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8 Quantitative description of combined mechanisms: Volume
& = diffusion & Surface integration

T Combination of mechanisms:
A .Driving force: c-C ’;D = kd (C = C')

-. DV,
=Eoricrystals< by k,=
arger sizes: k, = DV,
- . 5

The driving force for the attachment of
| growth units to the surface is c'-c,, and the
rate of crystallization is:

;= kg(c' =ic S8



imination of the unknown concentration ¢’ gives:

3 E .

. 4

r—kg (c—ceq)——
d

rearranging

W, = (1_q11h1)g
¥y = hl(l_\PD )g

hs = K, (C _kceq )g_l
d
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The significance of diffusion may be assessed from
the calculation of the integration coefficient:

P =(actual crystal growth rate)/(rate with rds surface
’__Jln diffusion)
r-'1

If the rate determining step were

diffusion the respective coefficient
should be:

Yo= (rate)/(rate with rds bulk diffusion)
r

Fp Separation Processes



e <
e

™ For crystals > 5uym ky =DV,./8

= Y5<0.1pym or ¥;>0.9 rate determining step is surface
Integration

- Y5°0.1um or ¥1<0.9 both steps participate in the growth
~ ¥,>0.9um or ¥<0.1 diffusion dominates growth process
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" At steady state, the concentration distribution

on the surface of the crystal does not change.

% | For this o happen, the rates due to diffusion
B and to surface integration, should be equal :

Introducing S=c/c,, and eliminating S'=c'/c,, it may be

¥ . shown that the r'ela’rlonshlp between (S—\/__l) /2

Is linear with slope (k4c,,)* and abscissa
(kgcqu)-l/Z
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Crystal Dissolution
- Rate of dissolution: Rp = Kp(c* — ¢)*

d usually (but not necessarily) =1

From the relationship giving the rate due to bulk diffusion
Oy = C — R{ - ﬁ:L d

Replacement of the rate controlled by
reaction

Separation Processes



-\.T'rysTaI growth models presented give a satisfactory
picTur'e of the physics of crystal growth

-All models assume knowledge of : coefficients of surface
' duffusmn kink density (difficult to impossible to be
"easured) Even if this is possible, the rates that shall be

- The models are limited to the experimental measurement of
I 'parame‘rers needed for the kinetics analysis of

Separation Processes 8



. K(dr) Dxe

dt D+k

D: diffusion coefficient, K constant, kK mass
transport coefficient at the interface, N=k(c,.-c")

c., C*, c: concentrations at the surface, equilibrium
and in solution

Separation Processes



ration

2
r r

— e
2D .

r—0
r ~ kKtc

e, crystal growth rate of very small
Erys’ralll’res is controlled by the interface.
For large values of r:

r— \/ 2DKitc
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importance of the surface

_¢AH
RT

a

\ 4y a<2 rough surfaces ucco

a>5 smooth surfaces, BCF , uco?tanh(B'/o) and for low
supersaturations uocg?

For 2<a<5 the birth and spread volume is valid

In practice: voco”

Separation Processes 11



N The growth mechanisms can be

o8 classified into three types depending
on the interface structure.
If the surface is rough the growth
% ¥i<s=\  mechanism will be of
@ % <« adhesive type, whereas if the surface

> £ is smooth growth will take place by

24 either birth and spread, or spiral
| ‘W growth.
t. « A surface will fransform from smooth
to rough at high driving force
conditions (high supersaturation).

Separation Processes



Adhesive
growth

Growth rate

Supersaturation




= Measurements of the rate of crystal growth
SN Measurements in single crystals

#== Measurements of polulation balances for the
2 4 determination of the total mass transport at
8 controlled conditions to find if there is size

. dependent growth

population balance methods give useful
information for the design of crystallizers

Separation Processes 14



The supersaturation is ex

pressed by S = ¢/c* with ¢ and c*
substance per kg of free water. The significance of the mean li
b(=1G). is explained by equation 6.61 and the values recorded her
approximate size range 0-5—1 mm growing in the presence of other
denotes that the growth rate is probably size dependent.

