Analysis

NO. | #504-75|-100] -125]{~150[~175 =200 |-225] =25(

4i1-1 456 11201133 ! 107 78 18 - -
-l -] 42| 78] 18 - - - N

1
L

Li-2 312 751 82 66 551 34 - - - .
- - 4 L8l 34 - - - "

41-3 1307 i 80| 751 43| 4&{ 51| 14 - - -
Y -l 23} 51| 14 - - -

1

L1-4 | 344 {l103) 87| 521 31] L1 27 3 -
1l 29} 27 3 -

415 2L6 62t 51 51 32 19 138 i3 -

- Lo -

i

416 54 51| 62 L3 a&; 18 13 22 15 6
N - -7 - <1 16 15 6
i £
SAMPLE n-l Sizme Analysis
NO, <501 -75{-100 -125}.-150

L2.1 685 251 434 - - -
hau2 536l 161 255| 120 - -

Lowm? LO4lt 137] 2011 146 - -
Lo L 5478 212t 129| 108 53 -
ke-5 {35301 131] 931 53} Loy 36

~
L

Nt S e N Nt g’ nt? et
TTOUT O

/Cont'do
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TABLE III B,2, (Cont'd)(p,.k,)

SAMPLE nt Size Analvsis
NO. &50] «751-100}-1251-150 }-175[-200f -225

67-1

67-2

67-3

67-4

67-5

67-6

65.1

b4

/ContiHUCdo aeo0
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TABLE III B,2,(Continued)(p.5)

SHMPLE . Siz¢ Analysis .
NG, B \[250] =75} =100} ~125 j~150§~175 {-200] —225

69-1
69-2
09-3 i i i
694

69-5

69~6

Ema
B T T

70-2

703

-y

70=L

70-~5 !

70-6 | J

7C-7 ! H

krm'”b
Rt
Gt o
pr o
e




2;8

Ce SILE DISTRIBUTION OF INCLUSICHS

These tables show the gize distribution of the
face inclusiomns in each sample, Only one inclusion
from each pattern wag measurede

Nomenclature

nd : Number of crystals with inclusions counted,
F{ : Mean inclusion size(on volumetric basis)
8y, : Size of largest inclusion
i H Mean thicikness of crystal covering inclusion
: Hean internal size of pattern
y! : Mean cxternal size of pattern
TADLE JII C 1
SAMPLF ! Size Lnalysis e — - } -
3
NC, 2fTCIC[ —20[ -30 |-40 [-50 | 7. il 3
1 17 8 9 ~ - - 74 631 15| 20f 99
2-1 | 15|f 6 21 61 -1 ~ Il 65 3k 15} 30 98
Se2 10 3 3 L - - 65 Lol 21y 30f 102
3 6 2 b - - - 68| 46| 16| 20f 96
4 26 101 13 3 - - 674 s50{ 15| 25| 98
7 9 9 - - - - 701 €81 7| 10} 81
8 11 7 L - - - 65y 651 13| 15f 87
9 8 6 2 - - - 61] 59| 12| 15| 82
10 6 5 3 - - - 69| 67! 1&| 15| 93
11-1 | 26 71 12 7 - - | 591 17] 221 30} 99
12-.1 | 19 13 5 - - - 531 &40} 13| 15) 35
12-2 3 4 L - - - G6] 61) 1&] 157 90
1% 16 11 5 - - - 5} 25] 13} 15| 76
1%=2 11 5 6 - - - 561 4gl 15| 15} &2
14~1 21 17 4 - - - 55] 2 12| 15} 75
1 4-2 9 6 3 - - - 56f 39} 13| 15} 78
15~-1 | 18 o 10 - - - 571 274 15} 20| O3
152 15 g 6 - - - 53] 4= 1k | 20 )
17 a 2 b 6 9 2 691 34| 53| 45(137
19 7 7 - - - - 66} Ls 5110} 76
21 10 6 L - - - 71 L5 1& | 201 908
28 10 9 1 - - - 631 3] 10| 15} 80
23 5 6 - - - - 21 48 7110] 83
25 14 a 5 5 1 1 701 &4} 28 | 45116
26-1 |42 3 9 13 10 7 51 18| 34 | 50} 127

/Continued.
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TABLE III C 1,(Continued)(p,.2)

SLMPLE af Size &nalysis 7 Iy 5 5, -y-r'
No, ~10 |-20 | =30 | =40 ] =50 Ry plp h:!
30~1 22 0 1 3] 11 2 68} 28| 35! 45{133
31-2 | 25 1 6 9 8 1 65| 32| 31| 45| 424
33.1 | 24 18 6 - - - | 67 23] 12| 15| 87
341 13 2 8 3 - - 71y 26| 20| 30| 109
35 17 1 9 7 - - 71] 62! 23| 30|11
366 31 L 11 L 3 L 6L 51 32| 50| 122
37-4 3z 7 6 i0 9 - 6L 9] 28| 40| 149
3573 21 7 12 2 - - 700 131 18] 30} 100
39~2 |15 |l 15 - - - ~ 65 6! 6| 10§ +vs
Li-1 29 11 i3 - - - €9 8] 14| 20
Lt 17 L L 6 3 - 550 zbLy z6] 35 182
Ls 15 5 10 3 - - 65} 26| 19} 25| 111
46 31 12 is L - - 7&l 261 1L} 251106
L7 38 © 5 13 5 - 3 591 26f 26| &Loj1iis
by 16 2 7 7 - - i 79 33 23 30|123
50 25 L 2 6 9 b 65| 22| 33; 50} 122
51 10 9 1 - - - 74l L4l 1ol 15| 84
52 3 6 2 - - - 791 48] 12! 15{ 66
53 15 2 1 3 L 5 61} 28| 38| 50| 127
54 13 1 6 5 1 - h 73 33| <5 35| 114
57 28 11 17 - - - 671 251 15| 20] 101
67~ 41 30 4 4 7 9 6 60| 11| 35! 50{ 126
66-2 10 10 - - - - 63 8 61 101 75
gg:i ;i 12 R gz Il 8 1] &7
° 4 2 i :
79 15 ) é - é - 51 1Lk gi %% 1%
80 14 6 8 - - - 72 10 15! 20; 100
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TABLE IIiX C 2,

SAXPLE| 0 Size inalysis 5 T y 8y -};'
NO. -20} =L0o}-50 [-30 |-100 Alnl alag]ln
18 20 2] 11} & 3 - 7 | Lol 481 8o 154
24 22y 71 3| 132l 1} - 67t 381 43} 70| 140

27-1 18y 3 9] 6| -t - 59| 20} 41} 60| 132

272 13 5 8 5 - - 61 | 49] 36} 55| 129

28-1 25 9] 10| 6 - - ¥ 63| 271 38} 60| 136

28-2 10 2] 6 2 - - 1 72166t 38] 55| 140
29 5 L 6} 13 - - 70 | 33| 42| 60 146
56 23 721 ol 71 -1 - 66 | 34| 40| 60| 146
77 53if 15} 19y 17| ~| -~ 62 { 15] 39] 60} 132
78 | 34ll 3| of 20] 2] - 1| 56} 12| s8] 65 14¢€
95 5 2 2 1 - - 35 ol 30 - 160

961 4 1y 1} 1y 1} - 40} 10} 50} 90 160

96-2 9 2 1| 2 - 4o | 371 48] 79 130
97 24 2} 12 5 3 2 32| 30| 54| 90 135
98 51 -1 1} 3f 1| - 35| 8of 4o} 69 125

100 7t ol 2} o] &7y 1 || 35| 30] 70l10q 170
102 7t ol 21 3} 2| - 4o | 30§ 55| 701 105
103 12ff 2| 2t &t 3] 1 451 22] 60| 90 130
104 M -1 -1 31 3| 1 k51 of 7c] od 210
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SIZE OF EDGE INCLUSICN FATTERNS

table shows
edge inclugion patierns in he

the size

distribution

xamine crystalse

of the
The

agize of the pattern is talien as the outside dimension

of the crystal just enclicsing the patterne

Homenclature @
n' ¢ Number of crystals counted,
I : DMean thickness of crystal covering
inclusion,
7 ¢ Volumectric mean size of pattern,
SAMPLE | 5 |! Size Analysis T
NO. 1—50 ~100 {-150 | ~200 |~-250 |]-50 rin
85 %10 9 28 39 33 1 -1 101 139
86 167 17 52 60 38 - -t 10} 131
67 120 10 31 49 2 - - 10} 135
88 105 4 261 53 22 - -t 15{ 133
8o 115 || 201 671 28 o - -l 267 92
90 128 13 35 73 7 - -t 2| 117
o1 169 27 57 64 2k - -8 151 121
92 109 9 35 41 2l - -t 12} 128
93  ]112 51 2 wel 42 - -k 10} 42
94 107 9 35 44] 19 - -§ 12} 127
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L, DETATLED CALCUL:TIOND OF THOSE BATCIHES FOR WHICH
SEVERAL CONSECUTIVE SAMPIES VIERE TAKEN

Nonenclabure 4
b= = ==}

—

A Total surface area of crystal, cm2.

n Rate of hexanine production, g/min,

joi
n ¢ Tatol number of crystals in bhatch,

Tetal nass of product in batch, ge

ng ¢ Nwiber with inclusions,.

n' : Number counted in sanple.
Crystal growth rate per face (calculated from;) R /u/min.

=v}

=

Crystal growth rate (cvomputed fronxi ), /+/min
R¥ : Critical growth rate, pm/min, '

Volumetric nean size of inclusion,

[ 1]

Volune of included liguvor in whole batch, cc,

$ Voluuetric neni. crystal size,

(Y3

Volumetric mean size of those crystals with inclusions,

Volumetric nean size of largest crystals,
Critical crystal size,
Arca ~volume factor for total crystal distribution,

Area-volume factor for the distribution of crystals with inclusions,

Praction of crystals with inclusion pattern,

Fraction of surface area associated with those crystals with inclusions,

X om WA R AN s

Fraction of crystal volume ascoclated with those crystals with
irclusions,

Foriod of tine after nucleation, nin,

Tine of inclusion sealing, nin,

D@



Batch No,11, Feed 3, Temp. 38°C, 100 RPM,
Initial solutiomn 1320 g,

Condznsate Rate 8.6 g/min,

Heat Hol10

m = 745 g/nin,

Z ViASUXCIENIS FeOl PHOTOGAAZHS| COMPUTED GULNT ITIES

o Z 3

'sg‘, 9 ' % | od ﬁ) % ol . ¥, Y, LR VX ;2-6 /OAz : : ® .
an| n g A F| | emd || i

-1 | 6] 2s51}107l0.8d 0.33} 138} 0.98]0.63 0.720 45| 3.9 | 13| 16.7 | 3.4 .

_g ) 12} 241)130 of90 9.30 170 9.38 0,58 0,68“ 90 471;.: 13| 28 2,0 } °?

_5 19 ‘225 145]0.84 0.24| 204 0,99} 0.58 o.7ﬂl142 rog| 12| 37 1.5k } 243

-4 | 2k} 294}14110,80 0.19]214[{0.,97}0.52{0,66§ 180} 6.9 | 12 | 47 1.21 1.3

-5 | zo| 260}136{0.77 c.i2}232{c.98}0.45]c.61f 225 9.4 ) 12| 57 0.99

y = 59 }1; 55,;*: 9% n, R¥= 8 + 5 p/pin, & = 1,1 nin

s = =22 p, shape, pyr. Vg = 0.61 cec.

