The Effect of Additives
on the Crystal Form of Sodium Chloride

ABSTRACT

The crystal structuve of sodium chlovide is face-centeved cubic, and undey noymal circum-
stances pure salt crystallizes from agqueous solufion in the form of well-defined cubes. The ex-
ternal form of a sodium chlorvide crystal depends, however, on the conditions cblaining while cvys-
tallization is taking place, and @ numbey of non-cubic shapes have been produced simply by using,
for example, extreme conditions of supersaturalion.

By far the most profound effect on cyvystal shape of salt 18, however, produced by the pres-
ence in the brine of foreign substances, often at extremely small concenivation. The chlorides of
cadmium, zinc, lead and manganese ave particulavly aclive and oyganic subsiances such as uvea,
glvcine, pyridine, belaine, g -alanine, nitrilotviacetic acid, polyvinyl alcohol, ceviain polycar-
boxylic acids and sodium glutamate are known to have effects. A number of other examples are
reporked. By fav the mosit polent additive is the ferrocyanide iom, and to a lessey extend the fer-
ricyanide ion. Theiy effects have been studied extensively by u number of wovrkers in the last few
years, particularly in velation to the formation of dendvrites and effects on growth and dissolution
vates. 1t has been shoum thal conditions such as lemperature, agitelion and supevsatuyation have
a marked effect on the extent and nature of the modification produced by the fervocyanide ion.

These phenomena can have fay-veaching consequences on the production and application of
salt. For example, changes in producl size distribution, bulk densily, solubility rate and caking
tendency can be brought about by the use of e parzzcular vdditive and suitable control of the evapo—
ration process.

INTRODUCTION

In this short paper 1 am going to try to give some ides of the ways in which the shape of the
salt crystal can be altered by the use of substances added to the brine from which it iz made, and
to introduce some views about the mechanism whereby these impurities produce the quite profound
and sometimes quite specific effects. What we are certain of is that these phenomena are very
useful to the saltmaker in determining some of the properties of his product. He no longer has to
be content with what emerges naturally from his evaporator.

It should be made clear that I am describing entirely sait made by evaporation in which crys-
tallization takes place in the body of the brine such as occurs in vacuum evaporation. Irregularly-
shaped salt can be produced by forming it at the brine/alr interface, for example, in open pans and
in solar evaporation, but I am not including these effects in the scope of this paper, although that
is not to say that some of the agents [ describe will not have a value in affecting growth in these
methods.

The crystal structure of sodium chloride ia face-centered cubic and Fig. 1 shows the space
lattice in which each sodium ion is surrounded by six chloride iong and each chloride ion
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gurrounded by six sodium ions. The naturally-formed exiernal faces of a crystal are related (and
[ stress related) to the regular internal arrangement. When the faces of sodium chloride have
equal chances they grow at the same rate amd the crystal eventually becornes a perfect cube. It ig
a matier of common expericnce rhat salt produced froem pure brine in a vacuurm evaporator ar nor-
mal rates of make is in the form of regular cubes.

But Fig. 2 shows that a number of different planes arc possible in the crystal lattice. If any
of these are preferred to the normal faces -~ (100) in the case of NaCl -~ habit modification will
oocur, that is, the external morphology of the crystal will change.

However, this change of habit in no way changes the symmetry and crystal class and the in-
ternal spatial relationships of the ions resnain the same. Thus it is possible 1o move from a cube
ro an octahedron by increasingly cutting away the corners of a cube as shown in Fig. 3.

HABIT CHANGE BY SUPERSATURATION

Changes in habit can be brought about by radical alteration of the conditions used during
crysialiization. High supersaturations are particularly likely to produce non-cubic forms of salt.
Kern (1953} showed that, while the (100) habir was produced just above saturation, (111) faces ap-
peared gt a supersaturation of 8. 2 g/100 g water and dendriric forms appeared.

