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The cyygtallisation and diasoizrbion of lead gulphate sud
bearium sulphate have been vetudied by following the chenge in
condﬁcﬁivity which occuvs when supelfse.turated or gubsgturated
solutions of these salts are inoculated with seed crystals. The
digsolution into vWater of barium sulphate crystals, labelled with
35Sulphur hag also heen studled by a rediochemical technlque.

In Part 1 of this thesis, é;@ariments on the czysﬁalliserti@n
of lead sgulphate and barium sulphste ave described. The growbth of

whions has been found to foliow
a second order rate Lew, wnich is precedéd, in the case of lead
sulphate, by an initial growth suxge, of oxder greater thawv two.
’I,‘his' surge has bsen interpreted in terme of two-dimensional
muicleation on the surface of the added sesed crystals. The
crystallisation of leead sﬂpha‘«:e from gupersaburated solutions
containing ndnaequivalent ionic concentrations of lead and sulphaﬁe
has also been étudiedg |

Sodium dodecylesulphate, sodium pyrophogphate; sedium trimete-
phosphate and sodium tetrametaphosphate have ell been found to retaxd
the rate of growbh, and 1f present in sufficiently high concentrations,
to gtop it enbirvely. It was obssrved that the durgbion and apparent
kinetic order of the initial growth surge increassd with inereasing
concentration of impurity, and this was more pronowmeced when the

conductivity water used had been prepared by an lon-eichange method




rabhor than by digbillstion. The additive 1s asgumed to be preisrantls)
adaorbed at active sites on the crystal surface; and thus fewsy sites
are available for normal sscond order growbth. Fresh sites have
therefore to be crested by surface nucleation. It would seem thab

some orgaenic matter is leached off the ion-exchange resin, and thatb

' this also occupies some of the available growth sites, thus enhancing
the need for two-dimensional nucleation.

The growth of barium sulphate has been studied at various temper-
stures renging from 15° < 45°C., and a value for the energy of activabi
for growth was obtained; E = 8 K.Cals. / mole.

28 experiments on the diseclution of
88U Siupuacs and uvarium sulphate. The dissolg“oion of both salis
into subsaturated solution, and of barium sulphate into water, has
been found to follow a second order rate law, after a small initilal
surge of order gréater than two. Anionic adsorbates have been found
to retard the rate of solubicn of lead sulphate, although the
concentration required to stop it almost entirely wes considerably
greater than for growth.

Barium sulphate dissolution into water has been investigabed
concuctimetrically and radiochemically at various temperstures beiween
15° end 45°C., and the energy of activation for dissolution is

approximately 12 K.Cals. / mole.
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Taterest im crystallisation dates from the 8th Century, when
veerystallisation was found to: be 'usefui a8 a methed of purification.
In 1691, Robert Boyle noted the modification of crystal habit by
the rabe of deposition from solubion, while im the I9th Centuxry,
Swelgger (1) vealised thst a cerbain minlmum size of geed cryshal
was 'ﬁece,ssary in order %o initiate crystellisation,

Modern interest in the subiject, however, dates from 1897, when
Ostwald (2) determined that the upper limit for the effective size
of a nucleating crystal of sodium chlorate was 1010 gramg, Modern
theories of growth still incorporate many of Ostwald's ldeas, thus
he wag the first to rvecognise thai there ave two clearly defiuvsd
vegions of superssburabion, the metastable and the lsblle. In the
- formes region, no nucleatlon will teke place uniess it is induced by

mschanical shock, or addition of sesd crystels; as the supersaturation




is incressed, howsver, o wmevasvtable Llimit is veached, beyond v o
imnediate nucleation btakes placse. Woxl in thie labile region i
difficult to veproducs, since suuh factors as dust. ege and hirvowy

of the sclubicens, contact with the walls of the containing verie:

have all been shown to inducs gpontanesus nuclesbion.

Originally it was belleved bthalt growth end dissoiution sl

be reciprocal procosses, bub this was Gisproved by Maws (4,5)

found the rate of dissolubtion to be very much faster then thst o
exystallisation, and this was sgupporied by the resulits of Lehi:
Schmendt (6), From a sbudy of the growth of sesd erysbtals from »
supersaturated goluticn, nsing s conductimebtric techniqus, Ma: - -
ied to propose that at Jow valuss of supersaturabioan cxysballi o .o
wag a gecond order veaction. Hs interpreted the kinebieg in i

of a very thin adsorbed layer, probably of molecular dimenslor:

vhich existed at the crysbtal surface.

More recently Davies and Jones {7) heve reached & similar
from their sgtudy of silver chlorids, Bircumshew end Biddlfow &

proposed that the asbeps ab the crystal - golution interface woi.

five=-Lfolds=
1~ Transport of solute to the interface.
2= Adgorption of solute at the interface,
3~ Chemical reactlon at the intexrface.

4= Degorpbion of products fron the interfacs,

3

P

¥

- 5.. Transgpoxrt of smolute from the interface to the bulk of ihe nsoiws

iyt

I



Bither growth or dissolution would teke place, deponding on th-
relziive raves of the steps.

Davies and Jones (7) have combined stops 2,3 and 4 vo giv
overall iwnterface conbtrol sbep, and proposed thet in crystaelli - -
2. 1is Taster then 4, while the reverse holds for dlesciuiion,
idea has been supported by Turnbull (9), Dovemus (10) and O'Rc. -
and Jebmgon {11). Tuwrnbull has studicd the precipitation of ©
sulphate, uging e conductimetric technlque. He found that in
earliest sbages of precipitaiion the rate of growsth of the cxy. .
was Independent of their slze, and limited by a reschlon ab b
crystel - golution interface; after the crystals reached a cer .-
gize, howsver, diffusion beceme the controlling mechanism. Dc-
derivad growth equations for an iuberface contrclled process,
found good agreement wilh the expsryimentel resulis reporbed fi-
silver chromets, svrontium sulphate and barium sulphsie. O
end Johnson, in a study of barium sulphate precipitabion, aeri .
a gimilar conciusion. |

On the other hand, Colling and Lelnewcber {12}, who alwo
investigeted barium suiphate preclpliablon, concluded theb &ii @
wag the rate-controlling procsss, and Intexpreted their resuli:
temms of a theoxy of twe-dimensional surface nucleghbion on lov
plenes, propused by Becker and Doring (13).

Gibbs (14) suggested that a perfest crystal shouid grow 1

repeated two=-dimsnsional nucleation of new layers, with the pe i



of sach nucleus providing a growch stew ab which molecules covid b
incoxporeted inte the crysval. Thus, energetically, thers shouid
a critical superssturation below which the crystsl should not grow.
Volmer and Schultze {15), who found a number of systems in whizh i
gsuch critical supersaturabion existed, suggested that there was
mobile seli-absorbsd lsyer in thermodynemic equilibrium with the
crystal surface. Frsquent collisions would be expecied betwes:
consbituent particies in this layer, and from these the germ -7
tﬁu«dimensional eryasval could be formed, which would abttach i 0o 0
to the latltice plane below,

Frank (16}, however, suggested thab the surfaces of real o
are rarely perfecht, nearly aluays conbaining dislccatlons. T
presence of a dislocation which terminates in the orysial surinc:. .
engures that there ave always exposed molecular terraces on w:l
growth cen take place; apsimilation of the solute occurs at k.
the growth stepas. Hence, the need for Lwo-dimenglonsl wnuclea
doss not avise at low superssturablons. Indesd, Buwton, Cabrau
Feank {17) have posinlated that a supsrsatursbion greater tha-
necessary befors surfoce nucleabion will take piascey bslow th o

£

value sorew dislocabiong should e the only scurce of growbh o
Howsver, when diffugion in the medium is of imporvbtence, ourfe -
nucleation would be expechted to occcur ab the cornors of the cv -

regulbing in dendritic brenching {18}, In many cssgoes the gro



crysbale is elowsy than predicted by this theory, and Buvton, i
and Frank have suggested two posalble veasons:
1) That there are too meny diglocations tos clese togethsr,

preventing a critlcal mncleus from passing between the spirals,

or
2) That there arve not enough disloesgbions in the cryatal.
The aubhors favour ‘i;hfs lebter albemmebive, although Gabrers an

Yormilyea {19} believe that one dislocation should be enificier:

to grow a large crysisl.

‘tha the inltial sbtegss of growl:

[«F)
[
e
]

Aivon (20) consideve
from s nucleus of critical sise the cryystole ave probably diel -
free, since this would enhance their gbebility, bub thab combe:

betwesn the crystals would result iun the formabtlon of disiocatvic

Frank {18), on the other hand, attributed the mejority of disl
to impurities in the cyystalas, end ovidence for this haon Heen

-

provided by Wewkiwk {21,22) from the growth of cad

Muech experimental evidence hes been producsd in support .
Frank's diglocation thecry of growbh, thus Sears {23) hag obmeioo
potassium chloride and mercury vhigkers to grow by dislocabion nplivi:
Howkirk (21) has found a similar phenomenon with cadmium iodid:,

£l

agind -+ . " E & ¥ wr g PRI TN sz gmy oo T PR, J TR
while Beynolds snd Gweene (23) hnve shown the growth of aadai

6!

sulphide orystale from the vepour to prossed by o dislocablion

mechenisn.



0o the other hand, O'Bourke end Jehnson | 135 end Hielacs
believe that the growbth of barium suiphate procseds by s two-
dimensional surfzcs nuclegtlon mechaniem, resulting in a fouwen
order rete law, whereas, in studies of near-perfect crystals
- Sears (24, 27, 28) has found bobh the Frank mechanism and goouth
by tuo-dimensional nucleation to be operative on different plunc:
of a gingle crystal.

<

Since precipitation is so imporvaut in guentitebive inos

axalysias, most of the work has been done on sponbansous

crystallisation from the labile veglon of supersaturatlion. =

precipitations have often been found to exhibit en indvection w

during which mucleus Formebion wag assumed to be pracgeding

theoretical analyses of gponbansous crystallisabion have re:
the build-up of a criticel nucleus as o sbeady-gbate proces:
éonsis'ting of stepwise incorporabtion of long Iuboc iop-embry...
Gh;'iatiansen {2) has ghowm thab delays in nucleziion may bo
an'biéipatad on the basis of the relaxation time reguired fon
attelmment of the steady-stabe concentrabtions of the embryar,
eveluation of this relaxation tlme is prohibiitiveiy d4ifficu ..
Collins (30) howsver, has developed a golubtion with which ti-
rolaxetion time can o detesrmined from experimental valuas o
surface tenslon, supergaturaitlon and molecular encowiter
frequsncy.

Yon Weimarn {31) suggested theb the rate of preciplisb



and the numbsr of partlicles was proportlonal to the degree of
supersaturabion ab the time of precipitabion, Christlansen and
Nielsen (32) have developed a similar idea, and have shown that
the time of crystsllisation varied inversely es gome significant
power of the initial concentration,
| k = of T,
where ¢y is the initiel concentration of the supersaturated soluiicn,
T is the induction period, and k and p are constants, p being vhe
numbar of ions required to form The critical nucloug. This theory
predicts a constent mucleug size, with little dependence of the
nucleabion rete on the superssturation; the eritical nucleus ig
therefore relatively small. Indeed, values (32) ¢f 8, 9 and &
for p have been obbalned for barium sulphate, celeium fluorids
and silver chloride, respectively. Klein, Gordon and Walnub (70,
using s similar relationghip, found a nucleus of five ioms bo ba
lndicated for silver chleoride.

These views sre in dirvect contrasy with the theory of
Volmer, and Becker and Doring, in which it is assumed that the |
supersaturation is built up slowly and homogeneously until a

critical supersaburation ls reached. This would rssuldt in a Taixiy

large nucleus. Support for this theory has been glven by Duke aud
Browa {34} who concluded that e nucleus of sufficient size to bo

stable in contact with a superssiurated solution should conbalin



several tens of ions, and by Le Mer and Dinegar (35), who celeulzied

that the radius of the critical nucleus for barium sulphate was 0.01M.
If spontaneous crystallisation occurs by homogensous

nucleation and growth, the question then arises as to whether

nucleation has ceased before growth sets in, or whether these procassos

take place concurvently. Collins and Leineweber (12), Turabull {2},

and Dovemug (10) all favour consecutive processes, with nucleaticn

2.

taking place in an initiel burst, and followed by growbh theresls

Christlansen and Hielsen, and O'Rourke end Johngon, however,
belisve that nucleation and crystallisablon oceour simliensous:iy,
and Johnson and O'Rourke (36), who stuvdied bariva sulphete,
derived equetions for the two processes. They represented the
initisl part of thé precipibabion by a relation sccounting for
simuitansous nucleation and growth, and a good it with
ex@egimental data was obbtained for the first six minutes of th»
reaction. For the remainder of ﬁhé precipitation they assumed
the nucleation rate to be negligible, and developsd a rabe
equebion involving only growth on a fixed number of particles.
Once agein they obbtained good agreement with the experimental
resulbs.

Many of these workers, however, have considered thah the

precipitetion was not taking place purely by a homogsreous prcanis,

In experiments where the supersaturated solution is prepared by

- e RPN QTR Py E e )
dlrect mizing of resgoubs
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locel concentration excesses, which would favour nuclestion.
La Mer aend Dinegar (35), in an abiempt to overcome this objection,
studied the precipitation of barium sulphaﬁe, and produced sulphaie
~dons in situ by the reaction

85087 + 25,057 280,%" + 8,047 ,
.and obbained constent values for the critical supersaturation.
Colling and Leinewebsr, however, using a similar technique; concludsd
that even in this case the mucleation was het3rcgensous, since
they found the value of the criticel supsrsaturation to be
strongly dependent on the purity of the reagents, and other
workera have supported these ideas. Nielsen {37) found that
steaming out of ths reaction vegsel prior to use reduced ths
number of nuclei formed by a factor of ton, and Fischer even goos
as far as to predict that pure homogeneous nucleation cannci e
achieved.

Thﬁs there are many factors which affect the walidity of
gtudles of spontensous erystallisebion, and which make reproducibiliiy
almost impossible. It is obviously more informative to study
crystallisation under conditions which ensure that only growih,

" or only nucleation , is tsking place. This can be done very
- easily by the method expleited by C. W. Davies and his co~workers,
who preparad supersaturated solubtions of silver chloride which

remained stable until seed crystals were added (7, 38 - 40). Ail



10
growth then took plece on these crystals (41}, and the rate of
erystallisation was measured conductimetricelly. This techuigue
has been successfully extended to silver chromate (42), magoesivin
oxelate (43), and silver iodate (44).

‘The dissolutlon of many electrolytes has been shown to
follow a firet order rate law. This hes been interpreted in terms
of diffusion of solute away from the hydrated crystel surface.
Diffusién'control has been observed for most systems, tut scme
exceptions have been recorded, at temperatures other tham 25°C.(45).

This thesis is in two paris, the fivst describing a sbudy of
the kinetics of crystalliaatioﬁ of lead sulphate and barium
sulphate. Measurements have been made in the presence of added
impurities, to test the adequacy of the existing theories when
there is adsorption on the surfece of the crystels. Barium
sulphate growth has been sbudied &t various temperatures, Lfion
15° - 45°C.

 The éecond part of the thesis is concerned with a sbudy of
the dissolubtlon of lead sulphete into subsatursted solution at
25°C,, and also in the presence of adsorbates. The dissolution
of barium sulphate into water at bemperatures ranglng from
15° = 45°C. has also been investigated, both conduchimebricelliy
and by a radiotracer method. Dissolution into subsaturabed

golution at 25°C. has been followed,
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Apperatus end Experimenbel Technigue,

The crystal growth of lead sﬁlphate and barium sulphats from
1persacuraoad solutions has been followed. Superseburabed
Boluxigns of lead sulphate ware prepared by mixing eodium suliphaie
and loed nitrate solublons of known concentrations. Similerly,
for barium sulphate, Suysraaﬂurated solutlons were prepared from

sodlum Bulphate and bariun chloride. Tha rate of crysballirabiom

after inoculablon with seed crystals was followed by measur!
the dagrease in conductivibty with bime.
Digsolution of lead sulphste into subsaturated goluticn, sud

of barium sulphate into waler and subsabtursted solutiong, lww-

boen studied in the same marner. in éddibion9 dissolution X
sulphate into wauer hes been sbudied by & radiochsmical metliod,

using 39Sulpbur as tracer.

Measursment of ngigtagggﬁ

An @-c gorssned Wheababone network of the type deserilb-d T
Jones apd Joasph {46} sud Shedloveky (47) wae used for the

conductivity measuremente( fig. 1).

Ry was the conduchivisy eell, R, a Suliiven and Griffis:
ncnbreactive reglsbanco box, readlng from Q.1 Ho 10,000 ok 0.
The retio arms Rq and.‘i’me o8 pﬂovidel by & Sulliven high

£

freguency 100 ohm decade potentiomster, subdivided imbo Foow drrondin:
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Figure 1.




from 0.01 to 100 chms. To enable readings to be made to 0.00L chas,
the bridge was made more sensitive by the addition of a 1.2 ohm
Pye preciéion glide wire in series with the decade potentiometer,
Siﬁee the ¢sll itself beheves as a condenser, a variable
Sulliven stable decade mica condenser, Gy, reading from O to InF.,
was: connected across Ry or Ry to balance out any capaclty effects
betveen the electrodes, and belween the electrodes end the cell
wall, In pﬁactiee, the condenser was always connected scross Hi.
The ocutput from the bridge was amplified by a high gain naing

operated amplifisr (Elesco Blectronics Limited). A‘mains ORETELOS

variable frequency oscillestor {Advance model ¥ ~ 1) was used an o
gource of frequency. A freguency of 1000 cycles per second wng
normally used, this being the opbtimum for aural detectlon.

Barthed and sereened lsads connected the cscillstor to a bolisncsd

and gereened Sulliven trangformer. This trensformer was Goolmond
to screen the supnly source from the bridge withoubt affect s “uw

balance of the latter Lo earth. The vtramsfomer wag conpechn. o
the bridge by screened, sevthed leads.

A modified Wagner Earth of the type described by Jonso e
Jose?h.(éé) wag emplayed to ensure that the telephone ear-:ioi:
was maintelned st ground potential, so that there was no 1ozl
of current bebween the telephons coils and the operator. o

Wagner Earth {fig. 1) is represented by the regisbances Rg. .



variable condenger U, vand. sliding conbact g. Once the bridge uas
balanced in the usual way, the detector, I, was connecbed to ground
by switch 8, ,R5 and Ré wvere then adjusted through the contact g,
8o that R5/ Ry = B‘B/ RA , thusg enguring that B was at earth pobential,
The bridge was again balanced and the process was repeated until

no change in the sound minimum wes observed betuween successive
neagurenent g,

The cell was brought into circuit by two copper leads stweichiag
from the platinum - mercury contacts of the elsctrodes to mercury
cups supported in the thermostat. The copper leasds were of egnsl
length to ‘eompensate for their reslstance, as were screened Jsads
from the mercury cups to the resistance box Ry. The mercury cups
were kept in the thermostet to e;.dsure that they were at the same
temperature as the call.