Table 6.1. Some mean overall crystal growth rates expressed as a linear velocity

as kg of crystallizing
near growth velocity,
e refer to crystals in the
crystals. An asterisk (*)

Crystallizing substance °C S o (ms™ 1)
(NH,),SO, - AL, (SO, ), - 24H,0O 15 1-03 1-1 x 10~ 8%
30 1-03 1-3 x 10~ 8+
30 1-09 1-0 x 10~ 7*
40 1-08 12 x 10 7+
NH,NO, 40 1-05 85 % 107
(NH, ),SO, 30 1-05 2-5 % 10~ 7*
60 1-05 40 x 10~7
- 90 1-01 30 x 108
NH,H,PO, 20 1-06 65 % 10~ 8
30 1-02 30x 108
30 1-05 1-1 x 10~ 7
.40 1-02 70 x 10~8
MgSO, - 7H,O 20 1-02 4-5 < 108+
30 1-01 8-0 x 10~ 8%
30 1-02 1-5x 10~ 7+
NiSO, - (NH,),SO, - 6H,0 25 1-03 52 x 10~°
25 1-09 2:6 x 10~ 8
25 1-20 40 x 10~ 8
€ K,SO, - Al,(SO,), - 24H,0 15 1-04 14 x 10~ 8+ '
30 1-04 2-8 x 10~ 8%
B’ 30 1-09 14 x 1077+
40 1-03 56 x 10~ 8%
KCl 20 1-02 2:0x 10~7
40 1-01 60 x 10~7
KNO, 20 1-05 4-5% 108
40 1-05 15 %107
K,.SO, 20 1-09 2-8 x 10~ 8%
. 20 1-18 14 x 10~ 7+
30 1-07 42 x 10~ 8+
50 1-06 7-0 x 10 8=
‘ 50 1-12 3210 7*
KH,PO, Separation Rrocessas) 30x 10 8
30 121 29 <10 7
40 1 O6 S0 10 ®
A sens | .1 M P e T ——
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Table 6.1. (Continued)

Crystallizing substance

Nazszo3 * 5H20

Citric acid monohydrate

Sucrose

p(ms ')

25 x10°
6:5x 10
90 x 10
1-5x 10

1.1 x 1077
50x 1077

30x 108
1-0x 10 ®
40x 10 8

1-1 x 10 8%
2:1 x 107 8*
95x 1078
1:5x 1077




' Mass growth rates, R; [kg m-2s]
. Mean linear growTh rate u [ms!]
Overall linear growth rate G [ms™!]

_3oc. G_Ba dL. 6o dr 6oc. :
- pc _chdt B pcdt ﬁ pc

For spheres and cubes 6a/p-=1,
for octahedral =0.816
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(a) , (bl

I'lgure 6.12. Single-crystal growth cell: (a) complete circuit, (b) the cell. A, solution
peservorr (B, thermostat bath; C, thermometer ; D, flow meter; E, cell; F, pump. (After
AMullin and Amatavivadhana, 1967 ; Mullin and Garside, 1967)
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40x1073 800  120x1073
Ac, concentration difference (kg of hydrate/
kg of solution)

Figure 6.13. Fuce growth rates of single crystals of potash alum at 32°C. Solution
pelocitios: @ (4127, O =0-120, A = 0064, A\ =0022, B =0006ms™ . (After
Mullin and Garside, 1967)
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Figure 6.14. Effect of solution velocity on the (111) face growth rate of potash alum crystals
at 32°C. (After Mullin and Garside, 1967) |




Rate of mass
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(Gr.Sh) Q.25 ‘__,,.."“
e
o——-"l’ -
—
:q"-..-'-:- : | i 1 n
0 aoxi g3 8Cxi0"3 20x1073

Ac, concentration difference (kg of hydrate /
kg of solution)

Figure 6.15. Extrapolated growth rates of potash alum crystals at limiting velocities
k(O =u—> o0, @ =u—0) (After Mullin and Garside, 1967)
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' The typical agitated cooling crystalliser,
:has an upper conical section which
‘reduces the upward velocity of liquor
'and prevents the crystalline product
from being swept out with the spent
liquor.

An agitator, located in the lower region
-of a draught tube circulates the crystal
slurry through the growth zone of the
crystalliser; Cooling surfaces may be
provided If required. External
“circulation, as shown in Figure , allows
\good mixing inside the unit and
‘promotes high rates of heat transfer
between liquor and coolant, and an
internal agitator may be installed in the
crystallisation tank if required.

Because the liquor velocity in the tubes
Is high, low temperature differences are
usually adequate, and encrustation on
heat transfer surfaces is reduced
considerably.