So we see that it is possible to modify the shape of salt by evaporation conditions alone, but
these conditions are really too extreme to be of practical use in ordinary production.

HABIT MODIFIERS FOR SALT

The external shape and size of salt is much more readily alterad by the presence in the brine
of foreign substances. There i3 no doubt that many hundreds, possibly thousands, of chemical
species have been evaluated for their effect on the crystal growth of soedium chloride. Certainly in
iy Company the number ruuns into many hundreds. The literature describes the effects of a fair
number of very diverse materials possessing varying activity., Much of the work has, however,
heen donc under particular (ofren unspecified) conditiong of crystallization and it is likely that many
useful effects have heen missed for this reason. Table 1 shows a selection of the published habit
mwodifying marerials, [t is probable that much of the work done has remained unpublished.
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Fipurs 1, Spacs amice of sadwm chloride, Figure &, Some theoreneally powible planes i NaCl
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It is seen that both inorganic and organic substances can produce. changes of habhit. Urea was
prob&bly the first substance to be recorded as having a habit rnod;fymg effect on sslt: (Rome de
"Isle, 1783) and the system has been extensively studied. The amount of ureg réquired to produce
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Figure 3. Progressive change from
cude to cttahedron,

a strong effect is very large. Ar high concentrations of urea,
growth is slowest on the (111) face, and octahedral crystals
are produced. As can be seen from the table, many different
shapes are produced, for example. octahedra. rhomboidal
dodecahedra, whiskers, dendrites and tetrakaidex ahedra
Figures 4, 5, 6 and 7 show some forms which b
duced in our laboratories. Figure 4 shows nesdlés prc)dm,ed
hy the action of polyvinyl alcohol. Figure 3 shows highly
branched dendrites obtained by the use of ferrocyanide. Fig-
ure 6 is of spiky sait produced by precipitating saly:ly t'lze-'use
of alcohol in the presence of potassium ferrocyanids,” and”
Fig. 7 is of octahedral salt produced by a compiex phosphate.

These different forms are produced either by dlffemnt
substances or in the case of one substance, different concen-
trations and crystallizing conditions. The importance of the
latter is illusirated by the investigations carried ouf by Kern
and Tillman (1953} on the influence of supersaturation on the
extent of modification of the (100) faces to (111} by differing
amounts of the additives urea, magnesium chioride, manga-
nese chloride, Iead chloride, cadmiurm chloride and sodium
carbonate. They showed that for each salt/additive combina-
tion an increase in the concentration of the additive progres-
sively reduced the supersaruration required to effect the
change of face. This seems to the author to point to the key
to the effect of impurities -~ they make ir eagier o bring
about those crystallographic changes which very high super-

saturation could probably bring about if this were not gormally limited by practical difficulties

such as excegsive nucleation.

Figame 4, Meedies of sodiven chioride {x20), Figure 5, Highty branehed desdrites of wo-
dium chioride (x2340),
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TABLE 1
Habit Meodifyving Agents for Sodium Chloride

; Additive | Cryatal Chang |
Inorganic
Manganous sulphate
Manganous chloride Octahedra
Cadmium chloride Qctahedra
Zinc chloride | Octahedra
Magnesium chioride : (110)
Bismuth chloride Pyramidal and srarlike
(Complex cyanides) Dendrites, octahedra, etc.
Organic
Urea : Qctahedra
: Giycine l Rhombic dodecahedra
Formamide Cctahedra
: Nitrilotriacetic acid Octahedra
: Copolymers of vinyl acetate |
l: and maleic anhydrite follow-faced cubes
. Polyvinyl acetate Needles
| Cysteine 1 Ccrahedra
Creatinine ‘ Ociahedra
é Papain ! Cectahedra
' Monosodium glutamarte ! Qctahedra
; Sodium hexametaphosphate : ‘ Octahedra
; Scdium hexametaphosphate ;
| plus an aluminium salt Tetrakaidecahedra
Polyvinyl alcohol i Needles i

By far the most potent additives, however, are a number of complex cyanides, especially
ferrocyanides, and much research work has been done on the action of these additives in the past
few years. Since the introducrion of dendritic salt as a commercial product by ICI a number of
years ago, nmuch background work on habir modification of salt by ferrocyanides has been done,
and T will describe this in a little more detail.