When water and solublons of high resistance were belng matiouad.
a 10,000 ohm non-reactive standard resistance was connechbed in

parallel with the cell.
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211 conductivity experiments wers carried out in a constent
temperature room, maintained at 25°C.; this prevented condénsation
on the cell cap. The cell was placed in a large earthed and hest
insulated metal tenk, filled with transformer oil, to reduce capacity
errors (46), Tho oil was atirred'by an effective rotary paddie
stirrer, to ensure an even temperature was maintained throughout
the tank. The temperature of the bath at 25°C, was controlled
to £ 0.005°C., by a mercury - boluena spiral regulator, fitted with
a Sunvic proportionating head. Heat was supplied by a 60 watt
bulb, and a continucus stream of cooling waber passed thiough copper
coils immersed in the bath. |

Experiments at 15°; 35° and 45°C. were carried out using a
waber f£illed thermostat, which was fitted with a booster heater
and a refridgerating unit to agsist in tempsrature control. The
conductivity coll wag held in a small box, which contained
transformer oll, to elimiaate the capacity effects discussed
pfeviously° Temperature control was maintained to & 0.01°C. at
15°, 35°, and 45°C. Messurement of all temperatures was made with
Beckmann tharmometers which hed been standardised against a
calibrated platinum resistance thermometer (48).

During experiments at 35° and 45°C. the temperature of the

air in the vicinity of the top of the cell was raised by means of



two 60 watt red bulbs, to prevent condensation on the cell cap.
Seed gsuspensions for use at 25°C. were aged in the consbant

temperature room. Those for use at other temperaturss were

maintaiﬁed at the required temperabture for s few days prior to

use.

Preparation of Conductivity Water,

'The early part of the work was done using deionised watew,
which was prepareé by passing distilled wabter over a mixed-bed
resin (49). Two resins were vsed:

1) Amberlite TR 120 (H) acid resin and Awberlite IRA 400
basgilc résin, nixed in a proéortion of 1 3 2 by volume. With such
a column an intimate mixbure was'éssential, go that H+ ions
liberated from the resin by exchange of cabtions were immedistely
neutralised by OH™ icms libsrated frum the basic resin by anlons.

 ‘2} Permutit “Blodenminrolit®™ which 1s supplied ready for uee
as bbth a cabtion and an snlon exchanger.

Water obtalned in thies way wes stored in a pyrex flasgk, {itied
wlth a sode-lime gnard tube to exclude carbon dioxide. The
specific conductivity of this Qéter varied from 0.08 to 0.3 =z 10"6
reciprocal. ohms,

In later experiments & gas fired Bourdillon still with a tin

fractionating column was used for preparing conductlvity water, o



engure that it was free from conteminatlion by orgenic lumpurity.
The supply of pure air was obtained by passing compressed alw
through tubes filled with gless beads; two of the tubes contained
a 307 potaseium hydroxide solutlon, and the lagt contained wabew,
The spsecific conductivity of this water was 0.2 to-ooé X 10“6
reciprocal ohms,

Latterly, water from sn electrically heated all-glass still,
constructed on the model of the Bourdillon still was used. This
gave water with a specific conductivity of 0.3 to 0.6 x 106

reciprocal ohms.

The Conductivity Cell.

The conductivity cell was of the type deseribed hy Harblesr

and Barrett (50), end vas constructed from pyvex glags. The hody
| was supplied by Quickfitg and had a B.55 ground glass joint at tha
neck; The cap carried the electrodes, an aperture bthrough which
the stirrer passed, anobher for addition of solutlons, and &
horizontal side axm fitted with a tap, through which carbon dioilin
free nitrogen was admitted {Plate 1).

The elesctrodes were of greyed plebinum, perforvabed to enmui:
gbirring of the solublon between the plates, which were held fimily

at a fixed disbance by four small pyrex glass rivebg. The elachnodnn



Plate 1..
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wers carried by platinum wlres which were fused into the glass
supports, bub gince it is not possible to maeke a perfect platinum -

glasg meal, a little powdered Araldite thermosstting epoxy resin

was set in the bobtom of each support. Thls was left overnighi
at 60°C. to fuse, and then allowed to cool slowly, meking & )
pormanent zeal. The clectrodes were situabted near the walltof the |
osll, and thelr supporbs were fimad to the cap by tﬁo B.10 Quickfit
joiﬁta, and sealed inbto position with Arsldite. Aligmnment of a
mark on cell and cap ensurad that the electrodes were placed in the
same posltion relabive to the outer container for each experiment.
Stirring was supplied by & Vibromix motor {Shandon Selentific
Compeny) , the acbual ebtirrer being a circular glass disk, perforazted
“with conical holes sand fueed to a glass vod. The maximum amplitude
of ﬁhe ogcillations wag 0.03 inches, and the rate of stirring could
be varied widely. With this type of stirrer it was possible to
ensure that the dlsc was in the same place relative to the electrodss
in every experiment.
The cell was kept fres of carbon dloxide by the passage of
a con?inuous sbtream of nitrogen, which was introduced through the
side arm. A dust cap sealed the asperture through which additions

of solutions wsre made, and dust was prevented from entering through

the stirrer aperture by a rubber teat.
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Preparation of Stock end Cell Solutions.

i

Pyrox glass apparatus was used in the preparation snd storing
of all molutions, Pipettesvwara of Grade A stendard. Flasks were
¢cleaned with chromic aci& and steamed out prior to use; they were
filled with disgtilled water.when net in use.

$olidg were woighed in pyrex sample tubes on a Stanton Medel S.M.l
balance, using pleblinum plated welghts., Solubtions were made up by
weight From conductivilty water, using s Sartorius balance of 2 Kg.
capecity, waich was gengitive to 0.005g. The welghts for bot
halances had been calibrated by the mebhod of Kohlrauseh (51), and
all weights were vacuum corrscied.

Analar salts were used throughout, and potassium chloride used
in cell constant determinations was recrystslllsed three times from
conductivity water. Stock solutions were prepafed by weight from

conductivity water. Dilute solutions were freshly made up for each

experiment from these stock solutions, the concentration of the

former being such that 10 ml. added from a calibrated pipestte to
ebout 300 g, of conductivity water ir the cell would give a cell

solution of the required concentration. The dilute solutions were
preparedtby weight from the gtock solutions in exactly the same
way.

A typical experiment involved washing the cell thoroughly with

dis#illed and conductivity water, filling it with conductivity water,




and welghing, It was then placed in the thermostat, and carbon
dioxide was removed by péssing nitrogen, which had been presaturated
with water at 25°C., into the cell. When temperature and carbon
dioxide equilibrium had been reached, the dilute solutions were added,
the second one drop by drop over avperiod of 5 - 10 minutes, to
prevent the formation of high locsl concentrations which would

favour spentansous nucleation. After each addition the ecell wes
gllowed to come to ecuilibrium agein., The conductivity would then
remain steady for 24 - 48 hours, bubt in practice, seed crystals

were usually added after one hour.

Carbon dioxide was removed from the sesd suspension bafore
addition o the cell by passing a rapid stresm of nitrogen over it
for 30 = 60 minutes. The seed cryétals vere sdded to the cell frowm
a rapidAdelivery pipette. Zero time for the reaction was bteken
as the time when half of the seed suspension had reached the celli
?ohtantsa The change in conductivity was determined at minube lantervais
at the start of the sxperiment, then at 15 minute and labterly st

30 minute intervalg. Many runae were followed for 24 hours or more.

DetermigggiggmgﬁmgggmQggggggggfi6n of the Added Seed Suspensions.

. The concentration of each preparation of seed crystals was
determined by filtration of a 5 ml. sample through a number 4 siuiar,

drying end weighing. Generally, the average of three such esbimntions




was used,

In later work, when very high conceatrations of seed suspei.siuvil
were being used, it was difficult to add a reproducible amount of
solid to each experiment. The concentration of seed crystals addsd
in each run was then determined by filtration of the final cell

solution, in the menner described above.

Determination of Cell Constanb.

The cell consbant was determined by the method of Frazer eu.
Hartley (52). Thrice recrystallised potassium chloride wes uge:
in the preparation of the stock solutions. 4 small quentity oi i
pure maberial was heated in s plabinum cruclble to & dull red Lssh
for ahout 10 minubtes, and sllowed to cocl in a deslcegbor. Abc
lg. was then welghed out dn a pyrex gample tvbe and the resulbi.
shock solﬁtion wag approximately decinormal.

The cell was weighed, and then sbout 250g. conductivily we .
were added. It was then allowed to come to carbon dioxide send
temperature squilibrium; this was usually abtained in 2 = 3 hovus,
and rssistance readings would then remain constant for 24 hours
or more.

Once the conductivity had remained steady for about one hoi-,

additions of the stock solution of potassium chloride were made o




the cell, using a weight burette. Equilibrium was usually reachsd
agailn afber about 20 « 30 minubes, when the resistance was measuvei.
The resistance box R, was adjusted until the balance position was
cloge to the centre of the ratio arms RB and Eén‘ Values of both

R3 end Ry werse obtéinsd, and the value of R, was then changed by
five éhmsy and two further readings made on the ratio arms. The
average conductivity velue wes calculabted from both palrs of eaiic
amms readings, and then corrected for the water resistance.

Further adéitians From ﬁhe weight burette were made wabil Tino
éonc@ntration of pobagelium chloride in the cell was sboulb 0,001
The cell wes removed, snd aftar>its outer surface hsd been cleansd
and dried 1t was welighed again.

The cell constent was calculated by comparing each measured
velue with the conductivity derived by Shedlovsky (53), at the seme
concentration, using the interpolation fofmula

A = 149.92 - 93.85 ¢ + 50¢
where /A is the eguivalent conductivity of pobtassium chloride of
normality ¢ {54). The value of the cell constant for each cell

used'mas obtained from at least twelve determinations (three series).

Cs1ll A had a cell constant of 0.0700 % 0,19
Cell B had = cell consbant of 0.07124 Z 0.i%

Call D had & cell constant of 0,06949 & 0,19
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Cell E had a cell constent of 0,07312 £ 0.1%.



The eonductivity technique desseribed above was used im the
first two parbe of this work. The rediochemical technique used

is described in desail in part 2b.




BART 3.

in Aqueous So:_Lutioné;

Lead Sulphate,

Barium Sulphate.
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INTRODUCTION.

An equation of the type

- onm =k 8 (m - my)? S O
dt : ‘
vhere k is the rate constant, s is a function of surface area, w is

the instentaneous ionic concentration, my is the solubllity valve,
and n the order of the rsacivion, has been generally acéeptsd as
répresenting the-c:ystallisation process, but opinions have: dificwad
about the value of n. Values of 2, 3, 4 and even & (32) heve b= .
reported, and each explained by a different mechanism of crysgbe
growth. Values of n greater than 2, howevar,:have generally be::
obtained from sbudies of nucleation rather than growbh.

In a study of the growth of silver chloride seed-crystals,
Davies and Jones (7) found a value of 2 for n, and interpreted -
ginetics in terms of an adsorbed monolayer of lons gt the crystat
surface. They made the following two assumptions:

(1) A crystal in conbact with an aqueous solution always
tends to be covered with a monoleyer of hydrated ions, and secondni:
adsorption on this monoleysr is negligible.

(2) Cry&talliaaﬁion occurs through simulbaneous dehydrabic:
of palrs of anions and cations.

When the surface reaches equilibrium the rate of adsorption



of ions from the solublon must be sufficient to meinbaln the

monolayer imbact, end it is assumed that every ion striking the

gurface from a saturated solution enters this mobile adsorbed lsyer.
Then the rate of adsorption of catlons = kls[Azg*'], and of anions =
kia[Bg"] ,'E where the subscript zero indicates the solubili{;y fraim

of each ion species. In an unsaturated solution, ions leave the
surfece. fagter than thay are replaced, while in & supersaburated
solution, all ions reaching the surface do not enter i:he monolayz,
and"' those which do nob, ([A%*] « [AB*]) for cabtioms, and {[B™7] - %]
for anlong, ave avallable for deposition. These ions either suifuy
eslastic collisions abt the surface of the monolayer, or, should &
cabion and an anion arrive simultaneously ab a growth site, tha
underlying ion pair can beccmé dehydrated and incorporgted into tha
erystel lattice., For a symmetrical electrolyte such as silver chiouids

or lead sulphate » = n, and the rate sguation would become

HE

" ({Am+j - [B2 D[] - [B27])

1]

k(m-m)? . . e . (2)

Walton (54) has arrived a’c‘ e gimilar rate equation from a
more theoretical viewpoint, by considering the adsorption of ions
upon gols of the same materlal as following the Gibbs Adsorpbiovs
Isotherm,

I

A—Z— = kl In [A’"} % constantl ° s e o ° (})



whera fkfsrepresenﬁs the tobal concentration of adsorbed cation.. .
A simliar expression holds for anions,
‘ rlf" = ko In [g=] « constanty . o < o o {4
The rate'of gurface reactidn pef it area may be expressed as
| S P o T €

By. substitution from (3) end (4), (5) reduces to

kk,
"34’. ) ‘kt?:_.(cw 00)2
-

in the gpecial cage where the ioniec concsntrafiona are equivaleah(
and ¢ —»¢,. Similar expresslons can be derived for non- egquivil
ent ionde concentrations, and non-symmetrical electrolyies.
Doremﬁs {10) has suggested two possible mechanlsms for The
transfer of dehydrated lons from the adsorbed layer to the growil
gites, In Model A he propoged that the adsorbed lcus combined '
fhe sufface layer to form neubral “moleculés“a which bhen diff
along the czystal/Sarfacs unbil they reachedra suiteble growsh
To ex@lain cortain experimental resullts, in which a third ovde:
rate lew was found to apply, he postulabed, by analogy with gas
phase resctions, that an additionel adsorbed iom takes part im .. .-
surface combination process. In Model B, the adsorbed ions are
congidered to collide divsctly with s kink in the growth step,
resulting_in alternetive Incorporsblon of cations and anibna in

the crystal lattice. This model gives rise to a sscond order i



equation for a symmetrical electrolyte.

Doremus showed that results obtalined from sponbaneous crystalllip-
ation experiments on barium sulphate by Turnbull (9), and by Johnson
and OfRourke (36), and on silver chromate by Van Hook (56) could
be explained satisfactorily by Model A. On the other hand, data
obbained by Howard and Wancollas (42), for the crystellisation of

silver chromate on added seed crystals, fitted Model B, as did resulic

for gilver chloride (38) snd barium sulphate (57). Doremus imberjwuberd
this ‘difapari‘by in termg of the widely different supsrsaturations
uged in the two seta of experiments.

For Model A, and o symmetrical electrolyte, the rate of
precipitation should be proportional to the third power of the guinin
concentretion, whereas for a 1:2 electrolyte such as silver chremane,
the rate should vary with the fourth power of the golute concenbrailion.
With Model B, ﬁowever, and a symmetricel electrolyte, the rate of
procipitation should depend on the second power of concentrabion,
while the rate should be proportional to the .thi.t"d power for a 1:2
electfolyteg Thus, at high supersaturstions, conditions should
favour Model 4, while at lower concentrations, Model B should apply.

The supersabturations used in the spontaneous crystelligation
experiments (9, 36, 56) are much higher than those used in seeded
growth (38, 42, 57) end Doremus considered this to explain the

apparently conflicting results oblalned with silver chromabe and



barium sulphate.

Tn the above theories of growbh, it was assumed thet the
adsorbed monolayer contained equal numbsrs of positive and nege@:lm
iong, but in general it will not be so. If one ion is adsorbed
moré S'brox}gly to the precip;tate than the other, due ;eo differencon
in the adsorpt:‘i.or; energles, the surface will assume an electricsl
-charge, resulting in an electrical double layer baing, geb wp arcund

the pavticle. Howsver, for concentrabion ratios equal or nesr to

the istoichiome‘tric one this selective adsorption wiil be neglig:% bis.
When the lonic concentrations are non-equivalent, & differa;a:i;
situation é.r:!.ses, When geed crystals are added to a Selu,ﬁion i
which [am+] / [BU~] = », where » > 1, more A™" fons will be adgnilnd
and a potential difference, "{/ ; will be sebt up between the adsorbodl
layer and ’ché gsolution. In such a situation, the crystal growih
will be conbrolled by the concentrstion of the deficient iom BY”
only, since the surface concentration of excess lons remelns eficui-
ively constant. The equllibrium value of Y’ is puch thal catious
and anioneg enter the adsorbed layer in equivalent amounts.
The avellability of cations at ths surface is then given Ty
ky 8 (A7 exp, ( -V¥/ Rrr)
and thet of anions by
ky 8 [B%] exp. (V/ RD).

These are equael when m = n, hence

om. (V/RD) = [/ [ =



Since the number of ions of each type entering the monolayer is mg,
the rate of crystallisation is given by

dm

o= ks ([a2*1eF « mg)([82~15% - ny)

-

= ko ([ - ng)?
which reduces, when [A™"] = [BU=], %o equation (1), with n = 2.

Crystellisation Of symmetrical electrolytes could therefore
be expected to follow a second order rete law, even whaﬁ the lonic
concentrétions are noﬁ:equivalentv This hss been shown Lo be tha
cage for silver chloride (7), barium sulphate, (56), end megnesiie
oxalate (43).

Another method Qf altering the surface of the seed erystals
is the addition of impurity molscules which sre likely to adsortsd
by the cr&&talso Davies end Nancellas {39) have studied crysbal
growth in the presence of a varlety of such additives, and fouad
that vhile they all had a considerable effect on the rate of growii,
the mechanism wag unchanged.

~ Part la of this thesis describss a condﬁctimetric gtudy of iho
erysballisation of lead sulphate from supersaturated solutions of
equivalent and nom-squivelent ionie concentrations. IExperimente
were also made in the presence of suriace gchblve sgents.

Regults obtained at equivalent ionic concentrations were in
egreement with the theory described sbove. Second order growbh wns

ohserved for most of the reactlon, with the ercepbtion of an Initis’.



vexry fast growbth surge, which has been interpreted in terms of
enhanced two-dimensiocnel nucleation on the suwrface of the added
aseed crystals. Growth in the presence of adsorbates was also foundl
to follow a second order rate law, but déviatipns from this were
observed when the concentration of additive was high. Crystelliseiion
at nonaGQuivaleht ionlc concentrabtions did not follow the proposeq
méchaniam, and no satisfactory emplanation of the resulbs hag becn
made go far,

Part 1b is concerned with the crystallissbion of barivm suly oo
at various tempefatureao The rate of reaction was found to be
teﬁperature'depandent, and followsd second order kinetics. Heabo

of crystallisation have been evaluated.

PART la.  Lead Sulphste.

of the.threa common speringly soluble sulphates, that of bariim
has been most studied, bec&ﬁse of its importance in quantitative
analysis. Much of the work on lead sulphagte has been concsined
with its precipitation and aging, and thers is little to be found
in the literéture concerning the growth process itsslf.