TABLE III 2 1 : Resulis for Batch No,11,

AT



Batch No.26, Feed 5, Temp. 42°C.y 60 ReP.M,, Heat No, 10

Condensate Ratc 8.6 g./min, Initial solution 1500 g., © = 75 g/mine

»ué o Lnalvsis of Photographs ‘H Computed Quantitics

o — - 71 4
. Emin n' ; oA ﬁ . )Eb Oé‘. zj\ Y” I:i /fl /:), ‘:,ﬁ;: ;J/mfi.{n n/z::.n
~-1| 5 1260]122] c.91]0.50) 170 |0.99] 0,78}C.86 || 37| Lo4f 69111 | 5.1 | ) 3.5
~2| 10 } 226|156} 0.87]0.34| 205 | 0.97| 0.66 0.781 751 2.1] 7.111.9| 3.0 S

3| 15 | 170|180 | 0.87{0.37] 232 |0.97 0.70[0.81 | 112 | 1.9] 7.1}2.5; 2.4 ;} 2e7
“4l 20 1 16411871 0.85|0e33] 254 {0,998 0,71} 0,833 || 150 | 2.4] 7.9} 3.0} 149 % i:z
-51 25 | 169{195] 0,85|0.30| 268 10,98| 0.65]0.77|1 137 ] 2.6] 7.9|3.6| 1,55 % 125
-6} 351 167{193] 0.83 0,20} 293 0.98] 0.54] 0,69 ] 262 | 3.8} 7,7{5.0| 1.12 J

7| &5 | 138{213| 0.06]0.201 318 | 0,98 0.54! 0,67} 337 | 3.8] 7.5]6.3| 0.90 ‘1 1.0%
~8| 55| 1641221 0.82]0.181 3456 | 0.99; 0.54{0.70% 412 4.0 7.2/ 6.8} 0,83 _J

-9] 65 1 116123504 0.81]C.17] 355 [0099 0,51} 0,63 ‘487 b2 7.2-796 Co7k

; = 65 jn, %X = 127 p, R*- 10 + 5 p/oin, €. = Lok ning

;' = 34 P shape "4!’3"‘ ’ 'U‘t = 1,38 cce

TABLE IIX E 2

r

n
ok

SULTS FOR BATCH NO426,

a2



Datch No. 36. Fced 7, Temps 40°C, 60 R P.i, Heat No,10
Condensate Rate 8.8 ge/min, Initial solution 1350 gy m = 7.,5g/min,
g’ Yicasurcrents from Photographs Computed Quantities
=i
sl & - N e | , M 14077 1106 | 1073] R R
* B % ~< [\j x| o X Y n nil A
‘1 U‘, ’A \ "4 cmz . L3
min | n' | n ’ . g p/min /u/m:l.n¢
~1| % [354] 60 10.82 ] 0.26] 85| 096 | 0,60 |Cu72ll 245 1.2} 3.2 | 15| 37 }26
-2 | § |607| 68 10,80 | 0.23| 102] 0495 | 0.61 | 0.77| 5.0} 1.7} 3.9 | 2.7| 21 |}
=311 [385] 87 10,82 | 0s39] 114]| G.94 | Cu80 [ 090} 7e5| 1a2f 4,8 3.2} 17,5})
4 113 {471] 65 |c.82 ]| Ge36| 135] €96 | Cu75 {0467l 10 | 1.7] 6.2 ] &.3 13.1)10
=5 |15 ] 2351 90 | 0,84 | 046 | 113} 0497 0685 | 0592 i1 1209 148 | 8o | 5.2 10,7 g 3.5
-5 |2 202 ) 86 | 0.81 0e29 | 120 | 0«95 0.65 | 0.78 || 15 245 | T3 6.3 849 p
-7 |5 269|108 ]0.82 | 0.24 | 158 | 0498 | 0.61 | Ua75 38 | 3.2 1 7.7 | 12.81 L.k g
7 64 u , xf: 122./(1. ’ R* =12 % 3)11/r.’.in s O = 241 min
; = %2 a , shape s DYTe Vg 1.19 cca
TiBLE III E 3 Results for Batch No.36,

6ae



Batch Noe. 37

Condensate Rate 85

Feed, 7., Tompe 40°Co, 60 R.P.M,

go/nin, Initial solu*tion 1350 Gey m

Heat Nol.,10.
= 7¢5 g/min,

4 T MoASUASLANES FROM PHOTOGRAPHS 1 COMPUTZD QUANTITIZS
%E & P / oty Ly 1T 107 {ip7e e 1 F =

H nin| nt ;i s .uf Foo b %] O 5. ol e en®l p/nin w/min
-1| 4+ |375] 66 {0.92| 0,21 85 | 0.97}0,37 f3°8 loh ] 3.0] 2,4 ] 23,5 } 15
-2} 1 432 81 {0.81 0,27|115 | 0.97]0.63 0,77W_7.5 1.5 4.0l 3.4 | 16,5 RIS
=31 2 |356] 95 ] 0.05/ 0.36{127 | 0.97{0.73 0.86|15 1.8 ) 645 569 | 9.5 i 2
=&l 3 13561104 0,87 0.35}141 } 0,98{0,72 oqoiil 2,0 70| 8,0} 7. O 1
-5] &4 |363]105 |0.83} 0,26)150 | C.98}0.62 o.75r30 27| 7.0]10.5 ] 5.2 {3 ;“5
6| 5 |365{109 |0.83 0.23]160 | 0.98]0.50] 0.74] 38 | 2.0 7.8] 12,0 .7 )
717 | iz - fowssyzson - | -1 - fss |- | -l - -

;= Stpm, F: =119 pn, R¥=11 13 p/oin, ;= 1.7 nin

5 = 28 m, shape, fapr. vy = 0,76 cce

+ Cirystals partly rcdissolved,

L R

L

SULTS FCR DBATCIH 10,37,

o)



Batch No. 38, Feed 7, Temop. 40°C,, 100 R.P.M, Heat No,10,

Condensate Rate 8.6 ge/min, Initial solution 1350 Ze, n = 7¢5 ge/min,
0 Meagsurcnents from Photonraphs Computed kucntities
B O s llo | & |y || uleet|esl= |
) nin n P / M “1 A Ge| N} ML) e® p/oin p/oin
-1 % 1234 62 | c.88{0.02| &9 [|1.000.18]C.22]] 3.8| 1.7| 1.3 2.% |23.,4 110
2 1% | 30k] 85 | C.09}C.36| 109 | C.591 C.65 0.75|{11.3] 1.9] 6.5 5.2 |1c.0 %n
2% Los 93 C.8710.27 1} 126 :0.99 0«57 0.59]] 19 2,5 6.8 8.0 70 é:'z
3% | k521 96 | C.80]0,26| 130 | 0.99] 0«54 0.64} 26 | 3.1} 7.8 10.7 | 5.3 i )
5 2565] 100 | 0.05;0.22) 143 | C,.99 0;54 0.66LA38 L,0] 8.8 14,5 | 3.9 %@.3
7 Lo2| 100 | 0.73 0016L 1586 | 1.00] 0.54 0.64T 52 | 5.5] 3.8 17 3.3 %3°7
10 La7) 112 }| 0.7940.18{ 173 | 1.00} 0.55 0.631 75 | 5.7110.2] 24 2,3 §Beo
== 70p, X'= 100p, R® = 1%+ 3 p/mie. O = 1.2 oin,
== 10 p, shape ' Py, U, = 0.22 cc.,

TABLE III 25 : RISULTS FOR BATCIH NO,.,30,

162




Batch Ho. 39, Feed 7, Temp. 40°C., 150 R.F.li, Heat Mo.10.

Condensate Rate 8.6 go/min., Initial Solution 1350 ge, m = 7.5 ge/mine.
g; 63 leasurements from Photographs Computed Juantities
i 1 - ‘ M e e icta] R R?
?g nid n'f # / ﬁ ol ¥ X\, ¢ I(". ¢ c . .
1 » P A g. ) 7 i | en® | a/min u/cin
+ 1451 s1) 0.87 O | 604 - - - 3,8 3.1} - | 3.0 |18.7
1% | 408l 68] 0,91 0,14 90 | 1.00] 0.23 0.27 11,31 3.8] 4.6] 6.8 | 8.3 {1}
' _; 3e5
24 1 433] 70| 00,92} 001 27 | 0.99] 0.22{ 0.27 ({19 | 5,8] 5.8} 11| 5.6 }
—— 6_@
5 V4970 76| 0.85|0.08 1171 0,99| 0.221 0,29 N30 | 7.2{ 5.81 15| 3.8 }
d 343
6 324!778 0+80} Co0O7l 130} 0o99; Cu22{ 032 || 45 {10,0} 6.8f 21| 2.7 }
3] 3271 92| 0.86} 0406 140} 1,00! 0,16] 0,22 60 (10.53 6,1 33 1.7 }
-4 208
11 2983102 0.85 oa07115710399 0.20:0,26 32 3621 508 31 1,8
P 6 __-* ~ -_2* / . 8 .
7 = 5 Mo ' = 7v pm, 5 = 11 + 2 A/ming = 1,1 min.
ri 6 u, shape, Pj’t ’ Uy = 0.01 cc,

No inclusions visible, This value costimated from largest 17% of crystals,

TABLE IIX 26 : RESULTS FOR BATCH NO,.39,

842




Batch Nc. 40,

Feed 7,

Terips 20°Ca,

230 ReFalis

"Heat MNo.10

Condensaie Rate J¢6 go/ming Initial solution 1350 gy & = 75 ge/min
Hg Measwrcnents from Photographs Computed Luantities
& & - £ _ | M 5 |0%a R Ry
Flain | nt ; ﬁ i Sa 10 cm® a/nin p/oine
- 21 % lz92 L7 0e92 o] L7 3.8 L 3¢5 16,0
-~ 913|392 | a4 }c.891 o© 66 |1 11.3 | & | 10.3 545 %’ 702
-3 3 |390 ! 52 |00} o© 75 | 22 16 17 3ak ;\L, 52
~ 4 5 375 57 0,83 o 87%% 36 20 25 2.3 —)L 33
~.51 7 }203 63 0,93 0 1oi 52 22 354 1.67 - 325
IO INCLUS IONS
TABLE IS E 7 : RISULTS FOR BATCH NO, LO,

652



Datoh o, EL, Foecd 7, 1Totips 579Cey 100 RePoMoe Heat Hoel0 1

Condensate Rate 8.6 gef/miney Initial Solution 1350 gy, o = 7.5 ge/nin,
n ¥ Measurcnents froxz Photographs Computed luantities
B i —— - LY »
O il ‘ 'J(_l- . i n: 3 * -
Eplaan | o) 3 By %l hi% s oz Leofmin | ofmim
-1 456] 85 ] 0,8010.3C | 113 | 0695 0e60|Ce7Cf] 11§ 1092 5.7{ 5.1 210 [~
1 $ 605
2 312] 920,080,208 [ 126 | 0.99 0,58{0.69 19| 2,6 | 7.3; 8.2 649 J
A ¢ ll'a?
3 3071 1c2| 0,83Lfjc.29 140 C.98 0.53 0.741 301 2.9 | 8.1]10,8] 5,2 ?
H 590
L 344} 1oL ov88‘0.17 155 0,90 004830.58ﬂ i} 3,9 6,@1548 366 Zi
E l'
A 1 S Le7
5 266] 104 0.53 0,15 | 265 | 1.0d o.utio.57| 531 k.t | 6sjas.y 5.1 |
f = { { 3.0
6 254f 131 0.84 D015 } 2C8 { 1.0q C.47t C.60) 101 4983 7¢1§ 28§ 2,0 4
. N _—@ .
- ' '—% o} _F A e - .
vy = 09 ny . o= 90 ny R = ik + & JHodning O = 1,3 nin,
= = 16 pn, shape, /6(/»1 9 trp = 020 cco

TLBLE III E & ¢ RESULTS FOR BATCH NC,41,

092



Batch Noo42, Feced 7, Tcape 33°C, 100 R.P.,M., Heat Ho.10

Condmszt Rate 8.6 g/min, Initial Solution 1350 g, 2 = 7.5g/min.
L0 I-iea;t;g:c;iﬁzshgto: 1 Computed Juantities
ks _ ‘ ! -7 -3 [
Ch s > - M 10 ‘m 10° A R Rg
= 7 oé ; X
: n P f3 £ - 2 /o /i
Min, < | . co A/min A/nin
-1 1 685 57 0a.9C 0] 63—5 7.5 b,b 5.1 12,8
-2 |1} 536 66| 0.92 | ol 81 j ko2 702 7.81 P 8.3
i |
=3 {24 L84 68| o.,90] vt 88 § 2 6,2 11,1 5.0
~ R
-4 7 5L7 78 0.86 C; 121 11,5 26 2,2 3'3o3
-5 10| 353} 86} 0,83 ! o} 128 | 12.5 33 1.7 j} 1.2
NC INCLUS IOIS
TAPLB+III E ¢ : RESULTS FOR BATCH NO,L2,

9¢



Botch ilo,

Concensat

G

7

. ced =
Azate 9.1 go/mine

D R.F I,
oclution 1290

v
10

at 1C.