INHIBITION OF GROWTH AND DISSOLUTION BY FERROCYANIDE

Several vears ago, one of our research workers measured the growth and dissolution rates
of salt granules in a bed fluidized by supersaturated and undersaturated brine with and without po-
tassium ferrocvanide. A summary of his results is given in Fig. 8. There is complete suppres-
sion of growth and dissolution below certain values of supersaturation and undersaturation, the
extent of the effect being dependent upon the amount of ferrocyanide used. It can be seen that even
at a conceniration as small as | ppm no growth occurred until a supersaturation of 4.6 g/litre had
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Figure 8, "Spiky" erystals of sodiun chloride {x1i), Figure 7. Coizhedral crystal of sodiwn ehioride (x100),
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Figure §, Growth and dissolurien of granular salt crystals in brines COnzining
K Fe{CN) == 42° 12,

been exceeded. Other workers, notably Steinike {1962} and van Damme (1963), have reported sim-
itar resuits although the former's work was concerned with potassium chioride not sodium chio-
ride. These effects are of relevance when we come to consider the mechanism of habit change and

applications below.

GROWTH OF SALT IN THE PRESENCE OF COMPLEX CYANIDES

We now come 1o consider what happens when growth does start in the presence of ferrocya-
nide in concentrations insufficient o cause complete guppression of nucleation.

Birchall (personal communication 1964) working in our laboratories at Winnington, has car-
ried out an extensive study of this subject. In one set of experiments he produced various super-
saturation conditions by cooling sodium chloride brines containing various amounts of potassium
ferrocyanide 10 a certain temperature ai which growth occurred. He studied both stirred and
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unstirred conditions, and repeatcd his experiments at three different temperatures.

He expressed

his reculis in the form of a morphogram in which crystal habit was entered bétween co-ordinates

of initial supcrsaturation and initial ferro-
cyanide concentration. When the solutions
were gently agitated & morphogram repre-
sented by Fig. 9 was obrained. Three dig-
tinct regions arc drawn on the diagram.
Thus at any particular supersaturation
a certain minimum amount of ferrocyanide
wag required before normal cubic growth
ceased and excrescences developed at the
corners of the crystal. By adding more fer-

ocvanbde incrcasingly skeletal character
was produced until growth and nucleation
were suppressed at least for the durarion of
the experiment. The sali produced as these
stages were gone through is illustrated by
Fige. 10, 11 and 12, Figure 10 shows crys-
tals in the cubic region, Fig. 11 is of salt
produced just inside the skelerzl region, and
Fig. 12 demonstraies the maximum modifi-
cation produced at a particular supersatura-
tion and ferrocyanide content,

These results were not very much af-

fecied by speed of stirring provided the
crysrals were kept in suspension.
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In quiescemt conditions, however, a different situation existed,

Very much higher ferrocyanide concentrations and supersaturations were required to produce ex-
crescence growth and normally only cubes or hollow-faced cubes were scen.

The effect of increasing temperature from 13°C to 60°C was generally to decrease the su-
persaturaiions reguired o produce dendrites at a particular ferrocyanide conceniration.

Cresats fiom "ewbie™ region of swnrphogr.
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Kern (1963} and his collaborators have also studied the influence of ferrocyanide ions on the
exterior form of sodium chloride under different conditions of supersaturation. They apparently
grew their crystals in relatively quiescent con-
ditions and found that concemrations of ferro-
cyanide of at least 25 ppm were required to
distort the cubes and 60 ppm were required be-
fore dendrites appeared. The importance of
supersaturation on the effectiveness of the ad-
ditive was also shown. These figures are in
qualitative agreement with Birchall's results
obtaised under uvnstirred conditions, and show
that concentrations required to produce an ef-
fect are higher than in stirred conditions by a
factor of several hundred.