The present study was underbteken with the object of determini
the similarities, if any, betueen the crystallisatlon behaviocur ol

this salt and barium sulphste. In parbiculer it would ke interez -



to see if the growth of lead sulphate was characterdsed by an Initial,

very fagh growth surge similar to that found by Nancollss and Pundia |57}
for the barium salt. |

Hahnert (58) described the great differences in the shapes of
lead sulphate erystals produced by varying the mixing time of the
reagents, and by the presence of added impurities. I observed
that the most perfect rhombohsdra were formed from dilule soluticns,
and that as the reagent concenbtrations were increased, imperfech
erystals, which he describsd as "somaboide" appeared.

Kolthoff and his co-workers (59, 60) made similar obsgervabi .
and noted that as the concentrabions of reagents were incresaged, “lo
size of the precipitsbe particles passed‘through a maximum. Theoy
also reported {61) that o considersble superssturation couid be
maintained before spontansous crystalligation took plﬁce? and
determined ths critical concentration product to be 200 btimes guovw
then the sctivity product of a sabursbed solution of the sali,

In an earlier study, Kolthoff and Rosenblum (60, 62) studie’
the rste of aging of lesd sulphabe precipitates, and found it to i
independent of stirring spesed. Since the speed of agitation would
be importent in Ostwald ripening, they c§ncluded that this was pov
taking place, and suggested that the aging cceurred by recrygbal ‘.-l o
in a iiquid layer round the parbicles. Kolthoff and Rosenblum {7

also showsd thabt neither sodium sulphets nor lesd nitrate was



gpacifically adeorbed on the surface of the crysiala, Oa bhe oiics
hend, dyes such as wool violet (64), were very strongly edsorbed,
to the extent of one dye ion per 1.5 lead ions on the surface in
neutral solution. If the concentration of wool violeb was
sufficiently high, no crystallisation of lead sulphate book placs.
It has been long known that emall amounts of impurities mey
appreciebly alter the growbh behaviour of crysbals (65}, sud mar

workers {23, 66 -~ 68) have observed a considerable veduction in

the rate of growbth in the presence of adsorbabes. ©OSmall conesnil
of orthophosphate, triphosphate, and pyrophosphate ions have e

found to decrease the rate of precipitation of strontium sulphs-: |

and, if present in sufficiently high concentrations, to inhibit
precipitation entirely (66, 67). Inhibition of nucleabion has lan
been described by Rigterink end France (69), Reitemele » and
Buehrer (70}, and others {71, 72). Habil modificsticn has also
been observed in mény gystems {72 - 75), due to slowing of growin
by selective adsorption of impuritles on particular faces, while
the remaining faces continued to grow abt the normal rate.

} Sears (76) has suggested that small molecules are mosh Tikaiy
to be adsorbed at kinks in growth steps, and thabt monostep
coverage {77) would be necessary to cause an apprecisble reduch:
in the rate of step motion. He proposed (78) that the adsorbed

lmpurities must prevent assimilation of further growbh molecule-



into the lattice. If this were nobt the case, the impurity would

be built into the crystal, and the growth rate would not be much
rebtarded. Further advance of a step, once poisoned, can only cccur
by nucleation of & new step of subsbrate atoms at the poisoned siop.
Adéorption of a poison at a growbth step should reduce the step ewmsigy,
and hence the critical energy for two-dimensional nucleation, and

an increage in the rate of surface nucleztion showld resulb.

For large molecules, however, Cebrera end Vermilyea {(19)
congidersd thel the effect iz not usuelly specific, since these
~ would be adsorbed ab any point on ths érys%al becauss of the
dispersion forces. In such a situation, therefore, the size of i
molecule would be one of the most imporbtant factors governing iis
effectiveness as a growbh inhibitor,

Sears (78) has shown that a concentration of 2 x 1070 molc
fractions of ferric fluoride was sufficient to hinder sbep mobti o
in lithiwm fluoride, and that a similar concentration caused an
appreciable increase of two-dimensional nuclestion on perfect
lithium fluoride surfaces. Similarly (23), potassium chloride
crystals, in the presence of t@byparts per million by weight of
lead chloride, were observed to thicken without Impingement on -
enother, a phenomenon which must also be due to two-dimensionsl
ﬁurféce mucleabion, since the presence of lead chloride would L.

the step energy. Nucleablon of etch pits in presence of impuris: -



congidered to be dus to the same effect.
Tt would be interesting to determine. if any similar
phenomena could be detected in the study of lead sulphate

erystallisation in'ﬁhé presence'of impurities.

Experinental.
Preggggtion,of Solubtions.

Analar reagents were used throughout, unless otherwise staiad.
Stock solutions of lead nitrste and sodium sulphate were prepavad
by weight, the concentration usually being sbout 10™2 molar.
Dilute solutions were made up for each run, and 10 ml, of thess
solutions were added to the known weight of weber in the cell, oo
described previously.

This method of preparetion of the supersabtursted solution
resulted in a high concentration of the supporting electrolyte,
sodium nitrabte, being present. Altempts wore made to prepare lead
sulphate supersaturated solutiocns witﬁrguch a supporting electraolyie,
using ion-exchange techniques. Amberlite IR 120 (H) resin was
preparved by passing thraugh g 2. hydrochloric acid solution, snd
waaﬁing féae from chloride ions with distllled water. A Molar

solution of lead nitrate was passed slowly through the column, which
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was washed agaln, until the effluent was frse of lecd lows,

& golution of godium gulphate of the requlred CUD T
vas then passed ,'through at a rate of about one drop every 20 oo o
and the effluent was delivered directly into the cell, and wa:ﬁ
The conductivity of this solution was higher than the calaulal .
value, snd tests with a flame photometer showsed some sodivm ic
gbill to he present. The affinlty of the resin for lead lons
grea‘éér then that for sodium ions, and a complebe excheuge of
for godium was never é.chieve&?

Attempbs were then made using an anion exchange resin, Yo -
De-acidite FF (SRA 69). The resin was prepared in the chlowle o -
and converted to sulpbate with 2 Molax codiun sul phate aulublo
The column vas washed thoroughly befors use. A& lead nifruve ¢
of the required concentrabtion was then pass@d thvewu, Tt the
exchange of nitrate for sulphebe was even less complete thsn i
of godium for 3‘,98“194 and lead sulphabe was seen to have precipi

on the column,

Breparstion of Adsorbate solubiong.

1. Seodium Dodeeyls ul‘;g}gg:te._

..

g gCg—Ig} 10 €E20S3§ Na™ Moleoular Welght =

A pure sample, kindly given by Imperial Chemicai Industri

was uged without further purification. Solutions of various

concentratliong were mede up by weight.
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2. Sodlum Pyrophosphate,
Nagy Py Om 10HZ0. Molecular Weight. = 446.11

Aneler sodivm pyrophosphate was used without further purificeticn,

and solutions made up as before.

3. Sodivm Tebrametaphosphate,
(Wa P03 ), 4 HA0. MolecularWeight = 480

4 pure sample, kindly given by Dr. C. B, Monk, wes used withou®

further purification.

4. Sodium Trimetaphosvhabe.
(Na FO4 ) 3 6 Hx0 Molecular Weight = 414
A pure semple, kindly given by Messra. Albright and Wilson Ltd.,

was used without further purification.

5. Getyl Trimethyl Ammonivm Bromide.
. + - e ars m
_GHB (GHQ ) 1 GH2 N( GHB ) 3 Br™ Molecular Weight = 240.55
A purs sample, kindly given by Imperial Chemical Industries, Lid.

was used without further purification.

Preparation of Ssed Suspensiong,

dince lead sulphate has a low temperature coefficient of
golubility, preparation of sesd crystals by recrystallisaetion @

not feesible, and precipitation techniques were used. Various miiihods



wore bried, and the most succegsful was found to be dropwise additlion

- of 100 ml., portionz of 0.1 Molar lead nitrate and 0.1 Molar sulpt
acid to 200 ml. of wabter with constent vibraﬁory<sﬁirring9 walch was
continued for 24 hours. The seeds thus formed wore ususlly well-

-characterised rhombs, of aversge slze 40 Av, but occaslonelly habcies

of crystals which showed highly developed faces were found (Pletn 2,

These were generslly nsedle-sghaped, bul some had "walstel, or woua

the obtuse-angled cross shepe, as has also been observed by Keoi
and Ven't Riet (59).

| Attempls to obbain reproducible methods for the production
of the various kinds of crystals have been largely unsucesssini;
careful control of the conditions of precipitation, stirring,
drop-rate, concentration and tempsrature has not yielded any meiicd
by which the desired type of crystal shape can be cbﬁainsd$ T
that the more dilute solubilcns were wusually found to give bettar
rhonks.

When a sultable batch of crystals, of uniform shape and sins
wag obtained,the crystals wers washed thoroughly with diétilled
water, thgn with conductivity weter, and stored in pyrex stock
bottles, They were set aside at 25°C° to age, for 2 - 4 weeks b iuun

use. Detailsg of the suspensions are given in Table 1.
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TABLE, 1.

Plate 2

Lka

Seed Shepe Cone. (mg/ml.)

& needle 60 B, G, D
B noedle 65 B, G, D
D rhombic 100 A

E rhombic 8 A
.G rhombie 100 A

Determination OFf Solubility.

The solubillty of lead éulphate geed crystals wasg deberminec
by letting crysbtallisstion and dlssolutlon experiments procead to

eqﬁilibriumc Values obtained from both methods agreed to within

1% of each other. The solubllity of lead sulphste was found o =

e, . 2.
. 1466 x 10™ moles / 1. ab 25°C., which ig intermediabe bebueen

1,490 x 1074 moles / 1. (80) and 1.40 moles / 1. st 22 - 23°C. (63,

The thermodynamic solubllity product, X, given by

ko= [Pn*][s027] 5,

hos the velue 1.7174 % 1078, waere £, was obbelned from the Dawic:

equabion (81),



vith A = 0,5092,
The solubility value was corrected for ionic strength ab the

various concentrations of supersaturated and subsaturated solubicna

used.,

Crystals Added to the Cell

Since the concentration of sesd crystals added to the cell wan
very high - in the region of 300 mg / ml, = reproducibility wWas

not good, and so the weight of seeds sdded to each experiment wis

determined by filtretion of the cell sclution through a Number . inden,

after ﬁhe run had besn completed.

Experiments in ths Pre of 8o,

The required amount of adsorbate solution was added to the
supersaturated solution in the cell, before inoeculetion with sec:
cerystels, Once the cell solutién had sgain reachzd temperabure
and carbon dioxide equilibrium, and the conductiviity hed remainad
steady for ome hour, seed crystals were added, and the change in

conductivity followed in the usual ‘wayvo



RESULLS.

The experiments d&sciibed in this gection were carried out in

order to determine the rate of erystallisation of lead sulphate ab

25°C., and to find the effect of inorganic impurities on the growih,

Some experiments were also made with non - equivaelent concentrailons

of ilead and sulphaie iona.

The supersaburated sclubtions were sbabls untll the addltlon

of geed crystaels, snd since these had heen aged for 2 - 4 weeks

prior to use, 1t was not possible for fresh muclel to be formed: i

growth therefore ook place on the crystals supplied (41).

ggg‘;l_._gm}/{ohilit;es and Bouivelent Conducbivity,

The ionic mobility of sulphate was teken as 80.0 {82), end
that of lead as 69.40 (83) at 25°C.

The equivalent conductivity can be obtained from the Onsag. v

equation if ths conductivity at infinite dilution and the conceriniicm

of the solution are known. TFor lead sulphate, the equivslent

conductivity is given by (84)

A poso, = A% - (182164° + 29.44WEE , o . o . . 0

the concentrabtion my being expressed in g. mole. / 1., and Ao o e

The eoquivalent conductivity can bs evalusted in enother wai

from measured conductiviiy values and the cell constant,
A = 1000 x 1/R x cell consbant

@al L) PSS
& G IR




vhers R is the wesigitance of the solutlion corrected for the
rasisﬁance of water, Calculation of experimental values using
equation ‘(2) gave resul-g which agreed to within 0.5% of the
"Ghedretical veluo for all cell solubicns., Hence an indepsadent
check on the accuracy of preparation of the cell golubions eould &
made, °

The activity of the solution was taken ag the coneembratic:n,
g0 that over the very _smgil concentration changes involved the waolua

of 4 was coasidérsd consbanb, end taken as 140,56 at the concan

1.7 x 107% molee / 1. The change in conceabration im solubicus of

equivalent ionic concentrabion was evaluated from the expresslen

Am = AI/R = F
vhere I' Is given by

1000 x call consbant

2 x A

Crystellisation st Eouivelent Tonic Concéntra‘ciqgg&

Trial experiments were carrisd out to determine the initis!

. concentration which would give a reasonable rate of growbh, and ~
gsupersaturation of 20% was foux‘:;d to bs suitsble. Typicel smocin
plots of “ghe reciprocal of resistance againsgt tims are shoun in
Fig. 6, Tables 4, 7 and &, The initlel rabte of crystellisatior o

obtalned by meking e shorbt exbrapolatlon of this growth curve %o



zero time. Differences bebwsen the inshantaneous veluss of 1L/R snd
this inltial value of 1/R were used to calculate the amount of lend
sulphate precipitated abt any time. Plots of the integrated form of

the second order rate equabion

dm -

5 ke (m-m)?

t-';e?e found to be good straight lines with the excepbilon of an Inisisi
very fast growbth surge, the orvdsr of which was obviously not tww,

A typlical plot 1&:shown in Fig, 2, using dabe given in Table 3,

. The effect of increasing the concentrabtion of seed crystala,
and of reduclng the inibial superseburation was tested, and the
results are summarised in Table 2, The result of increasging tho
seed concentrapion can be seen from Rams 9, 11 and 13, (Teble 4.
and i’a{:e plots are shown in Fig. 3. Runs 17, 18 a‘nd'?,S (Table )
and Rung 31 and 32 (Toble 6) show bhe effect of a reducbion in

supersaturation, and the corresponding second order plots are

shown in Figs. 4 and 5.

Results with Different Tyves of Seed Crystale.

The peed crystals used in the esperiments deseribed so far
wore regular rhombs, of average size 40 Ao (Plate 24). Some baioin.
of crysbals, howsver, were predominstely needle-ghaped, albhoug: -

number had pronounced “walzte! (Plete 2B, C, D), These crystelc :uvo
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LABLE

28800 g

Grrgtallisation of Lead Sulphoio.

' ; Duretion of
Experiment Seed  Seed conc. my x 104 initial part
Number  Suspension (mg/ml) moles/1. (ming.)

9 E 8 L7740 5
. 1 E 30 17740 3
13 | E 96 1;7‘740 0 A2
17 D 100 L7740 15 i
18 D 00 17740 15
28 D 100 - 1.6780 9
31 e 100 1.7740 15
32 G 100 11,6250 5 29
1 A 90 1.7702 | 30 7
15 A 90 1.7U0 - 30 5
19 B 100 17740 30  gs




ZABLE, 3.

Cryetallisetion of Lead Sulphabe,

Pime 0% /R 104w’ 104 (mem) 107 /i m-m,)
__ ohms";l 'moles/io moléé/lo 1./mole 1o /e

Run 8, |

0 min. 1.26250  1.7740 0.25%, 0.3885

1.5 125785 17628 0.2462 0.4062 1o

6 124719 1.7323 0.2157 | 0.4636 7
15 1.239%, - 1.7143 0.1977 0.5058 110
30 12341 16990 0,182 0.5482 15,
1hr.  1.22816 1.6838 0.1672 0.5981 20,0
2 1022074 1.6649 0.1483 06743 28,77
3.5 1.21337 | 1.6461 0;1295 | 0.7722 3B
45 L0848 1.6342  0.117 © 0,8503 460557
Cell B, - F= 0i2548

I# =

i(‘m - meyt - (mi. - mo)”'lzx 10™2
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TABLE, 4o Gryatallisation of Lesd Sulphete.

7
Time 107 /R 104w 10% (memg) 2074 f(memo)

ohms™t moles/l, moles/L. 1./mole. 1./ m0le.

W8 Mn 126030 1.7740 0,257 0.3885
3. 1.2583 1.7690 0,252 0.3962
15 1.25683  1.7652 002486 0.4023

30 1.25530  1.7613 0. 2447 0.4087

2 hes, L2770 1.7419 0.2253 0.4439

3.5  1.24215 1.7278 0.2112  0.4735

7.5  1.23164 1.7010 0.1844 0.5423

8.25  1,22065 1.6959  0.1793 0.5577 3652
Run 11.

O min. 1.25855 17740  0.257 0.3885

3 1.25734 17709 . 0.2543 0.3922

0 1.25632  1.7683 3.2517 0.3273

15 1.25581 17670 0.2504 0.3994

30 125470 L1.7644 0.2478 0.4036

1hr. 1.25175  1.7567 0.2401. 0.4165

1.8 1.24921  1.7502 0.2336 00,4281

2.5 To26417 17374 04278 0.4529

3.5 1.23914  1.7:246 0,2080 0.4008




IABLE. s (cont.)

1002 /R 106m 104 (m;mo) | 10"’1"!1”[( m-i,)

10/‘ ‘ it

NEEP

Time
ohms~1 moles/1. moles/L. 1./mole.
0 min, 1.25161 17740 0.2574 0,3885
3 1.25073  1.7723 0.2557 0.3911
7 1.24972. 1.7692 0.2526 0.3959
15 124795  L.7647 0.2481 0.4031
30 1.24467  1.7563 0.2397 0.4172
“1 hr,  1.23914 1.7422 0.2256 0.4433
1.5 1.23464  1.7315 0,249 0.4652
2 1.23065  1.7206 02040 0.4902
3,25  1.22173  1.6579 0.1813 0.5516

Cell B,

F = 0.2548.

, | .
I = {(m - my)-1 ~ (my - mo)"lg x 10-%

o -



:
8| {(m-m,)'-(m; m, Jix107

6] Run 9.

4

2]

0P ~ Time (hours) )

0 1 2 3

9F |

; {(m-my ) (m-m.) o™ O
o

3

zjf ~ Time (hours) .

0 1 2 -3
16(
14 _{(m- M) -(m.- m‘,)@)dO'.z
121

0| Run 13
8

6|

41

2|

OLs ~ Time (hours) -

0 1 2 3

51

Figure 3.



TABLE., 5. Crygtglligation of Lead Sulphate
Time 103 /R 10bm 104 (mm,) 10-4/( wn) ¢

 ohms~! moles/l. moles/1. 1./mole 1./mole.

Run 17, Cell B, F= 002548.

