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"The Velocity of Crystalligation of Sucrose™,

A critical summary is given gf‘ype 1iterature‘qn,vglocify}o; |
crysyallisétion“of guéroég énd.of other éubstaycés ffo@ so}ution,v
anl the necegsity_fgr & more pregisevexpgrimental“methog pqih@ed outs

The development of a new method for studying the velgcityIOf,
crystallisation of sucrose.is}Qesgribgd,’wyich enables the gngriménr-
el conditions of supersaturation of sold?ion and rate of flow of
solution relative to the crystal to be more accurately defined than
hitherto, SRR '

_ llethods are givép for thé measurémgnt of the rate of growth of
fourteen individuasl faces of the sucrose crystal in e normalvdirgctioﬁ
The results obtained with the new methods are diviﬁed into two ’
sections, dealing with the effect on crystallisatlon ve1001ty of
1) The rate of flow of solution relative to the orystal.
2) - WThe supersaturation and tgmperature{of the solgtion.
The besring of these resulfs'0n thé problem of elucidation of the
mechanisam of the crystallisatlon process is discusseé. )
4 new methoa for the determination of the’ solubillty of suorose
- at various temperatures,ls elso described and solublllty figures

given which 1ndicute that the previously acoepted solubllity teble

for sucrose in pure solution is sppreciably in arror,
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THE VELOCITY OF CRYS‘I'ALLiﬂA’I‘ ION OF SUCROSE,

INTRODUCT ION.

‘Although the devolopment of X-ray methods has resulted
in a great increase in the knowledgo of crystal structures,
the subject of crystal growth has rocelved relatively little

"~ attention, and tho mechanism of the formation of the cry;tal
lattice 1s ntiil,largely speculative.

The growth of corystals from one'cbmponant systems such
as vapours and melts haa been studled experimantélly to a
cortain extent, and thooretical contributions have been made
in recent yoars by Kossel, Stranski and others. Although |
mich scattered work has been published on the subjeect of
crystallisation from solution, no conclusive evidence has so
far been offered to explain the mechanism of the process.
The problem is of interest both from the point of viow of‘
erystallography and from the more general standpoint or'
heterogencous reaction kinetics in solution, and in addition
iz of technlcal_importanée in the Chemical 1nduatry..

In undertaking the present work on sucrose, the technieal |

© view -point was paftly in mind, as the sugar industry 1s one in



which the crystallisation process 1s of outstanding
importance, '

The process of orystallisation from solution in general

may be divided into two parts:

(1) The formation of nuclel
(2) The growth of nucleil to maeroscople

eryatals,

i

‘In addition, tho effoct of impuritiecs on erystallisation

is another distinet fleld.
The present work has been confinecd to the study of the

growth of macroscople crystals from pure solutiong the
problem of nuclear formation, and tho effoct of impurities

have not ﬁo@n considered,



I SMMARY OF PREVIOUS INVEST IGATTIONS,

In the following summary no attompt has been made Lo
inoclude all the papers which havo boen road, as many of thonm
differ only slishtly as regards exporimontal technique and
eonclusiona drawn, and referonce will only be made to those
which havﬁ been judged to be the moro important contridbutions,

| Althoush a conslderadble literature has resulted from tho
- study of the velocity of cryatélliéatioﬁ from melts (the work
of Tammenn (1) boing noteworthy) this will not be dealt with as
the experimentel and theorahidal sidea of this problem have only
slisht bearins on orystallisation fron solut;ona.‘

The following surmary is divided into two sections, the
firn£ doaling with sucfosé, end the second with other substancaaQ

‘{1) Suerose

Practically the only work of any dogrec of completenesns
on the velocity of erystallisstion in pure solution has bYeen
earried out by Kucharenko amd collaboratora at tho Institute
of Sugar Technolopgy at Klev, The original papers are in Russian
but trenslations and summarles are avallable in various French

and American journals,
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Eucharenko!s experimental method (2) was to {ntroduco
. a larpe crystal of sucrose 1hpo‘a solutlion of known gsupersaturatim
~ and temperature in a stoppored bottle, end rotate for a
dofinite time in a thermostat, The welcht of aucrdsa eIy~
vaﬁallising during the period was found by weighing the orystal
before and after growth,

In the caleulation of the wveloclty of erystallisation
under givenﬂconditiona of supersaturation and temperature 1t
wag assumed that the rate of depositioh of sucroso was proporte
lonal to the surface area of the crystal, and to avoid hé;ing
to moasure aurfaoe'areaa in eaéh cxperiment preliminaﬁy deter-
minaticns of the weight/surface erca rolationships were made;

For solids of similar external form, the s@rfaca area
will be proportional to the 2/3 power of the. weightv.

1.0, s = i/ (1)

Kucharenko, using veryylarga crystals of sucrcab
welghing from 150 to 2500 gma.’measured surface areas and .
evaluatod,x; 13 erystals were meaaqred. givihg a mean value
for K of 4,12 t 0,05, and this valuo was vsed throughout to
caleculate aurface areas of the qryatals employed in the velocity

of crystallisation experiments,



S.

Thus, aaauﬁing that the rate of inorease in the weight

of & crystal is proportional to surface eroa,

‘dM
at

wX 8

vhere o 1s a oonstant dependlnp on tho eolutlon.
oubatituting for from (1)

M o OCKEB/S | (2)
at '
~which oh Integration gives
: %. 1 _
Mo® - M5 el Kt (3)

3

Yhere 1 = initlal weight of crystal

and M, = woight of crystal after time &,

In the caloulation of crystallisation velocities

Fucharenko took the mean value for the surface aréa, given by

. (*51 + %)z/ 3
] ’

2
end used the formula
Mo =My = XK ¢ (”51-!- 7*‘2>2/3 - (4)

Tha differenco betwoon the valuan of X ealeulated from

aquatlons (3) and (4) 1s small if *a is little dirreient from
kg
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unity, and a8 larga crystala wero used for the experiments,
‘equation (4) 1a suffioiantly oxaet, Crystallisation velocit~
;ea were oxpressed as moms, Sucrose crystalliaqd per aq. meotre
erystal surface per minute and experiments vere carried out at
tomperaturos panzing from o° to 70° C, at various BUPOT
saturations at each temperature, The results reported by
Fucharenko will bo compared with the writer's values in a
later asoﬁion.
| - Savinov (3) showed that the rate of movement of
solution relative to the orystal influenced the veloeity of
ecrystallisation, by mounting orystals between noedle points
on the arms of a rotating etirror. It was found that velocity
of crystalliaation increased with inereasing ap@ed)df rotation
up to a maxlmum'which“wasxgbout‘aix times the value determined
by Rucherenko, . "5‘,‘,

| Briedveld and Waterman (4) 1ntroduced slight modlricationa
of Kucharenkots teahnique and round velocitics leas than half
those of Kucharenko under comparablo conditions of super-
saturation and temperaturo of solutlion,

A ﬁumber of workers havm derived more or less enmpirical

equations for representing Kﬁché?anko'a raéults. Kirof (5)
de Vries (6), and Siline‘(7) nay be mmntionod. None of these

‘equations have much thoorotical significance, and do not
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assiat to any extont in tho elucidatlon of the mechanism of

the process,

(2) Substances other than Sueross,

Refercnce should first be made to the work of Noyes
and thitney (8) on the velocity of dissolution of substances

such as benzoic neid in water, as their ideas have froquently
been dppl;ed to the casoc or'crystallisation. The substance
to\be’investigatod was cbmproased into o cylingder, and this
rétatad about its axis in waﬁar. Conecentration changes wero
f§iicwéd aﬁalytieally. |

It’waa round that the velocitj of digaolution of the
5olia followed an appéfentiy nonomolesular law 3 |

gx =k (8 -x)
- dt

whore S w solubility of tho solid,

and x ~\thé conéentration in the bulk of solution

at time ¢,

The rate of dlassolution being proportional to the aiffer-
ence betwoen the saturated and bbaerved concentration, it wes
ﬂuggested,by‘tham that a saturated layaf is formod at the
surfaco of the solid. The veloclity observed is then the



voloeity with which solute molocules can diffuse into tho
liquid,

Brunner and Tolloezko (D) substantiated this eonclusion by
examining tho rato of dissolution of various substaonces in
wator, The velooity was founl to be proportional to the

sroa (A) of tho surfaoco

lee 92 wappa(sex ).
at

fince the roaction was unimolecular throughout the
 eonploto procoss, it appoarcd that the effective arca reomainod
constont althourh the actual surface of the solid bocamo
erodod, _ .

This th@ar& vwas penerallised by Nornat (10) to inelule
hetorosencous reactions in gonoral and erystallisation in
partienlar, Nornats! theory has aroused rmuch discusaion
and é numbor of investlgatlons have been undertalon in order
to tost itn applicability,

Brunnor (9) and others claimed to have established
1ts corrootnoss, while rildermann (11) criticised it sdvorsely,
pointing out thet tho unimolocular behaviour may bo explainod
in othor waya, o '

The Yernat thoory may bo described aa follovs o



o r'cdn'sm‘ex" a's‘olution of volume V litres containing

| < gm"." xﬁgiiet:uléay of solute per litre, Botwoen the solution
and the cryétal‘éur'faca (aréa A ) exists a layer of thicle
ness 4, seross which Aiffusion must téke placa, The amount
of ‘ao’iutza reaching the s’u‘rface‘ in time 4t is ds, this reducing

the éoncéntration of aolutibm by an amount %E

By Fick's diffuslion law,
ds .pads
4t | UX

whore de¢ = concentration gradient .
1 ds =DA. do
v

Honce de =
| a v ax

at

A —————

The concentration gradient befing ¢ = Co we have:
! ' " ’, P b d . 4

ﬂ,?, - P—&’ (C ““co.‘)

at va
and K. = dg .1 = DA
at C«Cq va

Thus for a surface area of 1 oy end a volume of 1 litre,

a4 =

mio
.
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an aquatibn which has becn used by Brunner to calculate
the thlckneasvof the saturated layar; For a number of
roactions,values for 4 wero of tho order of 3 x 1072 oma,

IIt was found that atirring increoased the veloclty of
reaction, tho velocity rising to a meximum with incroasing
stirring spoed, This was explained in terms of the theory'
by assuming that the thiclmess of tho layer was reduced by
the nmoro rapid motlion, down to a 1imit1ng value,

One of the difficulties of the theory 1is that it does
not take into account the possibllity of varying speedsysf
reaction on thé surface; 1t socma extromoly ﬁrobable that
difrerénces do in fact occur,and that the Yernst theory 1s
only a speelal ecase where tho reaction at the aﬁrface 15 fast
cdmpared with diffuaign velocity, Turthermore, applying the
theory to crystal growth from solution, érystala ﬁndcr equal
external conditions would grow into aphorés. There ia nothing
in the diffusion process to explain tho regularity of'crystal_
| growth, and it is impossible to see from the standpoint of the
theory only how the predominantly regular crystal fornm comes .
about; | |

¥are (12) in a long.series of papers, criticised tho
¥ernat theory and found that 1t did not hold 4in all caaas;

In some of the cases studied, crystallisation rate was found
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~ to be proportlonal to somo powor of the aupersaturation‘.
Mis results led him to the conclusion that an edsorbed
layer was formed'on tho crystal faces, as en 1n1t1a1_rapid
fail in supdraaturation,waa observed when & quantity of
fine crystals was stirred in a‘auperaaturat@d solutioﬂ.

, considefihg the crystalliaatioﬁ process from the point
of view or‘cryatal structure, various attempts have been
made to explain the differins growth rates of erystal faces,
One of the earliest sugeestions was that the growth ﬁate
depended on the "reticular density" of the face, a view
supported by Tullff (13) who carried out experimonts on.
the growth br alum crystals,

Tho knqwlédgo of the X-ray structures of lonle crystals
hag been utlilised in endeavour# to explain the\differing
‘rates of the racea; The magnitude and nature of the forces
adting at a crystal surface is still very largely unkncwnv
nowever, and actual caloulations have been made {n only
very fow cases, such as by lennard-Jones (14) who took the
(100) faco of NaCI as boing most susceptible tb calaulatioﬁ.
With molecular erystals thé problem 1a even more difficult
and rractically nothing 1a“known in this flela,

Rogarding the experimental methods which have been used .
for the study of crystallisation from solution, the following

may ba}mentloned:
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vare (12) in his work on varlous salts, followed the
coﬁrmo of the ecrystallisation by the porlodic analysis of
tho solutlion, Conductivity methods were also employed. |
A dippinc refroctomoter was similarly used by Jenkina (15)
/for folluwing changos 1n concentration,

l'lethods involving single erystals have been employod’
by Andrelev (16) aﬁd Campbell (17) who recorded increase in
welght, The mothod of Wullff (13) was improved by Dentivoglie
(18) vho attached erystals rigidly to a holder, ol measured
the vertical diéplac@menta of the faces by means of a mioro-
scope, Miller (19) using rock salt, mado artifliecial crystals
end allowed these to grow 1n'aolutidh; The boundary between
tho initinl cr&atal and the crystallised layer'could dbe
distinpulshed under a microscopo ond the thickneas of layer -
measured.

Fhotographie, including oinematogggghic, methods have
beon used by Richards and Archibald (20) end France (21) and
~co-workers, | ,
| In few of tho methods which have been reported for the -
study of erystallisation veloclty does there cppear to have
boen sufficlent control of the éxperimcntallconditiqns;}ana

rany of tho results aro of a purely empirical nature,



IT FXPTRINENTAL.

(1) Introduction,

The general requirements for a method for studying

cryastallisation véiacity from solution appear to bo:

1., A method of controlling the degrea of
superaaturation of the solution (this involving

both concentration and temperature) .

2. A moans of varying the rato of flow of sclution
relative to tho crystal,
3. A method of mossuring the smount of substonce

erystallised,

The experimental method finally deva;oped‘consiats
cgsentially in supporting & sucrose crystal about O mmg. long
in a eylindrical glass cell and pumping a solution of known
supersaturation and temperature past it at a given rate,
Reeirculation of solution is necossary as the experiment
has to continue for some hours, If this were carried out at
- eonstant temperature, spontancous cryatalllaation throughoﬁt
the bulk of soclution would rapidly occur, It was rouné however
that this could be provented by inserting heatins end cooling
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coils in the circulating systenm so that-zgﬁvin evory
eyele the solution 1s heated to above its saturation temper-
ature snd then cooled again before re-enterins the celi‘ As
is well known a supersaturated eolution may in general be
kept for sonme iittle timo Af erystals are exocluded, This
1s 80 to quite a marked extent with sucrose, and thus aftoer
vth@ solution has been undersaturated 1n‘the heating coll, it
may be cireulated through the remainder of the cirecuit and
past the crystal without spontaneous eryatallisation telking
place. - This prineciple of circulation with honting and
cooling has proved very useful as it has enabled solutions
of fairly high supersaturation to be investigatod, Furtherw
mora,\since the volume of solution is very large’compared
with the amount of sucrose crystallising, the cqncentration
of solution remains virtually unchanged throughout an
exporiment, |

To investigate the effect of rate of flow of solution
past tho crystal éﬁﬁ erystallisatlion veloelty, cells of
different dlameter were comnected in series so that ratb of
flow could be altered under otherwise atrictly comparable
conditions,

As repards measurcment of the crystals a method was

found by which the growth rates of individual faces of the
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colls of different dlameters, connected in serles, werse
vsed, but for thoe sake of s;mpliclty only one has beén shown
in the diagram, The construction of the ecolls and crystal
holders will bo dealt wibh,lnto%, {see pp./9a —R0 },

The aupérsaturated ablution leaviny the air thormogtat
to tho right enters the intake side of a phosphor-bronze
goar ﬁump, direct coupled throuch suitable wornm reductioh
gearing to a 1/4 n;r; induction motor, and 1s pumped tlrough
a copper coil 18' long of 3/4" x 18 S.WLG; tube Arranged in
the heating bath as shown. Tho bath 1s fitted with a
1000 W, immersion heater, and stirrer, |

Standard brass "Xontite" fittingé were used throuchout
tho apparatus’for connacting togother the various component
rarts, A diagram of an elbow fitting 1a shown in;Figure 3
to 1liuatrata the method of attaqhmant. The copper tube
8lides into the fltting and a Joint ls made by compressing a
soft copper cone into tho space between the tube and the
outer tapered ahouldeé. This type‘of fittiﬁg haa becn‘found
very convenient for the construction of the apparatus as &
Jolnt may be readily made and taken apart, and does not rew
quire threading or aolderiﬁg of tho tﬁb@a. They also lend
conslderable mechanleal strongth to the whole system, A

Junction through the wall of o water bath was made from two



_Soft copper core.
e

/( opper Tibe.