Batch or continuous operation may be
employed.

il

Feed

™, ‘ s
l .
Spent )
liquor y Calming section

7y

“I" ™~ Growth zone

Product
crystals

\—— Draught tube

(a) Internal circulation through a draught tube

|3
]
<+— Coolant
D .
E----‘/'
Product Feed
crystals

(b) External circulation

through a heat exchanger



= A Swenson  forced-circulation
® crystalliser operating at reduced
W pressure is shown in Tne Figure.

7 A high recirculation rate through
% the external heat exchanger is used
to provide good heat transfer with
minimal encrustation. The crystal
magma is circulated from the lower
e conical section of the evaporator
body, through the vertical tubular
heat exchanger, and reintroduced
tangentially into the evaporator
4 below the liquor level to create a
swirling action and prevent flashing.
Feed-stock enters on the pump inlet
side of the circulation system and
product crystal magma is removed
below the conical section.

Vapour —=—

Evaporator

N\

Heat
exchanger

Steam ——

Condensate =——

/

<+ Feed

Product
crystals

Pump ([j, ~



[ Fluidised-bed crystallisers

In an Oslo fluidised-bed crystalliser, a
bed of crystals is suspended in the vessel

i by the upward flow of supersaturated

liquor in the annular region surrounding a

' central downcomer, as shown in the Figure

' Although originally designed as classifying

crystallisers, fluidised-bed Oslo units are \ Downpipe

frequently operated in a mixed-suspension Product + || /g y

mode to improve productivity, although estls |/

this reduces product crystal size. B «— Coolant
. With the classifying mode of operation, fines - -

hot, concentrated feed solution is fed into = "™~
the vessel at a point directly above the
inlet fo the circulation pipe. Saturated
solution from the upper regions of the
crystalliser, together with the small
amount of feedstock, is circulated
through the fubes of the heat exchanger
and cooled by forced circulation of water
or brine. In this way, the solution becomes
supersaturated although care must be
taken to avoid spontaneous nucleation.
Product crystal magma is removed from

+he lawer reaiane af the vecepl

Heat exchangel




~— Vapour

— Boiling surface

L

it

Settling zone

Draught tube
Baffle

Feed

Elutriating leg

~

1 U

| crystalliser

\

. — Product crystals

- Swenson draught-tube-baffled (DTB)

A relatively slow-speed propeller
agitator is located in a draught tube
that extends to a small distance
below the liquor level. Hot,
concentrated feed-stock, enters at
the base of the draught tube, and the
steady movement of magma and feed-
stock to the surface of the liquor
produces a gentle, uniform boiling
action over the whole cross-sectional
area of the crystallizer.

The degree of supercooling thus
produced is less than 1 deg K and, in
the absence of violent vapor flashing,
both excessive nucleation and salt
build-up on the inner walls

are minimized.

The internal baffle forms an annular
space free of agitation and provides a
settling zone for regulating the
magma density and controlling the
removal of excess nuclei. An integral
elutriating leg may be installed below
the crystallization zone to effect
come dearee of product clac<ification



Circumferential slot
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Draught tube
Downcomer

crystals

J
Clear mother liquor

. O\
Standard-Messo turbulence crystalliser
| —_

is a draught-tube vacuum unit in which two
liguor flow circuits are created by
concentric pipes: an outer ejector tube with
a circumferential slot, and an inner guide
tube in which circulation is effected by a
variable-speed agitator.

The principle of the Oslo crystalliser is
utilised in the growth zone, partial
classification occurs in the lower regions,
and fine crystals segregate in the upper
regions. The primary circuit is created by a
fast upward flow of liquor in the guide tube
and a downward flow in the annulus. In this
way, liquor is drawn through the slot
between the ejector tube and the baffle,
and a secondary flow circuit is formed in
the lower region of the vessel. Feedstock is
intfroduced into the draught tube and passes
intfo the vaporiser

section where flash evaporation takes place.
In this way, nucleation occurs in this region,
and the nuclei are swept into the primary
circuit. Mother liguor may be drawn off by
way of a control valve that provides a means
of controllina crvstal slurrv densitv
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” A
. ' gl

L melt, and
S " (b) fast generation of discrete crystals in the body
::of an agitated vessel.