0 min. 1.26275 1.7740 0.2574 0.3845
3 1.25702 1,759 0.2428 0.4119
7 1.25627  1.7575 0.2409 0.4151 R
15 125474« 1.7536 0.2370 0.4219 5%,
30" 1.25291  1.7489 0.2323 0.4305 s
1 he. 1.24966 1.7406 0.2240 0.4464
2.5  1.24189 17208 0.2042 0.4897 10
4 1.23532  1.7041 0.1875 0.5333 L s
Run 18, Cell B, P = 0.2548.
O min 1.27270 1.7740 0.2574 0.3885
3 1.26747  1.7607 0.2441 0.4097 L
9 1.26619 1,757, - 0.2408 0.4153 ARG
15 1.26491  1.7521 0.2355 004246 e
30 126276 17487 0.2321 0.4308 Lo
1,25 he. 3.25717 1,735 0.2179 0.4589 ‘
2 1.25312  1.7241 0.2075 0.4819 <
3 1.24882  1.7132 0.1966 0.5086 1z

4o75  1.23976  1.690L  0,1735 0.5764 1€



TABLE. 5. (cont.)

Time 103 /R 104 m 104 (m-mo) 10~4/ ln;'mo) e

ohms™! moles/l. moles/i. lo/molea 1. /sl

0 min. 1.23260 1.6780 0.1669 0.5992

3 1.22884  1.6687  0.1576 0.6345 2,45

9 1.22775  1.5659 0.1548 - 0,6460 fun G
15 1.22680  1,6636 0.1525 0,6557 5,64
30 1.22502  1.6592 0,1481 0,6752

1 hr. 1.22915 1.6516 0.1405 0,7117 1100

1.5 1.2192, 1.6449  0.1338 0.4 e

2 1.21687 1,,6390. 0,127 0.7819 8,87

3 1.,21295 1.6292 0,118l 0.8467 2.7
Cell D.  F= 0.2%81.

;[-}i- = i(m ,,. mo)""l - (mi"" mo)!-l§ % 10“2

wm Ty
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TABLE, 6,

Grygballipabion of Lesd Sulphate,

Time 103 /R 10bm 104 (memy)  10%/(mem) -
ohmg=t. moles/l. moles/l. 1./mole. 1./mole.
0 omin, 1.21870 17740 0,257, 0.3885 -
1 1207 LTI 0.2548 0.3925 0,40
3 1.21545  1.7655 0.2489 0.4018 1.33
9 1.21104  1.7546 0.2380 0.4202 3,37
15 1.20864 17477 0.2311 0.4327 hooli?
30 ;lé20431 1.7364 0,2198 0,4550 N
1.5 hr. 1.19246 17054 0.1888 0.5297 1412
175  1.18957 1.6978 0,1812 0.5519 16.34
0min, 1.12775 1.6250  0.117 0.8518
3 1.12680 1.6225  0.1U9 0.8703 1.5
9 112572 1.6197  0.1121 0.8921 4,09
15 112495 1.6177 0,110 0.9083 5,65
30 112379 1.6147 0,1071 0.9337 8.39
Lhe.  1.12049  1.6061 0.0985 1.0152 16. 34
2,75 1.11318  1.5870 0.0794 1.2954 hen 36
Csll E.

F= 0.2614.
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Cryabelligation of Lead Sulohete.

U
3

104 m 10% (m-»mo') _‘ 10"‘4’/( m-amo)

Time 107 /R TiE
ohmg=}  moles/L. ﬁolas/l‘ l./mole.  1./mole.
RBun 14. ‘
0 min.. .1.26950  1.7702 0.2536 0.3943 -
1.5  1.%4882 17172 0.2006 0.4985 11.00
6 1.24126  1.6982 0.1816 0.5507 16.22
15 1.23680 1.6869 0.1703 0.5872 19.87
30 1.23201  1.6747 0.1581 0.6325 24,40
2 brs.  1.21399 1.6288  0.1122 0.8913 50,28
3 120617  1.6088 0.0922 1.0846 69,61
4o5 1.19735 1.5864 0.0698 1.4327 104042
Run 15.
0 min, 1.26510 1.7740 0.2574 0,3885 -
1.5 1.23700 1.7024  0.1858 0.5382 14,97
6 1.23077  1.6865 0,1699 10,5886 20,01
15 1.22670  1.6762 0.1596 0.6266 23.81
30 1.22333  1.6676 0,1510 0.6623 27 .38
1hr,  1.21840 1.6550 0.1384 007225 33,40
2.5 1.2073  1.6268 0.1102 0.9074 53,69
4o 1.19765  1.6021 0.0855 11696 76,11
Cell B. F=0.2548..  I¥ {(m - o)™ = (g - mo)"fi x J07°



TABLE, S Crystellisation of Lead Sui

Time . 103 /R 10%a  10% (gem) w04 zay
ohms™t moles/l. moles/1. 1./zole. L./ mele,

Rm 19.

0 min. 1.26510 1.7740 0.257 0.3885 -

1.5 1.24076  1.7120 : 0.195% 0.511%

6 1.23196 . 1.6896 - 0,1730 0.5780

15 1.22709  1.6771 0.1505 0.6231

30 1.22249  1.6654 0.1488 0.6720

1hr,  1.21639 1.6499 0.1333 0.7502 T
3 1.197i5 1.6016 - 0.0850 1.1765

5 1.18751  1.5763 0.0597 1.6750 LA

6.5 1.18273  1.5641 0.0475 2.1053
Cell B,  F = 0.2458.

T = i(m'“‘o)"l'(“i-%)“}xw
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generally larger than the rhombs, of average size 70M. When these
crystals were used in crystallisation experiments, the inltial
growth surge was @uch more pronounced than with the rhoﬁbic type.
This effect was demonstrated by seed suspensions A and B, and the
results are showﬁ in Tables 7 and 8, and Figs. 6 and7. Due to the
very steep inltial slope of the ploté of the reciprocal of
registance against time, it was difficult to obtain an accurate

value of 1/R; for Runs 14, 15 and 19 (Fig. 6).

Crystallisabion in the Presence of Adsorbates.

The adsorbates studied in the present work were sodium
dodecylsulphate, sodium“pyrophosphate, godium trimetaphosphate,
godium tetrametaphosphete and éétyl'trimethyl ammonium bromide. In
all cages the adsorbebte solution was added to the supersaturated
solution, and allowed to reach carbon dioxide and temperature

equilibrium before inoculaﬁion;ﬁith geed crystals.

Anjonie Additives.

The results are summerised in Tables 10 and 15, and typical
smooth curves obtained on plotting 1/R againgt time are shown in
Figs. 8 = 11, Tables 11 - 14. The rate of growth of lead sulphate
decreased with increasing concentrebion of impurity, until finally

& concentrstion wes reached abt which srowkh stopped completely.
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A very low concentration of sodium tebremebaphosphate (10“81;'10)

mackedly retarded the rate of growbth, with sodium trimetaphosphate,

sodium pyrophosphate, and sodium dodecyl sulphéate being increasingly

leass effective, in that order. A comparison of the concentrations

of these ions necessary just to retard the growth rate, and to siop

growth .almost entirely is made in Table 9.

TABLE, 9,

Gone, slowing Conc., almost
Additive. growth stopping growth
(moles/i) (moles/1.)
_ Dodecylsulphate 3,8 x 1077 8.3 x 1074
 Pyrophosphate 3.6 x 1070 2.0 x 1077
Trinebaphosphate 9.5 x 1078 1.5 x 106
Tetranetaphosphate 6,7 x 1078 7.7 x 1077

The crystallisation process can be represented by the expression

dm ‘ .
e = kg m-my )2
at °

-

whera n is the order of the reaction, and can be evaluated from a

plot of log -?;2-— against log (m-mmg)° For lesd sulphate, this graph

vas composed of two intersecting straight lines, of gradient n; and

Do, (Pig. 13) where ny vepresents the initial growth surge and uno
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represents bhe major pari of the growth. In expsriments in the
presence of impurity, the duration of the fast part and the value of
ny were both shown to increase with increasing concentration of the
foreign substance (Tables 10 and 15).

In experiments carrvied out with solutions prepared from delonised
water, a very low concenbration of adsorbate was found to affect n,
algo, Insteoad of the mein part of the growbth following a sscond
order rate law, 1t was found that ns also increased with increasing
concenbration of additive (Table 10).

VWhen water prepared in a Bourdillon still was used, a much
higher concentration of impurity could be added befores any deviétion
from second order growth was observed in the main part of the reaction

(Table 15).

A. DEIONISED WATER,

2o Sodium Dodecylisulphate.

Concentrations of this adsorbate used ranged from 3.76 x 10=5 M.
which caused a noticeable slowing of the growth rate of lead sulphste,
to 8,29 = 1074 M. , at which no growbth took place at all. The results
are summarised in Table 10, and 1/R ageinst time plobs are shown in
Fig, 8 (Table 11}. Sinee log-log plote indicated the value of np Ho
be greater thanm 2, it was nob possible to draw second order raie
plots. BEven abt the highest concentration studied, the critical

nlealle coneentration, 7.7 = 10"3 moles /1. (85) was not exceeded.
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2. Sodium Pyrophosphate.

Slightly lower concentrations of this additive affected the
erystallisation of lead sulphate; 3.41 x 106 moles/1. decreased the
rate of growth, and 2.0 x 10~9 m_oleé/ 1. was sufficient to stop growth
eﬁtirelyo . The results are shown in Table 12, and plots of 1/R

against time are presented in Fig. 9.

3. Sodiumn Trimetephosphale,

This additive had a greater effect on the growth of lead sulphate
than the two adsoi"bates discussed previously. A concenbration of
9'45 J;:.'LO"8 ‘m.oles/lo slowed the growth, while &t a concentration of
1.49 x 1076 moles/1. , orystallisation wes stopped almost entirely.

The results are summarised in Table 10, and time plots of 1/R are

showa in Fig. 10 (Table 13).

4. Sodium Tebramebaphosphate: -

This additive proved to be the most effective in rehtarding the
- growbh of lead sulphate. A concentration of 7.0 x 10~8 moles/1. vas
sufficient to have a marked sffect on the rate of crystallisation,
while abt 7.69 x 10'"7 moles/1l., grouth was exbtremely slow. A summary
of the results is made in Teble 10, and 1/R against time plots are
showmn in Fig. 11 (Table 14).

From Table 10 it can be seen that each adsorbate studied had
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Crygtallisatvion of tead Sulphate in the Presence of Adsorbabes.

Experiment Adgorbate Seed Cone. g n,  Durabion of
Nuzber eonc. (mg/ml.) Initial Surge
noles/l. ‘ (nins)
Dodecyisulphate, Seed H,
43 -~ - 18 2 12
4, 3.76 x 10~ - 21 3 15
50 5,66 % 1074 - (100 36 60 )
51 6.56 x 107 - (430 53 1 90)

48 8,29 x 1074 . o growth.

Pyrophosphate, -~ Ssed J,

68 - - 16 2 9
61 3.41x10°° 4.8 35 6 15
60 8.50 £ 1075 3.1 55 3 20
54, 1.08 x 1070 5.6 (73 8 30 )
55 2.15 x 1070 6.8 (100 10 45 )

Irimetavhosphate. Seed L. |

| 75 - 3.0 7 2 15
87 9.45 x 1078 4.9 10 5 15
85 1,12 x 106 8.9 23 4 30
8 1.9 x10° 5.8 (5 14 30 )

Tetrametaphosphate. Seed J.

68 o | - '. 16 2 9

78 7.12 x 1078 2,9 % 4 30
65 2.76 x 1077 4.6 (40 19 60 )
&4, | V.69 = 1077 4 ,‘5 {80 20



Teblae Ll 66,

Crysballigabion of Lead Sulphate in Presence of Dodecylsulphsbe,

Time . (1/R) x 103 m x 104  (memg) x 104
' _olms“l moles/1. moles/1.

Run 43. [DDS] = zero. |
0 min. 1.21600 1.7740 0,257,

1.5 1.20962 17573 0.2407
6 - 1.20499 1.7452 0,286
15 ' 1.20013 ©17325 0.2159
0. 1.19409 1.7167 0.2001

1 hr. 1.8 o oL.6897 0.1731
2 1.17168 1.6581 0.1415

3.25 116177 L6322 . 0.11%

Run 44, [DDS] = 3.76 x 1072 noles/i.
0 min. 1.23900 1770 10,2574

1.5 1.22909 Lmm 0.2005

6 122462 1.7054  0.1888
15 1,22156 1.697 0.1808
30 L Lames . L.6875 0,179

1hbr, . 1.21211 1.6727 0.1561

2.25 1.20285 1.6485 041319

3 1.19897 1.6384 0.1218




PAPLL, L1 o\ CONG. ) 67,

Tiwne (1/R) = 107 n x 10% (m-my) x 105
ohmg=1 moles/1. moles/1,

Run 50,  [DDS]} = 5,66 x 107% moles/1.

0 min. 1. 77470 1.7740 0.2574
3 1.74292 1.7693 10,2527
6 L7423 1.7680 0.2514
15 1.74111 L7646 - 0,240
0 - 1.73968 1.7609 0.2443
-1 hr, 1.73818 17569  0.2403
3 1.73578 1.7507 | 0.2341
5.5 1.73399 17460 0,229

22 1.72921 11.7335 0,2169

Run 51. [DDS] = 6.56 x 10™% moles/l.

- 0 min, . 1.81825 1.7740 0,2574
3 1.81771 17726 0,2560
12 1.81763 1.772% 0.2558
30 1.81715 1.7711 042545
1 hr. 1.81683 1.7703 0,2537
2 a 1.81620 1.7686 0,2520
3.5 1.81580 1.7676 0,2510
6 1.81580 1.7676 0.2510
Bun 48. [pDS] = 8,29 x 107 moles/L. No Growth.

Q..etj;:_.__l E?_ F = \0-2615n
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1/R scale:
1cm. = 5x10%hms”
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Figure 8.



TABLE, 12,

Cryvgbtollisablion of Lead Sulphate in Presence of Pyrophosphates.

Time 1032 /R  10¢an 104 (zem,) 107 Amem,) T3t
ohmg™L mole"s/l‘° moles/1. 1. /mole. 1,/mole

Run ‘689 [onﬁ = zero.

0 min.  1.23180  1.7740  0.257 © 0.3885 -

0.5 122809 L7643 0.7 0.4037  1.52
3 1.22215  1.7488  0.2322 0.4307 422
9. 1.21810  1.7382  0.2216 0.4513 6.28
15 1.21506  1.7302  0.2136 0,468';4 7.97
30 1.20952  1.7157  0.1991 0.5023 11.38
1 hr. 1.20062  1.6925  0.1759 0. 5685 18.00
2 0 1.18953  1.6635  0.1469 10,6807 29.22
4 17476 1.6248  0.1082 0.9242 53.57
5.5 1.16956  1.6112  0.0946 1.0571 66,86
23 1.15692  1.5782  0.0616  1.62% 123.49

¢ = t(m - mo)'“l - {(m3 -~ mo)—l} x 1672

Gell E. F = 0.2615.
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DABLE,, 12, (conb.)
Tine (1/8) = 207 nx 104 - (memgy) x 10

ohmg™L moles/1, moles/7.

Run 61. [P2o$"] = 3,41 x 10°° noles/1. ,
_. 0 min. ©1.22695 17140 0.2574

n5 1.22081 1.75% 0.2413
6 1275 R O X
15 ' 1.21506 CLm® . 0.2%63
30 - 1.21202 1735 . 0.218
1he. 12071 17290 0.2073
2 1.20183 17083 0.2927

275 L9863 1.6999 . 0.1833

‘Run 60, [oné']' = 8.50 x 1070 moles/L.

0 min,  1.23225 L7740 0.257
1.5 1.22859 1.7644 C 0,248
6 1.22750 17616 0.2450
9 o 1.22680 O 1.7597 ©0.2431
30 1.22259 L7490 . 0,232
1 hr. 1.21850 17380 . 0.22U
2 | 1.21515 1.7281 '0.2115
2.5 1.21226 - 1.7217 - 0.2051

3 | 1.21030 1.7166 0. 2000




TABLE, 12. {cont.)

Time (1/8) x 107 n x 104 (m-mg) x 10%
: ohme™L moles/1. moles/1.

Run 54. [PZO{’;"] = 1,08 x 10~ moles/L.

0 min. . l.22250 1.7740 - 0.2574
1.5 - 1.21993 1.7673 ' 0.2507
6 1.21865 1,763 0.2467
15 1273 L7606 0.2440
30 © 1.21604 L 0.2405
1 hr. 1.21427 1.7525 0.2359
2 1.21197 1.7465 0.2299

3 1.21025 1.7420 0,225/,

Run_55. ‘[oné"] = 2,15 x 10°? moles/1.

0 min. 1.22223 1740 0.2574
-2 1.22205 1.7735 0.2569
6 1.22180 1.7729 0.2563
15 1.22141 1.7719 0.2553
30 - l.22091 1.7705 0,2539
1 hr. 1.22032 1.7690 0,252
2 1.22022 1.7687 0.2521
2.5 1.22012 1.7685 0.2519

Coll E. F = 0.2615.
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Srygtallisabion of Lead Sulphate in Presence of Trimetaphosphate.

Time 10° /R 10¢n 104 (memg) 1074 Amemg) T#
ohms~+ moles/l. moles/l. 1./mole 1./mole.

Run 75. [TeiMP] = zevo.

0 min, 1.22800 1.7740  0.2574 0.3885 , -
1.5  1.21943 1.7516  0.2350 0.4255 370
4 1.21545 17412 0.2246 - 0.4452 5.67
15 1.21025 1.7276  0.2110 0.4739 8.54
30 1.20466 1.7130  0.1964 0.5092 12.07
1.75 hr 1.18689 1.6665 0,199 0.6671 27.86
4 1.17239  1.6286  0.1120 0.8929 50,44
8 1.16112  1.591  0.0825 1.2121 82.36
12 1.15692 1.5881  0.0715 1,3986 101.01
22 1.15088 1.5723  0.0557 1.7953 140.68

Run 87. [TriMP] = 9.45 x 10°% moles/l1.
O min. 1.23620 1.7740  0.257% - -

1.5 1.23427  1.7690  0.25% - .
& 1.23252  1.7644  0.2478 - -
15 1.2293% 1.7561  0.2395 - ]
30 1.22556  1.7462  0.2296 -

1.5 hr 1.21545 1.7197  0.2031 - -
3 1.21001 1.7055  0.1839 - -

I = 5‘( m-m )™t - ( my - mg )"lz x 1072

=
Y



TABLE, 13. {(cont.)

Time (i/R) x 103 n x 104 (mem.) x 10%
ohma~L moles/1. moles/1

Run 85, L[Tri MP] = 1.12 x 10~6 noles/1.

0 min. 1.23935 LU0 0,257
1.5 1.23787 L7 0.2535
6 1.23597 1.7667 0.2501
15 1.23497 1.7625 0.2459
30 1.23277 17568 0.2402
1.5 hrs. 1.22924 17476 0.2310
3 1.22254 1.7300 0,213
5 1,21820 17187 0,2021
8.25 1.2109 1.6993 0.1827
9.75 1.20850 1.6933 01767

Run 86, [Tri MP] = 1.49 x 1-04'6 moles/1.