[ 1"
we ’ hus =

769 Selinine

% Locasurements from chotcgraghs ) Computel _uartities
AR - z U oAl R R!
o - o N R -
e = /g SRR AR ¢ f. e n | o [’né
? min o'l on A =° coe? F/::in p/min
-1 =z 4
-2 1 8
-3 2 16
.t L 31
~-51 6 L7
-G61| 10 ‘ ' 9
; } {

- —% . - .

y = 60 p JC; = 126 Ly [N = }1/::.-Jl-n, J; = wiin,

o= 35 B s shape  pyr, ’ Vp = CCo

%]

TLRLE IXIX

&

REBULYS FOR EBATCII NO,L,67,

c9e



Batch Mo, 68,

Condensate Rate 8.2 go./min, Initial

Feed 10,

Tempe

83°c,

50 R .P.I'IQ

solution 1270 g

=

Heat

702 go/min.

10

g lieasurements from Photographs Computed Quantities
g [ )
5 x x Moo Tn f 10 e | 07
o) - + . - n < R R?
winin| nt * q/ f3 a<; E; 8} «
oy [ >
2 L - 8e %;/min 3/min
-2/ 1 7
-3 2 14
-4 3 22
-5 & 29
-6 6 &3
=71 10 72
X
= = * | * . .
y - 63 F o X, =75 R, R = afmin, , € = nin,
; = 6 Hos shape, obdea,k = CCo

TABLE

IIT £ 11

¢ RESULTS FOR BATCH NO, 58,

€92



Datch No. €9, Feed 10, Tempo 58°C, 50 R.P.M, Heat 10,
Condensate Fate 845 golinine, Initial colution 1300 ge¢ nm = 7ol go/min
) * llcanured fror: Thotograpihs Computed Quantities
o i
£l . - fo“3
W okin _ - M ~7 - '
4 B U B P24 ﬁ e | 5 Y, 10w |10 A R RY
- A A & P /-c/m-;,; o,
sy
o]
+1 1 7ot
&2 2 15
15 13 22
<4 | 4 50
ls | 6 U2
16 1.0 14
i
: = 72 R X, T 87 B o R* & p/ming @5 = Kinle
s - 8 p g4 shape , GodaCe , 4/% cco
TABLE IIZ E 12 : Result for Batch Nos 69,

192



Batch tfo,70, Feed 10, Temp. 42°Csy 50 R,P.H,, Heat 10

Condensate Rate 8.4 g./min., Initial solution 1270, goy B = 7:3 Ge/min

éﬂ Measurements from Fhotogranhs ] Computed luantities
b | ‘ i - !
g 9 _ = 3 ] P g 10388 R R?
g X ';LA. -7
@ 3 ' o fa A ). Y, 10 » /O 78

mim n . A A v - A s 2
& » 1/ © e n/min il/min

-
-1 % 506
-3t 2 l 15
& .
=Ll 3 22
-5 & 29
~6| 6 | 4k
§

-y --0 !.
’ o R

- X _ -

v = 69 1y o= 1280 p R* = ﬁ/min., Js = mile

; = 32 ng shape, DJC. N Uy = CCo

TADLE LLL T 1% RESULTS FCR BATCH 1G,70
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COMPUTED WUANTITIES

These tables show valucs

previous data.

Jomenclature

comzuted from the

A ¢ Total surface area of crystals,
¥ ¢ Total mass of crystal
n ¢ Total nuzber of crystals,
ng ¢ Number of crystals with inclusioans,
R : Hean growth rate
R¥: Critical growth rate for inclusion formation
Rgs: Maximum greowth rate at crystal size 65 .
TABLE III F 1 : DBatches with inclusions
ﬁ._il] Y ” E R R*
B0 ¥ 11077 0] 1070 j1o~3s
3 8 ome p/oin s/min
1 1198 2.3 5.7 39 1.52 14
2-1| 78 1.9 8.1 21 2,8 16
2-2 |200 L,6 77 L6 l.27 17
3 1218 563 3e5 54 1.08 10
4 |226 3.6 | 11,4 48 127 9
7 1235 bo? 2,1 57 C.57 13
8 223 Te2 57 48 .12 L1
9 |153 | 10.€ 546 L8 1,20 14
10 1}150 9¢6 | 5.8 46 1,22 11
12-.3 75 5¢7 6.8 24 2.k 15
12.316G§ 9,5 8.7 48 1,20 13
151 52 B8e77]115% 23 245 12
13-24130] 8.6 962 36 1659 11
14-1 45 5.5 11472 19 36C 2z
14.20105 |1 10,6 9.1 37 1,52 16
15-1 52 L,8 127 18 3.0 13
15-21109 {10.4 {10.5 35 1.56 14
18 72 243 L,o 17 362 10
19 77 1iC.¢C 1.6 3G l.92 19
21 73 £.6 540 ch 2.3 17
2 7L Se5 L8 20 1.98 18
23 | 74 | 6.5 | 0.6 23 2.k -
24 71 Lol Sel 19 2,9 9
25 72 L,8 Geb 21 2.5 9

/Continued. 09 ®
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TARLE III F 1 (Continued)(p.2.)

4
= . M 4 R R*
B o 10~7 140 1074
FES I n 1 cme p/rin a/nin
27-1} 49| z2.9| 9,1 1k 57 8
2721 120] S.2 546 36 1.45 8
20-1f 52| 2.2 €.0 13 Lo3 1l
28-21225( 6,3 Ge9 L 1.28 3
2 521 2,2 L6 14 4,0 13
3C-1| 52) &.7 o3 13 Lo3 ix
30-212221 7.7 Se5 % 1,17 11
51221 52 2,0 7.0 13 b 1
35.1| 56| 7.2| a7 | 18| 38 by
3L-1] 51| 3.3 846 15 306 11
35 |121] 5.4 7ok 31 1,84 13
L 501 5.0 S o0 13 249 10
ks 50 G .k} &.0 i9 2,8 8
L6 531 Lok 9.1 17 302 11
L7 ksl 3,2 7.5 14 L,0 12
49 541 3,6 Lo 15 1,87 7
50 LI 3,6 8e7 15 Sekk 8
51 59| L.k 3okt 19 1,7 12
52 521 3,8 2,0 16 1,51 11
53 50| 3.2 €.0 15 07 10
5k 501 363 665 15 3.5 13
56 531 1.7 | 6ok 13 .3 1i
57 531 4.3 | 1044 18 3e0 io
77 | 39| 2.2 €5 12 Lo7 9
78 281 1.5 705 10 S5e5 S
79 36| Lok {1k 15 3¢7 -
8¢ 381 7.3 118 18 3,2 i
TABLE IITI F,2. Batches Without.
E ¢ ]:" ” "'3 A R R
b2 : 107 ' 65
5
0 s cm a/nin A/min
6 256 560 52 035 3
16 kL 28 29 2.0 4
20 77 69 53 1.09 1.8
43 53 G,2 19 0,590 5
55 54 %e0 17 1,19 10
75 96 66 58 1.C3 3
76 L7 75 L2 1.39 3
81 30 32 25 2,2
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APPENDIX TV

THE /ALLYSIS OF HEXLUTNE SOLUTION

The usual chenical nethod was used for the annlysis of hexonine, In this
nethod, the hexanine is reacted with an excess of acid, This pronotes the
deconposition of hexanine into ammonia and forialdchyde, The anmnonia reacts
with the acid and the fornaldehyde is driven off by boiling the solubtion, The
excess acid is back-titrated with alkeli,

L graovinetric method of analysis was used for increased accuracy. au .

fLiccuracles to within + 0,1% could be expected,

Details of #nalytical Procedure

L quantity of the sanple is weighed directly into a stoppered 100 nl flask,
An excess of 47 sulphuric acid is added fronr a weight burette, Distilled
weter and tile chips are ndded and the solition is boiled for ahout 7 hours,
Purther distilled water is added as required. /ifter this tine (when the odour
of fernnldehyde has entlrsly dissappeared) the solution is cooled, and boiled,
digtilled water and a few drops of methyl orange are cdded, The solution is
then titratel to a slight excess with 1¥ caustier soda fron a weight burette,
The final end point is obtained by volunetidic titroation with 0.1N HC1,

The acids were staidardised against sodiun bicarbonate and the caustic -
against potassiun hydrogen phthal ate., 4Also the solutions were intercalibrated
one against the other,
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APPINDIX V

JHE DETERETLLTION OF INCLUDED [OISTURE

1. Possible Methods

A reans is required of detemining the ancunt of nother liquor included in
various batches of crystals, Several methcds could be uszd,

1. By dircet neasurenent. A sanple of each batch could be taken, exmiined

under the wmicroscope and the size and nunber of inclusions (ond crystals) neasured.
Simple calcula tions wouwld then give the vercentage of included voluue directly.
This netnod was used for samoles which contained oaly regular patterns of foce
inclusions, However it is very tize consuning and not very accurate.

2. By anolysis for sclute, Quite accurate gravinetric nethods of analysis

are avoailable for the solute uaterials used in tnis project - hexauine, amnoniun
chloride and sodiwa chloride, The quantity of included liquor is generally snall,
Since it would be computed in these cases by a difference nethod involwving two
large quentities, the resultant estinate is nct likely to be too accurate.

3¢ By variations in physical properties. The presence of included nother

liguor would change the physical proverties (e.g. density) of the crystal., These
properties could be neaswred reasonably accurately, but again a difference nethod

is involved, and the resulting accuracy may be low

4, By annlysis for solvent, Since the sclvent is present only in smoll

quantities, o nethod which analysed directly for the solvent should have ccrtain
advantages. However,itumild necsure the total anount of solvent,including that
edsorbed or adhering to the crystel surface. The solvent was usuelly water, so

the Xerl Fischer necthod of ennlysis for water could be used,
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2« Karl Mischer Apparatus

The application of the Kerl Fischer necthod to the analysis of water in
hexanine hos been described by Mitchell and Smith_[§i7. Other descriptions
of the method are aveilable /38, 39/,

The apreratus (Fig AV-1) was based on that described in Vogel [357. The
solvent used was pethenol with a low moisture content, prepared by the repeated
fractional distallation of commercial methanol., The desiccated hexarine sauple
we.s dissolved in a quantity of this nethanol and the woisture content of the
resulting solution was deternined, The solubility of hexamine in nethanol gives
a linit to the cnount of sauple that can be used. The dissolved.hexamine does

not interfere with the reaction, although it tends ‘o precipitate out of the
titrated soiution on standing, The vsunl 'dead stop! clectrovetric nethod

of aceternining end poinis was used, 4 cotalyst involving n-ethyl-piperidine

z§é§7'was added to the solutions to give a nore rapid reaction.

3. Procedure

The nethanol solvent (for moisture content) and the Kerl Fischer reagent
(for reactant strength) were calibrated initially by titration against each
other and against nethanol containing known anounts of water. Before a series
of titrations was begim, catalyst was added to the reaction vessel and titrated
with the Karl Fischer reagent to the end point., The reaction vessel was agitated

In analysing the hexanine sauples, « weighed guantity of the dried sauple
(about 5g. ) war dissolved in 50 nl. of nethanol and used to titrate quantities
of the Karl Fischer reagent. 7ith corrections for the noisburc content of +he
methanol and the volune of the saiple the nmoisture content of the sample could

be deternined,
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APPENDIX VI

APPARATUS USKED TN THE MBASURENMENT OF PROPERTLES

Introduction

A brief description will be given of the equipnent used in neasuring
the properties of hexawmine and its solutions, The techniques of neasurenment
were for the nost part, based on those described by Weissberger‘ZZj7. The
data have been given directly in the attached Supplenent of Properties.

Hexanine solutions were prepared from the solvent and fron dried heramine
specially recrystallized fron the solvent. Crystals prepored for agqueous
solution were anaclysed for ind uded noisture by the Karl Fischer nethod
(Appondix V), The compositions of certain of the solutions were checked by
the anatytical nethod (Appendix IV).

(1)  Density

Solution densities were necsured 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 asccurate analytical balance,
with corrections for buoyancy. Crystal densities were neasured while inmersed
in a petroleun fraction.