Batch feed
l Crystalliser

- AN — Product
™ melt

—] Heat l Reject melt

exchanger |
Coolant (for ®—— Steam

crystallisation —— (for melting
stage) stage)

£ Pump

AN "y

lgm Batch cooling crystallisation of melts:
‘ flow diagram for the Proabd refiner
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D ‘Pr-ecipi‘ra'rion in open system at constant
*  supersaturation : MSMPR (mixed Suspension Mixed

* In a closed system, supersaturation decreases as
a function of time. In open systems, it is kept
constant.

This can be achieved in several ways e.g. In a
constant precipitation reactor of volume V. which
is fed with the reactants at a rate such that the
suspension formed is removed with the same rate
as that of the reactants.

A reactor of this type operates at steady state
conditions, there iIs perfect mixing and the
suspension removed is exactly the same with the
suspension in the reactor. [full correspondence to
a CSTR reactor]

Separation Processes 29



| AvTIOPOOTHPAG
s - | o MSI\/IPR_(Mixe_d
Suspension Mixed
Product Removal)

%
y

-

Schematic representation of an MSMPR precipitation reactor of effective

volume V, being fed by a solution of concentration ¢, at rate #; and suspension
discharge at rate ¢, with solute concentration ¢

SV



Population balance

““6rowth and nucleation interact in a crystalliser
in which both contribute to the final crystal
size distribution (CSD) of the product.
The importance of the population balanceis
widely acknowledged.
This is most easily appreciated by reference to
the simple,
 idealised case of a mixed-suspension, mixed-
£ product removal (MSMPR) crystalliser

' operated continuously in the steady state,

*\Ywhere
\t no crystals are present in the feed stream
. all crystals are of the same shape
U no crystals break down by attrition
— U crystal growth rate is independent of crystal

. size.




The crystal size distribution for steady
state operation in terms of crystal size d
and population density a°
(number of crystals per unit size per unit
volume of the system), derived directly
from the population balance over the
system is:

n' =n"exp(—d/Ggat,)

where rr is the population density of nuclei
and 7. is the residence time. Rates of
nucleation Band growth 6, (= dd/dt)are
conventionally written in terms of
supersaturation as:

Separation Processes




B = ki Ac”
G, k- Ac’

===\ These empirical expressions may be combined to
(WEE \give:

B = kG’
omou 1 = b/S and k3 — kl /k’2
5 b and s are the kinetic orders of nucleation and growth,

\"espec‘rively, and /is the relative kinetic order. The relationship
_between nucleation and growth may be expressed as:

Separation Processes



O
B=n Gy
O o
n — /{46{_3" |

In this way, experimental measurement of crystal
size distribution, recorded on a number basis, in a
steady-state MSMPR crystalliser can be used to
quantify nucleation and growth rates.

A plot of log 7 against d'should give a straight line of
. slope -(6, 1, )-1 with an intercept at d'= 0 equal to #
. oand, if the residence time 7ris known, the crystal

\" growth rate 6, can be calculated.

Similarly, a plot of log 7 against log &6,should give a
straight line of slope (/- 1)and, if the order of the
growth process sis known, the order of nucleation
b may be calculated.



Population plots for a continuous mixed-suspension
mixed-product removal (MSMPR) crystalliser

. b\

Nuclei population density, log n®

Crystal population density, log n

Slope = 1—1
Crystal size, d Growth rate, log G4

(a) Crystal size distribution (b) Nucleation and growth kinetics
W R
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The mass of crystals per unit volume of the
. System, the so-called magma density, p,, is
guven by:

Pm — 605:()”&(6{'!@ )4

.~ where ais the volume shape factor
£ defined by a= volume/c® and p is the
W crystal density.

‘The peak of the mass distribution, the

‘dominant size dj, of the CSD, is given by
—and this can be related to the crystallisation Kinetics by:

dp =3 G4t,

(i—1)/(i+3)
dp o [,



This interesting relationship enables the effect
of changes in residence time to be evaluated.
For example, if /= 3, a typical value for many
inorganic salt systems, a doubling of the
residence time would increase the dominant
product crystal size by only 26 per cent.

This could be achieved either by doubling the
volume of the crystallizer or by halving the
volumetric feed rate, and hence the production
rate.

Thus, residence time adjustment is usually not
a very effective means of controlling product
crystal size.