A number of other complex cyanides have
been investigated and it appears that compounds
with the ion grouping [M(CN)gX] are active in
varying degrees depending upon M, which may
be iron, cobalt, manganese, chromium or
ruthenium, etc., and on X, which may be CN,
CO, NO, NOj;. NHy, NHg, Hy0, etc. The
[Fe(CN)g1™4 ion remains the most powerful,
however. Where less or more than gix groups
are attached to M, for example, in KNi(CN),
and K,;W(CN),, the effects are considerably
diminished. The valency of the complex ion is
also very important. Kern and his collabo~
rators have shown that the ferricvanide ion,
Fe(CN)g ™3, behaves very differently from the
ferrocyanide ion Fe(CN}, 4. In general,
higher concentrations of the ferricyanide are required to produce habit modification, and the trans-
formation with increasing ferricyanide concentration and supersaturation is from the cube (100) to
the octahedra (111) via intermediate forms.

Figure 12, Crystzls showing maximum medification in
"skeletal” region of morphogramt.

MECHANISM OF HABIT MODIFICATION

So much for the facts known gbout habit modificatior of sodiwm chloride. How are we to ex-
plain these interesting and diverse phenomena? Uinfortunately there is not as yet a really compre-
hensive and unifying theory to explain all the facts, but attempts have becn made from time to time
to explain particular examples of the general effect.

Royer (1934) attempted to explain the action of CdCly, MnCly and ZnCl, in producing octahe-
dral (111} faces on NaCl by pointing out that these divalent chlorides have (111) faces with dimen-
sions very close to the (111) face of NaCl. He supposed that this encouraged the development of
the {111} faces in the salt crystal and thus brought about an octahedral form.

Bunn (1933) explained the habit modifying action of urea on salt by postulating that an unstable
mixed crystal of the materials formed on the affected face. Being unstable it tends to redigsolve,
80 that the net result is a reduction in growth rate. Conditions for the strong absorption necessary
for the formation of the mixed crystal are similarity of latlice structure and interatomic distances
on specific planes only; the rest of the structure can be quite dissimilar. Recently Palm and
McGillavry (1963) have produced evidence to suggest that it is the ¢compound NaCl/urea/H,0O which
is absorbed and is responsible for the habit modification. Hille and Jentsch (1963) have concluded
that urea produced its effect by encouraging the adsorption of water molecules onto the {111} face.

Speidel (1961), in attempring to explain the different effects of glycine, acetic acid, alanine
and formamide on salt, introduces the concept that charge distribution in the molecule plays a part
as well as the "fit" of the molecule on to a lattice in determining its adsorption onto the surface of
a crystal.
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Clearly strong adsorption plays a dormipant part in deciding whether a substance will influ -
ence the growth of a crystal. Cabrera (1958) considers that impurity is strongly adsorbed on the
relevant face of the crystal and forms a “jacker,” which encloses the growth steps. The growth
rate will fall if the mean distance between impurity particles is comparable with the size of the
mwo dimensional nucleus for the prevailing supevsuaturarion. Clearly this mechanism is only pos-
gible if the lifetime of the absorption i3 longer than the time needed for a growth step to move the
disrance between impurity particles. This implics that for the Impurily 0 be effective absorprion
energy must be particularly high.

But what makes one subhslance, say sodium ferrocyanide, so much more active than otherg?
Undoubtedly a certain Jdegree of "fit" of the ion on the lattice is necessary., But it ig also very
tikely rthat the charge on the lon plays an important part and probably explains the quite distinctly
smaller effect shown by the trivalent ion [Fe(CNjg[™3,

It is no doubt significant that the length of the Fe~CN distance in the {Fe(CN)g]™ ion is of the
same order as tiat: of the Na-Cl distance in the sodium chloride lattice, and the central Fe is sur-
rounded by six ON groups, a remarkably similar siraation to the spatial arrangement of the Na and
Cl icns arcund each other.