(11) Refractive Index

Refructive indices were neasured on an fbbé refractoneter naintained at
25.000. The instrunent was calibrated rgaiast distilled wnter. Supersaturated
hexanine solutions could not be used, since they tended to crystallize out on
the prisn surfaces,

(iii) Analyais of Hexauine Hydrate

Crystals of the hydrate were prepared by freezing saturated hexanine
solutions, Samples of the filtered crystals (naintained « 13 C) were tcken,
weighed, and disgolved in a known gquantity of water. The composition of the
resulting solution wns deterrined Dy the refractomet:r tc give the hydrate
conposition.

(iv) Viscosity

Solution viscosities were ueasured with standard U-~tube visconeters
naintained in constant beuperature baths., The procedure is described in
British Standard B.S. 188-1922,

(v) Surface Tensions

Surface tensions were reasured by the rise of liquid in a capillary
tube tensioneter. The tube wos calibrated with distille d water, The height
of the ligquld colum was neasured with a travelling nieroscope.



273

(vi) Solubility

Several nethods were used to measure the solubility of hexamine in
water,

The solubility was determined directly by the analysis of solution stored
over excess crystal for prolonged periods of tine in constant temperature
baths,

The solubility was also nmeasured in the reverse woy by evaluating the
saturation tenperature at which solutions of known composition became _
saturated. This was done at first using the light s1it method [u ,A43/ in the
apparatus showmn in Fig AVI-1lc, The chonge in appenrance of a thin light
bean on passing through the filn about a crystal surfaoce allows the saturaction
tenperature to be deternined, L4 Schlieren nethod (Mg AVI-la) wes also used,
Here the Schlieren patterns about an immersed crystol (Fig AVI-1b) chenge as
the solution approaches saturation, ac «llowing the saturation teuverazture
to be determined.

The solubilities of hexanine in non-aqueous solvents and prepared solvent
nixtures were deternined directly by chenicol analysis, In the case of
saturated solutions of hexanine in agueous aunonia, the chemical '
anelysis geave the hexanine plus annonia content., The quantity of ammonia
was estimated separately by the Necsler method.

(vii) Preezing Points

The n2lting points of agueous hexanine solutions were deternined as the
temperatures at which frozen solution first started and finally coupleted
nelting, The solutions were contained in thin sample tubes attached to a
thernoneter in a brine bath of slowly varying tenperature,

The nelting point of the hydrate wns deternined in o sinilar nanner,

(viii) Boiling Points

Elevations of boiling point were measured using two standard ebullioneters,
one containing the sclution, the other distilled water. Both were inter-
connected. and comnected to the sane wvacuun systen. The elevation of boiling
point was deternined as the differences in reading of two stondard thernoneters
and also as the reading fron a thernocouplec,

(ix) Conductivity

Conductivitics were neasured using a pair cf platinized electrodes znd
a standard conductivity bridge. The electrodes were calibrated against
standord KC1 solutions,

(x) Thernsl Properties

411 neasurenents of thermal properties were nade in a water jacketbed
copper calorineter, with mamial stirrer,
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The temperature rise on solution was deternined by adding weighed
quantities of hexamine to weighed quantities of distilled water all initially
at 25,0°C, and neasuring the resulting tenperatures. Corrections were
applied for the calorimeter and stirrer,and for heat losses.

Heot capacities of solutions were measured by electrically heating
the solutions and neasuring the temperature rise, The quantity of electrical
energy added was neasured by an accurate watineter and a stop-watch., The
heat capacity of the crystelline naterinl wos neasured using o slurry of
crystals in saturated solution, Corrections werc anvlied for the solution
and the change in solubility.

The heat of decomposition of hydrate crystals was deternined in a
sinilar wey.



12,
1s.

14,

15,

16.
17.
18.

1.

276

REFERENCES

Buckley H.E,, "Crystal Growth", Wiley, New York (1.951).

van Hook, A., "Crystallization: Theory and Practice »" Chapnan Hall,
London (1961).

Mullin J.W., "Crystallization", Butterworths, London (1961),

Perry J.H., "Chemical Engineers Handbook", 4th ed,, p. 17-7, McGraw Hill,
New York (1963),

Coulson J.M, and Richardson J.F., "Chemical Engineering", Ch. 22,
Perganon, London (1955).

Hurle D.T.J., Solid State Electronics, 3, 57, .142 (®61).

Bardsley W., Boulton J.S., and Hurle D,T.J.,, Solid State Electronics
5, 595 (1962).

Powers H.E.C., Internat. Sugar J., 61, 17, 41 (1959),
Powers H.E.C., Nature, 182, 715 (1558),
Powers H.E.C., Indus. Chem.,39, 351, 421, 485 (1965),

Smith F.G,, "Historical Development of Inclusion Thermometry® Univ,
Toronto Press (195%).

Roedder E., Scientific American Oct. 38 (1962).
Denbigh K.G., Dis. Faraday Soc., No, 5,"Crystal Growth",188, (1949).

Bunn, C.W., "Crystals: Their Role in Nature and in Science", icademic
Press (1964),

Birchall, J.D., I.C.I, Ltd., Mond., Division, Wimminglon, Cheshire,
private communication (1964),

Ayerst R.P., Ministry of Defence, Waltham Abbey, private communication (i
Ndamski T., and Trojanowski L., Nature, 197, 894, 1005 (196%).
Mamski T,, Polish Acad. Sc, Inst. Nucl, Res., Report %62/IV (1962).

Walker J.F., "Formaldehyde", ..C.S. Monograph No, 120, 2nd ed. Ch. 19,
Reinhold, New York (1953).



20,

21.
22.

23.

24,

30,
31,
32,

B3,

35,
36,
37,

58,

59.

40,

277

Lange N.ie "Handbook of Chemistry", 9th ed., p. 1277, Handbook Publishers
Inc., Ohio (1956).

Derbigh K.G., and White E.T.., Nature, 199, 799 (1963).
Sherwood P.W., Petroleum Refiner, 57, Wo, 9, 351 (1958).

Branson S.H., Dunning W.J., and Millard B,,Dis. Faraday Soc., No, 5,
"Crystal Growth", 85 (1949),

Saeman W.C., A.I.Ch.E, Journal, 2, 107 (1956),
Raendolph AJD. and Larson M.A., AI.Ch.E. Journal, 8, 639 (1962).

Branson S.H., and Dunning W.J., Dis. Faraday Soc., No. 5,"Crystal Growth",
96 (1.949).

Phillips I".C., "An Introduction to Crystallography", 2nd ed., Fig. 310,
Longmans, London (1956).

McCabe W.L., Ind., Eng, Chen., 21, 30, 112 (1929).

Belyaev L.M. and Chernov i.A., Soviet Physics-Crystallography, 7, 535 (196
Chernov 4,A., Soviet Physics-Crystallography, 8, 63, 401 (1964).

Seegar A., Phil, Mag. 44, 1 (1953),

Bunn C.W,,Dis. Faraday Soc., No. 5, "Crystal Growth", 132 (1949).
Humphreys-Owen S.P.F., Dis. Faradey Soc., No. 5, "Crystel Growth" 144 (194

Lange N,A., "Handbook of Chemistry" 9th ed,, Hondbook Publishers Inc,,
Ohio (1956). (p.1420).

Denbigh X.G., Private communication (1963).
Patent, Badische Anilin & Soda Fabrik, U.S. 2,912, 435 ,Brit .810, 765,
Mitchell J. and Snith D.M., "Aquametry", Interscience, New York (1948),

Vogel A.I., * Quantitative Inorganic Analysis" 2nd ed., p. 698. Longmans
Green, London (1951),

BDH pamphlet, "Moisture Determination by the Karl Fischer Reagent", Poole,
England (1961),

Hopkins and Williams pamphlet, "Karl Fischer Catalyst", Chadwell Heath,
Essex (1960).



41,
42,

43,

278

Weissberger A. "Techniques of Organic Chemistry" 3rd. ed. Vol. I, (1959).
Dawncey, L.A., and $¢i1l J.E., J. ippd. Chenm., 2, 599 (1952).
VHise, W.S., and Nicholson E.B., J, Chem, Soc. 2714 (1955),

Honigmarm B,, and Heyer H,, Z. Electrochem, 61, 74 (1957).



Supplement to Thesis

SUPPLEMENT

PROPERTIES OF HEXAMINE AND

HEXAMINE MIXTURES

Compiled by
E.T. WHITE,
Chem, Eng. Dept.,
Imperial College,

Decenber, 1963,




SII.

STII.

SIV,

-1,
-2,
-5,
=4,
"5 .
-8,
-7
-3,

-1,
-2,
-3

-1,
-2

s2

TABLE OF CONTENTS

List of Tables
List of Pigures

PROPERTIES OF PURE HEXAMINE
Description,

Molecular and Crystal Structure,
Phase Relotionships.

Physical Properties of Vapour.
Physical Properties of Solid,
Thermodynamic Properties.

Rates of Evapcration and Growbh,
Chemicol Properties.

HEXAMINE - WATER SYSTEM

Phaose Relationships,

Physical Properties of Solutions,
Thermal Properties of Solutions,

MIXTURES O HEXAMINE AND OTHER COMPONENTS
Single Component,
Several Components,

OTHER INFORMATION CONCERNING HEXAMINE

REFERENCES

Page No.
s3
84

56

S8
s13
s15
S15
518
519
s22

szz61
93
861

S72
s72




Table Noe

SI.

SII.

SIIT.

"'1.
-2,
=5,
-4,

-1,
-2
-3,
=4,
=5e
-6,
=74
-8,
-9,
~10,
~1l.
=12,
=13
~14,
-150
-16,

-1,
-2e
-3

=4

-5,
=Ce

LIST COI' TABLES

Title

PURE HEXAMINE

Structursl Parameters for Hexamine,
Densi'ty'e

Refractive Index.

Thermodynamic Properties,

HEXAMINE - WATER SYSTEM,
Composition of Hydrate.
Published Solubility Data.
Measured Solubility Data,
Measured Freezing Point Datas
Published Freezing Point Dato.
Blevation of Boiling Points.
Measured Refractive Indices.
Published Refragtive Indices,
Densities at 25°C.

Dersities at Other Temperatures,
Viscosities.

Surface Tensions,

Jiffusion Coefficient,

Heat Capacity.

Heat of Solution.

Enthalpy Composition Tata,

MIXTURES OF HEXAMINE AND OTHER COMPONENTS.

Solubility in Various Solvents,

Page No,

si2
816
817
517

527
529
532
533
8534
537
843
544
549
852
855
558
560
560
566
571

873

Solubility in Ethanol, Methanol and Chloroform, ST4

Refractive Indices of Solutions at 2500;

Densities of Solutions,
Solubility in Agqueous Mixtures,
Solubility in Aqueous Ammonia,

876
878

579
585




Table No.

o1,

SIT.

-10.
-11,
~-12,

-13,

-14,
-15.
~16,
-17,
-18,
~-19,
~20,
"21.
~922.
-23,
-24.,
~25,
~-26,
-27.

LIST OF TFIGURES

Title

PURE HEXAMINE

Crystals of Hexamine,

Crystals of Commercial Hexamine,
Dendritic Growth From Vapour.

Dendrites From Aqueous Solution,
Chemical Structure of Hexamine,

Ring Numbering for Hexamine,
Alternative Chemical Structure.,

Spatial Arrangement of Atons,

Model of Hexamine Molecule,

Vapour Pressure of Sollid Hexamine,

Heat Capacity of Solid Hexamine, O~550 K.
Heat Capocity of Solid Hexamine, 0-50°C,

HEXAMINE - *ATER SYSTEM,

Hexamine hydrate Crystals,

Hexamine hydrutc Crysto.ls°

Solubility, - 10 to 90 °c,

Solublllty,VO to 170°C,

Freezing Point Diagrar,

Elevation of Boiling Point - experimental,
Elevotion of Bciling Point - smoothed data,
Boiling Point - Totul rPressure Curve,
Phase Diagram.

Refractive Indices at 25°C.

Refraction Angles ot 2500.

Test of Refraction Angle Correlation

Tegt of Refractive Indax Correlation.
Densities at 257,

Test of Correlation for Densities ot 25°7.
Densities at Other Temperstures.

Density Differences.

Measured Viscosities,

Smoothed Viscosity Data,

Surface Tensions,

Approximate Conductivities.

Measurei Heat Copacitics,

Test of Heat Capacity Correlation.
Adipbatie Temperature Rise on Soiution.
Integral Heat of Solution.