CSD modelling based on population balance
considerations may be applied to crystallizer
configurations other than MSMPR and this has
become a distinct, self-contained branch

of reaction engineering.
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2. % Habit Modification of Succininc Acid

 Crystals Grown from Different Solvents,
- Journal of Crystal Growth 58(1982), 304-
N 312.
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. UDespite the fact that the values of a are
approximately the same for the two faces
there is difference in the crystal habit

Ascribed to the formation of H-bonds
between succinic acid and iso-propanol

dThe adsorption of impurities is possible to
have similar effects as the solvent

#\\ [Selective adsorption on certain crystal
' faces reduces the corresponding surface

| tension and the value of factor aand as a

result this face becomes more rough




Fig. 5-13. Variation of the crystal habit of iodoform when grown from
(@) aniline and (b) cyclohexane. (After Wells, ref. 38)

(®)

Fig. 5-14. Variation of the crystal habit of anthranilic acid grown from

(a) ethanol and (b) glacial acetic acid. (After Wells, ref. 38)
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Figure 28. Images of caprolactam morphologies. a) pure caprolactam grown from the melt, b) caprolacitam in
the presence of 5% ethanol, c) the theoretical pure caprolaciam morphology and d) the predicted nmrpholn’gir'
orown in the presence of ethanol. Image taken from “Designing Crustal Morphology by a Simple Approach™.
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\ *:*Crysfal habit is determined from the relative rate of growth in
& The various directions

N | % The faster the growth to a certain direction the respective
& face (perpendicular to this direction) the smaller it shall be

8 . Tf therefore growth towards a certain direction,
B perpendicular to a crystal face, is inhibited the respective
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Additives(EmipoAUvoeig) and Crystal Habit
. \‘m

The Ii';{rer'a’rur‘e existing prior to 1950 on the habit modification of

crystals by impurities has been surveyed in the classical

g/nonls ;8 Pl\)l]oy Buckley [Crystal Growth, John Wiley & Sons, New
or :

After Thedpublica’rion of this monograph, efforts were diverted to
understanding the basic mechanisms responsible for changes in
the growth "habit of crystals caused by impurities on the
microscopic level.

The first important work in this direction was published during
the late 1950s and 1960s when kinetic models describing the
motion of ledges across the surface of a crystal were formulated
theoretically in terms of adsorption of impurity spcxr’ricles at
surface terrace (Cabrera-Vermilyea model), ledges (Sears modelz
and kinks (Bliznakov model). During this period, on the basis o
their experimental results on the growth forms of alkali metal
halides as a function of supersaturation and impurity
concentration, Kern and his associates advanced the structural
interpretation of habit modification in terms of the formation of
two-dimensional adsorbed-impurity layers similar to epitaxial
relationships in epitaxial growth.



The second phase of investigations on impurity
effects, spanning between the 1970s and early
1980s, concentrated on the experimental
investigation of growth kinetics in the presence
of additives, and started from the work of
Boistelle and Simon and of Davey and Mullin.
These authors studied face growth rates and
layer displacement rates as a function of
impurity concentration, and confronted the
experimental data with different kinetic models
of impurity adsorption.

The last phase of the studies on impurities
began from the early 1980s with the work of
Berkovitch-Yellin and co-workers on the design
of structurally specific additives, called ta/lor-
made impurities, in inhibiting the growth of
preselected faces of crystals.



\purities may have dual action: Accelerating
» Retarding

(oS,
|

—

Linear growth rate {arbilrary scale)
N

0 20 40 60

Concentration of methyiene biue (mg L")

. The influence of methylene blue on the (100) and (111) face growth rates of lead
nitrate at 25°C and § = 108, showing a reversal of effect. (After Bliznakov, 1963)



Structural compatibility

* Structural compatibility between
«impurity» and crystal growing
substance

» Tailored (katd mapayyeAia) crystal
growth

* Impurities of this type have two
types of functional groups: one
compatible with a crystal face
(affinity-grafting) and the other
is repelled
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Figure 2.4, [a] Schermnatc representation of the nnibbon motif of hdropen-
bonded dirmers of benzaride moolacoles mmterlinked alomng the 5-4 b axis;
(b) packing arrangement of benzarmde, wewsd along the b axis, showan g the
effect of otolunamide mmhibating growth alomg the o direction; (@) packing
arranperment of benzarmude, vewied along the b axig, showing the effect of p-
toluarmude intubiting provith along the o direction.