At the beginning of this paper the effect of ferrocyanide in suppressing growth altvgether was
referred to. This can be regarded as being due 1o the complete poisoning of available growth
gites, in which case growth can take place only via the formation of two dimensional nuclei. This
method of growth iz very dependent upon supersaturation. It is suggested by Birchall that den-
dritic growth brought about by the presence of ferrocyanide occurs solely by two-dimensional nu-
cleation, so thar the orientation of growth is very sensitive to the distribuiion of supersaturarion
around the growing crystal. The fact that dendritic growth occurs only within certain 1imits of
supersaturation is also explained.

It has been shown that the supersaiuration over the face of a polyhedral crystal is higher at i
the corners than at the face-centres (Berg 1938, Bunn 1949, Humphries Owen 1949}, When a salt ’
crystal is growing under quiescent conditions in the presence of ferrocyanide, under some condi-
tions it is possible for the supersaiuration ahove the ceatre of the face to fall below the critical
value for growth and hollow-faced cubes will be formed. This, it has heen whown, was observed :
by Birchall., Even when the salt crystals are moving in their brine, a similar supersaturation gra-
dient will exist and also the corners of the '
crystal will tend to protrude through the siag-
nant layer into regions of higher supersatura-
tions still. If, as is postulated, growth can
proceed only by two-~dimensional nucleation
owing to the poisoning of growth steps by fer-
rocyanide, the supersaturation gradient would
starve the centre of the face and bring abour
rapid development of the corners. The super-
saturation difference would then be further ac-
centuated by the formation of a hollow face and
extended corners. Chernov (1963} has calcu~
lated that a crystal cannot maintain a polvhedral
form beyond a certain critical size and that due
to the supersaturation gradienr, skeletal growth
from the corners will then occur. Apparently
ferrocyanide is capable of providing the condi-
tions whereby this critical size is very congid-
erably reduced,

t is clear from Birchall's work that den-
dritic salt originates from a small cubic seed.
[t is evident that the position and number of ex-
crescences doveloped will depend on the geome-
try of this original seed. Figure 13 shows the

Excrescence growth from corners of an
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growth of excrescences from the six corners of a small octahedral salt seed when it was grown
further in the presence of ferrocyvanide.

Unfortunately not enough is yet known about the precise relationship between the crystal and
the growth poison to do very much in the way of tailor-making molecules to produce specified ef-
fects. Intelligent application of analogy helps to increase the chance of finding a better marerial
than that already known, but the discovery of active agents still remains largely empirical, al-
though some useful guesses for starting marerials can be made from structural data.

APPLICATIONS OF HABIT MODIFICATION AND GROWTH POISONS

It is important to consider the uses to which habit modification and growth poisons can be
put.

The well-known uge of ferrocyanide as an anti-caking agent is probably the most widely used
and economically important exampie. When salt is subjected to varying munidities as it is in stor-
age the presence of ferrocyanide on the surface of the grains inhibits solution and recrystaliiza-
tion so that caking bridges are not formed. When complete drying out cccurs the sodium chloride
crystals separate in the form of fragile dendrites, so that the bridges are weak and caking is much
reduced.

The application of habit modification to salt technology has been the subject of several pat-
ents {see Bibliography). Dendritic salt, made by adding ferrocyanide to the evaporator, has a
number of advamages over cubic salt for many applications. Its highly branched shape ensureg
that it does not readily segregate from mixtures with other materials such as one finds in fluxes
and seasoning preparations. This shape also allows the salt to cling better to skins, eic., during
curing and provides better handling properties. lts higher rate of solution makeg it more ugeful
for such processes as buttermaking. Its increased bulking properties make it go further for the
same weight, an important point in applications where the salt is required to be spread over a
large area. It will hold more than twice as much weight of water as cubic salt of equivalent size,
which makes it especially useful in such applications as sausage casing curing, where a "blotting”
action is required. This ability to physically absorb up to about half its weight of water means ,
that it will not drip brine when stored in a humid atmosphere for a considerable time.