Enthalpy - Composition Diagram,

826
826
530
531
835
538
839
540
541
845
546
84T
847
850
551
853
854
356
857
S59
S62
863
865
867
568
569

Enthalpy - Composition Diagram - Liquid Region. §70




Table No,

SIII.

1.
2
Se
4,
Se
6-
7o
8.

85

Title Page No,

HEXAMINLE ARWD OTHER COMPONENTS

Solubility in Lthanol, Chloroform and Methanol.
Refractive Indices.,

Solvbility in Aqueous Bthonol and Methanol,

Solubility in Aqueous Methaonol,

Solubility in Aqueous Ethonol,

Solubility in Aqucous Ammonia and Acgueous Glycerol,
Effect of Ammonia on Amount of Hexawine Precipitated Out.
Hexanine Precipitated per Addition of Ammonia,

875
S78
S80
582
583
584
886
886




s 6

SI. PROPERTIZS OF  PURS HIXAMING

INTRODUCTION

ixcellent sourcebooks for the available data on the properties

of hexamine are Beilstein Zl}l(in German) and Walker ng7. Less
comprehensive surveys are given in Kirk-Othmer 1727 and Heilbron &

Burbury / &/. Additional data may be found in Landolt-Bérnstein / 5/.

SI-1 DESCRIPTION

(i) Nare: Eexamethylene tetramine.

(ii) Other Names: Hexamine , "Urotropin!
Methenamine | "Formin' |,
Formamine , "Hexall ,

Hexamethylenaminen "Aminoform! .
s 0 s = C \ \
(iii) Formla ( H2’6 N4

(iv) Molecular Weight: 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 1lmm. in size, Under certaian conditions, Loth
from the vapour and from solution, hexamine can grow dendriticall
giving the usual fir-tree appearance (Figs. SI-3 and SI~4),

(vij  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 ZE, §7. With

certain people it may also be a cause of skin rash Z;, §7.

SI1~2 MOLACULAR AND CRYSTAL STRUCTUR:E

Various chemical structures have been proposad for hexamine.
These are reviewed by Walker ng7. The structure generally accepted
is that of Duden and Scharff / 9/ shown in Fig. SI-5. In this structure
all the nitrogen atoms in the molecule are equivalent as are all the
carbor atoms. 4n alternative structure of some interest (Fig. SI-7)
in which the nitrogen atoms are not all equivalent is given by Ldsekann
1597- This structure explains the monobasic behaviour of hexamine in
solition. Hovever it does not agree with the X-ray and spectra results
on the solid and vapour, nor apparently with dipole moment and Raman
measurements ZI£7 of hexamine in chlorolorm and agueous solution.

The atom numbering convention shown in Fig. SI-6 is taken from the
Ring Index Z;g7.

The spatial arrangement of the atoms in the hexamine molecule
has been determined by X-ray, nuetron diffraction, electron diffraction
and other techniques [I1, 13-&27. 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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( Proposed by DUDEN FOR HEXAMINE
and SCHARFF (9] ). (RING INDEX [12].)
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FIG.SI-7.

THE CHEMICAL STRUCTURE OF HEXAMINE
PROPOSED BY LOSEKANN [l10O].
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Becka and Cruickshank 1327 are shown in Table SI~1, Bond lengths
measured for hexamine vapour [54, 227 are in substantial agreement
with these values LIE7U 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 qi fZSm. The molecular lattice . is equivalent to the space
lattice. The unit cell is a cube of length 7,022 at 298°K and contains
two molecules., Jach molecule is surrounded by eight others along <111 .
at 6.0810\ between centres and by six others along < 100> at 7.02?\ [Ig.
A nitrogen atom of one molecule fits neatly into the recess formed by
three hydrogen atoms of a neighbouring molecule. The CHz group at the
top of one molzcule nestles at 90O across the CHz group at the bottom .
of the next molecule. The positioning of the molecule in the unit cell
is also shown in Landolt-Borustein / 5/,

This struciure is retained over the full temperature range
5 to 300°K ZEB, 2§7° Increasing temperature merely expands the unit
cell and increases the magnitude of the laittice vibrations 1127. It
has been suggesfed that the cause of the high stability and low volatility
of hexamine may be the hydroge: bonding between neighbourning molecules;
This view is not accepted by Becka and Cruickshank 1337 who consider
the caust. to be simp.y the shape and packing of molecules in the lattice.

A lattice model of hexamine has been proposed 1137 capable of
predicting many of the observed optical, elastic,and thermodynamic

properties,



Bond iengths.

s12

~ >
S - N 1.475 + 0C.0C2 &
- ~ o e
C - 1.688 T 0.011 =~
Lond smnzles.
LV II - 107-2 _'_"' 001
r 'z <
I’! - - I’I ll:.e i 032
b ~ o 05 o
o - L I P 4 LCO.S .i" 102
Length of Jnit Cell.
298~ © 7.C2 4+ ©C,C1 k&
o - . <
icc® x 6.9% 4+ Q.01 A
o - ” - .2
3= €.6%1 + CL,01 L
1S
TAZLE SI ~ 21, Structural rarameters For
Eezamine, (Beclta & C




513

SI~3 FHASE ReLATICHSHIPS

(i) Number of Phases

Under normal experimentel conditions (atmospheric and sub-
atmospheric pressures) only two heremine rhases are known ~ the
vapour and the crystalline solid. Liquid hexamine is unlmown, since
hexamine sublimes at these pressurcc., Oniy the one solid phase is

o o, =
known, at least for the temperature xange 5 K to 500 K /26, 5_(_)7.

(ii) Solid~Vapour Behaviour: Vapour Pressure of Hexamine

The vapour pressure of solid hexamine (correctzd for decomposition)
. o7 . 0 o
has been determined /51-, 52/. Data between 20°C and 280°C
T

(107 <o 800 mm #9.) may Le correlated /537 by

'’

o 225D
J.ogioi: = SR + 10,0

where /) is the true vapour pressure in m.m of Hg. at an absclute
o) . . . s gas
temperature T K. This correlation io shown in Fig. SI-10,
From this relation the vaporisatiw temperature at atmcuphsaric
5o it 4 . R -
pressure was cemputed as 255°C. At temperatures above about 230 (
charring and decomposition of the hexawine mzy occur. Charring is
. R o ‘s . . .
quite rapid ancve 280 °C. The decomposiiion of heramine is counsidered

further in Section £I1-8.

(iii) Phase Diagram

Since there are only the two phases, the icicwm phase diagram is

solely the vapour pressure curve given above.
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SI~4 PROPERTIES CF HEXAMINE VAPQUR

Published data could not be located. If required, ve-‘.ec might

be predicted from generalised equations of state.

SI-5 PHYSICAL PROPJRTIZS OF SOLID HUZAMIM.G

(i) Density

Available density data are given in Tatic 5I-2, At room iemperature
the density of solid hexamine might be taken as 1.335 + 0.002 g/ml.
with a coefficient of variation with temperature of —(1.85&9001).10~4/°K.
The effect of pressure has been measured 45270 At low pressures the

€ 1

compressibiliiy is approximately 9 x 107 atmos .
(ii) Trlash Point

The flash poinrt is given [5§7 as 482°F (250°C),a value ciose to
the normal vaporisation temperature.
(iii) Refractive Index

The retrac*ive index of solid hexamine at room temperature was
deteimined by an immersion method as 1.530 + 0.003. Much more acciirate

data are available Zgg7 and are given in Table SI-3.

(iv) Other Optical Properties

Extunsive measurements have been made of the Raman Zzi, 39-t3, 45, 4§7
and infra red spectra ZZb, 46—437 for crystals, vapour and solutions.

A recent reference 2317 clains that hexamine chows a large electro-
optical effect, comparable to CuCl and ZuS3.

(v) Magnetic Properties

Magnetic resonance studies have been published ZE}, 26~327.

Hexamine is reported 1327 as having a surprisingly high positive
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diamagnetic behaviour.

(vi) Electrical Properties

The dipole moments of hexamine have been measured /127,
Hexamine exhibits piezo-eleciric behsviour 133 - Q§7 and thz
electromechanical constant has been measured (ZTE?, 2/3, p.k3k).

(vii) Elastic Constants

The elastic properties of hexamine have been measured by X-ray
methods Zg, 3133, 3§7 and ultrasonics [§1, 3§7.

(viii) Diffusion Through Hexamine Crystals

The diffusion coefficient of water through solid hexamine is given

by Smith /23/.

S1-6 THERMODYNAMIC PROPERTIES OF HEXAMINE

(i) Heat of Combustion

Values reported for the molaj heat of combustion at constant

pressure, in k--cal/g.mole are

aces arw

AH_ = -1003.6 f67/, AH_ = -1006.7 [68/, and AH_ = -1037.1 69/

(ii) Standard Heat of Formation

The standard heat of formation at 25°C of hexamine has been computed

from the above data as

AHfo = 28,8 k-cal/g.mole /50/,

(iii) Entropy and Free Energy of Formation

The values at 25°C have been calculated Z§Q7 anG aire shown in
Tablz 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 1597. Their tables should be consulted
for Accurate data. Their results are shown in Fig. SI-11, and zlso
on Fig. SI-12, where they are compared with rough data obtzined v the
author. Over the range 0° to SOOC the linear reiation

c = 0.2535 + 0.00i05 t
may be used without undue erro:, where ¢ is the heat capacity in
calfg X oC} and t the temperatuire in .

(v) Other Therinodynamic Properiies

Table SI-L lists other properties at 25°C computed by Chang and
Westrum 1397.

Values of the Delh ye aad Einstein temperatvures have bzen calculated
[IS, 70, 737. Zstimates of (Cp -~ Cv) have becen made ZSB, 737 and range
from 0.7 to 1,1 cal/(g.mole)(oc).

A theoretical model capable of predicting many of the properties
of hexamine has been proposed by Becka and Cruickshank 1127.

(vi) Latent Heat of Sublimation

The latent heat of sublimation computed from the wvapour pressure
data of Section 5I-3(ii) is AHv = 18.0 k-cal/g. mole. 7This is in good
agreement with values of 17.5 and 17.9 k-cal/g.molz at 8°C and 25°C
measured by Buderov [527 and the value of 18.1 k-cal,g.mole proposed

by Smith /27/.

SI-7 R\TES COF ZVAPORATION AND GROWTH

(i) iZvaporation of Hexamine Crystals
Rates of evaporation of solid hexamine have been measured Z?Z, 7é7n

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 heai of subiimation.
Limited data are also given by Buderov [327.

(ii) Growth of Crystals

The growth of hexamine from its vapour has been extensively
studied by Stranski, Honigman, and others é?& - 837 over a wide range
of temperatures. Barly work was concerned with the morphology of the
crystals formed. as well as *he usual {011; faces, 001§ and {112]
planes were also obtained. Later work was concerned with the rates of
crystal growth. Honigmann and Heyer Z?§7 found that the rates of growth
on {011} faces was praportional to the square of the supeggturation for
microscopically planc surfaces, but cealy proportional to the supethunation
for flawed surfaces.

High purity hexamine crystals suitable for testing purposes have
been prepared by sublimation, or by recrystallization from methanol,
ethanol, chlorcform, acetone, or water ZES, 22, 23 597. Very small
crystals may be prepared by adding gasecus ammonia to a satura®ed agueous
solution [53, 857. The growth of jarge crystals for piezo-electric
purposes has been considered by Chumakov and Koptsik.;§§7.

The presence of inclusions in crystals grown from aqueous solution

has been reported [56, 827. Hexamine crystals have been grown from

benzene solution on the face of gypsum crystals [§§7.

SI-8 CHEMICAL PROPERTIES

Furthcr details concerning the chemical behavioux of hexamine

can be found in the texts quoted 13-57.
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(i) GZEffect of Heat

Hexamine is readily ignited and burns with a hluish yeilow
flame. In the absence of oxygen charring becomes noticeablie abrve
25000. The products and rates of decomposition under heatviug have
been investigated. 451, 53, 89—917

(ii) Reaction with aAcids

With acids hexamine decomposes to give formaldehyde. The
kinetics of these 1eactions have been investigatad 152, 927. This
reaction is the basis of tihe method of analysis usually used for
hexamine solutions.

(iii) Decommosition by Radiation and Uitrasorics

Decomposition of hexamine czn be causec by irradiation 4527 and
ultrasonics [§§7.