— FIGURE 3 —

—"KonTiTe" ELBOW FITTING. —
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j/&f}‘/éfa/ holder. |

—FlGure 4.—
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‘straight couplinga, one having a "Zontite" fitting at'one<2nd
and a male gas thread at tho othcb, end tho second a "Kontite"
and female gas throad, Thesé ﬁéra serewod tcgethar with
washera oﬁ both sides of tho wall of the bath, ,

To the outlet tube from tho top of the heating bath is
attached & T plece, the side arm beinz adapted ns & stuffing
bo§'to fake a thermomoter._ Originaily a meréury*regulator,
connected throush a gelay to the immeraion heater was ine
gerted in the tube through a socond stuffing box, in ordaf
to control aubbmatically the temperature of the solution
leaving the heating bath, but this was lator found to be
unneceéaarj as agcurato éamperaturo control was not necessary
at this polnt, Adequate control may be effected by hand

‘regulation of the heater, | | o

~ The solution new enters a similar copper coil in the
fifat cooling bath, mounted on top of the air thermostat, the
ohject of th1a bath beihg to cool the solution down to within
about £ 095 of the required température. Tﬁo methods were

“used for thé regulation of this bath, In the earlier'part ’
of tte’work a long thin m@rcury feguiaﬁor waa inserted throuch

'8 stuffins box in the outlet tube from the bath and comneocted
throuzh a relay to anvelectromagnetic dovice for cutting off

or turning on the cooling water to the bath, This was foumd



to work satisfactorily and is tho best method to employ
whon the rate of flow of solution throuch the coil 1s fairly
highs 1.6;3 vhen it is neoeaﬁaby to hdva the temperaturo of
thoe water in the bath lower than the requlred axit tompore
ature, |
With the alower‘rdtes of flow uaéd in the latter part of

the work it was found mcré'convenient and accurate to alp-
penso with the outlét regulator and to have & toluene-moroury
ragulatorvin the cooling wator bath itaolr to maintainAFha
temperatﬁré of the bath at the required solution tamparature.
Then using theso lower rates of flow the length of cooling
coll was gufficient to enable the solution tomperature to
foll to that of the water, DBoth methods anable;d the tempere
ature of tho solution loavin“ the cooling bath to be regu-
lated to woll within £ 09 ¢,
| After the first cooling bath, where tho groater part

of theo nocessary cooling of solution is done; a small coil
in a final thermostat iz provided to bring the temperature
acourately to the required figura; Thig thernostat ia |
malntained at the desired tomperature with on accuracy of

1 o%c2 C, The outlet tube from tho final thermostat
passes through.the wall of the eir thermostat and is bant

to enter one of the sido neecks of the reservolr flask.
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The detalls of construction of the glass colls cone
tainings the crystals ere shown in Pigures 4 and 5, Vhon
investigating the effoct of rate of flow of solution on
crystallisation veloéity3threo or sometimes four cells of
different diometors were conrnected in series so that the
solution could be made to flow past the orystals at differe
ent velocities under otherwise comparable conditions of
cohcentraticn and temperature of solution; Figure 5 1s a
ﬁhotdgraph of one assembly of three eells, thoe vertical
tube to the left boing connected to the reservoir, and the
gfound glass joint at the right, to the pump, Tho front
cell has two openings to enable duplicate determinations
to be mad@g ‘ |

The eonstruction of a ¢ell and erystal holder is shown
in detail in Figure 4. An oblong opening 1s made near one
‘oend of the tube and the odges ground to take a flateground
glass plate drilled centrally and with a small brass
stuffing box cemented in, The 3/32" brass apindle passing
throuch the stuffins box has attached to it the erystal
holder of stainloss steol spring wire bont as shown and
with the ends ground so thﬁt the cryétal 1s hold between
sharp points, The covor plates are held in position by
the clips shown in the photdgraph and dlegram, Then



L e ey |
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inserting e cryatql in the cell tho cover plate is pushed
‘forward so that tho erystal ia clear of the openin: ond
in the straight portion of the tube, After fixinz the
covor plate with the clip tho erystal may be contered in
the tubo by adjnstment of the spindle‘. \

| The niothod of construction of colls of small dlameter
can bo seen fron tho‘photograph, Flrure 5', The rear celly
of the aséembly conasists of a straipht length of norrow
tubing, Joined to & plece of ebout 28 ﬁma. diasmeter, in
‘which the oblons openins is made. The erystal holder is
inserted and pushed forward to bring the crystal into the
narros tubo, ‘

Standard.intarchangoable ground glass jointa were used
foﬁ all colls so that colls of any desired dlamoter could
- be coupled together by moans of the Veshaped conneceting
; tubos,

‘Yo oil was used in the gear pump; the end bearinga
and rotors wore cloaned initlally with benzene to remove
all trages, The copper colls wore cloancd with UCI before
use, and a number of times during the ecourse of tho work,
Before commeneins an experimeﬁt tap‘aater was run through
the aystom for about 24 hours end the colls finally washed
with distilled water and allowed to drain throwh the plﬁg
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shown in Fi@ura 2. Tho glass céllu and boservoir could
'lbe reﬁoved from ‘tho Alr Thermoatat £or cleaning after

every exp@riment.

(3) Solutions,

(a) Propaﬁation. For the work on velocity of crystallisation

S - vary'hlgh grade commercial refined gugar obtained fron

l'essrs, Tate and Lyle Lta, was cmployed. The sugar wos of
| guch hi@h purity that no further purification beyond a
,filtrationywas thoﬁght to be'necessafy. The averaso

- percontages of lmpurities in tha sugar used fo? the work
weros ‘ ‘
-Reducing suzars voe 0, 008%
Ash  wee 0,003%

| Miltration, however, was neceaaary in order to romove
the fine particlss of dust, hairs ete. that are unavoldobly
present inan ‘comercial augar; it was found that some of
these 1nvariab1y adher@d to the crystal& during the course
of an experinment and cauaed distortion of the growing faces,

- Two methods of preparation of solutiona are possible:



(1) The solution may be made up roasonably
 dilute, filtered on a larpo Duchner funnel
end thon evaporated under vacuurr to tho
reQuier‘concentratlon, or
(2)’ A gsaturated solution may be prepared ot a
M temperature hisher then the required working

temperature, and filtered hot,

The second method is only possible if some form of
pressure filtration is usod, as the high viscosity orf
concentrated'suorose solutions roenders a vacuum filtration
extremely slovw,

As a small 6" square slate cnd frame filter press waa
available, the mothod of filtration of hot solutions was
;cﬁosen. A filtaring surface of 1;5 8q. th was employed,

- using threo pletes covered with fine weave flax cloth,

The hand pump attached to the filter was found to bo unsate
'iafaatory on account of the violent fluctuations of preaaura
which occurred, and was diacarded,in favour of a pressure
veaael attaohed}to n compressed alr supply. Tha pressure
vossol was of mild steel, 8" diamoter x 16" high, fitted
_with flango and cover. To the cover of tho vessel wero
attached o pressure gauvge, safety valve, a pipq for connect=-

ing to compressed air, ond a stuffing box through which



passed a pipe leading to the bottowm of tho vessel, A
rressure hoso connoction was made from the latter to the
inlet of tho filter..' Using compressed air supplied from
a cylinder through & roducing valve, filtration pressuros
up to 70 lbs; per sq. in, (5 atmos,) could be applied in
this manner. ,

In preparing & solution, the required amounts of sucrose
and dlgtllle& water were measured out and partially dlssolved
at room temperature, The vessel containing the solutlon was
then transferred to a water bath, tho temperature ralsed to
above the corrésponding saturation temperature of the aolut- 
fon, and stirring continued until the sucrose was in solution,

After edding a small quentity of acid washed kieselguhr
‘the Bolution‘waa transferrod to the pressure vessel, standing
in o hot water bath to prevent undue cooling of solution,
ahd’pwe#sure applied gradually up to a maximum of about
70 Ibs; por sq;:in. Discarding about the fiprat 600 ccs; a
very glear filtrate could be obtained, About § to 6 litres
of supersaturated solution could be filtered in this manner
in 30 minutes. |

Bocauso of the slow rate of spontansous crystallisation
of pﬁre sucrose solutions, the filtered solution could be
cQolad,to approximatoly the required tomperature, transferred
to the apparatué, and circulation started before crystallis-

ation took place.
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{v) Yethods of Analysis.,

CUCROSE:s - The solutions used were analysed polafimatn
rically for sucrose, The more rapid refrastometric method
was hot employed for the analyses on which the caleulations
6f;degrem‘of éupersaturation were based, as tho refractive
index-concentration relationships of concentrated solutions
are not lmown with as much certainty as are phe polarimetrie
canaﬁahtsQ Refractometers wero used, hovever, in the pre-
1iminary detorminations of approximate concentrations,

A Tilger polarimeter, reading to 0201 was used for the
work, 1llumination being the Sodium D line from an Osram
Sodium vapour lamp,

For the‘épacific rotation of sucrose, the valuo detor-
mined by Bates and Jackson (22) at a concentration of
. 26 016 gma, per 100 ces, was used, namely:

[0‘ ] - 66,520

bo

In making up the solutions for reading in the polari=-
moter;‘approxlmataly the r@quired amount of supersaturated
solution~was‘tranaferred'to a ﬁared,lce ecc, flask and the
flask stoppered and welghed, Tho concentration of the

resultant solution in gencral diffored somowhat from



26 pms/100 ces., and}to correct for chanse in specifie

rotation the formula of Landolt was usod 1

{063')0' 66,435 + 0,00070 C - 0,000235 C2

AssPo2s A

Thore ¢ = concontration in rms/100 ces.
| éhis’rormula, which was based on earlier determinations
of the specific rotation gives a value of 66,502 aﬁ a ,
concentration of 23,016 pme/100 ccs,., 1.e,, 0;627 different
from Bates and Jacksons figure, but 1% was assumed that in
the nciahﬁburhood of 26 gma/loo ecs, the Landolt formala
roprosented sufficlently closely thalrata of change of
apecifiec rotation with concentration, Accordiﬁgly & aspocifle
rotatlonwcqncantraﬁion curve was drawn, pnraliol to ILandolt's,
 bu£ passing through 66,520 at 25,016 gms/100 ccs,, and this
used to determine the specifie rotation at'the various
 oongentraticns omployed. | J

Solutions were made up and read at 20°,C, a 200 rm,
water-jacketed tube being uaed in tho polarimeter, All
 flasks wore standardised initlally and checked duringz the
course of tho work, The length of the polarimeter tube was
maasurea with a large micrometer gauge and found to be

200,034 mmg, at 20° ,



REDUCING 5UQARS. The potassium ferrocyanide modification
of Maln's mothod (23) is very suitadble for the determination
of small amounts of reducing sugars in the presence of large
amounta of sucrose, and was used for the estimation of reducing
sugar eontent of sugars and solutions. The rull detalls of
the method will not be given as these are avallable in the
paper referred to above.

The method conaists esaentially in heating ih afbailing
water bath, threo or more large tesﬁjtubes containing insreasing
appropriate amounts of‘a solution of the sucrose, d fixéd
volume of extra-alkaline Féhling's Solution containing
potassium ferrocyanide, and two dropa of methylene bluo
aolution,‘air béing exoluded during the heating by means of
floata\placod 1n‘tha.tubes= the proportions used are such thaﬁ
at the end of & dofinite time some of tho tubes are still blue,
whiie ono at least (contdihing the“gréatest propertion of the
sucrose solution) shdwa compieba reduction (1.a;'coiourlcss :
80lution). The Fehlinga solution is atahdardiaed initially
under‘identioal conditions with’ablutiuns‘of known reducing
suzar content., The method 1s suitable Por the ostimation
of redueing sugar contents of sucrose solutions .down to

about 0,001%,
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AS1l, The standard sulphate aah method, as commonly

used in sugar analysis was emgloyéd.‘

10 gms. Of sucrose, or an amount of solution sontaining
10 gma;, were treated with a little concentrated sulphurie
acid in a‘platinum diah, hoated with é bunsen until
carbonised, and 1gnited at 500°C. to constant waight;

. Pt Tho piI values ofvaoluﬁidna wore determined
with a Norton type glass electrpde and elaatrometer'valve

potentiometer, (The Cambridge Instrument cd. "pi1 tater"),

(q) Method of Iz pressing Suparsaturation of 301ution.
A numbér of alternative methods are posasible for the

axpreasion.of‘dogroa of auparsaﬁuration of a splutidn.

Thaﬁ &ost commonly-uaéﬁ 15 teohnical sugar work is the

‘uupersaturation coofficlent of Glaésen (24),

Sy = Gma.sucrose per 100 gms.,water in given solution at TOC

Gms, sucrose per 100 gms.,water in saturated Solutlon0
at T“C

The expression moat comauonly used in published work

on veloclty of corystallisation is basod on the volumo

- concentration of solution and 1s given as follows:
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Sy = (Cms,solute per 100ces.in given solution at TOC )= (Cms,

solute per l00ces.in Saturated Solution at T°C,)

The Fick diffusion equation introduces a volumo
concentration team, and sinco, starting with Noyes and
Whitnéy, the 1nﬁ6rdependeﬁce of diffusion, and folacity
of crystallisation has received much ettention, the major-
ity of investlgators have expressed supersaturation by
the second method, The volume coﬁcentration also entors
into most equations omployed in hetorogoneous roaction
kinotics. | |
In the tables piven in the later seetions of the
Thesis, both supersaturation fisures have begn included,
althoush tho second expression, based on volume concen=
~tration, has been mainly used in the discussion of results,
In the énalynia of solutions, sucrose concentrations
are obtained as gms, per 100 gms, solutioni these may be
calcul&md‘ directly to gnma, pm:'; 100 gma, water, and the
Claamsen supersaturation figure found,

For tha volume concentratlions the very complete density
tables (Dif) of the Xalserlichs Normale-Zichungs Kermission
{25) for pure sucrosec solutions have been used., The

tables also includo densitics at temperatures ranging



from 250 GOOC and for concontrations up to 70 gua. ﬁor
100 gms, solution, ond enable denalties of supersaturated
solutions at temperatures other than 20° to be found, In
the cames of solutions of concentration hirher than 70 pums/
100 gma, solutlon, the figures for the roquired temperature
woerae plotted against concentration and the curve entrae-
bal&tad. Corrcotions fonnd from this curve were applied
to tho densities at 20° to give the required donsity at the
tomperature of the experiuont, '

An the supersaturation is a difference term, a sarlcus
error 1s noﬁ introduced if densities at 20° C are talken for
the calculation., A numerical example may be taken to |
- 11lustrate this, , ‘

A solution at 40° ¢ has a concentration of~?3;oo cms,
per 100 gms, solution, Tho solubllity of sucrose at that
tompcrature is 70,17 gma/léo gms, solution, Then,

1) Suporasaturation Calculated from denaities at 20°

Conc.by “Wt. _D%f Conc. by volume
Given solution 73.00 1.36614 00,73 gms/100 cos,
Satr, solution  70.17  1,34824¢ 904,61 " v "

Supersaturation = 5,12 " " "
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z) “upersaturation caloulated from donsltiea at 409

Coqc. by Wt. ﬂﬁ? Cone. by volume
Given solution 73,00  1.,35505 92,92 pums/100 ces,
satr, solution 70,17 1.35730  ©3.e4 " 0t ®
- | Supersaturation = ) 5,08 " * #

i.e; in thia case the aaperaaturation calculatéd frbﬁ
densities at 206 1as 0,7% high,

Althoush the differences are not larse as can bo seen
from thé above exampla, the more cxact method of'calcuiation

at the actual tenmperature of the axperimanh has been usod.