The addition of nitrilotriacetic acid and sodium carboxymethyl cellulose to the evaporator is
claimed to give larger, sharper crystals than normal.

A recent patent (Ploss 1864) assigned to the International Salt Co. describes the preparation :
of low bulk density salt in the form of cyclic tetrakaidecashedra. The active material used is a ;
mixture of sedivm hexametaphosphate and an aluminium salr. i

CONCLUDING REMARKS

This paper attempts to give some insight into the types of habit modificarion possible with
sodium chloride and to what uges such phenomena can be put. Qur knowledge of precisely how
these effects are produced is still faxy from complete, but [ would like to emphasize that studying
the effect of an additive at one set of crystallizing condirions is quite inadequate to give a picture
of its usefulness. It is important 10 remember that supersaturation itself plays a very important ;
part in deciding the final shape of the crystal. ]

:

REFERENCES
Berg, W.F., 1938, Proc. Roy. Soc., Alb4, 79. :
Bunn, C.W., 1949, Disc. Farad. Soc., no. 5, 132.

Cabrera, N., Vermilyea, D.A., 1958, Growth and Perfection of Crystals (John Wiley & Sons Inc.,
p. 393) <~ The growth of crystals from solution. i

Chernov, A.A., Soviet Physics -- Crystallography, vol. 8, na. 1 July-August 1963, p. 63 -
Crystal growth forms and their kinetic stability.

267



Humphries-Owen, S.P.F., 1949, Disc. Farad. Soc., no. 5, 132,
Kern, R.. 1953, Compt. Rend., 236, 830-3. -- Facies des cristaux fonction de la sursaturation
des eaux meres.

Kern, R., and Tillman, M., 1953, Compt. Rend., 236, 942-4 -- Facies des cristaux, influence
du degre du sursaturation des saux-meres et Jes impuretes,

Kern, R.. Bienfait. M., Boistelle, R., 1903, Compt. Rend., 236, 2189 -- Morphodromes de NaCl
en presence des ions ferri- et ferrocyanure.

Palm, ].H., and MacGillavry, C.H., 1963, Acta Cryst., 16, 963 -- Habit modification in the sys-
tem rocksali-urea-water.

Rome de 1'Isle, J.R.L., 1783, Cristallographie, 2 ed, Paris.

Speidel, R., 1961, Neues Jahrbuch fur Mineralogie, Part 4, 81-63. The growth of NaCl spheres
in pure NaCl solutions and under the influence of impurities.

Steinike, U., 1962, Z. Anorg. u. Allg. Chemie 317, 186 -- Lasungsund Wachsrumsbehinderung
im System KCl-H,0 durch Blockierung mit einer Deckschicht komplexer Cyanide.

van Damme, M. A., "De Ingenjeur” Number 46 of Nov. 15th and Number 49 of Dec. 6th, 1963 --
V. Kristalliseren en oplossen onder invlced van verontreinigingen of toevoegingen.

von Hille, M., and Jentsch, Ch., 1963, Z. Krist., 118, 283.

Patents

Allday, C., and Booth, C.L.., 1980, British Patent 848, 328.

Barber, E.A., 1939, Britizh Patent 822, 893,

Barber, E.A., and Southern, T.A R., 1957, British Patent 779,742,
May, W.E., and Scott, T.R., 1952, British Parent 667, 101.

N. V. Koninklijke Nederlandsche Zourindusirie, British Patents 790, 457, (1938) and 822, 667,
[(1959).

Pless, R.S.. 1964, U.S. Patent 3, 148, 023,

268

A e SR U S

g g



	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10