(iv) Compound Salt Formation

Hexamine readily reacts to form salts witnh a variety of acids
and other materials. An extensive list is given in Beilstein AT}7¢
(v) Nitration

Hexrmine may be nitrated to give the explosivé syclonite (R.D.X.).
Further details are given by Walker / 2/ and Simmonds et.al./96/.

The mechanism of this reaction has been studied. LE, 927
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SII. PROPLRTIES OF HeXAMING~WATSR  SYSTEM

INTRCOUCTICN

Hexamine is prepared industrially by crystallization from
aqueous solution. Yet the amount of nublished data on the hexamine-
water system is limited.

Much of the data given here was determined by the author. Details
of the experimental methods used are described in Appendix VIof the
author's thesis Zibi7. wstimates have been given of the errors
associated with the experimental values. The errors are expressed
as the 95% 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 erirors of measurement.

SII-1 PHASS RUILATIONSHIPS

(i) Possible rhases

\
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 C_H _N .7H20.

6 124
(ii) Composition of Hydrate

If a near saturated solution of hexamine in water is cooled to
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well telow 0°C the hydrate may crystallize out. Such solutions can
become highly supersaturated with respectte the hydrate without
nucleation occuring, even in the presence of dust or hexamine crystals,
The seeding with hydrate crystals however will cauce rapid crystai
growth as clusters of long ncedles radiating from the seed point

(refer Fig. SII-1), Individuzl crystals of the hydrate are shown to
larger magnification in Fig. SII-2,

The composition of the hydrate corresponds to hexamine heptahydrate
C6H12N4.7H20 (mass fraction of hexamine = 0.526), This was determined
by measuring the composition of the solution formed by dissolving a
known quantily of the filtered and dried crystals in a kinown amount of
water (Table SII-1), The presence of a hydrate has been reported
previcusly 159-1097 although it wes termed a hexahydrate.

The hydrate is stable below 13.5 £ 0.2 'C (Table SII-1). Above this
temperature it decomposes immediately into hexamine crystals and solution.
The heat of decomposition of the heptahydrate at 13.500 into Lexamine
and saturated solution at 13.500 wzs cdetermined with an electricaliy
heated calorimeter ZIQ37 as AH = 6.3 + 0.2 k.cal/g.mole of hydrate.

(iii) Solid - Liguid Behaviour:- Solubility of Hexamine in Water

Hexamine will dissolve readily at all temperatures in a little over
its own weight of water. Aqueous hexaumine solutions show an inverse
solubility-temperature behaviour up to BOOC, however the variation with
temperature is small. With prolonged heating at temperatures above

o .y . .
50 C decomposition of the hexamine will occur Zibg7. The heptahydrate

is the stable form of hexamine below 13.5°C (+ 0.2°C) but metastable
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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

SIZ-3 and SII~4. These include the much neglected data of Lvrard /100/

for temperatures between -QOC and 165°C. An abnormally high solubility

value of 1€7g hexamine per 100g water at room temperature was reported

by Utz ZIOE7. This may refer to the solubility of the hydrate since

at 13.500 its solubility is 167.1g of heptahydrate per 100g of total

water, The author'!s values obtained by several different methods

/1037 are given in Table SII-3 and are alsoc plotted on Fig. SII-3,

These data are in excellent agrzement with those of Evrard.

(iv) Solid-Liquid Behaviour: Freezing Points of Solutions

The solubility of hexamine heptahydrate can be determined from
freezing poin* 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 ZEQQ7 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 tc a mole ratio of water <o hexamine of 18.6 to

19,1 (Evrard 18.3). The freezing point of this eutcetic is

~10.2 + 0.5°C (GBvrard -9.0°C). Theory for dilute solutions ovegéstimates
the depression of the freezing point by about 15% Lzb27.

There appears to be a volume increase on solidification, for on

freezing a number of the solutions the glass sa.ple tubes shattered.
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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
helsewhere [Eb17. The data obtained are given in Table SII-6 and
Fig. SII-6, Smoothed and interpolated values are given on Fig., SI{-7.

The elevations of boiling point of saturated hexamine solutions
lie between 4.300 and 4.900. 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 ZIQ§7.

The ratio of the partial pressure of saturated solution to that
of water is also shown in Fig. SII-8. 1If an inert third component
(e.ge 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 duta the phase diagram for the

hexamine-water system was prepared {(Fig. SII-9).

SII ~ 2 PHYSICAL PROPERTIES OF AQUIOUS HAYAMINL SOLUTICNS

Of the regions shown by the phase diagram by far the most important
is that of the aqueous solution. Solubilitiss, boiling pcints and freezing
points of agieous solutions have been given in the previous section.

Further properties of aqueous solutions are considered in this section.
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B 1ar’| a.21| 4.24] 4028 4ei6] ~ | 432 - | 41| - | -
E Zo | 43.8 | 45.6 | 52.2 |54.0 | 58.5 |63.7 | 74.3 | 81.4 | 87,7 | =~
S1aT ) a36) 404 | 4.5 | 45 | 45 | 25| 47| 48 | 47| -

OT'1 44400 4,38 4446 | 4039 4448 | 4.52] 4.65| 4,72 4.82| =

Preliminary run§ x

Nomenclature ,

4T,8T' = Difference

solution.

= 0,363, To = 38,5°C, AT = 2.53°C,

x = Composition,as mass fraction of hexamineoin
To = Boiling point of water, C. o
in boiling points between solution and water in C

as measured respoctively by thermometeirs and thermocouple.

Errors, in x, + 0,001

for To

TABLE SIT - 6,

» 45°

in To, + 0.1°C; in &T, for To <45°C, + 0.07;

3
C, + 0

k)
.159C; in 7', + 0,07°C,

LLIVATICN CF BCILING FCINTS FOR 4LUECUS HEXAMINE

SOUTI

CNS,
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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. gxperimental details are given elsewhere Z3Q17.
Published data /11, 100, 109-111/ are given in Table SII-7 and Fig
SII-11,

The refraction angle data may be correlated within + 1.0 minutes
by the relation

IS =Qo + 965x% + 354-::2
where f; represents the refraction angle of an aqueous solution of
hexamine of mass fraction x. Alternatively the refractive index
at 25.000 relative to air, nD, may be correlated within + 0.0002
refractive indexz units by
ny =mnp 4 0.169x + 0,048::2

Figures SII1-12 and SgI-13 show thz test of these correlations to
the experimental data. In a similar manner *the data of Fialkov and
tgerskaya Zib27 at 20°C may be correleteqd by

ny =n, + 0.171x + 0.048x2
(1i) Density °
Measurement of the density is another cenvenient means of

determining the composition of an aqueous hexamine solution.
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DATL CF AUTICR ¢ TIIZE.LTURD 25,00 + 0,02 °c.

COLICIIC LT IC 4 IRZF-..CTICH ANGLE £ EFLWCTIVE TDIX
Ple g-& (Minutes) 3

pure water (x = C) C,0 1.,33250
0.1c21 104.0 1.3505
0.,1507 121,5 1,3535
0,1322 2349 1.3556
0.1868 153%.5 1.,3658
0.1938 19%9,7 1,3669
01550 200,53 | 1,3670
6.235€ 2k6,7 1.3749
02535 257,86 1,3785
00,2778 29k .0 ; 1.384%0
0,3006 330,59 1,3%692
00514k 337.C 13902
03297 35543 1.3932
0,3333 360 2 13941
00,3058 26,0 1.kC52
0.3331 &F7°o 1.Lko54
Co3952 L37.2 0070
G139 46090 . 104108
001;11.73 5085 llljll’?a
CoL463C 522.8 1.k212
0,45656 * 5264 1.Lh21¢
C.L661 * 52647 ’ 1,218 !

Concen cion

ntration as mags fraction hexemine in solu
Zrror :+ 00,0002,
Composition by chemical amalysis, arror + 00,0010

Difference in refraction angle between ._,o«ution and

distilled water, Zrror in angle cifference + 1,0 minutes
Relative to dry air at 25,0 and atmoupnerlc pressures

computed frowm charts »rovided with 4Abbe refractometer.
Irror in refractive index £2,0002,

TLDLE SII ~ 7 R[IF.LLTIVI TIS3E DaTA FC AWACUS HOXAILIIE

SCLUTICHS,
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1LBS PaCTICN | RIFLLSTIVE INSIK .

FailIils T n s RoFs- L1103

SCLIDICH ~
0.01C0 1.3342 )
0.,0200 1.,3359 )
0,0299 1,3376 )
e b))
04049 1,34 BSvrard

) g /1oc/
00,0594 1.,3426 ) o
00,0692 1.34L43 ) 25 C,
0.0789 1,3451 )
60,0886 1.,3478 )
0,0932 1.3495 )
0,04kLk 1,3406 ) .
0,071V 1.3450 ) Rayner
0.0819 1,3469 ) /1l

) 25°C,
0,0100 1.3347 )
0.0201 1,3365 )
C.0298 1.3331 )
0,0395 1,3398 )
0,0496 1,316 ;
00,0690 1.3450 ) Fialkov &
C.0882 1,3484 ) Egerskaya
0.0975 1,3501 ) /1097
0.1076 1,3519 )
0.1465 1.3591 ; 20°c,
041938 1.35679 )
0.2391 1.2766 )
0.,2845 1.3857 )
Ce k014 1.2093 )
Saturated. luk2ka Fiosebach/111_~

1+ Baged on values for watexr _[il_g?}
nDZS = 1.33250, =2np20= 1,33%299,
TLBLE SII - 8, FUSLISEZED RIF-LACTIVI IO ICIS FOR
AQUREOUS HiA:IIE® SCLULICIIS.




Su5

<43 } B

+42 2540 °C. 7—

O / f

o R |

w4 / :
(qV]

I/ .

[ o ,
£ :
5 / |
E ,-'

1439 - |
g / |
_J ‘
=) /
= 1-387 |
Z / !

. ,

1

b 1437 /
& P4
Z )
w /
SO O VALUE FOR WATER [H2)  _
= 136 / +  EVRARD [100] |
O ¢ ¥ LEFEVRE and RAYNER [(| ]
< o ® AUTHOR.
T /
L J
w135 ¥
o +
¥
. 7
|-34-——j’
F
+
j‘/
|3 3 cfppespemppempepep ey paepepapappepopeirapaepeapmnpeppns yeepp——————
O O-l 0.2 03 O-4 05
X, MASS FRACTION HEXAMINE IN SOLUTION
FIG.SI1I-10,

HEXAMINE SOLUTIONS AT

REFRACTIVE INDICES OF AQUEOQOUS

25'0 OC .



S46

600
I |

. e Experimental data
S
2 500
£ /
| o
| '1/
| [ ]
S 400 /
< /

@

zZ s,
5 </
- /’
U 300 @
= /
T
L /
x
z /
= 20 ~
ul
V)
> /
T
O /

« 10
C’g} N

|
@
~ O

@) O-l O-2 0.3 O-4 O-5
X, MASS FRACTION HEXAMINE [IN SOLUTION
FIG. STI-1Il. REFRACTION ANGLE FOR AQUEOQUS
HEXAMINE SOLUTIONS AT 25.0 °C,



SL?

3=

, 8, = 6, + 965x + 354 x*
8 24
E *
E

. ‘.
—_ ® ®

) o

[ 4

é X o oo

| ¢ LA ®
ORI — . .

-2-

-3  § T T T y

O O-1 O-2 0O-3 04 0-5

X, MASS FRACTION HEXAMINE IN SOLUTION

FIG. SII-12, TEST OF CORRELATION OF REFRACTION
ANGLE DATA FOR AQUEOUS HEXAMINE SOLUTIONS
AT 250 °C,

Ny, = Np,* 0+169x +0-048 x*
4
y Ny, = 1-33250
%
= 2 ® —?
> ] o0
‘3 Py ® & o g
Oﬁ*‘;ﬁ
Co Vf L ++ L [ J L o y
i
Co -2 : & ¢
— ' vew
" 4+ EVRARD [i00O}
- ¥ LEFEVRE and RAYNER{ i1 ]
® AUTHOR.
-6 T - v | J ’
o Ol 0-2 O-3 0.4 05

X, MASS FRACTION HEXAMINE IN SOLUTION

FIG.SII-13. TEST OF CORRELATION OF REFRACTIVE
INDEX DATA FOR AQUEOUS HEXAMINE SOLUTIONS
AT 250 °C. :



848

Data at 25.0°C measured by the author and published data 1213, 1157
are given in Table SII~9 and Fig SII-14, Most of the experimental .

data may be correlated within + 0.0001 g/ml by
/O i/? + 0,2135x + 0.066x2

whereaﬁﬂis the density at 25.000 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 25.000 are given in Table
SII~10 and Fig . SII-16 and SII-17.
(iii) Viscosity

Viscosities of aqueous hexamine solutions at various temperatures
are given in Table SII-11 and Fig. SII-18. Zxperimental details are
given elsevhere ZEbl?. Smoothed and interpolated viscosity values
are given in Fig. SII-19, Viscosities of saturated hexamine solutions
are five to ten timas that of water.