0 min. 1.24100 1.7740 0.257L
1.5 1,24038 1772 0.2558

6 1.23938 1.7698 0.2532
15 1.23827 1.7669 . 0.2503
- 30 1,23702 1.7636 0.2470
1.75 hrs. 1.23372 1.7550 0.2384,

3 1.23078 17473 0,2307

5 1,22983 1.7448 0.2282

(-
&3
ON
ot
)




1/R scale:
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EATRTT 34 -
TARLE, 14,
sldndide e,

Crystallisation of Lead Sulphaie in Presence of Tetremetaphosphaie.

Time {(1/R) x 103 n x 104 (m-m0) x 104
ohms=1 moles/1. molaes/1.

R 78. [mMP] = 7.12 x 108 moles/l.

0 min, 1.22760 1.7740 0.2574
1.5 1.22017 1.7546 0.2380
6 1.21579 1.7431 0.2265
15 1.21280 1.7353 0.2187
30 1.20991 1.7278 0.2112
1 hr. 1.20552 1.7163 0.1997
2 1.19931 11,7000 0.18%4
b 1.19164  1.6800 0.163
9. 1.18083 1.6517 01351

22.25 1.1682, 1.6190 C.1024

Run 65, [TMP] = 2.76 x 10”7 moles/l.

0 min, 1.23270 1770 0.2574
1.5 1.22556 1.7553 0.2387
6 1.2208 17482 0.2316
15 1.22156 17449 0.2283
30 1..22096 1.7433 0.2267
1 b, 1.21564 17294 0.2128
2 1.2132% 1.7231 0.2065

2.9 ‘ 1,20781 1.7089 0.1923



Time (1/R) = 103 n x 104 (memg) 104
chms=1 moles/1. moles/ 1,
.E.Bg;éé‘s. [mMP] = 7.67 x 10~7 moles_/l,

0 min. 1.22820 1.7740 0.257/,
1.5 1.22501 17667 0,250
6 - 1.22363 - 1.7620 0.2454,
15  1.22136 1.7561 0.2395
30 | 1.21934 1.7508 0.2342
1 hr. 1277 1.7452 10,2286
2 1.21515 1.7399 0,2233
4 1.21275 - 1;?336 0.2170
6 1.21113 1794 0.21.28
8.25 1.21000 1.7264 0.2098
051968

20,25 1.20504 1,713

ce E ) F = O ° 2615o -
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the effect of eausing an increase in the values of n, and n,, and

in the durstion of the initial growth surge. In experiments with

very high concentrations of adsorbate, little significance can be

attached to the large values found for nj and ny, sines the growth

was extremely slow, and accurate grgdients difficult to obtain.
Since impurities present in weﬁer prepareG by ilon-exchange

have a definite effect on the crystallisation process, all subsequent

experiments were made using water prepared in a Bourdillon still.,

B. WATER PURIFIED BY DISTILLATION.

Experiments werse carried out with three of the anionic adsorbgtesy
godiur dedecyleulphete, sodium pyrophosphate, and sodium tetrameta-~
phosphate, for which all the solutions and seed crystals were prepared
with distilled water. The resulis are summarised in Table 15, and
time plots of 1/R are showo in Figs; 12 and Y. In the presénee of
8 16W'00ncentration of each of the additives, lead sulphate crystallis-
ation followed a second order rate equation, although the rate of
growth wes retarded. Second order plotg are shown in Fig. 15
(Tables 17 - 19). |

The presence of the impurity caused an increase in the duration

of the initial growth surge, and in the value of ny. Run 106, with
a tetrametaphosphate concentration of 6.66 x 1078 moles/l., which

had no initial fagh part was the only exception to this (Table 19).



80,

48 vas Tound previously with deloni sed water, the value of ny, and

the duration of the growth surge increased with increasing concentrabion
of impurity (Table 15). With sodium dodecylsulphate end sodium
tetremetaphosphate, a concentratioﬁ was reached at which the kinetics
of the second part of the growth followed an order greater than

two. This will be discussed later.

Cabionic Additive.

Cetyl ﬁ:imethjl ammonium bromide}was the cationic additive
studled, and only distilled water was used in these expsrimenis.
Concehtrations_ranging from 9.75 x 10~7 moles /1. to 1.08 x 104 moles/1.
hed 1little effect on the rate_of erystallisation. If anything, this
adsorbale tended to increase tﬁe growth rate slightly. The results
are summerised in Table 20 beiow, and time plots of 1/R are shown
in Fig, 16 (Table 21). In Run 116, a slightly larger amount of
seed crystals was added, which may account for the small acceleration.

At both concentrationsg en initial growth surge was observed,
and the valus of ny increased with adsorbate concentration. A
the lower cebtyl trimethyl ammonium bromide concentration, np vas
two, but at the higher concentration, np had risen to three, ionic

strength corrections having been made.

The solubility of lead bromide is 0.026/4 moles/l. (80), and
the solubility product is 1.394 x 1073 moles®/12  The value of
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Crystalilsation of Lesd Sulphate in Presence of Adgorbates.

Digtilled Waber.

Experiment [Adsorba'te] Seed conc.’ Duration of
Numbsz moles/1. mg/ml. ‘% ng Inib. Surge.
' - (mins.)
100 - 2.83 < 2 -
Dode czlsui;gbg‘l‘:e 2
107 3.39 x 1075 2,98 g 2 45
111 2.19 x 1074 3.28 13 6 105
_&. rophosphate.
108 2.86 x 10~ 438 9 2 60
110 9.41 x 1076 1.34 % 2 75
Tetremotaphosphate.
106 6,66 % 1078 2.70 - 2 -
104, 1.23 x 1007 3.80 7 2 60
103 1.64 x 1070 1.60 (50 28 15 )




TABLE, 16

Crysgtallisation of Lead Sulphste.

Distilled Water.

82,

1074 A m;-mo)

T# = {(m - mp)™t = (my - mo)”'lz x 1072

Time 103 /R 10bm 104 (mem,) I*
ohmsl  moles/l. | mnoles/1. ‘la/mole, 1./mola.
Run 100.
0 min. 1.2395 1.0 0,257 0.3885 -
1.5  1.23272  1.7708  0.2542 0.3934 0.49
6 1.23038  1.7647 0.2481 0.4031 1.48
15, 1.22725  1.7565 0,299 0.4168 2.83
30 122462  L.7496  0,2330 0.4292 407
1hr. 122096 L7400 0,223 0.4476 5.91.
2 1.21407  1.7220 0,205 0.4869 9.8/
4’ 1.20489  1.6980 0.1814 0.5513 16.28
6 1.19800  1.6800 0.1634 0.6120 22.35
10 1.18670  1.6504 0.1338 0.7%Th 35.49
23 1.16980  1.6062 0.0896 1,1161 72.76
Cell E. T = 0.2615.



TARLE. 27 Lead Suvlvhebte Crygballisation in Pregence of Dodecvlsulphuta.

Digtiiled Wster,

prettykos S

Time 103 /R 104m 104 (m=m,) 10~4 (n-m,) e

ohme=~} moles/l. moles/l. 1./mole. - 1./mole.
Bup 107. [DDS] = 3.39 % 107 noles/1. Cell E,
0 min. 131560 L.70 0,257 0.3885 -
6 1.29777 17268 0.2102 0.4757 - 8.72
15 1.20318 1.7148.  0.1982 0.5045 11.60
30 1.20003  1.7066 0,190 0.5263 13.78
Lhr. © 1.28532  L.6943  0.1777 0,5627 17.42
3 1.27222  1.6600  0.1434 06974 30,89
6 1.26035  1.6290 0,112 0.8897. 50,12
10,5 1.24961  1.6009  0,0843 1.1862 .77
1 1.24400  1.5862  0.0695 1.4388 105,03
24,25  1.23372  1.593  0,0427 2.3419 195,34
Fug 1131, [DDS] = 2.19 = 1074 moles/1., Cell Eo
O min, 1.30950  1.8435  0.3269 - -
9 1.30063  1.8203  0.3037 - -
15 1.29994  1.8185  0.3019 - .-
30 1.29830  1.8142  0.2976 “ -
1hr. 1.2962,  1.8088  0.2922 - -
2.5  1.29192 17975  0.2809 - -
5 1.28615  1.7828  0.2662 - -
9.75  1.27766  1.7602  0.2436 - -

Pha25  1.26327 LTIV 0,2008 -



Ehkban ., MS. ey Sulonses Urygiallisabion in Prasence of Pyroohn

Bistilied Water,

Time 103 /R 10k m 104 (mem)) 10 Auwem)
obms=+ moles/l. moles/l. 1./mole. Lo /mole,
Rup 108.  [Py04~] = 2.86 x 107 moles/1. Cell E,
0 min, 1.25045 LIMO  0.25% 03885 -
6 124335  1.755  0.2388 0.4188 3,03
15 - 1.24234  1.7528  0,2362 0.4234 3,49
30 L.203% L7499 0.2333 0.4286 401
Inr. 123958 L7456 0.2290 04367 /.82
3 L2352 L.7%M2 0,217 0.4596 7,11
5 1.23138  1.7241 0.2075 0.4819 - 9.3k
8  1.22680 17121  0.1955 0.5115 12.30
12 1.22120  1.6975  0.1809 0.5528 16.43
27 1.20W6  1.6629  0.1463 0.683.‘5 2950
Bun110.  [Pg0%7] = 9.42 x 1076 moles/1.  Gell E.
0 min. 1.20775 L.7UO  0.25% 0.3885 -
6 1.20611  1.7497  0.2531 0.3951 0.66
15 1.20557  1.7683  0.2517  0.3973 0.88
30 1.20518  1.7673  0.2507 0.3989 1.04
1.5 he. 1.20434 17651  0.2485 0.402% 1.99
3 1.20377 17636 0.2470 0.4049 1.64
5.5 1.20207  1.7591 0.2425 0.4124 2,39
9 1,20052  1.7551  0.2385 0.4193 3.08

aheni 1.1960% 17433 - 0.2267 C.4410



TABLE, 1%, Lesd Svlobabe Urvetalliisebion ln Presence of Tebranstan

Disgbiiled Uaber,

Time  10° /R 10hn 104 (mem) 107 /mem,) T
ohmg=: moles/i. moles/l. 1. /mole. 1./moie.

Rup 104. [T ] = 1.23 x 1077 moles/l.
0 min. 1.25865 1.7740 0.2574 0.3885 -

6 1.25098 17539 0.2373 0424 3.
15 L9z LISl 0.6 0423 3.7
30 1.24809 L7464 0,208  0.4352 467

1hr. 1.24511  1.7386 0,220 0.4505 6,20

2.5  1.23837  1.7210  0.2044 0.4892 10,07
5.5 L2785 L6935 0.1769 045653 17.68
11 1.21427  1.659  0.1413 0.7077 3192
2 119617 1.6106 0.0940 1.0638 B 67.53

Run 106, [TMP] = 6.66 x 1078 moles/1.

Omin, 1.24080 17740  0.257% 0.3885 -
6 1.23482  1.758,  0.2418 0.4136 2.51
15 1.23362  1.7552  0.2386 0.4191 3.06
30 1.23202 L.7512  0.2346 0.4263 3.78
1hr, 1.22973 L7450 0.2284  0.4378 493
2 1.22462  1.7317  0.2151 0.4649 7.6
4 1.21692  1.7115  0.1949 0.5131 12,46
8 1.20547  1.6816  0.1650 0.6061 2.7
14,25  1.19193  1.6462  0.1296 0.7716 38,31
3.37622  1.6103  0.0937 1.0672 167,87



86,

TABLE, 19, {cont.)

Time (1/R) =103 n x 10% (m-m,) x 10%
ohms~t moles/1. moles/1.

Run 103, [TMP] = 1.64 x 106 moles/1,

0 min. 1.25600 1.7740 0.2574
1.5 1.25428 1.7695 0.2529
6 1.25250 1.7648 0.2482
15 5 1.25199 1.7635 0.2469
30 | 1.251% 1.7619 10,2453
1 hr. | 1.25037 1,793 0.2427
2 Clo9m 1.7562 0.2396
4 1.279 17520 0,235
6 . 1.24678 1.7499 0.2333
9. CL.2U486 17449 0.2283
23.25 1.24365 L7419 0.2251

Cell E,  F = 0,2615.
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[Pb?][Br“]z in these experiments was 2.07 x 1012 potes3/13.,
go crystallisation of this salt cannob be the explanation of the
third order kinetics found. |

Since cetyl trimethyl smmonium bromide hed such a semll
effect on the rate of growth of lead sulphate, no other cationic

additives were studied.

TABLE, 20.
Crystglligatlion of Lead Sulphste in Presence of
Cetyl Trimethyl Ammonium Bromide,

Experiment Adsorbate Seed conc, ny np  Duration of

Number conc. . (mg/ml.) Init, surge.
moles/1. ' : (mins.)
100 - 2.83 - 2 -
116 9.75 x 107 3,60 6 2 15
119 1.08 x 10=4 2.28 12 3 15

Cell E. F = 0.2615.
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Crystallisation at Non-Fquivalent Tonie Concentrations.

The experimenie st non-eguivaelent ionic concentrations are
recorded in Table 22. Smooth curv;es of 1/R against time are showm
in Figs. 17 and 18, and the reactlon was usually followed for
12 - 24 hours, corresponding to abaut 60% of the total growth.

The results were interpreted in terms of the smcunt, N , of
lead sulphete to be precipitabted before equilibrium was reached.
The inisi:an‘taneous concentraisioﬁs are given by the relatiomships

[PoZ'] = [Po®"] « N\ and [S0]7,] = [s0f"]- D
where [P‘b?;] and [Sﬂz’e] are the équilibri.u.m ionic concentrations
which satigfy the solublility product relationship

[P )[s0%] = Ky = 17164 x 10 moles?/a%,
“at 25°C. Thersfore,
([Pp2°] - D)([S05 ] =D ) = Ky o
The initial value of & can be found since the initial values of
[Pb2+] and [802“] are knoun experimentally, and tﬁe change in AN
can be calculated from the measursd change in resistance.

The rate of crystallisation may be written

an n
whers n is normelly 2.
When this method of analysis was applied to the lead sulphste
results, n values as high as ten for Pb / 8¢ =1 / 4 and 4 / 1 were

ohtainad. Tn 21l cases the growth was glover than abt ecuivalent iconic

el



concentrations, but sines the n values were diffevsnt, except uh
the 4/1 avd 1/4 ratios, only these ars strictly comparable.
 An excess of lead ions caused a grester fo;tardation'of the growth

rate than en excess of sulphete ions.




TABLE, 24 fead Suilvhgte Uvvgballigabion din Preogence of
Cotyl Trimethyl Ammonivm Bromide.
Time 102 /R 104 m 104 (mem,) 1074 (m;mo) it
: ohmg=! moles/l. moles/l. 1./mole. 1./mole.
Rup 136. [CB] = 9.75 % 10™7 noles/1. Coll E,
O min, 1.25780  1.7740 0.257 0.3885 -
6 S 1.23482 1,719 0.1973 0.5068 11.83
15 1.23088  1.7036  0.1870 0.5348 14,63
30 122740 1.6945 0,17 0.5621 17,36
1 hr. 1.22190  1.6801 0.1635 0.6116 22.31
3 1.20918 ~ 1.6468  0,1302 0,7680 37.95
7 1.19771  1.6168 . 0.1002 0.9980 60.95
12 1.19010  1.5969  0.0803 1.2453 85,68
36 1.18216  1.5762  0.0596 1.6779 128,94
Run 119. [cTB] = 1.08 x 1074 moles/1. Gell E.
0 min. 1.40150  1.7740  0.2467 - -
6 1.37476  1.7041  0.1768 - -
15 1.36919  1.6895  0.1622 - -
30 1.36409  1.6762 0.1491 - -
1 hro 1.35684 1.6572  0.1299 - -
2 13853 1.635%5  0.1082 - -
4 1.33979  1.6126  0.0853 - -
6 1.33500  1.6024  0,0751 - -
11 1.33100  1,5896  0.0623 - .
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Load Sulobete Orvgballisetion at Non-eouivalent Teonic Consentrabtions.

Time m3/§ A x 10% Time  10° / éx§%
ohms™L  moles/l, ohms moles/1.
Run12l. Pb/80, = 1/2. | Run.122. Pb/S0, = 2/1.
0 min. 1.31730  0.4%1 0 min, 1.37440  0.4291
6 T1.30073  0.38%% 6 1.35884  0.3884
15 1.29503  0.3709 15 1.35190  0.3703
30 1,29019  0.3577 30 1934467 0,3513
1 hr, 1.28255  0.3377 1 hr. 1.33552  0.327%
2 Loarul .32 3 13197 0.2815
3.5 1.26542  0.29% 5.5  1.30919  0.2586
7 1.25T44  0.2726 7 1.30801  0.2555
12 1.25113  0.2560 8 1.30673  0.2521
Bun. 123 Pb/SO0, = 4/1 Run 126, Pb/S0, = 1/4

0 min, 1.62625  0.3503 O min, 1.53%45  0.3503
6 . 1.61864 0,334 6 L.52355  0.328
15 1.61597  0.323 15 1.51871  0.3091
30 1.61276  0.3150 30 1.51478  0.2989
1 hr, 1.60866 . 0.3043 1 hr, 1,50916  0.2842
2 1.60295  0.289 2 1,50288 0,267
he25  1.59619  0.2717 4 1.49656  0.2512
7.5 1.59188  0.2604 6 1.49407  G.2447

23.5  1.58555 0.3 22.25 1.48613 0,223
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PART_1b.

Crystallisation of Barium Sulphate from

Supergabturated Aqueous Solutions

st Various Temperatures,



100,

PART Ib.
INTRODUGEION,

The precipitetion of barium sulphate, because of its
jmportence in gravimetric anélysis, has been studied extensively,
and meny mechenisms of nucleation and growth have been advenced (9 =12,
26, 29, 30, 32, 35, 36) Ao account of the main theories has beon
given on pagss 1 - 10.

Electron microscope studies of barium sulphste crystals by
Otani (86) revealed that there are two types of ecrystal aﬁapesv
formed above and below a concentration of 5 x 10~% moles/1. In
the more dilute solubions regular orbthorhombic platelets were
produced, while dendritie crystals resulted in the more concentrated
region. Suito and Takiyama (87) have also shown that t'he aging
of barium éulphate takes place by Ostwald ripening, with the largex
particles growing abt the expense of the smaller ones.

Fischer and Rheinehammer (88) observed that the size and number
of bérium sulphate crystals produced depended on the age of the
barium chloride solution used in their preparation. An old solution
of barium chloride gave fewsr and larger crystals than a fresh
golutior., If s frosh solution wes filtered, however, it behaved
as an old one, suggesting that the number of nuclei decreaged on
aging.