(d) 'Sblubiilty of Sucrose,

Tho calculatioh'cr supersaturation by either method
involvea a knowlodpge of tho solubllity of sucrose ot various
temparaturés. Aé there was somo doubt as to the accuracy
of the proviously accepted figures of Herzfeld (2G) a
redeterminaticn was méde usiny a now meothod,

The detalla of the solubllity work hava for convenlonce
bsen included as a separate saction, Purt 2, of tho Thesls

(Ppe KA —/27 )
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Results Indlcated that ilerzfeld's figures were
aprrocladly in error, particularly at high temporatures,
and tho writer's values have beoen used for the caleulatlon
of dezree of supersaturation,

As shown in Fart 2, the éolubility of sueroso in pure
solution at various temporatures may be expressed by meang

of tho quadratie parabola,

C = 66,256 + 0,1497 t + 0,000578 t°
Yhere C = concentration in gms/100 pms solution

and t = temperature %,

A condonsed.table of solublilities at intervals of
5°C, is given on the following page. '
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TABLL 1,

Solubility‘of Suerose

e

Temperaturé ¢, Solubility (mma/lob ros . nolution)
20 66;48
25 : 67;36
30 : 68,27
35 - 69.26
40 70;17

45 71,16
50 72,19
55 73,24
60 S / 74,32
65 | " 75,43
70 : 76;57
75 o 77.74

80 | 78,93
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(4) Crystals,

(a) Crowth end Selection of Initial Cryatalé. The
nccuracy of tho moasurement of crystallisation ﬁelbcit&,
particularly 28 renards growth rates of 1nd1vidualvcryata1
. foces, dopends very largely on the degrae of perfeotion of
the erystals used for the wori, Sucrose erystals in
genoral show a marked tendency towards irregularity, and
- some difficulty was expericnced in 6btain1ng satisfactory
crystals for the experiments, '
reliminary work showed that oryatals measuring gbout
6 mms, along the Vénia and woighing about 0,05 gms, were @
convonient size to use, and could dbo measuredfand,walghed
with sufficlent accuracy,. The growth of oryétala mich
larpger than this requires considerably more time, and wouhi
not add to the accuracy of the work,. 2
Crystals usod in the earllier experiments were grown fron
very slightly supersaturated solution, contained in a wide=
mouthed bottle arranped so that 1t could be rotated with ‘
axis horizontal in a thermostat, Wheﬁ growing eorystals
from aolutionlin this manner, high supersaturations eannét
be employed since spontanoous crystallisation takes place

rapidly throughout the bulk of solution, fine erystals
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edhere to the faces of the larger ones, ond deformation
rosults,

Crystals wero grown at 25°C, the pure solution being
made up 80 as to be saturated at about 30°C, This low de@ra@
of supersaturatlion makes the process of growth a very nlqw
one, and wheon atarting from microscopiec crystals may extend
to seﬁcral woeka, Tho solution 1a chanzed two or thraé”
times during the course of the pgrowth,

For the rcmoval of the viscous solution adhering to tho
erystals, alcohol saturated with sucrose ét room temperature
was used, After removing from solution the crystal was
prosacd botween filter papers to remove tho greater part of
adherins solution, hold under a fine Jet of the alecohol, and
the vaéious facen wiped carcfully with a pleco of chamole
leathor, The method was found to be vory satisfactdpy, and
as will bo shown later (p 64 ) ensbles reproducibdlo weishta
to be obtained, |

As only a small proportion of the erystals grown in this
manner, were sufficlently perfect for use in the veloelty of -
erystallisation experiments, and as tho-.process was extromely
slow, the possibility of using commercial erystals of sucroso
was 1nvea£igated. The comnerelal grade of refined sugar
termod Mcoffes sugar® contailns erystals of approximately the

roquired size, although the industriasl method of separating
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_orystala frpm solution.and tha consequent treatment they
recelve results in the groater proportion of them beling
eroded or partly bréken. Thréugh tho courtesy of illessra,
Tate gnd Lyle Lta., sémples of solution containiny erystal
were pptained during tha‘progréss of erystallisation under
vacuum, After romoving and cleaning theso erystals with
alechol, 1t wéa found that a fair proportion of them vere
sufficiently perfect and only required a 1ittle extra growth
to}bring them up to about 5 mﬁ. aizé. Crystals obtained
in this mannor were used for the preater part of the wérk.
All crysfala were examined under a travelling microseope
for paralleliam of edgos and‘facea, and frecdon from any
other 1rr@gular1t1ds, and only than‘aatigfactbry in all
‘respects were used for the veloclty of crystallisation

qxperiments.

(b) Moasurement of Growth of Individual Crystal Faces,

The aocﬁrabe meesurement of tho growth of individual
faces of a crystal égg'normal direction presents a number
of aifficulties and no altogether satisiaetory method for
this appears to have been reported in tho literature.

The method used by Bentivorlio (18) di14 not seem to
lend itself to the prosent work since it involved the
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rigid attachment‘of the crystal to & holder, and permitted
the moasurement of only a limited number of faces, Amongst
other methods which nave been used is that of meaauring the
distance between two opposito and parallel facéa'of the
eryatal before and after growth by means of & micromoter,
With this method it has to be assumed that the two facés
grow at gqual rates, and furthermore the con§enient measure=
mont with a micrometer is not always possible unless the
faces aro sufficlently large, In the case of small crystals
of suerose tho distance betwaen tho {100} faces 1s pract-
ically the oniy one which ¢an be measured in this manner,
The mothod finally devaldped involves the linear
measurement of the various faces of the crystaljuﬁdef a
travelling microscope, o number of faces beling marked with
blask reference spots to enable growths of the faces in
the normal direction to be calculated,
| Defore procesding with the description of tho method,
however, 1t 1s necessary to deal first with the crystallo-

graphy of sucrose as a lmowledge of this 1s required,

CRYSTALLOGRAFHY OF SUCROSE. A clinographic projection
of the aryétal £s usually obtained from pure solution 1s
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given in Flgure 6, Sucrose belongs to the;mcnoolinig,
~system sphonoldal elass, the b axis belng the two-fold .
axis of symmetry, and the polar axls of the erystal, ‘Tha*
a and o axes are_inclinad to one enother, while the b axis
1avperp@ndicu1ar‘to both, = Axes are of unequal lengths,

.- The following forms generally occur:

a f100] - ¢ fam} » 1 flo1} , ol {10"} p fno}y‘.“

pt {ﬁo}}_ | @11} , and 0 {111}

In the corystals dbtained‘by the writer, snd used for
the velooity'or crystallisation measurementa, the c¢linodomes
and hemipyramid faces, {011} and {iil} reapectively wore |
generally very small or absent, Leas frequently occurring
forms were the féld} end the alinadomaa at the other pola
of tho cryatal, {011 .

A number of other forms have been reported, including
the {410}, {530} and {320/ but these have never been found
on any of the crysﬁala obtained by the writer from pure
solution, e s

The various 1nter£acial_angles repoﬁtad by different
wcrkeré»show\differencem amounting in soms cases to about
29, doubﬁlééé~due to the difficdlty of obtainingysryétallon
| graﬁhioallj perfect crystals, It ia doubtful if the high
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degree of accuracy commonly‘obtained with most 1nnrgah1c
cerystals WLllravmr be attained with sucrosoe, evon after
tho most careful growth and selection of ecrystals,

" Redetormination of the moro‘impértant engular valuos
‘were made during the progress of the work., The analytical
samples of solutions taken in tho various experiments all
erystallised out on standing and a selection of the best
crystnla was made for the goniometric 1nve$t1gatio§.
Crystals wero carefully cleaned with aleohol saturatod
with sucrose &nd kept'in a dealdcator;

' Tho Fuess horizontal cirele goniowcter which was used
for the work haa been rully deseribed by Tutton (27)
Vol I pp.33~4 and need not be dealt with here, ntandard ;
technique was employed, both as regards preliminary |
adjuatment of the goniometer and the detormination of the
angular values, | ’ |

Some forty of the best crystals were first examlned

with the gonlometer, and from these, thirteen selectoed
ﬁhich gave pgood single reflections from a number of faces, -
The anéléa given in the second last colum of Table 2 are
tho means of the relisble detorminationa, values found’
from faces giving'dbubia or blurred reflections being
noglected, |
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TABLS

Interfacial Ancrles of Sucrose

- Ramme 157 Vavrint )

Faco |Face Tankel Miller [olff (1843) bery. Schaaf |Rinne |ecz. Thelps| Vernor | Value

Symbols| (1840) |(1842) [oas, [Cale. |(1855) [(1801) |(1e25)|(1925)|(1031)| Taken
are |100:001 76030 |75%50" 760300 - |76%31 176°441 76015 | 770 | 759250 77031” | pyoq
arr |100:101] ~ - - lagoistlasozrs | - - lasoirelasosye| . |asorns
asr?|100:101 63°451 639207 | - 640307 649277 62012 ' ss?mi 630141 (639321t 63°17¢ | 630191
c:r |0Cl:l01] - - - [3¢°15% [31%207 | - - [31%07|31%2Y . |31%0!
cirt|001:301) 39945+ 41°10° 3900t | - (300171 (3994 | - |390451|40% |39012+ | 300491
c:q |001:011] .- - - 1409307 - - - |4105¢ 40‘519' 409537 |41°1¢
q:q |0ll:011 - - - 199901 - - - - |2BOOY |9go4t |ogogt
r:o |101:111 - - - |32%23¢| . - - - 32"52' - |z2%@s
ﬁ:p 100:110|50%0t | - - :3{;%8' 59045* © = |50907 (509371 {50044 | 500311 | 500410
pip |110:110|80%1 (79920t 780281 - |78%00 789307 (78%481 |78%1 ¢ 78?’43' 76%52¢ | 75025+
psa (2105100 - - - | - - | - - |31°11¢] - -~ |m1°110
p:p 216:110 . - - - - - - - 15%5| . - 19925 ¢

*ee



40,

Published data on Sucrose £oes baok to 1840, Groth (28)
Vol,3 p.é&@vqﬁoteaAfbur serieas of values by Wolfr (29), |
Rammolsberg (30) killer (31) and Hankel (32) and aceepts
Wolffis figurea for the palculation of the axialJraﬁids.

In addition to the aﬁovo results there are a2lso those of
‘Rinne (33), and tho more recont detérminapiona of Telps (34)
and Vavrineez (35). The last column of the Table shows the
angular values which have beon taken for thoe purposes of the
work on wveloclty of erystallisation, They have been arrived
at by sele#ting‘and aversaping what wero thought to}be éhe
more reliable determinations, more velght being given to
those values baaed on a large number of determinationa.

It may be added that the axial ratios glven in Croth (29),

based on Wolff's data are :
B tbio=1,2505 113 0.8782, p=103%0%,

vavrinecz gives a valuo for the aiigl engle of
A = 102%51, this being based on the meen of 150 readings.
The mean value found by the writor was # = 1029571 which 1s
in pood agreement with Vavrineez, Axial ratios ecaleulated
by Vavrinacz aro
atbiom=1.258 111 0.8046 . @ - 102%51,
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VEASUREMNENT OF GROVTH, The two most important zones
of the erystal are the [010] zone, parallel to the e éxis,
and the [0ol] zone, parallel to the b axis, These two
zones, which are shown in Figure 7 together include 12
faces of tho crystal, The two left clinodomos fOfl? ’
which frequently occur lie in the floO] zono, which |
includes tho {001} faces, while the hemipyramids {iil}
are in the [101] zone with the {101} facos,

Before using a crystal for an experiment, reference
spots woro made on a number of faces, A very s-all mark
"was mode with the point of a needle in the centre of a face,
and this blackened, with a haid pencil which had been ground
to a very finé point,  After marking the requisite numbér
of faces in this manner the eryatal was allowed to grow for
a dauple of hours in slightly supersaturatod solution in a
thérmoatah, and finally removed and cleaned with alecohol as
described previously. Provided that the marks on the faces
are only very small, theo crystal will grow evenly over the
apdba. Four pairs of faces were marked 1n thls manner:
tho {100}, {110} ,{110} ana {001} forms,

For the measurement of the crystals, the orﬁatal
ad justing movement of the Fuess gonlometer was atéach@d

to a flat brass plate and the latter placed on the platform
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of a Beck travelling microeoope‘aa gshown in the photograph
Plpure B; Removing the centre p@g-nofmally used with the
roniomoter, a crystal could be placed on top of the movement
and tilted in any direction by means of the two mutually
bperpendicular tangent serows, |

Commeneins with the measurement in the [010] zone, the

case of the (100) and (110) faces will be dealt with in
detall to illustrate the method, In Figure 9 ABDEFC represents
the crystal before growth, while alplplnlplel 1a'tha same
- erystal after growth, IReference spots are at 0, Q, 7T, ﬁ,
¥, and L, |

pefore the g;owth experiﬁont, the erystal 48 placed on
the poniomoter stage and adjusted by meoans of the tangent
serews until the (100) face is at ripght anpgles to the axis
of the miecroscope} 1.8.,‘unt11 all parts of the face are
in gharp focus when traversed with the mieroseope, The
eross hair in the eyepleco is adjusted so ag to be perpenw
diqular to the direction of travel of the mierocacops, ond
the flat plate carrying the gonlometer movement with\cryatal
maved slichtly 1f nocessary to br;ng the édgas A and C of the
erystal parallel to the cross hair, Havinz made these
ad juatments the perpendicular distances 0 A and 0 C from

the edpges to the spot are measured, The spot in general
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is 1rregu1ar and of much larger dlameter than the cross hair,
but this doos not 1nterfera with the acecuracy of the roading
s the distances nre moasured from one side of the spot.
ﬁy adopting:a convention aa rogards the placing of the crystal,
énd'by‘alwaya traversing from left to right, no confusion
arises as to which edge to take,

The'preliminary levellins of a face was ocarried out
with a maghlflaation of about x 80, whlle the actual neoasure-
mont was more conveniently done with a lower magnification of
about x30 P ‘

| The'crystél is now tilted s0 that tho (110) foce is

perpendicular to the axis of the microscops and the distances
QA and QB found, takinp the precautions mentioned abeve.

Aftor growth thejcrystal is apgain placed in position
under the microadope end tho new (100) faee Alcl ad justed
so 23 to be perpendicular to the axia; The spot 0 can still
be seon clearly underncath the layer of crystal, and the
distances 0lAl and 0lcl may be found, Similarly qlal anda qlnl
are measurcd on the new (110) face. .

"hen taking @ roading for a spot, the microscope has, of

coﬁraa, to be focused down as the spot 1s below the lovel of
the surface. Since the axis of the microscope 1s always

ad Justed perpendlcular to the face, no refrastion error 1s
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introduced when measuring from a gpot some distance below
the surfoce,

To caleulate the growths of the (100) and (110) faces,
only 0 A, Q@ A, end thelr corrcaponding diatancéa aftor growth,
01al ana ;Q1A1 are requimd‘. The other distances O ‘O, Q B,
~ etc, are used for calculations of other faces, For tho case
of the (100) and (110) faces the construction shown in
Figure O may be taken.,

From tho spot éb 0, arow ool perpéndicular to CA, cu‘tting
the faces CA and c;Alat 0 and o} respectively. 3im11ar1}f
draw Qul perpéndicularly to AB, FProduce BA and BIAl to
P and R‘ros;mctively and i‘rom 0 and ol arew o z'arid aim
perpendicular to AP and AR. From 0 draw 0X perpendicular
to rol produced to X, \
| Thent AS = O0A Cos/

and  Alg = olal Coso
QS =QA £ OA (Cos¥
and QR = Qlal + olal coss

néncé ool = _OX . OlR - Q9 .
Coay . Cos

= gtale Qa + cos 4 (0%ale on)

Cos «



£ 1s the interfacial englo, which for these faces is
50°411 from Table 2 and & 18 tho complement, 399191,

Coool = (Qlal o qA) +cos 502411 (olal . o)
Cos 300191
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= 1,2027(q¥al- Q1) + 0.819000% 1 o) '

Purther,
03 = OA  Simd
Anda  O'R = oAl sino,
and also in the Aoxol
xol = 00} Sina.
Hencos
el = xn - o039
= oAl sin 6 4+ 00! S - OA Sind .
= (02ale 0n) sind + 00t minx
= 0,7736(0 A= 0A) + 0,633¢ ool

The formulse for the (100) and (110) faces are thereforo:

ool= 1,2027 (q2al- QA) + 0.8180 (0¥Al = oa ) )

- (1)
aqle 0.7736 (0lal- 0A) + 0.633¢ o0l . )

The same formulae may bo applied to measurements of
the faces adjoining the edges C, E and D,'and thus by |

measuring round the zone of faces shown in Figure 9 the
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the vortical growths of the six faces of the zone may be
found. The growths of the (100) and (100) faces are
checked from measurements at both the left end right ends
of the erystal,

Independent caloulation of the growths of the {110}
and {iio} faces 1s possible 1f measurements from their
common edges are taken, I'fgure 10 shows the (110) and (110)
faces, with the lettering 0, A, Q, ete, given to conform
with the previous case, The interfacial angloe is 78%31

and the equations become 1

ool = 1.0197 (ulal-qa) +0.1994 (olal - oa) )

@ql = 0,9807 (0lal- 0a)+0.1456 o0t - (2

0acasiona11y 1 amall (210) face wag observed in the |
»original eryatal, alﬁhough this had always disappearsed on
the cry@bal after growth., The presence of this face may
be corrected for as follows:

Pip.ll shows the cryatal before end after growth, the
(210) face beling pwesant in the original erystal and absent
in the final one, Vhen moasuring the (100) face, the distance
O 4s found, and elso the (210) face measured in projection;
l,e., ML i3 determined,
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If O and QN are produced as in Fig;ll thelr point of
intersection A will represent the hypothotical poaition of
‘the (100) t (110) edge, Fron a knowladge of tho inter-
'facial anglea (see Table: 2), MA and NA can be ealauléﬁed
" and added to O and QN to give OA and QA reapectively.
The caleculated values are 3

MA = 0,503 ML )

) =~ (3)
NA = 0,783 ML )

Havinw applied th@ae corrections for the presence of
~ the (210) face, formulae {1) may be used as before to give
oot and Qql,