. (iv) Surface Tension

Surface tensions of aqueous hexamine solutions in contact wit
air at room temperature were measured by a capillary tube nethod ézbg7.
These values and the published data of Huang et. al, 55127 are given
‘in Table SII-12 and Fig. SII-20., The variation of surface tension
with composgition is quite sﬁallo

(v) Diffusion Coefficient

Viffusion coefficients for hexamine in agaeous solution are
given in Table SII-13. Values for dilute solutions at other temperaturer

may be predicted by the Stoke-Einstein relation.



549

CILES.00.0G £5.0C07C + 0.02°C,

CCIICEITo. - ICH DG IoY - CoriLa 5CRCR
= + Gedzls I LISITY
Ses =l

Tater (=z=C) 0.99707 ¢ -
0.,1021 1,019655 )
0,13556 1,03922 )
02535 1,05537 ) + 0,00005
0.%868 1,08935 )
0. k661 # 1,1i050 )
0.,1%2 1,026L )
0.1938 1.0400 )
0.3086 1.,0692 ) £ C.0001
0.3962 1.0219 )
0.4L73 { 1.105% )
0,1208 1,02372 )
041950 1,04107 ) + 0,0C005
O 51LL 1.C07058 )

* 01751 1.0353%

* 0.255¢ 1.C557

+ Conceniration as mags Sfrection of nexemine in

gsclution. Solutions preparcd by weight with
recrystallised hexemine and distilled water;
corrected for inmcluded moisture, JError in
concentiration + C.00Cz,.
Composgition by chemical analysis. ZIriror + 0,0010,
Value fron Perry'LlQ37 Pol75

* Sata of Huang et. al, 13;27

TL3LE SII - 9, DIN3ITY OF ZELAILIITE SCLUTICIIS AT 25°0°C¢
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RTISJOREYIAL B MASS FARLCT ICH SIZNGIRY .
cc, EZasli TNE Ce/mal, i
20.0 + C.1 0,1900 1,0k22 )
20,0 + 0.1 0.2125 l.0kC2 ) Huang et.al,
35.0 + 0,1 6,C603 1.,0C70 )
35.0 + 0.1 0.1%55 1,0261 ) /[i13/
k5,0 + 0.1 0.,0983 1,0115 )
45,0 + 0,1 0.1915 1,032k )
( 0,0kkk 1.00825 ) .
15°¢ ¢ 0.C562 1.01081 ) Le Fevre &
( 0.0710 1.01405 ) Rayner /117
( C,0819 1.01652 )
roon: satde 1,0985 Utz /1047
Data of author,
AT DSNSITY OF SCLUTION g/ml £
°c. x" = 0,1%22 | 0.1938 |0,3086 |G.%962} 0,4473
10,0 *+ 0.2 " 01,0297 1 1,0kh7 11,0758 11.0979 | 1.1126
15,0 + 0.2 1,025 1,036 |1.0728 }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 11,0672 | 1,0897{ 1,1029
35.0 + 0.1 1,0232 | 1,0372 | 1,0651 | 1,0874{ 1,1003
4G.0 + O.l - 1,0352 11,0629 | 1,084% | 1,0676
k5,0 + 0.1 - - 1.0606 | 1.0823] 1,0949
5245 + 0.2 - ; - - 1,0780) 1.090C6

+ Composition of solution as mass fraction of hexamine.
Probable error in composition i C.00C5,

£ ZIrror in density + 0,0002 g./ml,

TA3LE SII - 1C. DINSITIZS OF HiislTIE SCLUTION AT
TEIFERATUAES OTHIR THAN 25°C,
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4+ Error in composition + 0,001
# Error in temperature + 0,1 °C,

* + 3%

Error in viscosity

TABLE SII - 11,

MASS FRACTION HEXAMINE IN SOLUTION 4 x = 0,134

TEMPERATURE{OG 8.2] 18,6 }|25.4 | 31.1 |36,0 | 40.6 | 45.5 49.8

VISCOSITY cp* | 2.23 1.613) 1,356 1.186 { 1,087 | 0,959} 0,871 | 0.809
MASS FRACTION HEX/MINE IN SOLUTION x = 0,236

TEMPERATURE,OC 19,3 ] 2542 }30.,6 | 35,5 [40.8 } 45.8 | 49,6 59,8

VISCOSITY cp. | 2436} 1,993 | 1.719 | 1.522 {1,366 | 1,223] 1,120 | 0,925
MASS FRACTION HEXAMINE IN SOLUTION x = 0,282

TEMPERATURE,OC 8,2 | 18,6 ]25.4 [31.1 [36.0 |}40.6 | 45,5 49.8

VISCOSITY,cp 4,14] 2,94 | 2,38 | 2,04 |1.795 { 1.606} 1,436 | 1,306
MASS FRACTION HEXAMINE IN SOLUTION x = 0,388

TEMPERATURE,OC Tel [1542}1963]2542] 3046 [3545{40,845.8|49,6}59,8

VISCOSITY,,cp Bo3915.67§4:9514,05]|3.42 {2.96]2.5412,2312,04{1,625
MASS FRACTION HEXAMINE IN SOLUTION x = 0,460

TEMPERATURE,OC 9,3 | 1544 | 19,4 | 25.0 |30.2 |35,9 | 40,5 47,1

VISCOSITY,cp {11.62| 9.05| 7.91| 6425 | 5,18 | 4,35} 3,77 3.11

SATURATED SOLUTION
TEMPERATURE,OC 10,0 | 25,0 | 30,0 | 35.0 { 40.0
VISCOSITY,cp 12,82 | 6.36| 5439 | 4.47] 3.80

VISCOSITIES OF AQUEOUS HEXAMINE SOLUTIONS.
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Pure water : Internatiomal Criticasl Tables/115/
TILEIALTURE, °C, SURFACI TINSION 4
dyvnes/ctie
16,0 73,05
20.C 72.75
25.0 71.97
35.0 7C.38
45,0 68,74
# + 0.05,
Huang ct. al, ZTL§7
J—— ° £ SURLFZLC= TSNS ION
.l.uhl‘g 1-, C° = dyneS/cm
20.,0 00,1900 72,19
20,0 0.2125 72,11
2540 0.,1721 71,22
25.0 C~2559 70.77
3540 0,C503 70.07
3540 0,1455 69,98
45,0 0.0983 58.4C
45.0 0.,1919 67.97
=+ O Z SUAF.Co T3S 101*
TElF, "4y Cae x dvnos/cm,
18,0 0.1%1 72.2
18 '3 00 25’* 7196
18,1 00334 70.7
16,0 0.369 7043
104 0.k60C 6848
—

+ Error + O,1 °c.

# Composition of solutiom as mass fraction hexamine.
Luthors data, error + 0.0C1,

* ZSrror + 0.2 Cynes/coe

TLBLE SII - 12 ¢ SUAFLC: TINSIONS OF ALUECUS EZEHALIIE
SOLUT I0OIIS,
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e iD. ! Mean D li;6 N _
i * j agrerence
Yo e cOIlC, c ¢ SCC L
21 0.0k fos I, C.T. /1157

( 0.0025 3s99 )
( 0.005 [ 9.3% 1)
185¢( C.01 6,92 )Sullman
( Co Ok 757 ) Jrae/
( C.05 6,80 )
1 i

* as mass

frection of hexomine in solucion,

TLELE SIT - 1%, OJIFFUSICH CCIFFICIZITS FOR

LUZC0US FEMAIINE SCLJTIGIS

* W o —+

x= 0,211 + x = Ce34&l = 0.436
Tocp. ©C § C £ | Tomp.©Ca C  [Temp. °C c
21,0 0,848 1402 0.755| 17.6 0.693
26,8 C.356 20,7 C.770 | 20.3 0.709
3342 0,868 20.1 0,76} 25.2 0.713
3763 0.867 3%.5 0.738 | 5643 0.709
FLIN) C.877 3%9.0 0.79€ | 26.4 G.702
: l.':5n[}.' 00803‘. 30.06 Oe 729
%246 G. 730
38,1 ; 0,732
£3.8 0.729
i 71.8 c.78 *
Yass fraction of hexamine in solution; “Zrror + 0,001
liean Tezperature,Irror + c.,1° C,
ean heat capacity as cal/g. ) { °Cd frror + 0,015 calﬂ@)(GC}

Soror + 0,03 cal/s) (OC.L

TABLS SII - 1& 3 HEAY CiFLCITISES CF AQUECUS FEXALXIIE

SCLUT ICIiS,
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(vi) Conductivity

Hexamine solutions have a very low electrical conductivity
[E, 1057. 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 Aﬁb5, 117-1297.
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 czerves as an indication of the variation of conductivity

with concentration and temperature.

SI1I..3 THiERMAL PROPERTIAS OF AQUENUS HEXAMING SOLUTIONS

(i) Heal Capacity

Heat capacities of aqueous hexamine solutions were determined
by means of an electrically heated calorimeter 43537. The data
obtained are presented in Table SII-14 and Fig, S5II-22. Values for
water are taken from Perry [Eb§7, p225.

The available heat capacity data may be correlated within
40,015 cal/pi{°C)by the relation

C = 1 = 0,77x + O0.004xt

where ¢ is the heat capacity at constant pressure in cal/(g)( “2)
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of an aqueous hexamine solution of mass fraction hexamine x, at a
tenperature t°C. 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 evoiution
of heat. The pdiabatic temperature rise on mixing crystalline hexamine
and distilled water, both at 25.000 was determined in a calorimeter
Z;Qi7. The experimental values are given in Table SII-15 and Fig. SII-2k,
Using the heat capacity data given above integral heats of solution at
25.000 were computed (Table SII-15 and Pig. SIi-25). Published values for
the hea@fgglution at infinite dilution 539, 927 are also given.

(iii) Enthalyy-Composition Chart

Using the phase and thermal data given above the enthalpy-
composition chart for tha hexamine-water system (Fig. SII-26) was
prepared. The chart iz for engineering use and is given in engineering
units. Enthalpies aré relative to a datun of zero enthalpy for licuid
water at 32°F (the steam table datur), 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.
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Integral Heat of

Solution at 25,0°C

OEBy .o o1te cal/g.
mole Ix,

Composition of tdiabatic Temperature
final solution., ¥|Rise on Solution in
Teter at 25°C, T

infinite Gilution -

" -

0,097 3443 + 0,15

Nel31 Lo6 + 0.5

0.221 8:25 + 0,15

C.226 Be3% + 0,15

0.285 | 10:30 % 0.15

Vo321 11e2 + 0,5

Cokl3 13,2 4 0.5

Cok35% 13,76 + 0.5

had !}US *

- 4,9 %

- Lk,6 4+ 0o3

~ ko5 + 0,5

—bokl + 015
- 4,38+ C.15
- 4,12 + 0.,G8
~-3,85 4+ 0,2
~ 3,30 £ 0,15

~3:19 £ 0,07

ol Lo mess freciion hexamine in solution.

Error 1 0.001:

*  Value from I,C.T./115/ p.1503 cata of Delépine /597

+ Value froz Harvey & Baelkeland [.'5.97

TABLE SII ~ 15,

HILT OF SOLUTION OF HE:kIIINS IIT

SIATER AT 25 oOOCs
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RELATIVE ENTHALPY , Btu./ Ib.