Welbon and Walden (89) found that barium sulphate crystals
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occluded many cabions, including NHZ ; K, Na*, Li* in the crystal
lattice, and established that the co-precipitated lons formed a
substitutional solid solution. An electron microscopical study of
colloidel barium sulphate by Dawson and MCCaffney (90) revealed
pores of diameter 15 = 70 & in the crystal surface, in which
occlusions could be mads.

Pgrt 1b is & report on the erystallisation of barimﬁ sulphate
from its superssturated solution. Nancollas and Purdie (58) have
established that the growth follows a second order rate law, from
sgolutions of equivalent and non-equivslent ionic concentrations ab
25°C., end the study hes now been sxbended to temperstures betwecn
15 and 45°C. In a similar study of silver chloride crystallissiion
between 15 and 35°C., Davies e’.né Nancollas (38) reported that the
rate congtant was unaltered by the change in temperature, indicating
an activation energy of zero for the process. In the present
work, however, barium sulphate has been found to have a positive

energy of activation for growths
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EXPERTMENTAL,

Preparation of Solutions,

Supersaturated solutions were prepared by mixing dilute solutions
of barium chloride and sodium sulphate in situ. The apparatus and
experimental technique used have already been désqribed in detail
in Papt la. With bariuvm sulphete, the 6911 was washed between
experiments with 1% hydrochloric acid, in eddition to the normal
washing procedure. In experiments et 35° and 4556.,'the cap of the

cell was brought to the same temperature to minimise condensation.

Preparation of Seed Crystals.

Due to the low temperature coefficient of Solubility, if wasg

not’possible,to prepare barium sulphate crystals by recrystallisétion,
: Accbrdingly, the crystals were prepared by simultaneous dropwise
addition of eguimolar portions of barium chloride and sulphuric

acid, to water at 90°C. A typical preparation involved addition

of 100 ml. portions of 0.1 Molar solutions, to 200 ml of water in

an ashbestos-lagged beaker, on a hotplate. A magnetic stirring
device was employed, and the solution was agitated theoughout the
addition, end for about 24 hours thereafter. The crystals were
maintained gt 90°C. for sbout six hours after the additions were
complete, since it hés been observed that crystals aged at the higher

temperature were more perfectly formed (88). The crystals were
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' washed by decantétion twenty times with distilled and conductivity
water, and stored in pyrex bottles at 25°C. The seed crystals were
uniform ph@bohedra, and the suspensions prepared were

Séed suspension A, average size 9.5 4.

Seed suspension B, average size 5.0 4.

Determingtbion of Solubility.

Solubllity at 25°C.

Literature values for the solubility of Barium sulphate at 25°C,
range from 0.955 x 10“5 moles/1. (91) to 1.403 x 10~° moles/1. (92).
The valuebfound in this work, by allowing dissolution experimenﬁs
to procesd to eqpilibrium wae 1.024 x 10~ moles/l., which agreeé.
with the value of Rogseinsky (93), (1.039 x 1077 mc{les/l.) and that
of Nancollas and Purdie (57),(1.040 x 10~5 moles/L.). The
thermodynamic solubility product was

k = [Ba% ][s057] £5 = 0.9820 x 1071 moles®/1%.,

f5 being evaluated using the Davies equation (page 41).

Solubility at Other Temperatures,

Wo values at 15°, 35°, or 45°C. are quoted in the literabure,
but these could be interpolated from data reported for temperatures
from 0° - 100°C. (80). A plot of solubility against temperature

resulted in a~fair1y.good straight line, which enabled an estimate
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to be made of the solubility at intermediate temperatures. In

eddition, measurements were made st each tempsrature, by sllowing
dissolution experiments to proceed to equilibrium. Agreement with
the interpolated values at 150" 35°, and 45°C, was good, as cen be

seen from Table 23.

TABLE 23,
Solubility of Barium Sulphste at Various Tenperatures.

Temperature (°C.) Interpolated Sq Experimental Sg
(moles/1.) (moles/1.)
15° 0.93 x 10~ 0.904 x 10=2
35° 1.22 x 1075 - 1,196 x 1077
45° 1.38 x 1072 1.389 x 107

The corresponding thermodynemic solubility products were

at 15°C., K = 0,7725 x 1010 moles?/12.,
at 35°C., K = 1.3401 x 10~10 moles?/12.,
at 45°C., K = 1.7948 x 10710 noies?/12.,

where f5 wes again evaluated using the Davies equation, with the
appropriate Debye-Huckel constamts, A = 0.5002 at 15°C., 0.5190

st 35°C., and 0.5296 st 45°C. (94).
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RESULIS.

Following on the work of Nancollas and Purdie (57) who
established that barium sulphate crystallised from its
supersa‘ﬁurated solution according to a second order rate law at 25°C, ,
the gtudy hes now bsen sxtended to deterﬁxine the kinetics of growth
at other temperatures. Experiments have been carried out at 15°,

25°, 35°, and 45°C., and en estimate of the heat of reaction made.

Jonic Mobilities and Eguivalent Conductance.

Mobilities of sulphate and barium ions at 15°, 35°, and 45°C.,
were obtained by interpolation of existing data (94). Values used

are given in Table 24.

TABLE 24.

Mobilities of Barium and Sulphate Tons.

Temperature ( °C.) Sulphate Barium
15 : 63.0 52.0
25 80,00 53.63
35 95.0 75.0

45 113.5 95.0
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The Ongager equabions at these temperatures were (95)

A = Ao L (1.78964° + 186.12) vom at 15°C., ( A° = 115.0)
A = Ao - (1.82064° + 239.44) Vom at 25°C., ( A° = 143.63)
A = A° - (1.857674° + 299.24) vom at 35°C., ( 4° = 170.0)
A =

Ao o (1,89922° + 363.96) vam at 45°0., (d°=208.5)
whers m is expressed in g. mols./1. '
Experimental and calcﬁla‘bad conductivities of the solutions agreed
to within 0.5% (page 43).

With the small concentrations involved in crystalliéa’oion, the
value of 4 was taken to be constant, 112.61 at 15°C.; 140.45 at
R5°C.; 165,62 at 35°C.; and 202.79 at 45°C, Activity coefficients
were essumed to be unity at the low ionic strengths involved. The

conecentration change during growth was calculated as described on

page 4do

Cell Constant.

Variation of the cell constant was considered to be negliglble,
since the coefficients of expansion of platinum and pyrex glass are
o small. This has been illustrated by Gunning and Gordon (96),

who showed that the total error involved between 15° and 35°C. was
only 0.005%.
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Crysbellisetion Experiments ab 15°, 25°, 35°, and 45°C.

The results are summarised in Table 25 and plots of 1/R against
time are shown in Fig., 19. The data are plotted according to a second
order integrated equation in Fig. 20 (Tables 26 - 29). It is seen
that the growth follows a second order rate law and the z;ate constants
at each temperature are given in Table 25.

The integrated form of the Arrhenius equation is
Ink = 1nA - E/RT,

and logjok is plotted against (Temperature)"l in Fig. 21. The best
straight line through the points was drawn by the method of least

squares, giving an energy of activation of 8 K.Cals./mole.
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Crystallisstion of Barium Sulphets,

Experiment Temperature Seed conc. m x 105 Rate Const.

Numbsr (°C ) (mg/ml.) (moles/l ) (1./mole. /min.)
7 15 0.06 1.860 125
8 15 0.02 1.860 113
1 25 2.01 2.0505 167
5 35 0.73 2.460 267
3 45 2.59 2.760 450
3 45 2.10 2.760 450




Grystalllsation of Barium Sulvhete abt 15°C.

1

Time  10% /R 10¢m 104 (mem)) 1074 A m;mo) T
ohms~} moles/l. moles/l. 1./mole. 1./mole.
Run 7.
0 min. 1.22925 1.8600  0,9377 1.0664 -
5 122669 1.8516  0,9293 1.0761 1 0.97
15 1.22349 1.8411  0.9188 1.0884 2,20
30 1.21570 1.8156  0.8933 1,119 5.30
1hr. 120008 1.7870  0.8648 1.1563 5.9
2.5  1.18305 1.7087  0.7864 1.2716 20,52
5.5  1.14985 1.5999  0.6776 1.4758 40,94
10,25  1.10461  1.4517  0.529% 1.8889 8225
2% 1.02155 1.1797  0.257% 3.8850 281..86
Bun 8.
O min. 1.05140 1.8600  0.9377 1.0664, -
5 1.04999  1.8554  0.9331 1.0717 0.53
15 1.04703  1.8457  0.9234 1.0830 1.66
30 1.04155 1.8277  0.9054 1.1045 3.61
1hr. 1.03318 1.8003  0.8780 1.1390 7.26
2 1.02073 1.7%95  0,8372 1.1945 12.81
4 1.00028 1.6837  0.7614 1.31% 2,70
7 0.96751  1.5852  0.6629 1.5085 b 20,
24 0.92504 1.4461  0.4538 2.2036

113.72
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TABLE, 27.

Crystallisation of Barium Sulphate ab 25°C.

Time 103 /R 104 m 104 (memo) 1074 A memg) T
ohms~l moles/l. moles/l. 1./mole. 1./moles
Run 1
0 min, 1.60975 2,0505  0.9405 1.0633 .
1.5 1.60458 2.0370  0.9270 1.0787 Lok
6 1.60200 2.0303  0.9203 190856 ﬁ 2,33
15 1.60153 2.091  0.9191 1.0880 2,47
30 1.59950 2.0238  0.9138 1.0943 3.0
1 hr. 1.59121 2.0022  0.8922 1.1208 5,75
2.5  1.555,3 1.9091  0.7991 1254 18.81
4 1.52196 1.8220  0.7120 14044 %41
5.5 1.49569  1.7536  0.6436 1.5538 £9.05
7 . 1.47388  1.6969  0.5869 1.7039 64,06
23.75  1.37793  1.4470  0.3370 2.967, 190.41

Cell E, rw=%m—mﬁ-4mfm%:nm3



Crypieliisation of Barium Sulphabe ab 35°C.

Time 10° /R 104 m 104 (mem,) 1074 A memg) T3
onms=t moles/l. moles/l. 1./mole. 1./mole.
Run 4, |
0 min. 2.31700 2.4600  1.2408 0.8059 -
1 2.3103, 24457  1.2265 0.8153 - 0.94
9 23026, 24292 1.2100 0.8264 2,05
15 2.29396  2.4106  1.1914 0.8393 3.34
30 2.27350  2.3%68  1.1476 0.8714 6,55
1.5 hr. 2.19772 2.2044  0.9852 1.0150 20.91
3 2.11522 2.,0277  0.8085 1.2369 43.10
5 2,03886 1.8641  0.6449 1.5506 Uy
7 (1.98406 17466 0.5274 1.8961 109.02
F = 0.2143.

11 B

I;\‘ = {(m - mvo)'l- (my - fac)”%x 1073



AT T ey
0 1P Y

Crveballipstlion of

Pins 10% / ® 104w 10 (m-nmg) 1074 A m;mo) i
ohms=+ moles/l. moles/1. 1./mole 1./mole.
Rm o v
0 min, 3.11750 2.7600  1.337% 0.7477 -
3 3.09516 27197  1.971 0.7710 1.7
10 3.05996  2.6563  1.2337 0.8106 5,72
15 3.03778  2.6163  1.1937 0.8377 8.43
30 2.99450 2.5383  1.1157 0.8963 4.2
1 hr. -2.93828 2.4369  1.0143 0.9459 23.25
2 280654 2.1994  0.7768 1.2873 53.39
4o 2.66200 1.9389  0.5163 1.9360 118.35
2.61052  1.8461 0.4235 2.3613 160,79
Run 4.
O min. 3.13750 2.7600  1.337 0. 7477 -
3 3.10974 2.7100  1.2874 0.7768 2.2
10 3.08220  2.5603  1.2377 0,8080 5,46
15 3.06496 2.6292  1.2066 0,8288
30 3.02310 2.5538  1.1312 0.8840 7.3.C
1 hr.  2,95050 2.42%9  1.0003 0.9997 2%
2 2.83700  2.2183  0.7957 1.2568 :
4e5 27098 1.9857  0.5631 1.7759 102,23
7.5 2.59126 1.7753  0.3527 2.8353 203.1
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DISCUSSION,

The crysteallisation of lead sulphate has been ehoﬁn to follow
e second order rete law, with the exception of'an initial, very
fast growth surge. Similar results were obtained with barium
sulphate (57), and it has been suggested that the initial fast
peried might be due to two-dimensional nuecleation on the surface
of the added seed crystals. If ingufficient sites for growth ave
provided initially, nucleabtion will toke place abt active sites on
the crystals, and this will continue until the supersaturation aib
the crystel surface is reduced to a value at which there are sufficient
sites avallable to accommodate the growth. Nancollas and Pur&ie
postulated that normal second order growth then sets in, and is
the controlling factor. Bulk nucleation could not bs the explanation
of the growth surge, since this is characteristically associated
with an induction period or slow stage, which was never observed.

Results obbained in the present work support the suggeséion
of surface nucleation. Addition of a larger amount of seed crystals
substantially reduced the duration of the fast part (Table 2), and
in Run 13 (Fig. 3) it wes eliminated completely. Lowering the
Initial supersaburation had a similar effect,

In experiments in which the less regular needle~-shaped crystals
{(Plate 2, B, G, D) were used, it was notlced that the durabion of the

Initial growbth surge was longer, suggesting that enhanced two~dimenalonal.



was taking pla09° The particular faces which are developed in
these crystals may contain fewer suitsble sites for normal second
order growth than the faces which are present in the rhombic type.
The rate of growth of lead sulphate wag retarded by the
.presence of anionic adsorbetes, a result similar to that described
by Otani (65, 97). In a study of strontium sulphate precipitation
he found that both gpoutanscus crystellisation, and growbth on addsd
geed crystals were inhibited almost conpletely by sodium triphosphate,
ot a concentration of 5 x 10“5 moles/1. He attributed'this
observation to adsorption on to the nuclel or growing crystals,
and postulated that the triphosphate lon may be prefersntially
adsorbed at active sites on the crystals, thus retarding layer growbh,
Since the mole rafio of strontium to triphosphate was 670/1, the
inhibition of growbh could not be explained by compiex formation.
Similar results have been obtained with & variety of other phosphates {1,
The effectivensss of the various adsorbates can be explained
by congidering the size of the ions, The larger, more highly
charged additives will be attached more firmly to the crystal
surface, and will cover a larger area (19).
Dodecylsulphate, the least effective of the additives studied,
is composzd of a long hydrocarbon chain, terminating in a univalent
lonic group. When this ion 1s attached to the surface, the
hydrocarbon pert of the moleculs would not be very efficient in

blocking other growth sites.
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The pyrophosphate lon is composed of two phosphate tetrahedra,
linked through an oxygen atom, the 0 -~ O distance being 2.50 35
which compares with an 0 - O disbance of 2.47 K in the sulphate ilon.
With its four negetive charges, electiostatic forces would result
in the strong attachment of this ion to the positive surface of
lead sulphate (98, 99), bubt since it is fairly compact it would nob

&

cover a very large aveg. The brimebaphosphate and tebtremebaphosphate
jons are also composed of phosphate tetrshedra (100, 101) linked
through cxygen abtoms, with sn 0 - 0 digbance of 2.51 Xu (100),
Tetrametaphosphate, being lerger, and having cne more negative charge
vould be slightly more effective in retarding the crystallisation of
lead sulphate. These ideas are in agreement with the suggestion of
Cabrera and Vermilysa (19) that the sizme of the impurity is the
mogt Important factor in retarding growih.
Cuming end Schulmana {102} have estimeted the surface area

of the dodecylisulphate ion from surface tension and surface potenitial
meagurenant s (1039 104) made on adsorbed and spread films of long
chain sulphates ab the eiv-weber interface. They concluded that the
limiting area psr 1o is about 20 ﬁz, under conditions whefg the
charge on the sulphate group is effectively neutralised.

Mulra and his co-workers {74) have defermined the suvface arsa

N

of the triphosphate ilon, by considering ils sdsorption on strontium

Red

gulphate crysbals of knowm surface srea. They arrived at a velue oi

[u}
i AR for the arecs ocrcupied per triphosphate moleculs, and conciuded
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that the area covered per phosphate tetrashedron was 12 £2,

In the present study the concentration of impurity and the
amount of seed added in each experiment were known. Hence it was
possible to calculate for each run the avalleble surface area of the
crystals, and the surface area which would be covered by impurity,
assuming a monomolecular adeorbed layer. Such a conparison cen only
ba, at the bast, very qualitetive, since ostimations of crystal
surface area are based on the average size of the crystals, assumed
cubic, and having atomically smooth surfaces. Howéver, when thisz
calculation was made, it was esbtablished thet in Run 103, in which
the concentration of sodium tetrametaphosphate was 1.64 x ].O"6 moles/1.,
and growth {«ras very slow, the ratio of crystal to adsorbate surface
area was 0.8/1., In Rums 110 and 111, with scdium pyrophosphate
and sodium dodecylsulphate respectively, values of fhia ratio were
3/1 and 230/1, the corresponding coacentrations of impurity bsing
9.41 x 3.0"‘6 molas/l, for pyrophosphate, snd 2.19 x 10~4 moles/1.
for dodecylsuiphate.

The results obvained in the presence of adsorbates are
consistent with the idea proposed by Sears (77) that the impurlty
reduces the critical free energy for two-dimensional nucleation,
causing an increase in surface nucleation. As the concentration
of additive wes increased, the duratlon and n - value of the initial
growth surge, which has been attributed to two-dimenalonal

nucleation, also increased. The trend in the values of n,. and the



120,

time for which the fast part lasted, can be seen in Tables 10 and 15.
It seems probable that the adsorbate molecules occupy suitable
growth sites, and that when fewer of these sites are available,
more surface nucleation is needed to accommodate the growtho

Whereas the crystallisation of megnesium oxslate (43) and
silver chloride (39) has been shown to follow s second order rate
equation in the presence of adsorbetes, thie was not the case with
léad sulphate. With this salt, the value of ny was found to increase
ﬁith increasing concentration of impurity, this being especially
marked when deionised water was used. It is possible that
two=dimengional nucleation never stopped completely, although it
became less than its initial value of ny (Tebles 10 end 15). I
seems ressonable to assume that as new sites are created by surface
nucleation, sdme are immediately occupied by the impuiity molecules.
Purther, less extensive nucleation'may gb11l1l be necessary, end this
may continue throughout the entire growth period. With increasing
concentration of adsorbate, the value of n, rose from three to as
much as 36 (Table 10), but in all cases these values were |
substantially less than ng. Little significance can be attached to
velues as large as 36, since they refer to growth exﬁeriments iﬁ
which the rates were very slow and gradients correspondingly
difficult to obbtain.