The measurement in the [001] zone of faces, parallel

to the b axis (see Fig. 7 b,) 1s similar in principle. Since
in the crystals used for the work the {101} and'§ioi} forms
wore too small to mark, only four of the eight faces of ths
zone had reference spots,

Taking first the (100), (10D and (001) faces (seo
Figure-12), ON, olml, and QU, Qlﬂl are gmaaurad as before, .
the crystal adjusted so that the (101) faca EQQ perpendiecular
and the breadth of this face, !N and LlNlfound,

As in the case of the (210) faco dealt with above, the
poéitions of the hypothetical edges A and Al can be caloule

ated, sincet
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AY = 6.5413, MN ) ERCET
and AN = 0,7279 WN . ; - )
and similarly for ulnl,
navinr added these amounts to O, Qﬁ, eto., ool ana
QQl ere pivan by
0ol = 1.026 (qlil - QA) + 0, 2297 (91&1 - OA) )
aql = o, 9747(01a1 - on) + o.aasa 001 ; - 8
- As regards the parpendicular growth of the unmarked ‘
(101) face, it‘can be shown that the growth of this face

is given by
= 0,7094 (olul - o) + 0,7048 0ot —-(6)

For the (100), (101) snd (001) faces shown in Figurells,
a similar reaaonlng to the abovo can ﬁe applied,
The distanaea‘AM, AN, otec, are given by
A = 6.6541 mo)
AN = 0.0167 LN % -
and aimiiﬁriy for Alyl and‘Alﬂx .
After odding these to tho measured distances oM, QN,
" ete., 00% and Ql are givon by
oot = 1,026(0aY - qn) - o.2208 (o'a
el = o,9ma7(0% - 04) - 0,2238 ool

1 1 0A) )

) ~(8)
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— Jace
The growth of the (l0l),may be found by a formla
analagous to that for the (1l01) face, the growth of this
face, Ex,being given by

X = 0,8935 (olul - 01 ) + 0,4491 o0l — (9)

The clinodomes g {bil} do not occur in either of

the two zones dealt with above, but bolony to the [100]
zone which includes the §601} faces, Plguro 14 shows the
two faces in question before and after growth, the intere
facial angle (from Tab;e 2) belng 41°11, ‘

"The clihodomea on the crystals obtained were too small
to marf but since 001 the growth of the (001) face may be
found independently from moasurements in the tOOIJ zone,
caleulation of the growth of the (011) face follows directly
4f the dlstances OA ond 0}l are measured, The normal

growth of the clinodome 1s:
el = 0.6563 (o¥al - oa) + 0,7546 001 — (10)

If the right clinodomes {6l1} are present at the other
end of the crystal, the same formula may be applied to
calculate thelr growth,



— FIGURE 14—
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The only faces of tho erystal shown in Figure 6 which
have not been eonsidered are the two homipyramids,
Ofiilzl. Those were always so small that moasurement of
fhem.was not attemptod. |

Thus by marking the erystal, meaéuring before and aftor
crowth, and applyinz equations (1)-{10) as doscribed in the
above section, tho normal growths of fourteen faces may be
found, Tho a{l00} faces ere moasured at the four edges,
common’ to the p {110}, p*fllo} , rflol} , and r1{101} forms.
Two independent values are obtained for the ¢ {001} faces by
moasurements relative to the r {101} and rlfloi} edres, while
tﬁo prism facos p {110} and pl{110? are checked by refercnce
to the a {100}'adgaa, and to tho end prism edges, J

(e} Determination of Weilrht of Sueroso Crystallised.

Fucharenko's method for the dotermination and exproasion
of crystailiaation volocity has beon deseribed on pp 7 —&
For tho purposes of}éompnriaon with hls results, the increase
in welight of crystals waﬁ determined in additlon to tho |

neasurement of the growth of individual faces as described
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in tho last seaﬁion.
It vill be recalled that Fucharenko'!s method involves

a knowledge of the wolpht/surface area relationships of
crystals, and to check the method redetarminationm wore
made, A ﬁnowledge of tho denaity of the crystals is also
necessary. |

- The weighta of erystals were determined after cleaning
with aleohol and drying‘at'55°c; over Cal0, under a vacuum
of about 0,01 mms, It was round that<coﬁ§tnnt wéighﬁ was .
reachod after about 3 hours, Crystals wero weichod in small

stoppored woirhing bottles with an accuracy of b.l mgms,

For the measurement of surface areas, a Mutchinson
coordinate micrometer ssale, ruled with lines d.I mm; apart
was inserted in the occular of the travelling microaonpé. |
Using the poniometer stage, cach face of a crystal was
adjuated 80 as to be perpendicular to the exis, and the
magnification chosen so that the face was entirely in the
field of viaw‘or the mioroacop@Q With correet adjustment
of the lighting, the féce couid be seen clearly agalnst the
ruled grating and the ares found by counting the number of
squares covoered,

Tho area corresponding to one square of the gmting

wag found by waking use of the measurins arrangement of the
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traveliing microscope, VWith the mapgnification most
generally omployed, one square correasponded to an area
of 1,499 x 1077 on?,

" The method 1s tedious, but enables surface areas of
amaliucrystala to be estimated to within about 7. ¢ as will
be shown later. 1In a few cascs, photographs were talken
and the squares counted from the negatives, but the extra
work entalled in tho photography makes the direct visual
counting preferable, \

The densitics of small erystols may be most accuratoly
determined by means of a flotation method,

Convenient liquids for aucraale are carbon tetrachloride
end tolucne, As the former has a density of 1,5047 at 20°,
compared with the valup for sucrose of about 1'.58, only a
small amount of toluene (0240 = ov.8660) is required to make
" the mixture, | ‘

',35 00, maasuring eylinders with gx;ound stoppers were
f1lled with carbon tetrachloride and suspended in a tharmé#
stat at 20900 7 0902 ¢, Aftor adding m dried sucrose
erystal, t;oluene was added dro_p by drop, shaking the cylinder

after each nddition, until the point was reachod when the

orystal romalned practically stationary in the solution,
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Thoe density of the solution, which was then equal
to tho donsity of the cryatal, was determined by pyenometer

in the usual manner,

" {5) Yothod of Carrying out an Exporimont,

Having desoribed in the preceeding sections 2, 3 and 4,
the apparatus and individual stoges of the experimental
- technique, tho mothod of carrying out a volocity of ery-
'étalliaathn axperimant will bo deaoribed.
, Tho raquifed numbor o: solected and markoed crystals
were first moasured with tho travelling microscope as
described on pp;41to 50 , To ensure that the c¢rystals
vere perfectly elean, they were washed 2 second time with
alochol, pressed between clean filter papera; transferrod
to the welighing bottles, and after drying to constent
waight in vocuum, their respective weighta found, After
the second washing with alcoho1, the erystals were handled
with rubber-tipped forceps and not touched by hand,

Having oleanod the’cryatailiaétion abparatua and
allowed excess water to drain from the coils, flat glass .
plates were fitted to tho colls, anda the supersaturated

solution propared as described previously added gradually

%



to the reservolr and pumped round the circuit, Abaﬁb

the first 200 cca, flowing from the final thermostat coll
wero dlscarded, as the traces of water still remaining in
tho colls caused a s8lisht dillution, After elrculation
had comrenced solution was added to the regservoir until

it ocontalned abduf 700 ccs, and the thermocouplgs inserted,

Tho approximate concentration of the solution was lmown
from & refractometer determination, and the temperaturo at
which the solution would be saturated was found from the
solubllity tablo, The hoating bath was adjusted until -
the anit tomperature of the solution was about 5° above
tho caleulated saturation temporature, and tho other thermo-
stats adjusted to the required éxpcrimental tomporatura,
Aftor ateady‘tamparatura conditions had been reached,
(gonérally‘wiﬁhin about 30 minutes), the crystals were
transferred to thelr respective holders, the glass cover
plates removed from tho-ce11s, and tho‘cryatals insorted
and gentered, the timo beins noted in each c2se,

The rato of flow of solution in the ecircuit was then
datermine& by swinging the inlet tube away from tho resore
volr and collecting about 200 éca. of solution in a tared
bottle, the time of delivery beiny taken with a stop wateh,

The ratoe of flow in ces,. per sccond could be caleulated,



The solution obtained was analysed as deseribed on
PP 24—R27 o Aftgr‘taking tho sample a rubbef\sleave
was finally fit;ed over the inlot to the reservolr,

The tomperature of solution entoring the cells was
rocorded ot 5 minute intervals in the shorter oxperiments
lasting about 2 hours, ond at 15 minute intervals when
investigating low supersaturations, where it was necessary
to extend tho timo up to about & hours,

At the conclusion of the experiment the rate of flow
was again determined, giving a second sample for analyasis,
the crystals withdrawn from the bella and solution quiekly
removed with aleohol, the time of withdrawal being noted
in onch case, |

The erystals wore dried to conatant weight, and“finAIIy
meagured with the travélling microscope, In a number of
cases surface areas and densitxea were also dﬂtorminad

before and after growth,
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III ACCURACY OF THE EXPERILENTAL MSTHOD,

Dstimatos of tho probable accuraey of the various deter-

ninations involved in the oxperimental method are givén bolow,

(1) sSupersaturation of Solutions,

whe concontration of sucrose in a given solution,
dcterminod polarimetrically as described previously, may bo
ostimated with an acouracy of 1 0,02 gms/100 gns, aolution.
Duplicate and sometimes triplicate determinations which wore
made for each aolutian investigated, agreed in all cases to
within 0,04, = Tho meen value should, therarore, have the
accuracy given above. In the caleculation to gmas, per
‘100 ccs, the density figures are known with such accuracy
thét 1t cén Do token that virtually‘no additional errpryis
1nvolved.} The accuracy of the volume concentrations may
thorefors be put at about * d 03 grs, per 100 oca; solution,

As mentlonod praviously, solutlons were analysed 1n1t1a11y,
and at the completion of each exporimont 1n order to verify
that no concentration change throush evaporation had taken
place, In every case the initial and final determinations

arreed to within experimental error, the average of all
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~ determinations showing 8 decrease of 0,01 gma/;oo ce?.
solution, It may be taken, therefore, that the concentration
of aolution‘dufing an expe;iment romains unchanged;.

As tho presonce of reducing sugars in the solutions
would cause errors in the polarimetric dotorminations due to
‘thelr negative specific rotation, solutions were analyaed
1n1t1aily and finally for reducing sugar content by the mothod
deseribed previougly. The average reducing sugar contents

for all experiments are as followss

Initial solutions 0,007 grs/100 gms, solution
Final solutions 0,018 " n ¢ o

If the reducing sugars are assumecd to be eomposed of
equal amounta of glucoaa and fructose, the epeolfic rotation
[ocjao - 20. Csloulation will show that the prosence of
reducinp sugaras in these amounts will have an inapproociable
effoet on the determination of sucrose,

The accuracy of the solubility figures for sucroso is
discussed in Part 2 of the thasis. As will be shown later
the solublility should be within *'0.04 gms,.. per 100 gms,
solution, ‘

The supersaturation, (C - Co) of a given ac&ut;qn ahculd

thus be known to within * 0,00 gms/100 ces, solution,
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Temparaturas throughout the experiments were constant
to at least ¥ 0,1° C, the effect of temperature errors

Ab@in@ thus negligible.,

(2) (Orowth Rates of faces,

The acouraoy'or the measurement of growth of individual

 erystal faces was checked in two ways:

(a) By carrying out duplicate determinations using
double cells of the type shown in figure

(b) By'comparing the growth of a face calculated

' with reference to different faces of the saome
crystal; It was shown previously that four
separate estimations of the growth of the {100}
faces oould be mado, two of tho {bol} » and two
“of the {.uo] and {110 facos.

In general experiments were cpntinued until the faces of
a crystal had grown about 0;2 - 0,6 mms,, althougﬁ at the
lower temperatures of 25 and 30°, growths of less than this
amount had to be measured on account,dr tHe slow rate of
erystallisation, |

It was found that the rgpraducibility obtainable varied

“somewhat from face to face, An analysis of the results of



many experiments showed that the a {100} and 15{110} faces gave
the highest raproducibilit;y;. The measurement of the pl{1io} ,
¢ iool} and pl 101} facaé wag somowhat less eccurate while for
some reason which 1is notwoleax', the r{ldl} faces showed &
marked tendency towards 1i'regularit.y of growth‘. Accurate
measurement of the é;rcmths of the clinodomo 01 faces also
proved diffioult, The growth mocasurements of these latter
faces is depondent on the o {001 faces and sccordingly the
poeuracy would not be expected to ‘he as hish as in the other
cases, |

The following estimate of the acouracy of‘ the measureo-
ment of gr‘owth rates of faces has been based on all t;hé experie
mnté carried out duiin@ tho course of the work, - It was
found that errors of 157 aro to be expected in tho measure-
ment of the groﬁth rates of tho a{100] end p{llQ} faces,
With the pt 110} , ¢ {001} and r1{101} faces the error is
about ¥ 7¢, while the r{l0l} cannot bo estimatod closer then -
‘8. -

The clinodomo g {oil} faces could only be measured in.
relatively‘few cases since if present on thé ‘erysi;al they
were extremoly small, The results obtained for these latter
faces wero so variabla that they have been omltted from the
tables glven in Sections IV and V of the Thesis, | i
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1t was found that wiphin the above limits of accuracy,
" the samo growth rates wero obtained whether the erystal

was placed with right or left pole facing the stream:

of golution in a cell,

1.

(3) Eucharenko's lethod,

As 1t soemed desirable to conmpare results with those

- of Yucherenko, an cxamination of the asccuracy of his

method was made, A mentioned praviously (p. 4 ) tha
aasumpticnnwas made that the surface areas of aimllar
erystals were proportional to tho 2/3 power of the
wolghts, 1.0.4 |
8 =kw?23

% was evaluated by measurements of vory large orystals,
A valuo of 4:12 t 0,05 was found when gurfaca areas wore
oxpressed In cx? and the welght in gms,

To chock this constant, surface areas of 9 small

crystalas were measured using tho method described on

P.SI e

In measuring tho area of o face of a crystal by
counting the nuber of squares covered in a coordinate

eyeplece scale, the error Introduced will be chiefly due

.
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to the uncortainty of estimating fractions of squares at |
the edges of the raaa; - The possible error duc to this cause
hovever, is smail, and duplicate surface srea dcterminaﬁiona
cérried out on séveral of the cryﬁtals agféed to within |
‘+-0.6ﬂ. |

Th@ oryatala could be weighed to within 0.1 mg. or about
0.2 - 0‘.0,:« | ‘

Table 3 shcws the surface areas of the various faces of
the 9 crystals maaaured; Their correapoﬁding velghts and
the valuos of X ere given at the bottom of the tablé. The
‘mean valuo found was14,55 0,12, 87 high@r than Xucharenko's
figure. o

The acouracy .of about 17 aacribad by I{usharenho to the
value of K secms doubtful, and would hardly beo expeated in
view of the fact thé& éryutals gonerally show considerable
aifforencos in the relative development of fecea., The areas
of individual faces givan in fabla 3 1llustrate this,

As the density of sucrose 1is involvad In the constant K,
density determinations of a number of cryatala were made,
The mean value obtained for 8 crystals was 1.5830 compared
with 1.5850 as determined by Kucharenko, Errors due to

density variations are therefore negligibly small,
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surface Areas of Sucrose Crystals
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Face, sﬁrface Areas (sq;;mms).

1 2 3 4 5
100 |11.360| 6.956 | 9.610 | 9.525 | 10.410
° 100 11,229 | 10,528 | 9,769 9;742 11.200
110 3,590 4;626 2.508 | 3.538 6;456
110 4.351| 4.683 | 3.000 | 3.337 4.803
, (1o 5;423 2,957 | 2.538 | 3.252 5066
P iio 3.806 | 5.947 | 2.510 | 3.336 6.025
001 6.410 | 6.863 | 6.107 | 5.449 . 7.200
° %&oi 4.576 | 5.486 | 4.970 | 5.301 6.800
101 1}209 3,000 | 1.550 | 1.302 709
ri, 1ol 2,405 | 2,568 | 2.159 | 1.557 1,113
y (101 2,156 | 1.170 | 1,519 | 1,254 .e21
) giol 1.769 | 2.80¢ | 2.386 | 1.307 803
ol1 025 1022 L031 | .o30 027

. goii - 77| Lo24 | o9 033 :‘ -

o {1@1 0,016 - | - -

111 - - - -
Total Area |50.701 | 57.074 | 40.094 |49.155 | 61.049
Teloht (gms) | 0.0842| 0.0406 | 0.0345 | .0356 | .0519
K = 4.55 | 4.53 2.61 4;54_ 4,40

- S ‘
T,




Table 3 (contd,)

Surface Areas (a2q, rims).