FIG, SII-26. ENTHALPY COMPOSITION CHART :
HEXAMINE - WATER .
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A T 21s7 CF wi.U1d, Dtus ids. [elTonioy oF SUbLil STIALS
“5%? 720.0 17=0.1 [%=0.2 |%=0¢3 |x=0e4 |SLTH, }x=0.5 xz=1,0 H= x=0,526
200 1 166.0 {160.7 115k.% |1£9,3 |146,2 |14L.6 |144,1%|1136.3
170 |137.9 |1%2.1 ;127.0 [123.2 121.5 |120.6 120.5*+126.6
160 |127.9 l152.5 {118.0 j11k.5 [113.L |112.9 112.8*|1123.6
150 | 117.9 |113,0 {109.0 [106.1 |105.% ]105.3 105.3%*||120.5
140 {107.9 |103.5 [100.1 97,6 | 97.4& | 97.7 | 97.9%1117.5 |
130f 97.9 ok.1 | 91.1 89,2 39,6 90.2 90,6*{|11L.6
120 67.9 | 64.6 | 82.3 | 0.9 | 81.9 | 82.7 | 83.4%l111.7
110] 77.9 1 75.2 | 73.L | v2e8 | 7kl | 7543 73‘»4* 108.9
100 63,0 65,8 | 6%.7 64,5 56.5 65,1 | 69.3%}1106.1 |
00} 58.0 | 5644 | 5549 | 56-4 | 59.1 | 01.0 62,5*||1C3.4 |
o) 8.0 ) 27.1 1 7.2 | 2044 | 51.8 | 5%a7 | 55.8° 100.8
271 5,0 | &k,3 | L4.6 | k6.0 | 49.5 52,6 | 53.0*{1100,0#
7201 3C.0 | 37.7 | 38.6 Lok | Lb4,5 L7.9 Log.,2*}] 98.2
60 | 28.1 | 28.5 | 29.9 | 32,5 | 37.1 | 41,0 | 42.7%} 95.7
5643 - D - - - - 3ol - 94 & 1.0
50} 13,1 19.2 21.4 2L .7 30.1 3240 36,3*|} 93,2 1.2+
bo| &.1 5.9 | 12.9 | 16,9 | 23.0*1 20.9 | 29.9%}1 90.8 k7T
32| 0.04] 2.5 6.1 | 10.6 | 17.k*| 12.0 | 25.0%| 88.9 |-1k3.Lk| -7.57
50 [ - 2.0*] 0.7 b1 9.2 | 16.1%] 12.1 ] 23.3%]] U8.4 -14k 41 -8.2¢%
20 ~L,0*] 1,6 0,2* 2.5 | 17.8%|} 86.1 |-149.3 | -1.7+
13,6 -L40 8k ,7 4 =15.24%
10 8349 |-154.2
0 81.7 |~158,9} -18a71%
: = Masa fraction of hexanine. * Hypothetical values, # Jatun values.
+ Baged on assumed hydrate heat capacity = 0435 Btu/(lb.on.)

1ls
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SIII, PROFIRTIES CF KIXTURSES OF HEXAMING AllD CTHER COMPON&MTS

Introduction

This section will be ccncerned only witn solutions of hexamine
in other materizls 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.

SILl-1 SINGLs COMFONZNT

(i) Sclubility in pure solvents

Reported solubilities in various solvents at rcom temperature
are given in Table SIII-1, The solubilities in absolute metihanoi,
absolute ethanol,and commercial chicroform at various temperatures
are shown in Table SIII-2 and fig. SIIi-1,

(ii) Refractive Iandices of Soiutions

The refractive indices of non-aqueous solutions at 25.ECC are given
in Table SIII-3 and Fig STII.-2, The curve shown for water on Fig, SIII-2
has been plotted from the correlation given in Section SIi-2i.

(iii) Jensities of Hexamine-Chlorcform Soitticra

These data of Le Fevre and Rayner Zi£7 are given in Table SIII-L,

SIII-2 S&EVERAL COMPONINTS

(i) Solubility in agueous mixtures

The solubility of hexamine at several temperatures in agueous
methanol and aqueous ethanol solutions was determined 11537. The

data are given in Table SIII-5 and Fig. SIII-3. The plot of the data
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Deta of Utz /ICL/

Solubility, g.ilre per 10C ml solvent
Solvent
Qoo termpe Hot solvent
Chlorofornm 13,L0 14,34
liethanol 7+25 11.93
Zthanol 2.389 -
Iso-acyl alcohol 1.54 -
Carbon tetrachloride C.85 -
Lcetone 0.65 -
Tetrachlorethane 0«50 -
Benzene C.23 .
Carbon disulphidg 0.17 -
Xylene Colk -
Trichlorethylene C.1l1 -~
Ether 0.06 0.33
Petrol ether 0.0 0.0
Solvent Temp. °C, | Solubility ¥ Reference
lige.armonia - 0,016 Carter|£i2i7
ethanol 12 000312 )Delépine /997
chloroforn: i2 00743 )Seidell /1257
glycerol 20 C.20 Holm ZI&@/
athylene glycol 20 .01 )Jahlgren
400 ) /1237
" ko 60 | 0,02 )

* a2z mass fraction of hexemine.

TiLBLE SIII - 1 SOLUBILITY OF MIAliIIE IIT VARICUS
SOLVZIIITS .
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Timpggature Solubility, as mass fraction hexamisn:lj&on *

' ’ in methanol in ethanol in chloroform ¥
15.5 C.0C51 0.,C279 -
25,0 0.C958 0.0340 C.0907
395 0,113 00437 0.,0912
55e5 00,1363 0.0661 0.0937
7C.C - 0,0364 -

+ Error + 0.1°C,

£ Irror + 0.,C0iC

E Cormercial Chloroforma: 99% CHC13’1% Zthanol,

TABLE SIII - 2, SOLUBILICY COF ESX/LIIND IIT MSTHANCL ,ETHALIOL ,
AITD CHLORCFORIa
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FIG.SII-1. SOLUBILITY OF HEXAMINE IN ORGANIC
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..:.Oo.) l‘-‘...vJ.ICII ? *
SALYIUT ELAINE T L
SCLULICH 7
0.0 103596 +
— 0.0093 1,30507
TTHLIIO
LaAHOL 0.022L 1,3620
C.C3L0 #£ 1.3538
0.0 1,3268 +
0,C196 1.32908
C.C287 1,3316
R : 0.0375 11,3324
ST HALIIOL oML
* 040577 13355
0.00815 1.340%
0.0E60 11,3405
0,0958 1.34%21
0.0 Lokk27 +
t 00,0095 1.Lkkho
0.,0L72 | L.kL54
CELCRCIFORI 040256 } 1,4L68
0,0688 1.45351
C.0oC7 #£ 1.4558
0.0 l.L:»lz-Blo
CET - ooo 582
_; . o.o/so 1_4&757
Rayner —/:...1];/ C o OL3L 1,45012

* Jith respect to dry air at 25,0°Cy error i 0,0002
+ oSata for pure solvents from eissberger /_’_31_2_7

£ Saturated solution at £5,0°C,

t Corxmercial @ 9S% CI-ICl3 1% Zthazol,

TLESLE STIITI - 3, RKRIEF..LLCTIVE IHNDICES OF

FEZIAlLIIIE SCLUR ICLS,
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Author

Solubilityfas mass fraction of hezamine

SOLVINT * o

£15,5°9Ct 25,0°C] 39,5°9C | 55,5°9C | 70,0°C
0,730 MeOH:0,270 EoC 0.546 ] 0.255 0,279 0431k -
10,493 MeOH:0.507 ;0| ©o343| 0,348 | 0357 | 0369 0,336
04249 1ieOH:0,751 HoO| 0,410 0,413 0.%15 0,419 0,425
00,702 EtOH:0.298 HoOl 0237 0.250 | C.280 | 0,319 -
0,479 EtOH:0,521 HoO| 0,339 00344 0,353 0,362 -
00248 ZtOH:0,752 H,0 Ookl12 - 0okl 00416 0,423

*  Compogitions ag mass fractions, Error in composition
Aryor in golvent
composition at higher temperatures unknown through

for 15.59 2590 and 59.50C' ;*'_ OOOOZC

posasible

enalysis 4 0,002,

Q
temperature £ 0,1 Co

differential evaporatiocn of solvent.

. T Eolubilia :
Solvent Tempo °c. Maziu;;:izzox Aeference
lexa
o . O ' Squire & Caines
90% age.etha.icl 15-207C, 0,133 /igh7
90% aqc.ethancl |roon 0.0558 Utz /[iok/
86.5% ag.glycercl 20°C, 0.209 ) }
o ) |Hoim [fiz2/

98,5% ag.glyccrol 20 Co 0.173 )

TASLE SIIX - 5 SOLUBILITY OF HEXAMIE I AQUZI OUS
SOLVINT MIXTURES.,
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FIG.STII-3. SOLUBILITY OF HEXAMINE IN AQUEOUS
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on triangular diagrams (Fig . SIII-4 and SIII-5) show that supersaturated
hexamine solutions cannot be prepared by mixing ethanol or methanol
solutions with aqueous solutiocns. The data of Holm éIzg7 for glycerol
are given in Table SIII-5 and snown on Fig. SIII-6.

Adding gaseous amnmonia to aqueous sclutions will cause a high degree
of supersaturation. This effect is used in the commercial manufacture
of hexamine Zib§7. The datz of Carter é?217 and of the author are
given in Table SIII-6 and Fig. SIII-6., Temperature has no great effect
on the sciubility curve., The amount of hexamine 'salted out' by adding
gaseous ammonia has been computed frowm the abeve data and is presented
in Fig . SIII-7 and SIII-8,

(ii) Solubility in Ncon-aqueous Hixtures

Utz Zﬁbﬂ;fstates that hexamine can be precipitated out of chloroform
solution by adding ether, This wzs confirmed by the author but quantative
measurenents were not made. Fetrol ether will behave sinilarly on
chloroform solutions,.

(iii) Solubility in non-miscible solvents

Collander é?z§7 has measured the distribution coefficient of hexamine
betwean ether and water and butanol and water at 13°C. For a hesramine
concentration in the aqueous phase of 0,252 ge.moles/Ll. the coefficient
(hexamine concentration in organic to that in the aguacus phase) was

found to be 0.067 for butamol-water and 0.00026 for ether-water.,
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o HOLM ([122],20°C

[2] Room temp.
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SOLUBILITY OF HEXAMINE
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Carter /1217 (Walker /27). Room Temperature.
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Ampmonia Content

Hexamine Content

as g/1l00 cc

as mass as g/l00 cc as mass
goln fraction £ soln fraction ¥
18,4 0419 22,2 0,23
357 0.40 6ok 0,07

£ Computed on assumed dengities,

tuthor ¢  25,0°C,

Mass fraction
arrmonia in soln,

Mass fraction
hexanine in soln.

Mags fraction
Water, (by Qiff,.)

C,.,0

0,055
0,087
C.1k0
0.192
0,198

0,466
04396
04356
00293
0.230
0.229

04534
0.549
04557
04567
0.578
0.573

Author : L0,0°C,

lasgs fraction
amrionia in soln,

Masg fraction
hexanine in goln,

Masg fraction
Vater (by ¢iff,)

040

0,046
0,001
0413k
0.101

0,462
0.k02
0,359
C.2958
0,242

04538
0550
0.560
0,568
04577

TABLE SIII - 6,

AMIZO0ITTA SOLUTICIS,

SOLUBILITY OF MHEX/MINE I AQUEQUS
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SIV., OTHER INFC.MATICN CCHTIRNING HEXAMINE

(i) Manufacture
Hexamine is usually prepared industrially by the e=mothermic
reaction between ammonia and formaldehyde.

6H1ols,

The hexamine is recovered frowm the resulting solution by evaporation

614CHO + I*NH3 - C + 6H20

and crystallization, Further details of this process are given in the
literature 15, 3, 56, 96, 102, 127-1227. Cther methods of manufacture
are possible and many patents on hexamine manufacture are on file.

(ii) irinetics of Formation of Hexamine

The mechanics of the formation of hexamine have bewn studied
/2, 130-134/.

(iii) Materinls of Construction

Aluminium has found ccnsiderable use as a material of construction
for hexamine solutions. Drass and other copper containing alloys
cannot be used.

(iv) 4nalysis for Hexamine

The usual method of analysis fcr hexamine when the sanple is
reasonably pure involves the consumption of acid in thz hydrolytic
decomposition of hexamine, Details of this and other methods are given

in Walker éig7.
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