Kthough the method of preparatlon of conductivity water did
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not affect the kinetiecs of crystallisation of silver chloride {45},
thls has not been found to be true for lead sulphate, strontium
sulphate (105) or silver iodate (44). Deionised water has been .
shown to have a marked effect on the kinetics of growth of strontium
sulphate and silver iodate, and of lead sulphate in the presence of
low concentrations of additives. I% has been suggested (33, 105-~107)
that this is due to the presence of smell amounts of organic matriz,
which has bsen leached off the ion-exchange resin. Although such
orgenic impuritj dosg not increase the conductivity of the water,

it appears to behave in a similar mermer to the lnorganiec adsorbates
studled, by occupying some of the active growth sites, and so
enhancing the need for surface nuclestion.

The crystallisetion of lead sulphate in the presence of
adsorbates was affected by deionised water. In particular, the
values of ny and n, were found to increase with increasing
cenecentretion of additive. When distilled water was used, the value
of n, was lower then that in deionised water, at a similar
concentration of adsorbate, as can be seen from Table 30 below.

This would be the expected result if organic impurities from
the resin block some of the existing growth sites. In the absence
of such sddibtionel impurities, more active sites will be avallable,

and surface nucleation will be reduscsd.
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IABLE. 30,
Gonparlson of the Bffect of Deionised and Distilled Water

on Lead Sulphate Crystellisation,

[Adsorbate] Deioniged Water - Distilled Webe:r

(moles/1.) m " ng oy By
odecylsulohate,

3.4, x 1079 21 ' 3 .8 2

4.0 x 1074 100 3% 13 6
P"groghg& gphate,

3 x 1070 35 6 2 2

1 %1077 7 8 Y 2
Tetranstaphosphate,

7 x 1078 1 4 - 2

2 x 1077 50 .19 7 2

With distilled wster and low concentrations of adsorbate, the

value of g did nob deviashe from bwo , 88 can be gesn from

Tables 15 and 30. This is in agreement with the suggestion wade

abova, thel when orgenic impuritles are present, they occupy asome

of the active sites created Ly surface nucleation. Hence, thers
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are never. sufflclent sites for growih to occur purely by the
dislocation mechenism, which would.give rige to a second order rate
law.

A% high concentratlons of adsorbate, however, values of 1
greater than two were obseivad, but the growth rate in these
experiments was extremely slow. It was possible to usé higher
concentrablons of edditive before growth stopped completely whexn
@istillad water was used in the preparation of thevsoluﬁions, end this
would algo be expeched if there are more growth sited availabie.

Yhen a cabtionle additive, cetyl trimethyl ammonium bromide, .
was'used; the rate of crystallizabion was not reduced, even ab
concentraticns as high as 1074 moles/1, This contrasts with the

vesults of Davies and Nancollas {39), who found the rate of
crystallisation of silver chloride tu be reduced in‘ﬁhe presence
of the nitrate of this catlon.

Crystellisation of lead sulphate from distllled water
solutions containing non-equivalent concentrations of lead and
sulbhate ions showed devietions from gecond order kineties, in coalrasb
to results obbained by Nancollas and Purdle (57) with barium svlphaie.
Lead sulphate growth was slower with the cabtion in excezg rabher
than the anion, snd o gimilar result wes obbalned with barium
sulphate (57) and silver chiorids (7). DBuchanan snd Heymen {98)

have found that the surfzce of lead sulphate crystels carries
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a positive charge and 1t thorefore seems reasonable that the rate
of adsoxption of the anion should be greater than that of the
cation. No explanation of the change in kinetic order at
non-equivalent lonic concentrations can be advanced at present.
This positive charge carried by lead sulphate may be the reason
for the ineffectiveness of the cabtionic additive in affecting
the rate of growth,

When c:ystallisation begins with an initial surge of
vayying exbent it is not possible to compare gbsolute values for the
rate of the subsequent growth. The concentration at which the
transition to second order growbth tekes place must depend on the
amount of seed crystels added, and the number of growth sites
provided by them. A large amounit of seed crystals was added to
the solution {300 - 1500 mg.) and it was not posaibie t0 ensure
that the pame quantilty was used in each experiment.

Barium sulphate has algo bsen found to crystallise from

supersaturated solution according to a second order rate law &b
15°, 25°, 35°, end 45°C., indicating that the slow sbep at the
erystal-golution interface is eontrolling, but, in contrast to the
results of Nancollas and Purdie {57), no initial growth surge wes
observed. In general, a larger waight of crystals was added %o
each experiment than in the previous study, snd the seed suspension
was compesed of slightly smaller crystsls. The increased surfece

area must therefors have provided sufficient active sites for normal
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growbh, meking two-dimensional surface nuclestion unnecessary.
Indeed, this was observed by Nancollas and Purdis, who succeeded in
eliminating the initial growth surge by increasing the amounﬁ of
geed crystals added to their experiments.

Davies and Nancollas (38), in a study of silver chloride .
erystallisation, found the rate constants to be invariant with
temperature, indicabing an activabion energy of zero for the
process. In the present work, the rate constants for barium suiphate
growth have been shown to increase with increasing temperature,
corresponding to an activation energy of 8 K.Cals./mole.

Little work on tempsrature coefficients of growbth has been
reported, but Lichstein and Brescie (308), who studied the
spontanecus precipiﬁaﬁion of magnesgium oxalate, also found that
the rate was temperature dependent, with a heat of aétivation of
~N3 K.Cels. They found (109) the kinebics to be first order, however,
and concluded that diffusion wes the rabe-controlling mechanism, with

(MgC20,) 2 + Mgl — (MgC20,) 3
being the slow step, where (Mgly0,), is the critical nucleus.

One disadvantags of the conduétimetric technigue for studying
the growth of crystals is that no information about the slow step
can be obbainsd, other then that it takes place at the crystal-
solubion interface. The slow siep may be due to the presence of
only a limited number of suibable growbh sites, to the dehydratlion

of the ions, or %o the tims taken for a cabion and an anion to reach
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an active site in a favourabls orlentation for incorporation into
the lattice. OFf these possibilities, the first is unlikely %o bo
affected by temperature, hence; if this step wers rate controlling,
the rate of growth should be independent of tempersture. On the}
other hand, both the gocond end third alternatives are likely to

be temperature dependent. The greater mobility of ions in the
adsorbed layer as the tempsrature ies raised should resul®t in &
greater number of collisions with growth sites, and thus an increaze
in the rate of growth.

Iﬁ would seem, thersfore, that in the case of barium sulphabs,
the rate debermining process is not the availability of growih
sites, but rather some mechanism such as the déhydration of lone
befors enteriﬁg éhe crystal 1atticé, or the frequency with which
ions in the mobile adsorbed layer collids with growth sitesob With
silver chloride, for which an energy of activabion for growbh of
zero has heen reported, the slow step may have been due to &
limitetion in the mmber of ginwth gites available on.the crysitals.

In coﬁclusionp therefore, it hes been shown that in the
cnys%alliéation of bbth lsad gulphate and barium sulphate, the generai
theory of growth proposed by Davies and Jones was followed for most
of the reaction. Deviations from this tﬁeory cccurred, however, in
the presence of adsorbates, and abt non-equivelent ilonic concentiaiions
with the lead salt. Orgenic conteminants present in water prepared

G 1 ) r JURPE  FU- 1 X N T <5 N A B
by ion-euxchangs teohnlgues also had a profound efioot on uwis 7770
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INTRODUCTION,

Cne of the earliest theories proposed o explain the
phenomenon of dissolution was that of Noyes and Whitney (110),
wno found that the rate of sdlution V_of rods of benzoic acid and

lead chloride could be represented by the equatbtion

.g:;;n- = k 38 (m hied m) ® ° & LY .a ° ° (l)
3% d 0

where m is the concentrabion of the solution at time &, my is the
solubility, and g the surface of crystal exposed, This was modified

by Nerast {111) to include the growth process, so that

%%’: %&(mou-m) N ).
whers D is the coofficient of diffusion and © is the thickness of
the layer through which diffusion is baking place. Thus, since
8 (m - my) could be made equal, but of opposite sign, and g-
should be equal for growth and solution, in any system the two
pfocasses ghould occur at the game rave. 7

Marc (5), however, estoblished thet the velocity of growth is
usually much less than that of solution, indiceting that the two
processes cannot be regarded as reciprocal. Indeed, Marce showed

that growbh followsd, in general, a second order rate equation.

Many workers , however, have feund that dissolution can be repressunvsrd
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quite satisfactorily by e first order rate law such as that
propesed by Nernst, although meny welld criticisme (8) have bsen
made of the sgsumptions involved..

Nernst assumed that bthe resctilon at the surfacé was very fash
gompared with the transport pro.csss, end thav, in a weilestirred
gystem, the concentration gradient wes confined to a thin layer
of thickness © ; adhering to the solid surfaco. The conssntraiica
would vary linearly with the perpendicular disbance from the soild
surfece in this layer, and its thlclmess would be a function of the
rate and type of stirring employed.

Ven Name and Hill {(112) disagreed with such s sharp delineabion
in the relative rates of the dlffusion snd interface processes.
‘I.‘h,ey suggested thal heterogencous procegses controlled by
diffusion, or by the chemical reaction at the in‘i}erféce are the
extreme cases, and that there are many reactions in which these
"wo rates are comparable. Hence, heterogensous reactions wovld
be expacted to show & gradation in order between one vand two.
Daespite this, meny widely different reactions such as the diasolutlon
§f salbs into btheir subsatursted solutions (113), of metals into
acids (114, 115), liquid ammonia (116) snd aqueous iodine (117)
have all been shown to follow firgt order kinetics, elthough higher

orders have been reported for the dissolution of silver chloride

into water (38).
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Many workers have established thet the rate of solution incressss
with the rate of stirring up to very high speeds of agitabion, as
would be expected for systéms in which diffusion is importéﬂt."
From a study of the solution of calecium carbonate iﬁ acebic and
hydrochloric acids, however, slthough the rete of solution incressed
with the speed of stirring up to 7000 r.p.m., King and Ling Liu (118)
wers of the opinion that the rate would tend to reach a maximum
at even higher vates of agita%ion,

Further evidence in support of a diffusion controlled.pr00983
hag been supplied by Riddiford and Bircumshaw (117) who found that
seversl metals dissolved st the same rate in acveous iodine. From
a gimilar sbudy King end Braverman (115) have esteblished that the
rate of solublon -of various mebals in hydrochloric acid was the
same, suggesbing that the rate controlling step was the diffusion
of solvent up to the solid surfsce. On the other hend, Johnson
end Mecdonald (116) investigated the dissclution of sodium in ligquid
ammonils, and concluded that the probable rate determining step was
the diffusion of products sway from the solid surfece.

King and his co-workers {115, 118) have also shown that the
rate of solution is inversely proporbional to the viscosliy, and
that most of the dissolution resctions studied have a tempsrature
coefficient in the region of 1.1 « 1.5 per 10° rise, which is of

the order of that expected for diffusion control.

Nerngt sssumed that the thicknaés,‘g , of the statlonary layer
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was approximately the same for all reactions, under the same
conditions of stirring, and Biumner (119) has estimaied a value of
0.03 mm. at 20°C. for © . On the other hand, Fage and Townend (120)
have shown from ultramicroscope sbtudies that fluid motion persists
up to points in the region of 6 x 10~? cm. from the solid surface.
In view of this, King (121) modified the picture of Nernst's film,
in terms of a layer next %o the golid surface which was still in
turbulent flow, and in which the velocity component of turbulence
normel to the interface was negligible compared with diffusion for
transporting the reagent. In a study of the dissolution of zinc
andAmagnesium in acid, he found that D was proportional to the
d@iffusion coefficient, but that it changed little with viscosity
or temperaturs. -

It seems thersfore, that a slightly modified Nefnsﬁ diffusion
theory provides a sétisfactory explanation for most dissolution
processes. In those rgactions for which a kinetic order greater
than one is obeyed, it must be assumed that the chemicsl reaction
at the interface is of comparable rate, or faster than the rate
of transport by diffusion, and hence a different mechanism is
controlling.

Ia the present study, Part 2a deals with the dissolution of
lead sulphate into subsaturated solution, and in the presence of
godiwm tetrametaphosphate. Part 2b deals with the solutlon of

heritm sulnhote irnto wmahar  of femmarsinras wanging from 15%245°C.
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end into subsaburabed solution at 25°C. A rediochemical technique
has also been used, with 35Sulphur as tracer, to follow the
dissolution of labelled barium sulphate seed crystals into water
at 15° - 35°C,

PART 2a. Lead Sulphsate,

The dissolution of lead sulphate seed crystals into subsaturated
golutions, and the effect of added impurities has been studied.

Mare (122) studied the growth and dissolution of potassium
chlorate crystals in the presence of the dye Ponceau 2R, snd found
that the same concentration of dye was much more effective in
retarding crysballisation than solution. Herzfeld (123), who
considered that the breasking loose of an ion from a crystal should
not ke affected by the presence of an adsorbed molecuie, conceded,
however, that i¥f such an impurity was atbached simultaneously to
more then one surfece lon, or was sufficiently large, the rate of
solution could be retarded.

The study of etch pit formation has led to further advances
in the theory of dissolution. Burbon, Cabrere and Frank (17)
suggested that dissclution should take place by the retreat of
monomoiecular steps across the erystal surface, individuai molecules
being removed from -kinks in the surface. Gilmah, Johnston and Sears {79}

have proposed that dissolution begins with the creation of unit

pita, one moleoule decp. Theas pite grow as steps retrest across



the crystal through the action of kinksf On a real crystal,
dislocations, due te the energy that is locallsed at them, may be
preferred sites for the initiation of unit pits.

In a study of the dissolution of lithium fluoride crystals (124),
it wes established that the formation of etch pits was due to traces

-of ferric lon present. When this was complexed by the addition
of ammonium hydroxide, even dissolution, with few etch pits was
obtained. From a similer investigation (79) it was established
thet the presence ofAferric iong or other cations which adsorb at
kinks protect the surface from dissolution, and cause etch pits to
form at dislocations.

Sears (78) considers that severe hindrance of solution at a
step is associated with complete coverage of adsorption sites on the
step. He prqpoéed (124) that the formetion of an etch pit at a
dislocation occurred by the geuneration of loops of step concentric
with the dislocatlon; and that the most important effect of the
poison depended on the inhibition of general dissolution. Eich
pits therefore camnot be formed unless an impurity is present, but,
as in the case of lithium fluoride, this may be supplied by the
dissolving crystel itself (79).

The solutlon of lead sulphate into subsaturated solution has.
been ghown to follow a second order rate law, but the apparent kinetie

order was found to bs extiemely sensitive to minute traces of



impurity. Sodium tebtrametaphosphate has been found to cause a
considerable reduction in the rate of dissolution,' and alsoc to

ceuse an increase in the value of p in the expression

%% = kg s(mo-m_)_n.

134,
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EXPERIMENTAL .

Preparation of Seed Crystels.

Seed crystals were prepared by the method described in Part la
of this work. Only those rhombic in form (Plate 28) were used in
the dissolution experiments. The amount added to the cell in each

experiment was determined by flltration as before.

Preparsiion of Cell Solution.

Sﬁbsaturated solubions were prepared by the slow mixing of
dilube solutions of sodium sulphate aﬁd lead nitrete, and after
inoculation with seed crystals, the rate of dissolution was
neasured by following the increase in conductivity with time.
Adsorbate solutions were added in the same way es 1n the

crystallisgation work.

RESULTS.

Experiments on the rate of dissolution of lead sulphate into
subsaturated solution at 25°C. have been made. The effect of adding
sodium tetrametaphosphate has also bsen studied, and experiments
with this adsorbate were made using both deionised and distilled

waber. The initial ilonic product used in all the experiments was

1.4982 x 1070 moles?/12,
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Jigsolution Experlments at Ecouivalent Ionic Concentrations.

The results are summarised in Table 31. Some typical smooth
curves obtalned _by plotting the reciprocsl of resistance against
bime are given in Fig., 22 and show the» low dégree of scatter of the
polants. |

The rate of increase of conductivitj et any instant was
determined by measuring slopes of the 1/R against ‘*t‘:'une curve, and
hence dm/dt could bs cslculated. Instanteneous values of ioniec
concentration wers obtained ss described on page 44. The solubility
of lead sulphate {page 41) wes corrected for ionic sbtrength effechs
uging activity coefficieh’bs calculated from the Davies squation (po 41)
and a velue of 1.476 x 1074 moles/1. was used for Mge

To determine the order of the dissolution, plots wsre made of
log dm/dt against log (mg - m), and these are shown in Fig. 23,

Two distinet straight lines were obtained, of slopes nq and N,
corresponding to an initlal fast pert and the subsequent dissolution
process. The value of np was found to be two, while nj wes always
greater than two. Thus, for the main part of the reaction, after

the initial surge, the dissolution follows the equation

Hom ksl -m?. Lo L (D)

(1)

Graphs of dm/dt against (mg - m)? are given in Fig. 24, using date

from Tabls 32.
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In equetion (1), s will bs some function of the surface area
of the seed crystals, which decrsases as dissolution proceeds.
Assuming that s varies linearly with surface area, a more precise

form of the rate eawabtion
2 :
Cdm Y, 2
% (@) - -

should be used, where w; is the initiéi veight of seed crystals,
and wy is their weight at time t. For lead sulphate expériments,
relatively large amounts of seed crystals were used (70 - 900 mg.)
and the decrease in weight was less than 0,01% of the iotal, ﬁakiag
the correction unnecessary. '

'A mmber of experiments were made using solutions prepared
from deionlged water, and n, was also found to be two. Second
order plots are sh;wn in Fig. 25, and the data ars recofded in

Table 33.

Diggolution of Lead Sulphate in Pressnce of Sodium Tetreametaphospheie,

7 Concentrations of sodium tetramebaphosphate ranging from
7,40 x 1078 moles/l. to 3.26 x 1075 moles/l. were gtudied, and the
results are summarised in Table 31, Plots of 1/R against time for
deta in Tables 34 and 35 are shown in Flgs. 26 and 27. Although
different amounts of seed crystéls were used for each experiment,

1t can bs ssen quite clearly thet the additive decreases the rate

of solution even at concentrations as low as 7 x 10‘8 moles/1,



The effect is rather marked, since the seed concentrations were

generally greater in the experiments with adsorbate (Table 31).
Values of n were obtained as before, and wers found to

increase with increasging concentration of tetrametaphbsphate iona;

in all cases n was greater then two. Using deionised water for the

adsorbzate experimeﬁts produced an even larger effect, as can be seen

from Table 31. Little significance can be attached, however, to

the high velues of n, which are difficult to justify as reaction

orders. They correspond to extremely slow rates of solution,
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Digsolution of Iead Sulphsats,

A
wd
o

Experiment Seed Seed Conc. [mMP] Coll ny
Number  Suspension (mg/ml.) (moles/1.)