Face
6 7 8 9

100 13,815 | 14.274 2,035 15,958
: '{ioo 15.357 | 14.441 | 11,301 | 15.040
10 “é.aac‘ 5.400 2,605 2,602
5210 5,908 4,066 . 2,945 5,049
1 giio 6;449 ' 2}952 u}sgs 3;729
110 7.482 3,481 . 2,545 3,073
%ooi '16.037 6,630 5,418 8.433
® loot 9,970 5,002 5.242 7.550
101 0.079 | 1.854 2,017 2,600
i §i01 1,279 1,512 1.401 1,861
1 101 : 0,893'. 1.614 1}215 i;vss
101 0,989 | 1,256 2,176 3,062
0l1 0.064 | 1.517 0,033 0,123
? {oii . 0,073 018 - 0,067
{111 ~ 6.194 123 - 0,040
¢ 111 - - - - 0,088
Total area 82,130 65;215 51;329 73;278

Veight 0.0003 | 0.0513 .0353 0026

Ke 8 4.41 4.72 2,76 4,65

Leen value of K = 4,55 0,12



The aeécnd assumption made by Hucharenko, that the rate
of increase in welght of a crystal i1s proportional to the
surface area introduces an error, since different faces of
‘& crystal do not grow at the same rate es will bo shown
later, |

The accuracy of the mothod i1s thus difficult to estimate,
as both the calenlated surface areas and tho Increases in
weight recorded will be dependent upon the form of the cry=
stals chosen for tho experimenta,

In the deterrmination of the 1ncraase in weibht of orye-
'atals during an experiment the crystal was oleaned before
and after growth with alcohol eaturated'with aubroae, us
has been debéribed previously. In order to test tha acour-
acy with which cryatal weights could be reproduceﬁ, a number
of dried ond welighed crystala vere immeraed for a few minutes
in a saturated sucrose solution and then removed, cleaned
with aleohol and driled to constant welght, o detectahle
change in welght was observed, 1hdicat1ng that the methcd‘
of oleaning with alechol was eatisfaotorf.
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IV THE EPFFECT OF RATE OF FLOW OF SOLUTION
ON CRYSTALLISATICN VELOCITY,

As mentioned previously, the method adopted for the
investigation of thla effect was to construet cells of diffor-
ent dlametoers, and connect these in sories in tho air thermo-
stat, With a constant rate of flow of solution round the
circuit, the veloelity through the different cells may thus
bo varied at wili. The advantage of this meothod 1s that it
enableos tho veloclty effect to be investigated under other-
wise oxactly oomparable conditions of supsersaturation and
tomperature of solution,

The veloolty of crystallisation in stationary solution
was determined in a number of exporiments by suspending a
crystal in the centre of a 200 ml flask, filled with solution,
and iﬁmersad in the final thermostat of the apparatus,

" A erystal growing under these conditions will not be in
atrictly stétionary solution, as amall convection currents
inevitadbly arise due to the diminution in the concentration
of solution noar the crystal, lowever, on account of the
slow rate of erystallisatlon of sucrose, and thé hich viscosity
of the solution conveoction curronﬁs are very small and the

conditions must approach very nearly to those 1n‘tru1y



stationary solution, Solutions of high supersaturation
cannot be investigated by this means, as spontancous crystall-
isation occurs too rapidly and small corystals formed in the
solution adhere to the faces of tho‘larger cryatai. The
volocity of orystalliaation in "stationary" solution has,
therefore, not been determined for all solutions 1nvestigated.
As can be seen in Tables 4 to 10 pp. 73—77, the effect
of rate of flow of solution on crystallisation velocity, has
been investipated at temperatures of 50°, 40° and 50°G, at
various supersaturations in each case.
In expressing thb results of those experiments, the queste
ion arises as to how "pate of flow of solution" should be

defined, and 1t 1s necessary to deal first with this point,

(1) Definition of Rate of Flow,

Previous investigators, when conasidering crystallisation
from stirred solutions, appear almost without exception to
havo assumed that a stationary layer of solution exists on
the oryégal surfaces, From the hydrodmnagical point of viaw..
however, there seem to be no grounds foé this agsumption, It
has been found experimentally in the study of the motion of
fluids of small viscoaity (such as air or water) around a

body, that the veloelty of the fluild is practically unifornm
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axoapt in a thin layar surrounding the body, where the
velouity grodient beocm@s largo, and tho veloeity falla rapidly
to zero at the aalid.boundary. This rozion, which 1s always
in steamline, or laminar flow even when tho outer fluld is
turbulent, has beon termed the boundary layer; the‘definitian
of the thiclneas of the layer beinz to & cortain extent arbit-
arf. Ono method of expressing the thiclmeas 18 to define 1t |
as the distance from the surface whore the velooclity differs
by 17 from the veloecity of tho fluld at 1nf1nttf. The thiclk-
ness of the bqundary layer incroases with increasing viéccaity
of the fluid, o | |

In the case of a suporsaturated solution flowing past a
erystal there seoms to be no reason to suppose that essentially
similer ﬁanditiona do not hold, 1i,0., that the solution has
finite velocities right up to tho crystal faces,

The apparatus us@d for the pweaenx work was designed no
that some estimate of solution valocities near the crystal
. eould be mgﬂa. As & rigcrous traatm&nt of the flow of
solution round & body muah‘asksucraae erystal did not seen
possible, various simplifying assumptions were made,

Referring to Figure 15,, the valoaity'distribution of the
solution flowing in the cell before reaching the orystal ﬁill
be of the form shown by curve (&) at the 1@ft;~ on tho erystal
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surfacs, tha>velooity is zoro, ond the velociby distribution
takes on ﬁhé fo?m shown by curve (b)., With ihe rates of
£low of solutiqn employod in the'experimcnps, flov was
streamline_in éll éascs.

. To paloulate approximately the volocity distribution

round the orjatal, the following assumptions were made:

1) The disturbing effect on flow of the thin
wire erystal holder was n@glected;

£) The crystal was assumod tb have cireular
cross-gection instead of that shown in
Flg. 7.

3) The crystel was taken to be sufficiently
long for & steady velosity distribution

to bo regched on its surface,

Cbviously at the front end of the crymtai the flow
will not immedictely reach a steady state, and at,the rear
end will also be disturbed, HNowever, making these assumpte
jons to obtain an approximato ao;ution, tha problen reduces
to one of flow through an annnlar’space formed between the
outer tube and a co-axial eylinder, as sﬁcwn‘in Figure 16.

Veasuring dlstances from tho contre axis, it may

readily be shown that the velocity of solution at any point
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- at distenco r from the axis 1s'g1van by

(7 > 'f ’”' /%) ()

‘where:?

u = velocity of solution

P1 = P2 _ pressuroe drop over length 1 messured alorng
1 ; - the aitis,

‘7 = yviscosity
ry = radius of centre ecylinder
" "

r, = outer "

o

The volume flowing per sceond, Q, is piven by the
integrals . ’

% ;77[127«.54, - JZ/;'(/U / f“—%é/f t. A+

Eliminating p; - p2 from (1) and (2)

371
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| 1 7' 7" .l/
/Z _ p?@ f—’ﬂl— 'f\- %7’

7;-
e

1.9. i) 13 givan as a function of r, in torms of the knawn
valuea of Q, end the radil of the two cylinders, ry and roi .

It can be seon thet U becomes zoro st r = ry and ra,.
Maximm veloeity is reached ot the point

e

/f, 7"
r
o

°7'n

- The form of4equation (3) 1s such that if U is plotted
agalnst r, the curve is very negrly }1naar for small values
of r up to about (ry+0.,01) cms,; 1.6. %3 1s sensibly
oconstant, Thus if the velocity gradient az tho surface of
the inner oylinder, %% et r = ry, 18 found, it will serve
ta defin@ the flow in the immedlate vicinity of the cylinder,

leferentiating equation (3),

AR W

=Y

&fa) Y ”?77—"1‘@"’, 2 |
E 7;,=_/,' - ?I 4 4 Zf).".r‘j e “-(:.,L)

gy
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On cccount of tho simplifying assumptions thet have
been made. this equation will not hold strictly when applied
té a erystal centered in a tube, but when comparing the
flow of solution past similar crystals in cells of different
diemoters, the calculated values of %% at the crystal should
give at loast a relative moasure of veloeity difforonces,
The graph, Figure 17 shows how %%at the surface of the
contre c¢ylinder alters with dlameter of the outer tube,
taking the central eylinder 0;3 cns, dlameter and a rate
of flow of solutlion of 2'.5 ces/amom,. The value of 8% falls
asymptotically to zero as the outer tube diameter dar -

13 increased to infinity, and rises rapidly ss the diameter

18 decreased below about 1,5 oma,

(2) Experimental Results,

‘Tebles 4 to 10 following show the effect of rate of
£low of solution on growth rates of different faaa#.
Tables 4 to 6 are for solutions at 30°C at different super=-
saturations, Tables 7 to 8 for 40°C and Tables O to 10
for BO c;, At ths top of each main vertical colwum is
given the internal diameter of the cell uséd, end the value
of ¥ at the eryastal, calculated from equation (4); It will

dr , , ‘
be seen (particularly in Tables 7 to 10) that & wide range
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of voloeity pradicnts is ao§eréd. Maasuremenﬁ of the growth
rates of the r {101} faces waa not carried out in tho first
three experiments, Tebles 4 to 6, end these contain the |
rosults for only 10 faces or tha'aryatal In the remainder
of the tables. thoe rates ror the r foces are 1ncluded

| It will bo soen from tho tables that the two faces of
every form prow at the same rate within experimental errbﬁ,
end accordingly rmean values for the varlous pairs of faces
are shown in the tableg. | |

‘At the bottom of oaeh column 1s given the overall
‘eryanallisation rateo calculated by Kucharenko's method from
the weights before and after growth, The ratea are expmeaaed,
in conformity with Iucharenko, as mgma/ﬁﬁ/ min.

The reaulta for the prowth rates of the faoaQ are shown
graphically in Figures 18-24, growth rate beins plotted against
valociby sradient of solution. It should be noted that

ordinate and abacissca acalas differ In tho various grapha.



TARLE 4,

73

Tenperature 30°C, Average radius of crystals, ry = 0,18 onma,

Superaaturation of solution = 4,88 gms/100 ccs,
'Rate of flow of solution

= 2,33 ces/see,

Stationaéy 1,85 cnms

0,625 oms

Coll radius,ro 0,725 cma
du at crystal Soln; |
dr -~ 4,8 : 6
(ems/soc/on) ° ed 8
Paco . |
Symbols ‘Rate of Growth of Faces (mmg/hour)
Veoan Jean , Yoan 4 Yeoan
100 ,018 .022 L0253 022 -
a _ L017 | .021 | ,022 ‘ <021
100 016 2020 «020 020
110 '058 . 0058‘ ) 0068 .067 "
p | . 056 059 L0700 |- 070
110 « 054 : « 059 «071 072
| 1i0 1,022 028 027 | o290
pt | __ - 022 029 030 |- L0351
ool 025 .031 - . 020 027
o - v 023 | J031 |- « 029 ' « 029
001 - 021 030 020 « 030
1 101 .028 .038 » 036 038
r - oo .02? .053 .036 ’ .057.
Overall e ;
cryst,yolocity - 8GO D50 030 -

mems/m</min,




4.
TADLE 5,

Temperature 30°C, Avorage radius of crystals ry = 0,18 cums,
Supersaturation of solution = 8,47 gms/100 ccs,

Rate of flow of solution = 2,54 ces/sec,
Cell | 1,25 cms 0,725 enma, 0,525 oms.
radius ro : :
du  at 5.2 26 | 73
da
sryatal
¢{Cma/eec/cn)
Face , ;
Symbols, . Rate of Growth of Faces (mms/hour)
‘Yean . Nean | Yean
, 100 035 « 037 | . 036 : :
2 - - .056 ' ' .039 ' .038
100 « 037 L040 <040
110 «103 <118 - 125 ‘
P - : .100 ) .123 ! . .123
110 109 127 119
110 | .48 .040 044 :
pt | | o4 | L0460 : . L045
1110 0 0423 » 052 » 040
001 o044 ‘ £ 040 + 044 :
[+] - : .%5 ! .038 ‘ .045
001 o482 « 038 o 042 :
L |1l | o8 059 ,050
r - - .058 ) .057 . .058
|101 . 057 . 054 . 057
Overall '
eryst,vol- l620 - 1620 1650
ocity 2
rms,/m</min,
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'}.’ABL 6,

Te&parature 3000; Averag& radius of crystals, ry = 0 18 cma,
Supersaturation of solution = 9,31 gms/100 ces.

Rato of flow of solution - 2.51 ccs/&eo.
Cell | stationary ’ 1,25 ems 0,525 cms
radius ro Soln, 1 , ‘
gu at o ‘ , ‘
ar o ' 5.2 73
erystal
(Cma/sec/cm)
Face | - Rato of Growth of Faces (mms /hour)
Symbols : L e Lo o e
'_ Yoan . Yean | lean
|00 .028 038 1.1 - -
a - I .« 028 - - L0038 : c G04R
100 027 | .038 | w022
110 | »078 |« 128 T Tl «13) n
p - ) 0076 . ‘ .127 g . ’ .129
1110 . 073 125 |.227
110 I l.oae l.088
pl | __ L0352 W04 04T
1110 033 : Y JO4E
001 024 - |l.o39 1047
[+ I - B 0215 " 039 . L0406
| ool .026 1,039 | .045
10l L0584 1.082 .08 .
rl | i . ,058 4062, | ©,092
101 0062 . - ..098
Qverall
Crys.vol= L S
ocity 001 1850 1900
rgms,/o/min,




.
TABLE 7, ,

- Temperature 40°C, Average radius of erystals ry = 0,15 cms,
Supersaturation of Solution = 4,85 gms/100 cea, L

Rate of flow of solution = 2,41 ces/sec,
Cell . ‘ N N
radius ro 1.99 oms 0.525 cmas 0,37 cma
T C R - B . — ‘ T
ar 1.5 66 222
cryastel ' S ,
(Cms/sec/cm)
Yace :
ymbols ~ Rate of Growth of Faces {mms/hour)
Mean ' Naar o oy
100 L043 —— | 051 —=—= |,04p 028
a | - | « 044 o 049 - ,050
" 1100 « 045 | | « 046 L0511
p |- 150 | .J188 _ <184
N 1io L 042 | 067 L0687
PT .. « 040 , + 068 067
001 065 : L0811 ,063 .
[ N Cr 0056 ’ .061 ’ .062
001 057 , o061 4061
1 101 075 084 _‘ 1,089
r - o <079 ‘ « 087 [ - 088
10l . 084 « 000 |.087
B . I .
lo1 066 079 | »085
r - - .066 ! .065 g ' .080
{101 . 066 . 051 L075
|
overall - | | . |
erys, I , ‘ R '
voloclity © 1850 . U - - 2250
mrms /mP/min, } '
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 pADLE 8,
Temporature 40°C, kverage radius of erystals, ry -_o.ls“cms.
Supersaturation of solution = 8,97 gms/100 ces.

Rate of flow of solutioh « 2,50 oqa/bec.

Coll Stationary -~ 1,09 cma 0.37 oma
radius r's Soln, ‘ ' :
adu at -

o tal
crysta 0 1.6 ‘ 231
(Cma/aec/cnm) ‘ 3 o
Face ‘ «
gymbols, : _ Rate of Growth of Faces (rms/hour)

‘ ~ Lean o Nean ‘ loan
100 L0857 - .08 Jdo2 -
>} - . -060 M ‘082 ' .103
100 <063 | ' #0835 ' » 103
, 110 JA78 289 0346
p | | 167 , +269 : 355
{1io  |.085 ‘ JA19 - o154 -
pt | __ . L0081 |- . ,108 S ,186
110 «097 « 097 <135
001 « 079 | - " 133 oo
c - ‘ 076 D 100 - o134
001 073 2100 0134 |
1ol 102 , 155 Jd90 -
rl | .102 : J141 - .188
BETS S o101 . <126 - . 185 :
101 S000 | .143 i
r — ' T L0893 « 143 . + 194
101 « 006 : - ‘ « 185 )
Overall .
cryst.veloga
1ty mgms/m?/min, 2300 3670 4500




TABLE 9,

8.

Temporature £0°C, tverage racius of crystals ry = 0,15 oms,
Supersaturation of solution = 3,96 gms/100 ces,
‘Rate of flow of solution

© = 2,31 cca/eec,

0,625 ong

0.37 cms

Cell : - 1,99 oma
radivs ro ‘
‘du at 1.2 62 2
- tal |
crystad,
| (Cme/sec/on)
Face B R
Symbols, - Rate of Growth of Faces (mms/hour)
. Voan - loan ' Yean
100 LOTL T 078 083
a |_ : « 069 g » 080 ‘ « 084
100 2087 , «.081 « 084 .
110 o151 o257 - 250 ‘
P |- ’ «168 ' 264 : " 42656
1110 184 <271 ’ . 280
1 110 L0094 L0097 .100 .
P — ‘ » GO0 ! « 090 ) « 097
A 110 085 . « 083 « 093
" | ool 071 - 104 - 104 -
¢ | - ' 0074 .10‘1 : 0100
001 .0?6 .l% ‘ '096 )
N 101 Jdo03 JA38 : 51 .
r - ' .105 0140 o .150
101 1006 . 142 1490
101 W001 W140 ) Jd60 -
r -~ 0091 ) 0130 * 0140
101 . 090 w120 .120




- ar

Tamperature

uupersaturation of aolution -
tate of fluw cf olution

00030

| TiBLT 10,
Avarapa radius nf cryatals ”1 - G.Io ama.
5.67 gns/100 ces.