Figure 2.5, Crystals of benzamide: (a) pure and (b) (d) grown m the
presence of additives: (b) benzoic aad; (€) o-toluarmude; (d) p-tolarude.




oN  H onpacia tng popyotpomiag (Habit) otn

Biopynxavia

. 2Tnv mepimTwon KpUoTAAAWY TTou TtpoopilovTal Yid EPTIOPIKA

W XpAon, UTApXoUV HOPYOTPOTIiEG TTOU €ival avemBUHNTEG Adyw

S5 g avemBUUNTNG EUPAvIoNG Thv oTroid TPoadidouv aTo

| HAKPOOKOTIIKO UAIKO R TTpokaAoUv BUOKOAIEC 0Th cuokeuaoia A

&% otn diaxeipion.

gi H epmopika emBupunTh HopwoTpoTia gival cuvhBwe n

§! 7 KOKKWANC Kal N TIPIOHATIKA, XWPIC va amokAgiovTal Kai dAAa
- £idn (TAakoeideic, PeAovoeideic). Aidpopa €idn ouvoyilovTal

L OTOV TTiVAKd 0 0TT0ioC dKoAOUBE.

2 & KAB¢e diepyaoia Tapaywyne KpuaTaAAIKWY UAIKWY,

uTtdpxouv diepyaaciec eAEyXou N kaTelBuvong TN

Oepuokpaaiag, N aTnv emiAoyh Tou katdAAnAou d1aAuTn,
puUBuIon Tou pH og ouykekpipévn TIUA A Kal oThV TIPodBARKN
OPIOUEVNC OUYKEVTPWONG €TIHOAUVONG, A cuvOudopoi TWV
TTapamavw



Substance Normal habit Habit modifier Changed habit
NH, alum octahedra borax cubes
NH,Cl dendrites Cd2?*, Ni?* cubes
MnCl, + HCI granules
NHH,PO, needles AP, Fe3*, Cr**  tapered prisms
NH,NO, squat crystals Acid Magenta needles
(NH,),SO, prisms Fe?™ irregular crystals
H,S0, needles
H,BO; needles gelatin, casein flakes
CaCO, alkyl aryl
sulphonates granular precipitate
CaS0O,-2H,0 needles sodium citrate prisms
alkyl aryl
sulphonates prisms
MgSO, -7H,0 needles borax prisms
AgNO, plates sodium oleate dendrites
K alum octahedra borax cubes
KBr cubes phenol octahedra
KCN cubes Fe** dendrites
KCl cubes Fe(CN)z_ dendrites
PbCl, octahedra
K,SO, rhombic prisms Fe** irregular needles
NaBr cubes Fe(CN)s~ dendrites
NaCN cubes Fe?* dendrites
NaCl cubes Fe(CN)s~ dendrites
formamide octahedra
Pb2t, Cd?* large crystals
polyvinylalcohol needles
Na,P,0,, octahedra
Na,B,0,-10H,0 elongated prisms NaOH,Na,CO, squat prisms
carboxy methyl flakes
cellulose
NaClO, cubes S,02” octahedra
PbCl, plates dextrin bisphenoids
Sucrose prisms raffinose needles




! 2 € TEPITITWON KATA ThV OTToid h HOPYOTPOTTIA TWV

\ oxnpaTi{OHeVWY KpUOTAAAWY ECApTATAl ATTO TTEPICTOTEPOUG TOU
& cvoc apdyovTeg (T.X. UTTEPKOPETUOG Kal TTapouaia

% cTIHoAUVOewWV) To amoTéAeapa Tou cuvduacpoU autou
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Morphogram for the crystallization of sodium chloride from the system
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™ The effect of impurities on crystal habit

M s

Figure 6.40. Habit changes in ammonium sulphate crystals caused by traces of impurity:
(@) pure solution, (b) Sppm Cr*, (¢) 20 ppm Cr’t. (Larson and Mullin, 1973)

Figure 6.41. Habit changes in sodium chioride crystals caused by traces of impurity:
(a) pure solution, (b) 0.1% Fe(CN)Z~, (¢) 1% Fe(CN)z~. (Cooke, 1966)



Figure 2.16 Variation of crystal shape with conditions of growth.
Sodium chlorate grown (a) rapidly and (b) slowly. Gypsum grown
(c) slowly and (d) rapidly. (Reproduced with permission from Bunn

1961.) Figure 2.18 Sodium chioride crystals grown from pure solution and

from a solution containing 10% urea. (Reproduced with permission
from Bunn 1961.)




Fig. 5-15. Some possible modifications of a cubic system showing
formation of the octahedral faces, then higher-index faces.