» a.51 ecs/éae.

79,

O 525 ons

0,37 cus

Goll . Stationary 1,99 ems
radius rg Soln, _
cu &t - '
) 1.6 69 232
cryatal
(Cma/hee/cm)‘
face. - ‘ : L L \ .
Symbols. Rato of Growth of Faces (mms/hour)
~ Hean ‘Mean - Yean |, Yean
100 |oO72 .101" | 23 - 1,184 -
a - * 0‘76 » 097 o ™ 118 .w5
100 . 080 .093 e 113 120
r (. +161 : 276 |- w64 |- «380
110 - 172 »208 + 360 «305
110 .og8 118 - 2135 - ] L,125 -
pt|_. S L0%4 | J11 J130 |- .140
110 . 080 ‘ <104 +125 »155
001 .OBG 0112 ! ’132 ' i .139 !
u ' - N .086 ’ .123 * .130 ) .138
001 « 086 o 134 o128 « 133
L |11 [1es 137 .190 195 -
r - .126 .137 ' '165 .1%
101 - - <178 192
1ol «071 «136 190 - Jd87
b N 079 <136 190 |- 194
101 087 - - «800
Overall o
cryst.vels 2044 4001 5370 5100
ocity ., V

gms,/m>/min

L
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(3) Discussion of Results,

It will be evident from the tables that the different
faces of the cryatai grow at diffar@pt»ratea; This effect
will be dealt with subsequently (sece Scction V) and in the
present section only the effect of rate of flow of solution
‘oonaidored, | ‘

' The tables snd praphs shew that the rates of growth of
- the various faces 1néraaaa with increasing veleoclity of
" aolution to meximum values, past which further increase in
" yeloeity of solution is without offect on the growth r;na
- within experimental error., In most cases the maximum rate
" 1s reached at quite small solution velocitia#.

The overall crystallisation rates, expras;ea'aa :
rgms/it2/min confirm thesa increases in the growth rates of
the 1nd1v1dual faces,

It can be seen from tho form of the curves that the
offoet of rate of flow of solution becomes more marked as
the growth rates bocome higher, and in order to show this
effect, the difforoncos botweon the rates in atationary
solution and the maximum rates for each faceo (Rmax -VRa) have

 been plotted against the maximum rate, (Rp..), in Figuré 2,
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The growth rates in stationary solution were not determined
in all éasea, end Pigure 24cincludes the results of Tables 4,
6, 8, and 10. An average curve may be drewn through the
points, as shown; tho pbints are rather scattersd as the
aifference term (Ry,. = R,) introduces an efror of about
ilﬂﬂ, but the trend of the curve is eclear, |

The results may first be considered in the light of the
Nernst theory which has been outlined on pg . It was assumed
in this theory that the concentration of solution in contact
with the crystal face was the seturation econcentration, Gy,
end that tha.rate of diffusion of solute acvess the baﬁndary
loyer was the determining factor in the process,

Applying this theory to the case of sucrose consider the
growth of the a {100} facos in Table (6) whsré the caleulated
velocity gradient of solution on the faco ia 73 ama/heq/&ﬁ.
Here, Rate of growth = 0.0@2 mms/hour,

ﬂupérsaburatlan - 9 31 pmajfoo ces,

S = 0,872 = 107 -3 em molﬁ./hc.~

If a layor of thiclmess d were present on the surface

~and i1f the solution in nontact with the face were saturatad,

a concentration gradient of 0.272 x 103 would exist,
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Fron the Fick diffusion low, for 1 sq, cn, of surface,

dn - g, 0,272z 107 - (5)
at | a - S : -

vwhere‘ .l)éldiffusipn coefficlent

| w 0,35 x lﬂfs _cm@,a/bee at the concentration
of the axperim@nt,

dn | - rate of crystalliaation or tha face

”
d = 00,0042 x 1,583 gnm, mole./bao/bm o

342 x 3600

Substituting these #aluea in equation (5) the hypo=
thetical layer thiclmess, d, is found to be'6.177 cms; Even
an apprazimate lmowledge of the veloelty distribution reunﬁr
tho erystal 15 éuffic;@nt to show that a layer of this magni-
tuda could not exlst, and that thoe Nornst hypothesis cannot
be applied to sucrose,

It appears that the erystallisation of sucrose is an
éxampla'or a very slow réactlon_veloeity in solution, and
1t would seem that in this case the actual concentration of
solution in contact with the crystal approaches more nearly
to the concentration in the oﬁt@r solution ihan to the

saturation concentration, The faect that crystallisation
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rato rises to a conatant‘m&ximum;valua with Inereasing rate
of flow; indicates that tho concentration on the face
approachos a 1imiting value, which must be virtually the
‘¢oncen£ration of the bulk of the solution,

It 1s clear, however, that diffusion does oxert somo
influonce on the erystalllsation rate, aincevrate of flow
of solution affects the process, If diffusion volocity
was extremely high compared with feéction valocity at the
surface, rato of flow of solution should have en inapmrec-
1able effeot, | " |

From the Qualitativa point of V1ew,'thé conditions Sn
tho surface of a cryatal in flowing solution may be régardsd

as follovs:

ro
/

x4 N
Cone . I’a/
d/.smbrﬁm ’ A ‘?' rjﬁufun
—— o
' c r" . - .
r/s70 /77 ) /77 T] 777

Consider the face of a cerystal, past which & super-

| saturated solutlon of concentration ¢ 1s flowing, the veloolity
of the sclution being zero in contact with the faco, and
increasing with increasing diatance X . Taking any element
of the sclution near the face, 1t will be seen that sucrose

is lost by diffusion In a normal direction, and gained by



transfer of aclution flowing pmrallol to tha faae. - Under
ateady conditions a balance shonld bo roached at overy pointr
end the aonoentratipp ‘distribution should take on & definite
forﬁ. ;
It was hoped that, since the rate of crystallisation and
the approximate velocity distribution in the polution were |
imown in each experiment, ho concentration dlstrivusion in
ﬁhe 1mmmdiate vizinity of the crystal coulﬁ be calculated, |
- and the actual concentration on the surface of the erystal
found for each diffarant solution veloaity.‘ The maghamatical
difficultien, hovever, proved oonamaerabla, and no method of
solution could ba found for the above case,

Thoe quostion of the arfect of rate of flow of solution
on cryatalliaatiﬁn velooity may ba treated quantiti%olywby
taking a aoﬁmwhat simplified case., |

7 |
A e
[f/:fa/ 9 / G
‘ / ffésxv\&‘a'/fn\
7[600. /
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Consider a tube closed at one end, unit crosse-
soctional area, and length a, filled with a supersaturated
solution. Tho end &t x = o 1s closed by a crystal face,

Tho growth of the face under two ¢ifferent conditions
will bo dealt with:

1) The solution is imegined to be violently
utirr@d throughout the growth, so that at
anj 1nstant the concontrabion is uniform
from % =o0to x = 8, .This is analogous to
the case of a solution flowing past a crystal
. at en infinitoly fast rate,

2)  The epolution is allowed to remain in a
~ statlonary condition so that sucrose can

apyroach the foce only by diffusion,

: Before dealinp with thaaa two casea, the concluaiona
drawn in the next saation of the Thesis muat be anticipatad
to a cortain extent, | As will be shown later, the maximm
growth rate of'a face bears a linear relationship to the

‘suporsaturation of solution,

N " . dm . »
1.0 —  m ¥ (C =« Co — 6
| < o ( ) - (8)




whero: C = concentration of the bulk of solution which

mst be virtually coual to the concentration on

the face when the solution 1s flowing ot rele

atively infinite véloaity.
- Co = saturation concentration.
d¥ = rate of crystallisation of the féce which may

dat 2
be expressed as gma sucrose/cu</sec,

‘The K, values for tho different faces have been evaluated,

“and ere given in Section V,

Case l,. S8tirred Solution,

Iet the initlal concentration of the solution in the
vescel be 1 gma)hc, and let Co be the saturation conéen»
tration,

o Lot Ci = Co =4
As stated above, tho rote of crystallisation of the

face willl be glven &t any Instant by:

4% & E(Cc - Co) =X — (7)
at .

The crystallisation of en amount M of ‘sucrose lowers

the concentration of the solution,
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| syferss ol
Ifcf ia tho éﬁézgiéﬁiéi%n et any time, then
o = pia—u
or 45 ~¢1 ! - (8)
| o ,

Substituting this valuo of ¢ in equation (7)

& = Kify -n )
1)

dt
or ay . KN=Xpy o —_— (9)
at a

The solution of thls differcential equation is:

X,
M = ¢ a¢ne a

where B 1s & ucxmtarit.
From the initial conditions, li=o when t=o, B = -¢y a, and
the equation becomos

w}jt
a

m-%a(l»"e B - (10)

Applyings this to a numeriecal example,
Lot a = 20 ¢ms |
€y = 1,0284 gma/ce ;

= 0,0900 gms/ce.
Co = 0,0304 " " ) ¢i g=a/
E = 1,701 x 10“4‘, where the rate of crystallisation
i3 expreossed as gus sucrose cry-
stallised per om® por sec, &nd
supersaturation is oxpressed as
rms/ce, ‘ .
t = 1hour = 38600 secs,
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Then afteor the lapse of 1 hour, tho weirht of sucrose
crystallised will be

- 1761 % 20 = x 3600
1= 0,09 %20 (1=e 20

= 0.,0562 gms,
This may bo expreased &s mms, growth, by‘ dividihg by the
density of sucrose, 1.583., giving

" @ = 0,355 mma,

If, with tho same conditions as before the K value
of tho ;ac@ was only one third of that proviously talken,
1.6 , 0,587 x 10 ~* the growth during the first hour
would be ;

e 6.0189 gms |
and the correspondinz growth in mms,,
G 0.120 rms,

Cagse 2. Stationary Solution,’

For the diffualon of sucroso throwh the tu’os, the
. Becond 1aw of Fick may be appl&edx

-p%S% REE A

iy

ot
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Where C = concentration
end D = diffusion coefficlent, )

To simplify the solution of this differential equation
it was_aaa&mod as a first aprroximation that the concentration
of solﬁtioﬁ at the face of the»ngW1ng‘crysta1 is sensibly
~eonstant during the firat hour of growth, _

Let the concentration at the face be Cp and as before, let
the initlal concanﬁration be Cy .

The equation has thon to be solved subjoct to the boumlary

conditions:

XxXewo0, C= Cr (constant)

X=a gi = 0 , s8inco thore is no paésage of
' - solute at the end,

t =0, C=C; for all values of x
Tho solution of tho eqﬁahlon when subjoct to those

boundary conditions is:

_ 4/ Ty, H .oy, @a
C = Cyﬁkl;la' g)jku,bfef 4+ j"gw‘zz e | +
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After the lapse of a given time t, the amount of sucrose
remaining in the tube will be given by tho integral

C ax.

or the amoimc ¥, which has been removed from the tube

during that time will be:
Q

M=a CI - [C’,&Z)L
q

-a(; _.c/m.. d/g (/)/[:m >
ot

+3 LS & -"8 2‘17“3 /f)dx

Carrying out this Mtegratzion with respect to x ,

)

_Tot m’bf
/7 d[' --.d[;-— /(".-(wf.?a m;;?e %‘j

—(13)
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Applying this equation to the case of tho tube, consider
the growth during the first hour (1'.6. t = 3600 secs,), and
let @, Cy and Co havo the samo values es in Case 1, D,
tho diffusion cosfficient has a valuo of 0,45 x 10™° om®/sec
ot the given conoent:mtidn. o

subatituting these lmown values in equation (13) and
taking the serles to six terms, an expression for M in

terms of the concentration at the face Cp is obtained
M = 0,702756 = 0,68334 Cp == (12)

Yow 1t 1s lmown that if tho concentration at tho face
wero Cp, the aﬁaount; of sucrose crystallised during the‘
period woum be ‘ | o

M= Kx 3600 (Cp=Co) ==  (15)

: : .
And 1f K = 1761:: 10 » Bnd Co = 0.4384

) = 1,761 x 107 x 3600 (Cp - 0.938¢) (16)

Cf may be oliminated from equations (14) and (16) to
f£ind the value of Y, giving ' )
M= 0,0200 gms, ,
The corresponding growth of the face W,;:uld then be
¢ = 0,167 mms., '
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Again, as before,if K has a lower value of 0,587 x 10‘4,

substitution in equatlon (16) and elimination of Cp w411

cive I
, K= 00,0145 gma

and G = 0,002 nrma,

. 'Thoss resulta may be shown as follows:

~ Growth of Facos (rms),

stationary Solution Stirred Solution Difference

0,187 | 0.355 0,168
0,092 | 0,120 - 0,028

4

The two points obtained by plotting the differences
against the maximim growths arce shown on the experimental
graph, Figuré?%gi It can be seon that the theoretlcal
values are of the same order as the experimantal; " The
conaiderationé given'above se@ﬁ, therefore, to explain
aatinfactcrily tho observed differencea in raﬁes 6f'gromth
duoe to veloclty of flow of solution, Close agreement
would not be éxpocted. In the experimental determination
of crystallisation rates in statlonary solution convection
curronts will havo some effect, and furthermois the value
of D the diffusion coefficlent talen for the theoretical

caleulation 1s doubtful, as it has beon basad 0n tholms

determinations, extrapolated to the required concentration,
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Due'to the experimental method used byiﬁhdlm (36) involving
Aiffusion from concentrated to dllute solution, the value
of D 15 almost cortainly overestimated,
It i3 consldered, however, that tho agreoment obtained
15 sufficlent to sﬁbw'that the obaserved increases in erystalle
isation rato are of the order to be expected from diffusion

conaiderations,

Comparison of resu)té with those of ﬂavinov.

favinov!s results on the effect of stirring on cryutallia~
ation have boen mentioned proviously, p.é6 e The follow
ing cryatallisation rates, ex preaaad.by Kucharenko'a method
ag mgma/h‘/hin were roported ( 3.
delution 5090. cone, = 72,97 gms (100 pms solutioh.
(C—Co), caleulated, - .4/ gm%/lOO ocs,
P, i, of Stirrer ' Rate of Cryst, in npms/hg/ﬁin.

fm

0 o 443

30 566

00 | 2518

115 3044 )

220 42956 % Avge = 2080
340 . 2038 )



No inercases of even approximtely this magnitude have
baen ohtained during the preaent work.‘ The resulm may be
, conuidered as follows:

Tho meximm rate of cryatallisation oﬁwrveﬁ was 2980 mgms/
mg/min. 'I’hm g8 an appmximation, the overall rate for the
cryatal is 0.4:97 x 10~ gmm/cmg/aec, in a solution of super-
saturation 0,0141 gms/cc,

Hence tho overall voloclty constants,

K= 0,497 x 107° w 3,52 x 10-%
0.0141

Applyin" the mathods of caleulation glven xreviuusly,
it is found that the rate of erystallisation in stationary
solution would be expocted to be a 1little less than. one half"
that obtained with rapm stirring. The tigure réportéd by
Savinov for atationary solution 1s about one seventh of the
mex drmum rate, and the results smém'therefoﬁe to be of rather

doubtful acouracy.



95,

V THE EFFECT OF SUPERSATURATION AND

TEMPERATURE OF SOLUTION ON

CRYSTALLISATION VEIOCITY

It has been shown in tho last geoﬁion that tha'grcwth
rates of the varlous faces of‘the sucrose crystal inecrecase
to constant maximum Qaluas as tho rate of flow of solution
is increaaod; - The discussion showed that the increases
observed were.conaistént with the asssumption that at
sufficiontly high solution velocitiés the econcentration of
~solution in contact with the crystal face reaches the cone
.oantration of the bulk of aoluﬁion.

In determining the effect of supersaturation of solut-
ion on erystallisation velocity, the maxirum velosities
-ghould therefore be cqmparad, i;e., the values founﬁ for
‘the flat portion of the rate of growth/rate of flow of
solution curve, |

The effect of supersaturation of solution on the growth
rateas of the faces, at temperatures of 25, 350, 40,,50 and
60°%. 1s shown in Tablos 11 to 15. |

All figures given in tho tables are the moxirmum growth
rates in the various solutions, The tables for 30, 40 end

50°., inelude the maxlmum’valuas for the different faces



dbtained durins the 1nvegtigation of the effect of rate of
flow of solution aﬁd glven proviously in Tables 4 to 10.
The full velocity of cryatnlliaation/bate of flow curves
wore not dotorminéﬁ in the other casos, as tho data that
had already been obtained wag sufficient to enable tha
"oritical rate of flow" to bo eaﬁimated for tha other
”aolutions. In carrying out these experiments a rate of
rlowvwalilin e#ceaa of the ¢r1t1§é1 rate was amployad,‘to
ensura that a maximum growth rato would be obtained,

At the top or each tablo 13 given tho aaturaticn cone
centration at tho temperature or the experiments, The
first column or the table shows the actual concentration of
thg aolution used in pgms per 100 gms solution, whille the
next two glve raapectively the ﬁalculated supersaturation
fipures C « Cp ; and the Claasen ratios, 0vera11 crystall- %
isation ratesn oxpvessed by Kucharenio's method in mgms/h?/
min;,'are recorded in tho last oolumﬁ. These values wero
not determined at 259, Growth rates of the faces are
expressed throughout in mma./hour,

Thoe resulta for the growth rateas of faces are shown
graphieally in Figures 25 to 29, plotting sup@raaturatlon
(C - Co) against the moan rate for each palr of faces. The

overall crystallisation rates havo been plotted in Mpurs 30



(hoavy lines), the dotted lincs being Iucharenkots rosults
(2) at the various temﬁdratufcé. recaleulatod to the corres-
ponding supersaturation, (C'- Co), riguroa. “vIn tho tables
riven in Knchércnko‘a pgper,‘snpersaturutiona arec expressed
as the ratios of céhcontfatisn, in pms péf 100 gms solution,
Herzfdld'é aol&biliﬁ% ficures being talken f&r the saturation
concentrations, The writer's aclubility fipures havo been
uaéd in the recaloulation of ﬁuéharano'u supersaturations,

Referring firat to the growth rates of individual faces,
Iigures 25 to 29, it will be seen that within the llmits of
exporimental error straight 1ines aro obtained for each face.

. Tho accuracy is somowhat lover at thé‘hiphar temporatures,
pmrticularly as rog ards tha r§iOl} faces, but in goneral the
relationships aro clearly linear, ’

It may bo said, therefors, that the rates of grawth of

the faces are given by

48 o %(C¢ - Co).
at ,

vhere . O = growth of the face in a normal'directinn

¢ = Concentration of solution in contact with the
faco (1.0, the concontration of the bulk of
the solution 1f this is flowing past the
cr;stal at ralatively infinite velocity).

Co = waturation concentration

K = tho velocity constant for the faco, which
: is dopondent on tomperature,



Saturation concertration « 67.36 rms/100 grs. solution;

!

TABL®™®

- 11,

25°¢

Co = £4.98 gms/100 ccs.

Solution Yaximum Natss of Grosth of Faces (mzs./nour)
Conce | 5/satn.| 5/ satn a _ P _ i "o _ri
7 wt, | C=Co Cosff. A 123 1 9 SO § £4) 410 1la joul o) 201 iUk
<0090 JO0BO [40292 LOZ6B | 40120 40110 | <0111 +0083 [.01ch 4Ol4
69.32 | 3.B80 11,095 . .. 0088 - +0280 «0115 0121 »Q1E5
<0180 0170 | L0483 .O4ET |.0187 (0173 | .0197 .0184 |.0329 .0313
170,98 | 6.45 |1.184 4, | 0175 « 0470 0189 .0191 0321
- +0220 JO1E0 (L0583 40861 [.0233 L0217 | .0222 .02€0 |.0394 0372
T1.83 | £.00 | 1,236 + 0200 #0042 «0228 +0241 © o .0383
[faan ' . ,
N +0300 L0279 | .092 .OT8 |.0371 0333 | 0324 .0293 | .0510 0661
T73.76 | 11.41 | 1.281 roan «0290 - «085 20361 .0314 +0631

*86



TABLS 12

30°¢

Saturation concertration » 68.27 gms/100 gms solution; Co e

gmq/loo‘ces.

Solution ¥aximum Ratas of Qrowth of Faces (mms/hour) Overall velooity
- — T of erystallisstion
Cone. |5/8atn.| 5/satn s _ P _pt e rs mgma/a? /mi
7 %t.|C=Co | Coeff. 155 133 | 110 110 | 113 113 | 351 ool ) 552 W o2 o @min.
<014 ,012 [.045 041 | .020 L0018 | .D01% ,DQ14 #0288 D23
.ozo 0022 .06? 0072 A .029 .Osz IGZ7 00‘30 '038 0056
71.03| 4.88 |1.140 - 021 070 031 2029 #0387 940
. » ,026 .026 0084 -085 -030 0028 .Dz7 0031 .043 0040
71.71] 6.11 |1.178 s pmm .0283 « 085 «029 +029 +040 -
L0490 LD o119 L1285 | 044 046 044 042 |.0B9 - LOB7 ,
73.02| B.47 |1.2E8 rraan +038 122 2045  L043 <088 1830
_ C |e041 o042 | 127 131 | L045 J048 | J045 LO4T |.088 L0865
73.50 9.31 1.289 CanT .0‘42 .129 1947 v046 ’ 0066 » 1930
: , ~ 1e065  W0B0 | 4170 <180 | <370 064 '.072 «65 | 086 098
76.08(12.30 | 1.300 Yean +083 +178 +0ET - #0863 . «092 3179

*66



Ssturation concertrmiion =

TABLR

13,

409¢

S——

70.17 grs/109 gms solution; Co = $3.84 gms/100 ccs.

Solution Yaximim Nates of Growth of Faces (mrs/mour) Overall velooity
N of erystsllisation
Corc, | 3/5atn. 5/8atn P P — Pl e 1l r mgms/ma/min.
% 1t.|C-Co | Coaff. 133 100 | 113 113 T Yo 113 3531 Go1 1 101 oI o151 -
_ : ¢033 o035 | o130 o129 [.0585 o040 | o045 050 |.073 087 | 068 082 :
T1.86| 3.02 | 1,086 hropp | 4034 .130 .052 048 o) [+ .064 1200
: J049 051 | 184 = |.087 = | .083 .061 |.089 .087| .085 075
72.85 4.83 1.141 Faan / 0353 .184 0067 0062 ' 0088 088:) 228
. o073 o072 | 4292 4284 | o L1127 | 099 .104 |.140 124 | .111 .182
74.02) 6,95 | 14211 |ip.p 073 «288 »107 102 2132 | L132 3900
0102 103 | o346 o364 |.155 .164 | ,133 134 | .190 .185| ,192 195
75.13| 8.57 | l.284),,. | 103 »3E5 158 T G134 .188 194 4900
S E R E 2122 132 | 446 406 | 160 J166| 4172 160 | 4205 o218 - = - 4

00T



Saturation concertration e 72,15 gas/100 gms solution;

!

TLRLE

14.

53°¢.

Co = 97.03 gns/130 ces.

Solution taximun Rates of Growth of Fscas (mms/hour) Cverall veloeity
: . ' : . : of erystallisation
Corc, [5/8atn,] 5, 8atn " P _pl e | _rl r .| mgma/m®/min
Z Tt. |C=Co - |Coaff. 39 103 | 110 110 | 119 110 | o0l ool [ 1ol o1 | 1D )
‘04§ 0045 .148 ’138 '057 .051 .048 ;952 0069 .073 .GG& ‘{}76
73.28 1.95 | 1-957 kfean ) 0045 3143 .054 -051 OG?O -970 14:}0
i ! :
L083 ,085 4250 4280 |.103 4093 .104 .096 | 149 .151 |.169 .120
i74'25 ; 3096 1-117 haan 0084 0265 0097 s ! .1‘)0 0153 .140 5103
375.50 £.867 ,.1.174*Vaan } «123 ! 8D «140 #2132 194 «134 5202
% | : AR
g ‘ 138 ,139 '.423,.445 «159 149 5.165 +149 | 2232 239 - -
75.52 | 6.07 f~1.188 ‘aan | <138 «435 +184 «187 T +235 6022

‘101



TABLTE 1F,

£2°C.

Saturation concentration = 74.32 gms/lf)f) gzs solution § Co = 100.44 gms/100 ces,

Solution Faximum Pates of Growth of Faces (mms/hour) Jverall Velosity
‘ : : of Crystallieation
TorGs |5/ 8ALN.| 5/ 39 LT a_ P _ _ ph__ e _ rl r . .| mgms/m?/min,
? ¥t.|C=Co Coaff, 155 150 [ 110 110 | 1I1¢ 110 | 901 0ol | 1ol 101 | Tol 151
- LO54 07D .203 L1893 | .082 088 |.081 .089 [.128 .116 | 4140 .124
75.38| 1.95 |1.088, 062 .198 .085 - 085 2122 0132 2700
] 087 083 14273 4293 | 090 .109 | 118 4101 |.153 177 | 4169 122
75.67. 2.50 |1.075. «085 280 129 110 170 o141 3300
! 0120 o110 4350 4352 | J155 o154 | 4138 132 |4220 .202 | 4207 o170
76,16 3.39 | 1,104 L, ... <115 o341 .153 «135 .211 .188 4193
0121 L137 | .529 .503 | 4182 ,200 | 4190 .174 |.280 .296 | .358 ,288
76.72 1139, .129 «£16. .19 .182 .288 ~ 320 7370
' 2158 L1E4 | 536 .64 | 4209 4221 | J197 .238 |.343 .281| 310 .380
77.07 1.161 frrpan .156 o550 «205 .218 .312 «335 7700
1 )

* 301
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The values of X for each pair of faces, obtained from the
lines of best fit ‘on the graphs are given bolow 1in Table 18,
growth rates boing in mas/hour and suporsaturations in gmé/loo
ces solution, If groﬁt}; 1a'expwé‘aaed og gon sucrose cfyatallu
- 1sed /sql. cm/sec, and the aup@féaturationa in gms/cc, the X
valuos given in Table 16 ’ahould be multiplied by 4,390 x 10'5.

. IABLE 16,
VYolocity Constants of Faces,

reces. values of X = 9G/dt
C=Co
250 300 400 500 60°
.100 . ’ . ! ! -
a 00255 « 00440 .0112 . 0222 <0320
100 - _ L ]
001 - : . _
c | - «» 00285 «00507 « 0141 02506 0410
001 _ . .

1 110 : | e B
) s « 00220 +00525 .0156 . 0256 J0420
110 ‘ ‘

101 , ' L
- - «0200 <0374 20635
101 ‘ ‘ - :

1 101 - | ' I :
p i1 00763 | L0143 . 0307 L0895 <1080
0

18
Ve
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The sccuracy of the measurements of the r {101} facos
was not as high as with the othor foces, and the painté
for this form on the graphs are rather scattored. The
growth ratea aaem‘hdwevér,'to be approximately equal to
those of the rlfioi} faces, ahd in tho tablo glven tbovae,

thao sano voloolty constants have been aaaigned;

Discussion of Results,

- It will be seon that marked differcnces occur in the
growth rates of the various crystal faces, MNinilrmm ratos
are ahown.thfoughout‘by the afl00jfaces while p {110} faces
grow with the highest velooclty,  The growth rates of the
| pl {150} and p fllo} faces, at the loft and right poles of
the erystal respectively are considerably differont,

Unfortunately, very little is known at present of the
structure of the auérose erystal, The sugars in general
ypresent oné of the most difficult rroblema to be attacked -
by th§ mothods of X~raylnryatallography; The shapes of
the molecules depart varﬁ.muah from the planar and linear
varietics which have been so successfully dealt with, end
11ttle Or no help may be obtalned from optical d&ta; The

most that can be said at preosent on the nubject is that

T
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"the hardness, high melting polnt, and high density of the
sugar sugrest that the X«ray structure 1is largely determined
by the 0 Il groups, which tend to interact to the greatest
possible extent and link the molecules together in all
directions." (37) |

The ono c¢leavage piane of the sucroso crystal 1s the
(100); The cleavage indicates that intermolecular forces
are least in ﬁiractidna normal to this plane, and the low
growth rates of the 100 facés confirm this,

The unit cellvdimenaionu of sucrose have beon determined

(38) and are as follows:

a = 11,0 R ’
b = 8.7 X
c = 7.6 X

There are éwo molecules in the un1t~cell; )

According to Aatburﬁ'(sg) thé molecules are arranged
as In Figure 31, in the a¢ plane of the orystai;- An alter-
native "head and tail" arrangement is indicated.

An examination of a molecular model of sucrose will
show the complexity of the orrangemont of the atoms, Attompts
were made to arrive at somo explonation of the specifiec
differences in the growth rates of the faces that have been

observed by altering the relative positions of the
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constituent'grbupa as mch as was possible, but without
aucdésé. 'xtJmuat}bd hbwever,chat there 13 sommvdifferenea
: 1n.diatribution of say the O H groupa 1n tho moleaule,
that some polar efrect is exerted.

| The effaot of temperature on oryutalliaaticn rate 1a
markod, a8 can bg seen from tho tables and graphs, Agcording
to ths general theory of potiviSation applied to reasction,
volocity in aoluticn; the rata at wvhich molecules undergo
roaction 1is proportidnal to‘tho numbor of molecules in an
appropriately activated cdnditloﬂ. This number in turﬂfia
an  exponential function of the femperatura and of the
energy of aotivation, and usually determinea the magnitude
of the reaction volooiﬁy.

The equation _
K = 2e mr e (1)

{%here K = velocity conétanf, R = pas constant,-T = ghsolute
temperature, and E and Z are specific conutanté); has been |
found to apply to the great majority of reactigna'bcth.hemo-
genoous and heterogencoua,

Taking logs of equation (1)

log X = logz -2 e @)

1.6, the logarthm of the velocity constant plottad against
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the reciprocal of the absolute temperature should give a
straight line, the slope of which is n-gl‘

The velocity constants of Table 10 have been plotted in
this manner in the graph Figure 328, It will be seén that
the curves depart somowhat from linearity., Within experi=
mental orror, the curves for the various faces are parallel
to one aenother,

In view of the nonelinear relationship, it would scen
-that the concepts of activation uaually‘applied to reaction
valocity in solution ncod some modification in the case of
the crystallisation of sucrose. The concentrations of the
solutions involved are so high that this would perhaps'be
expected, | |

As rogerds Rucharenko's results, which are shown
graﬁhicailyviﬁ Figuré 30, it will be seen that in all cases the
velooities of ecrystallisation dotermined by the writer are
hirher. At 30°C. the divergenco 1s least, The reason for
theso differences will be clear from the discussion givanv
in Seotion IV of the effect of rate of flow of solution on
erystallisation velocity. The conditions of Kﬁ@harenka'ﬁ
detorminations, where crystals were placed in rotating bottles
of aolﬁtion, were such that maxirmm crystallisation rates were

not reached, the effect being more marked et higher velocitles.
At 30°C the velocities are fairly small, and rotation in a

botﬁle would glve results not far from the meximum,
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PRTREE VI  GRENERAL DISCUSSION,

It 1s doubtful whether the method that hes beon doveloped
for the present work would be generally applleable to the
study of crystallisation from solution, . The fabtor,which‘
is of importancs in tho use of tho method 1s the rate of
spontaneous cryatalliaation; With many inorganic subatences
this 1s high, and the possibllity of crystallisation taking
place in thé cooling colls and on the walls of the cells would
be conshﬂerable; Sucrose prosents many advantages in this
respect althoush the use of such highly viscous solutions
introduces other experimental difficulties, It scems possible,
hdwevar, that the method could bo modified so as to make 1t‘
sultable for use with some other subataﬁces. o

Some of the results obtalned with sucrose such as those
dealing with the dif?ering valoeity constants of the faces, and
the effoct of temperature on the process, ere &t present .
practically impossible to interpret on account of the lack of
knowledge of the ecrystallino atructﬁre, and the constitution

of concontrated solutions, These points would bo more advante
ageously inv@mtigatad.with aimpler subatunces’whoa@‘orystal .
structures are:muy &mcmi.

Sucrose, however, has proved & convenient substance for

the investigation of the effect of rate of flow of solution
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on crystallisation rate, and 1t 1s thought that as regards
this point fairly definitqlconclusions‘may be drawn, The
ﬁarnatthppthesia, of a saturated layer of solution in contact
with»the.eryatal‘waa‘eeqn to bo inapplicable in tha case of

_sucrose, the slqw rate of gryatalliaation making thls very

. evident, . TFor the process of crystallisation from solution

in general there appears to be no necesaity to introduce the
concopt, since it would secm that the solution in the irmed-
date viecinity of the erystal faco will have.a conoantration
~dopendent on three factors
1) Tho vélocity constent of the crystal face
2) The diffusion coefficlent of the substance
 3) The rate of flow of solution relative to the face.

For any get of conditions, the concentration of solution
on the face should rpach a definite vélue. ‘The lower the
;velocity cbnatant,‘and:tha‘hlghér thé rate of fiow, the more
""héarly“w;ll the concentration on the face approaéh that of
the bulk of the solution. In somo reaotions which have pro-
viously beon studled, particularly those of dissolution, the
veloeity constont uppeara‘td be high and unless the rate éf,
flow of solutiocn is corrqépondingly increased, the conoon~
tration of solﬁtlon on the faco would take on a valuo not far

from the saturation concentration, It secms very probable,
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hcweveé,‘that with sufriciéntly-high ratea of flow, the
ocnoentration on the face could alwaya bs made to approximate
’to that of the bulk Of the aolution.
It is nctablo that”desplte tho smount of work that has

| boen published to date on velocity of crystallisation from
’zblution‘thore‘aro no accopted absolute values for the
vélecity consﬁanta of theoseo reactions, the greater proport-
1on of the puﬁllshodkrééults having ohly empirical signi-
ricénce; Ohe'dr tha’main roasons for this would seem to
be the failure to account for or climinate the effect of
n rate of flow or»aolution'on the procoss, Hucharenko's
results for sucrose exemplifying this point,

It waa shown in the present worl that 4f the effect
:orvrato'of flow of solution is eliminated, the reaction is
' monomoleculaf in all cases, 1;0;. the reaction velociby is
prOporbional to the supersaturation, ¢ = Cp, of the s0lute
. ion, a reault which 1s perhaps reasonable to exp@ct, and
‘which might woll prove to be applicable to erystallisation

in general,
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T SOLUBILITY OF SUCROSE
"IN PURE SOLUTION.

The eolublility figurés of llerzfeld (26) have beon accepted
,aa'practiéally standard for many years, despite the fact that
from time to time determinations at a faw'temperaturea have
boen reported, which have not almays been in pood agreem@nt;
In perticular, Grut (40) in a recently pablished paper found
quite wido discrepancies.

In view of the importance of an accurate knowledge of the
aolubility of sucrose at various temperatures for the Work on
velocity of crystallisation, & redstermination was made,

For tho case of sucrose, the standard solubility teche
dique (stirring with excess solute at canstang temperature
until equilibrium is reached) has a number of disedvantages.

1)y Equilibrlum is reéchdd very slowly, necessitating
stirring for long periods, o |

2) At higher temperatures appreciable inveraion
and decomposition take place 1f the experiment
‘18 protracted,

3) Thé separation of the excess sucrose from the.

gaturated solution without evaporation taking
, placo, 1s not an easy matter with the highly
viscous aolut;ons encountered,
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-~ The second point mentioned above has been found (41)

- to be of major importsnce when 1nvsstigatiﬁg solublility at
hirher temperatﬁras in impure sucrose solutions containing
,réducing sugars, where the rate of decomposition is such that
equilibrium cannot be attained,

A modificeation of tho usunl solubllity technique seomed
therefore to be desirable. Ib was sugpested to tho writer
by Dr. R;'w. Narman that a mothod involving the determination
of tna saturation temperature of a glven solution, instead
of tho saturation concentration at a given temperature wbuh&
vbe,advantageous; A rapid industrial method based on this
‘principle has been daveloped by Harman (&2), who used a
flat-alded giass 6@11, thraugh which water of known temper-
ature could be pumped, mounted on tho stage of micrgscope.

A thin £1lm of supersaturated solution containing minute
crystals is placed under a cover glass on top of the cell
and the temperature ralised untll dissolution of crystal

edges is observed. nmpirical corrections aro nécossary on
account of the temperature lag involved in the heating; To
obtain a method suitable for absolute detorminations, the
following apparatus was adopted.
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Fxperimental lethod.

It was remarked previously that supersaturated solutions
of sucrose do not show a marked tendency towards rapid
“spontaneous erystallisation, and usm wag made of this fact
in developing the method,

Bessentially tho moethod ¢onsiats in rotating a crystal
in a glass vesnel containing ehout 400 ces, of alightly
supersaturated solution, ralsing the temperature of the
‘latter in steps of 092 ¢, and holding at each temp@ratuﬁe
for five to ten minutes, The crystal 1s illuminated from
‘the side, and viewed through tﬁe front of the veasel with
a low power“micrcscope;' "hen eroslon of the erystal is
‘observed, the solution 1s sampled and analysed,

- A photograph, Figure 38, glves a general viaw'of the
arrangement; the vessel contalning the salution'béing raised
to ahaw‘its construction, wh;lﬂ the diagram Figure 5% showa
tho dotalls of the apparatus as seen from the £ront.

A flat sided glass jar, 3" square x 4" high with flat
ground top edges, wes fitted with a rubber gasket and brass
cover plate, Tha’latfer was drilled centrally eand a small
atuffing box attached to carry a 3/32" brass spindle. A
nickel plated clamp was attached at right engles to the end
of the spindle, to hold a small‘crystal, and the projoecting
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end cohhectad to a L/iﬂ H‘P. &otor‘ﬁith'builtnin gearing,
‘which ran at about 100 n P M, on the output ahaft.x The
jar and motor were both attached to a short 1anrth of

2" x 1/4" iron as can be seen from the photograph, and
this connected to a haavy ratort stand so that Jar and
motor could be raiaed or lowerad 8s one unit,

The brass cover to the Jar wag fitted with a short
length of tinde pipo throughjwhich passed a thermometer
gréduated to 091 c, A fubber sleevo merved to make this
caﬁnection airtizht, _Ih addition‘a ahbrt length of‘pipé
was attached to the cover to alloﬁ pressure to be applied
tbythe jar\whan naaeasary. The covoer was hold firmly‘to
| thefjar by means of a clamping plate and brass rod bént as
ahnwn and threaded to take wing nuts, Tho asserbly wa#
perfoctly airtiﬁht. The glasa jar was éurrouﬁded by,a
4-1itre beaker filled with water and heated‘by é-bunsen,
atirrer and thermometer beins inserted tn the beaker,

" The method of observation was to fix a small erystal
freshly grown from solution,in the clemp, 1lluminate from
the right hand side with a projection lamp, and obaarve
through the front with the mlcroscope shown in th@ photo-
graph Figure J8. The rollawing aketdh ‘shows the plan

'viawvof erystal, lamp, and microscopo:
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The crystal 1a heldsby the fioqg fages in the clamp,
and tﬁe lamp and microscope edjusted so that a good reflecte-
fon is obtained from one of the {110} prism faces, the othor
prism face beim‘not 1lluminated, The divming line, .the
end prism edge, 1s very sharp and distinct in a good crystal,
If any erosion occurs,vt@e eégc becomes slightly blurred and
trregular, and it has béen founa‘that erocsion ean be very
readily'detéctéd in this manner, A cell contéiﬁing a woak
solution of potauaiﬁm dichromate i3 placed in front of tho
i&mp es the yollow lipght appears to improve the'eaae of
observation, | |

In carrying out a determination the solution is pre-
pared by making an approximately 507 solution of pure sucrose
filtering with é iittle washed kieselguhr, and’evapcrating
at about 50-3500; to the re@uired concentration, ’nigh

gupersaturations may safely be reached with tho very pure
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solutions used, A refractive é@ﬁ;@ detormination 1s muds,
and the approximate concentration and saturation temperature
calculated, | | -

Waving Iinserted a crystal in the olamp, the glass vessel
of the apparatus 1s closed, lowered into the beaker, and the
temperature of the water ralsed to within about 1°C, of the
caleulated saturation temperaturo of the solution, After
heating the solution to the same températuro,itvis run 1nt9
the vessol through tho thormometer opeying, the thermomatef
inserted, and tho motor started, -

- After rotating for 5’to 10 minutes the motorvis étopp@d
~and the crystal swung round into thé ficld of tho microaéopa
for observatlon, | A:tqr adjusting the lamp:to obtain a
reflecction from one of the {110} facos, 1t can be seen |
whether dissolution has talen place, If this is-not so, the
- temperature is raised 092 C, and the orystal rotated for a
further poriod, | _ ,

 momperature 1s readily controlled by hand as the sucrose
solution only ﬁaaponds 8lowly to changes in the teuporaturae
of tho water bath,

The point will finally be reached whon slight erosion
of the end edga'of the cfystal is observed; The saturation

temperature of the solution 1s taken to bo tho mean of the .
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temperatures before and after disaalution. Correction 1=
applied when necessary for emergent thermomeoter atem, a small
auxiliary thermometer boing attached for. this purpnaa; A1l
‘thermometers wore carefully checked against N;P.L. standards,

At the dlssolution point, the thermometer 1s withdrawn,
and a dry gloss tube of tho same extornal dlameter, bent into
the shape of an inverted U, inserted, the end dipping below
the surface of the solution, Applying slight pressure to
the vesssl through the other openings in the cover plate,
approximately the required armount: of solution is forced over
into a tared 100 c¢o, flask, the\rlaﬁk"atopperad, cooled and
weighed, and the sucrose determined polarimetrieally as'
doseribed previously, p;94. Duplicate or triplicate analyses
weore ddne in each case, Another sample of the solution was
mnalyaed for reduuing sugar oontant. |

Working in thia manner, & saturation temperaturo may be
detormined within half an hour, The final solution analysed
was in gll cases froe of crystals., At the higher tempere
atures, the glass vessel was lowered so that the brass cover
plate was beneath the surface of the water, as it was found
that condensation of wator took place on the cold surface if

this was nat done,
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The highly pure commerecial sucrose used for the velooity
or_arystalllgaticﬁ work was émpimyed; The tim@ taken for
an experiment was so short that no apprecisble amount of
reducing sugars was formed, the reducing suger content of
the final solutions being in all cases less than 0,01%.
Errors due to this cd@s, elthor ag regards th@vefrect on the
polarimébrio deternination or on the solubiiity of ‘sucrose

are negligible,

Results.

Fcurtaan solutions waré investigated, ovar‘ﬁhe range
17.6 to 91,1°C, The results are shown below in Table 17,
concentrationa being 'sxpwama in gmws per 100 gma solution,
Pietbing congentration against temperature as in,Figur@ 34
(heavy 1line) a parabola is obtained, the curve of best fit,
found by the method of least squares being a quadratic
parabola 4

G = 63,256 + 0,1497 & + 0, 000578 £2
where C = concentration in gms/100 gms solution
t n‘tamﬁ@ratura %¢,
| Gcnaentvatiéns calculated by this formila are shown in

the seaond columm of the teble,
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aolub.tlity of Sucroge in Pure Solution,

'remb. o, 'condontrlatién in gma/100 gms nplut;m
Observed = ~ Celeulated,
e 66,13 | 66,07
24,7 " e7.24 6731
28,4 | 68,00 87,97
3044 68,20 68,34
39.1 | 701 69,99
w'.o - 70'.52 ‘ e ~vo‘.5a |
w1 | mse 7139
52.6 . 72,66 | S 2,73
59.5 74,20 | 74,81
65,0 | 75,455 | - 75,43
73.2 30 77,351
75.6 | . T2 I
83.2 - 79,65 . mem
01,1 - em 01,69
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If the temperatures afavassumad’toybe free of error, the
[robadble error of the concentration dgtarminabiuns as caleule
?‘ated from tho fit of the curve is :fQ.O&; - Actually tenmper-
atures are also aubjadt tq‘axper;m@ntal‘error;ﬁéobably
~.about * 0°,1 C, and the concentrations would be about

% 0,03

CQmparismn with Results of Harzrald’and Grut ,

Table 18 shows the solubllity figures of Herzfeld (26),
Grut (40) and the writer at intervals of’5°c,_tha equaﬁién
riven above being used to caloulate the latter valums; Th@ '
equation has been used to extrapolate over a“pﬁall interval
‘at both ends of tho seale (i.,e, to 15° and 9@”0);

‘Referring firat to Heréreld'a work, the 3u1ub&11tyiwa3
detaémined at six temperatures, ranging from;ﬁé& to 99945C,
no determination being made between 59?4 andiggééﬁ 0; An
equation was derived by thé least squares method,

¢ m 64,184 +0,1348 t + 0,000631 £2, |

In Table 19 following, the experimental and caloulated

values are ahown; .The results are platteh in tho graph

Figure 34,
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Témpérature. conoentratian'(gma/loo gus solutlon),
| Herzfeld - Orut Vernon
15 66,53 - 65,63
20 67,09 66,80 66,48
25 67,89 67,68 67,30
30 68,70 68,58 | 68,27
35 69,55 69,50 69,20 ‘
40 70,42 70,45 70,17
45 Rn 71.43 71,16
50 72,25 72.43 72,19
55 73,20 7546 73,24
60 74,18. 74 .53 74,32
65 75,18 75.64 75,43
70 76,22 76,73 76 .57
75 77.27 77,95 77,74
80 78,36 79.15 78,93
85 79,46 - 80.16
00 80.61 - . 81,45
05 81,77 - 82,60
100 82,97 - -
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TABLE 19,
Solubility of Sucrose (terzfeold) |

Tomp. - Concentratién_(gms/loo gms solution)
%, T B

_Observed ~ Caloulated Difference
5.80 65,17 64,90 - 0.27
10,15 | 66.65 86,95 ‘ 0.30
les.g0 " 68,31 68.50 0,19
“ho.s3 wees | 7z - 007’
lbo.so 74,33 74,06 ‘ - 0.27
 lo9.45 82,76 | B2.04 0,08

Applying. the equation .

powt o.0a55 =¥

\/ n{n-3)

to the results, tho probable error is seen to be 0,24,

Horzfeld's detorminations do not seem tharercra; to be
of a very high order of aecuracy.ﬂ The ca'.'tculation of
solubilities to two places of decimals, as has been done in
his published tablev is g uite unljust:lried' in view of the
‘abova probable error of +0.24, Furthermore, tho large
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tomperature interval botweon 59% and 99245, wake the
results =t higher tampératurés doubtful, as eny error ét
the latter tampmrature would have an apprmciabia influence
1on the course of the curve.

: The writerts resulta are 1n,better agreement wiﬁh thoae
of Grut, as can be seen from the curves of Figure 34, al»
?though the lattor's results are somewhat higher throughout.
Thero soems to be llttle doubt thdt Hergfeld'a Iigures are
aprreciably in error. . o |
| | Tha solubllity of sucrose at temperatures from 15° to
;9590. at intervals of 1° C, caloulated by means of the
equetion £rom the writer's resuits, and expreased both
as gms/100 gmn soluticn and,gms/loo gms water, are givan
in Table 20. These rigures have been,used for bhe work

on valoaity of ory«tallisation.



Solubility of Suerose in Pure Solution,

TABLE 20,
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Temp, | Grama Suerose per Temp, Grams Sueross per
°¢. . [100 Soln,[ 100 water, || °C 100 3oln,| 100 water
15 65,63 161,0 56 - 73.45 276,6
16 65,80 192 .4 57 73467 279,8
17 65,97 193,9 58 73.88 22,8
18 66.14 195,.3 59 74,10 206,1
19 66,31 196,08 60 - T4,32 | R2B9.4
20 66,40 108,3 6l, 74 .54 202,8
21 66,66 180.3 62 74,76 | 206.2
22 66,03 201.5 - 63 74,98 . 299,7
3 67.01 203,11 64 75.20 303,2
24 67,18 204,7 65 - 75 .43 307,0
256 67,36 206,.4 66 75465 310,7
20 67,54 208,1 67 75,88 314,6
27 67,72 200,8 68 76,11 318,6
28 67,90 211,5 69 76 .34 322,7
29 62,08 213,3 70 76,57 026,.8
30 £8,27 215,2 71 75,80 331,0
31 68,45 217,0 72 77,03 535,.,4
32 68,64 218,9 73 77.26 339,8
33 68,83 220,.,8 74 77,50 344 .4
34 69,01 222,77 75 77.74 3490,2
35 69,20 224,7 76 77,97 353.9
36 69,39 226,7 7 78,21 358,9
37 69,60 228,9 78 78.45 364,0
38 69,78 230,9 79 78,69 369,3
39 69,97 233.0 80 78,93 374,60
40 70,17 235,2 8l 79.17 380,1
41 70,37 237,.,5 82 79.42 385,9
42 70,50 239,7 83 79,66 391.6
43 70,76 242,0 84 79.91 397.8
44 70,96 244 .4 £5 80,16 404,0
45 71,16 24G6,7 86 80,41 | 410,5
47 71,57 251,7 8o - 80,91 423 .8
48 71,77 254,2 89 81,10 430,08
49 71,88 256G,9 0 81,41 437,9
50 72.12 259,06 ol 81,67 445,6
51 72,39 202,2 o2 81,92 453,1
62 172,60 2065,0 03 - 82,18 461,2
53 72,81 207,.,8 04 B2 .44 469,5
| B4 73,03 270,8 95 82,69 477.7
55 73.24 273,7 : ‘
¥
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