Distiiled Water

97 L 0.2 - E 2

99 K 0.2 - E 2

101 M 0.2 - E 2

115 M 2.8 6.36 x 1078 E 3

11 M 0.6 1.15 x 107 E 8

130 M 1.0 4.99 x 107 A i1
Deioniged Water.

131 X 2.3 - ) 2

92 K 2.4 7.40 x 108 E 3

81 X 1.3 6.54 x 107 E 11

83 K 2.5 1.22 x 1075 E (47)

30 K 2.5 3.2, x 1077 E (13%)




TAGLE, 32, Dissolution gr Lead Sulpaste,

e

Time 102 /R 10t n 104 (meem) dm/dt x 108 109 (moem) ?

| obmg™+ moles/1. moles/L. moles</1<.
O min 0.86999  1.2240  0.2523 = 0.6366
6 ©  0.87100  1.2266  0.2497 9.05 0.6235
15 0.87310  1.2320  0.2443 5.28 0.5968
30 0.87662  1.2411 0.2352 4.83 0,5532
1hr. 0.88245  1.2%62  0.2201 452 0.4844
3 0,90017  1.3020 0.1743. 2.95 0.3038
5 0.91330  1.3360 0.1403 2,26 o.i963
7.25 0.92603  1.3689 0,107 1.51 ©0.1153
10,5  0.93460  1.3910  0.0853 1.08 0.0728
23.5  0.95504  1.4439  0.032%  0.21  0.0105
Run 28
0 min. 0.77380  1.0868  0.3395 - 1.5171
6 0.78233  1.1089  0.367 10.0 1.3498
15 0.78603  1.118,  0.359 7.52 1.2809
30 079089  1.1310  0.3453 6.68 1.1923
1 hr. 0.79895  1.1518 0,3245 6.14 1.0530
2 0.81292  1.1879  0.288, 483 0.8317
4 0.83476  1.2444  0.2319 420 0.5378
7 0.85833  1.3053  0.1710 2.80 0.2924
10 0.87447  1.347)  0.1292 1.05 0.1662

(e

23.5 0.90299 1420

0.0555 - 0.0204



TABLE, 32, {cont.)

Time 10° /R 10%m  10% (mg-m) aw/at x 10° 107 (meem)?
ohms=t moles/i. moles/l. moles?/12.

Ran 101,

0 min. 0.87850  1.2240  0,2523 - 0.6366

1.5  0.88316  1.2360  0.2403 18.7 0.5774

6 0.88800  1.2486  0.2277 15.25 0.5185
15 0.89157  1.2578  0.2185 9.48 0477
30 0.89577  1.2686  0.2077 6.68 0.4314

1 hr. 0.90245  1.285%  0.1904 5.34 0.3625

2 0.91272  1.3125 0.1638 3.88 0.2683

3 0.92121  1.334  0,1419 3.02 0.2014

5 0.93419  1.3680 0.1083 2.11 0,1173

7 0.94371  1.3926  0.0837 0.77 0.0701




LABLE, 32,

Bispolublon of Lesd Sulphats,

Deioniped Hater.

104 (m.-m) am/dc x 108

Tiee 103 /R 10 m 10% (gem)?
ohmg~!l moles/l. moles/l. moles?/ 12.

Run 3128, |

0 min. 0.91120  1.2240 0.2523 | -

1.5  0.91657  1.2373  0.2390 39.10 0,5712

6 0.92321  1.2537  0.2226 23.64 0.4955

15 0.92952  1.2693  0.2070 1%.60 0.4285
30 093869  1.2920  0.1843 13.10 0.3397

1 he. 0.95176  1.3244  0.1519 9.61 0.2307

3 0.97999  1.3943  0.0820 3.1 0.0672

5 0.99064  1.4206  0.0557 1.9 0.0310

7 0.99541  1.432%  0.043 0.87 0.0193
Run 131.

0 min. 0.90360  1.2240  0.2523 -

1.5  0,90706  1.2326  0.2401 20.04 0.5765
6 0.9107L  1.2416  0.2347 12.42 0.5508
15 0.91473  1.2515  0.2248" 10.64 0.5054
30 092099  1.2670  0.2093 9.48 0.4381
1hr. 0.93101  1.2918  0.1845 8.00 0. 3404
3 0.95711  1.3564 0.1199 3.7 0.1438
5.5  0.97373  1.3976  0.0787 1.90 0.0619
7 0.97960 = 1.4121  0.0642 1.2 0.0412.
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TABLE, 3. Deionised Waber,

Disegelubion of Lesd Svlphabe lo Presence of Tebramebaphogphate,

Time 10° /R m x 10% (mg-m) x 10%
ohma™+ moles/1. moles/1l.

Run 92, [TMP] = 7.40 x 10~ noles/1.

0 min, 0.87650 1.2240 0,2523
3 0.88210 1.2385 0.2378
6 0.88455 1.2448 0.2315
15 0.88954 1.2577 0.2186
30 0.8%656 1.2757 0.2004
1.5 hrs. | 0.91569 1.3253 0.1510
3 0.93232 1.3683 0.1080
5.5 0.94751 1.4077 0,0686
26 0.96558 1.4543 0.0220

Run 81. [TMP] = 6.54 x 10~® moles/1.

0 min, 0.89706 1.2240 0.2523
1 0.89757 1.2253 0,2510
6 0.89851 1.2277 0.2486
15 0.89927. 1.2297 0.2466
30 0.90003 1. 251’7 0.2446
1 hr. 0.90126 1.2348 0.2415
2 0.90408 1.2421 0.2342

3 0.90601 1.2471 0.2292




Time 10° / R n x 10% (mo=m) x 10%
ohng™+ moles/1. moles/1.

Run 83, [TMP] = 1.22 x 10°% moles/1.

Omin,  0.91350 1.2240 0.2523
1.5 0.91448 1.2065 0.2498
6 0.91547 1.2291 0.2472
15 091657 L.2319 0. 2444
30 0.91749 1.2343 0.2420
1 hr. 0,91911 1.2385 0.2378
3 0,92084 1.2430 0.2330
6.25 0.52129 1.2441 0.2322
21 0.92451 1.2525 0.2238 -

Run 90. [TMP] = 3.2 x 10~ moles/1.

- 0 min, 0.97545 1.2240 0.2523

1 0.97564 1.2245 0.2518
6 0,97639 1.2264 0.2499
15 0.97685 . 12276 0.2487
30 0.97717 1.2284 0.4
1 hr. 0.97748  lam2 0.2471
2.5 0.97826 1.2313 0.2450

3.5 0.97877 1.2326 0.2437




Tied eais § p A e
LAMLE, 85, disiuilled Waber,

Dissolution of Load Sulvhate in Presence of Tetramsbephosphate,

Time 103 / R n x 104 (mgem) x 10%
ohms™ moieg/l. moles/1.

Run 11 [TP] = 6.36 x 10~8 moles/1i.

0 min. 0,89790 1.2240 0.2523
6 0.90626 1.2456 0.2307
15 0.90917 1.2531 . 0,2232
45 0.91631 1.2716 0.2047
1.25 hrs. . 0.92206 1.2865 0.1898
4 0.94110 1.3357 0,1406
9.5 0.95922 1,3825 0.0938
12.25 0.96423 1.3955 o-maoa_

23.25 0.97416 1.4211 0.0552

Run 114. [TP] = 1.15 = 10~7 noles/l.

0 min, 0.89090 1.2240 0,2523
6 0.89437 1,2330 - 0.2433
15 0.89567 1.2363 0.2400
30 0.89721 1.2403 | 0.2360
1 hr. 0.89908 1.2451 | 0.2312
3 0.90303 1.2554 0.2209
8 0.90888 1.2705 0.2058
15.25 0.91327 1.2818 0.1945

R3.5 0,91712 1.2918 0.1845




TABLE. 35 {conb,)

gorSirE et

Time 10 /R mox 104 (mo=m) x 10%
ohmg~1 moles/1. moles/1.

Run 130,  [MMP] = 4.9 x 102 moles/l.

0 min. 1.03735 1.2240 , 0.2523
1.5 1.03772 1.2249 0,251
6 1.0381% 1.2260 - 0,2503

15 1.03856 1.2270 0.2493

30 1.03897 1.2280 0.2483
1 hr. ~ 1.04001 1.2306 - 0.2457
2 | 1.04105 1.2332 0.2431
3.5 1.04231  1.2363 0.2400
7.75 1.04398 1.2404 0.23%

9.25 . 1.04481 1.2429 0.2334

Cell E,
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PART 2b.

Digsolution of Barium Sulphate
into Water and Subsabturated Solutions
et Various Temperatures. |




A b

PART. 2b.
INIRODUGLION.

" Although a large smount of work hag been done on the
precipitation of barium sulphate, little aiﬁention has been pald
to its dissolution. The present study wes carried out to detérmine
the éfféct of temperature on the rete of solution.

Johngon and MacDonsld {116) studied the rate of solution of
godium in liquid ammonia st various tempsraiures, and b& applying
the Arrhenius equation,

Ink =1n4d - E/RT, ,
obtained e value of 4.2 K.Cals. / mole for E, the apparent energy
of activation for diffugion. ' Howard, Nancollas and Purdie (113)
investigated the dissolution of silver chloride seed crystals into
subsaturated solutions, and found & velue of 4.5 K.Cals./mole for
the eﬁergy of activetion. Van Neme (126}, who studied the dissolution
of cadmium in an aquecus solution of lcdine in potassivm lodide st
temperatures beiween 0° and 65°C., found the energy of activeblion
b be 4.4K.Cals./mole. Moaluyn-Hughes (127), who considered ths
temperature variation of diffusion ceefficients, and assumed the
thickness of the intarfacial layer to be independent of tempersture,
caleculated the energy of activetion for diffusion to be about
4o5 K.Cala, / mole.

Davies and Nencolles (38), who observed the rate of
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digsolution of silver chloride into water to be proportional %o
(subsaturation)B/z at 15° and 25°C., and the second power at 35°C.,
fbund’an activation energy of 15.4 K.Cals./ mole. It seems unlikely
that such a high value would be'obserﬁed for a process in which
diffusioﬁ was important, end this is confirmed by the higher orders
obtained for the kinetlics of the process.

In the present work, the dissolution of barium sulphate seed
cxrystels into gubsaturated solutions at 25°C., and into water at
15° - 45°C. has been studied conductimetrically. An independent
study of the dissolubtion into water has slso been made at 15° - 35°C.,
using a radioactive tracer technique. Barium sulphéte seed grystals
labelled with 35gulphate ware allowed to dissolve in waﬁer, and the
rate of the reaction was followed by measuring the increase in
activity of the solution with time. A similar method has been
employed by Jones (128), who found first order kinetics for the
dissolution of a silver-gilver chloride electrode into water.

Dissolution of barium sulphate into water and suksabturated
solution has been found to follow a second order rate law, which
suggests that for this sparingly soluble galt, as for lead sulphate;
diffusion is less importent than some chemical reaction at the

crystal-golution interfacs.



EXPERIMENTAT, .

1. Conductimetric Studies,

Preparation of Seed Crystals,

Ths sead cfystals used were prepared by the method described
on page 102.. Suspension B contained crystals of average size 5 M .
The welght of crystéls added t0 each experiment was determined by
filtration of the final cell solubion as described previcuély°

Procedure.

Dissolution into water was studied ab 15°, 25°, 35°, and 45°C.,
and into subsaturated solutioﬁs at 25°C. The cell was filled with a
known weight of comduetivity water, and once carbon dioxide and
temperature equilibrivm had been attained, carbon dioxide free
seed suspensiqns were added. Subsaturatsd solutions were prepared
in situ as deseribed in Part 2a, and the change in conducti#ity

with time after inoculgbion with seed crystals was followed.

2. Radiochemical Studies.

Igotopic Tracera.

'The isotope ﬁsed in this study was 35Sulphur, which ig supplied

by the Radiochemical centre as N3235804 in aqueous solution. It is
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a weak Q-emititer, of energy 0.167 MeV., with a half 1ifs of
87.1 days.

Proliminary experiments were also made using 133barium, which
emits week ¥-rays (0.36 MeV.) and has & half 1ife of 7.5 years.
With the counting techniques available, however, the barium isotope
geve no improvement in statlistics over the sulphur one, and its

use was discontinued.

Counting Technigue.

A thin end-window Geiger-Muller counter, type EHM 2/S, with
window thickness 1.7-2.1 mg./bmg, and operating voltage 1500 volts
wasg used in conjunction with an Ekco Electronics probe unit'type
N558B, and an Ekco scalar, type N 529B. Ths counter was mounted
in a lead castle type 1065D, with 4 cm. thicl walls, and the
resulting background count waes never in excecs of nine counts per

minute.

Preparation of Labslled Sced COrystals.

5 mC. of Na3550, were added to the sulphuric acid used in the
precipitation of the crystels, which were then prepared as described
on page 102. The crystals wers washed thoroughly and set aside to
age as before. Seed suspsnsion D consisted of regulsr rhombohedrs.,

of average size 10/4.



Experimental Technique,

The cell used in these experiments was a 500 ml, three-necked
round-bottomed Quickfit flask, and rotary stirriﬁg was supplied
by a Clbenco motor. An efficient water ﬁﬁexmostaﬁ, the temperature
of which was controlled to % 0.1°C., was used.

Samples of solution to be counted were withdrawn by suction
through a Nﬁmher 4 sinter, thus ensuring that the seed crystals
remained in the cell (Fig. 28). Approximately 0.5 ml. semples were
then removed with a greduabted pipette, transferred to & nickel-plated
mild steel planchet (2.2 cm. diemster, 1 mm. deep) and weighed.

Due to the low energy of the €>rndiation,_it wasg not possible to
count the solutlon, since self-gbsorption was appreciable. Hence,
two drops of ethanol (129) were added to each seample, which was then
allewed to evaporate to dryness under & rediant lamp. The addition
of ethanol agsisted the even evaporation of the samples, and the
planchets wsre thoroughly clesned before use by boiling in
detergent, The maximum smount of solid per planchet was about

5x 10~% g., and reproducibility to & 1.5% was obtainable using
thig technique (over 10,000 counts).

A typicél experinent involved f£illing the cell with aboub
450 ml. of conducﬁiviﬁy wabter, and allowing it to come to ‘temperature
equilibrium in the thermostat. Four ml. of ssed suspsnsion was then

added using a rapid delivery pipette, end samplewm of solution were
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withdrewn at frequent time intervals, weighed, evaporated Lo
dryness and counted. Solution remaining in A& (Fig. 28) after
removal of the semple was blown back into the cell. Counting was
generally contimued until 10 ,OCO counts had been reglstered - this
usually took about 30 minutes at the gtart of en experimez;to The

volume of ‘eell solution was not depleted by more than 1.5% in eny

experiment,

RESULTS,

 The experiments dasqribed in this section were made to
investigate the kinstics oﬁ‘ dissolution of barium sulphate at
various temperstures, and to détermine whether there is a change
of reaction order such as that observed by Davies and Nancollas (28),
Distilled water only was used in the experimen"és with barium

sulphate.,

1. Conductimetric Studies.

Since there was a considerable concentration change in dissolution
expériman‘bs_ into water, it was not possible to consider A congbant ,
ag in the crystallisabtion experimsats. Values of 4 were therefore
evalua’c.ed for each conéantra‘t;:i.on uslng the appropriate Onsager

equations.
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Digsolubion Fxperiments st 15°, 25°. 35° =nd 45°C.

‘The results are summerised in Table 36 and some typical
time plots of 1/R ab 15°, 25°, 35°, and 45°C, are shown in
Fig. 29, the corresponding date being given in Tables 37 =~ 40.
To obtain the order of the dissolubion reaction, log dm/dt was
plotted against log (mg-m), and this was found to consist |
of two intersecting straight lines, gradients nyeud ﬁz, the valus
of n, being two, These plots sre shown in Fig, 30. Thus, the

squation

dm
r:cl =kds(m°-m)2
holds after an initial dissolubion surge, and plots of dm/db
ageinst (mg - m)? ave given in Fig. 31.

Dissolution into selutions of 30%, 60% and 90% subseturation
was also found to follow a second order rate law, and the results

are given in Fig. 32, and Table 41.

2. Radiochemicsl Studies.

The resulits are summerised in Table 42 , and plots of
count rate agalnst time are éhown in Pig. 33. The initial count
rate was obtained by applying a short exbrapolation to zero time,

and background corrvectlons wers made. ALl counits were then converted
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to counbs per minute per gra;m of solution, and the statist;cal
accuracy expressed in terms of the standard deviation, given by
VN, vhere N is the total nmumber of counts.

All dissolution experiments were allowed to go to equilibrium,
and the final count rate was determined and corrected for decay.
The final concentration was measured conductimetrically, and was
found to be close to the solubllity value of barium sulphate.
Independent conductimetric determinations, in which carbon
dioxide was rigorously excluded from the cell led to the same
golubility velue. Since the count rates of these final solutions
were known, intermediate count rates dﬁring a run could be
converted to molar concentrations.

The kinetics of dissolutlion were found to obey a second

ordser rate law,

& =xeln-w?

‘and dm/dt is plotted against (mg - m)? in Fig. 34, from date
presented in Tables 43 - 45.



TABLE. 36,
Dissolubion of Barium Sulpbate,

Experiment Tempersture mj x 107 Seed Seed Conc. kg x 1072

Number (°C.) moles/l. Suspension (mg/ml.) moles</i%/min.
16 15 - B 0.037 2.95
17 15 - B 0.035 2.75
20 25 - B 0.017 5,25
22 25 - B 0.016 5.20
37 35 - B 0.026 7.50
26 45 - B 0.066 17,50
28 45 - B 0.032 12.50
3% 25 0.8567 B 0.094 2.90
35 25 0.6476 B 0.086 18,00
36 25 0.3263 B 0,665 20,00




Dissolution of Barium Sulphate ab 15°C.

Time 0% /R 10°m  10° (mgem) 100 (m -m?2 dn/dt x 108
ohmg™l moles/i.  moles/l. molesy 1%

Run 16, Cell E,

0 min, 0.12353 = 0.9036 - -
3 0,13116  0.0242 0.8794 0.7733 4.78
15 0.14580  0.0711 0.8325 0.6931 2.68
30 0.15552  0.1022  0.80L4  0.6422 2.36
1 hr. 0.17121  0.1525 0.7511 0.5642 1.77
3 0.22363  0.3210 0.5826 0.33% 1.08
4 0.24159  0.3789 0.5247 0.2753 0.92
6 0.26909  0.4676 0.4360 0,1901 0.65
28 0.32072  0.6346 0.2690 0.072% -

Bug 17,  Cell E.

0 min. 0.06164 - 0.9036 - -
3 0.06809  0.0206 0.8830 0.7797 4.06
15 0.08166  0.0639 0.8397 0.7051 2.52
30 0.09146  0.0883 0.8153 0.6647 1.83
1 hr. 0,10379  0.137 0.7689 0.5912 1.45
3.5  0.15250 0,212 0.612 0.3750 0.86
5 0.17286  0.3568 0.5468 0.2990 0.62
7 0.19482  0.4276 0.4760 0.2266 0,43

2%.5  0.2685  0.6661  0.2375 0.0564 -
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Digsolubion of Bavium Svlohabe at 25°C.

Time 10 /R 10°m 105 (mgem)  20%0 (mpm)?  em/as x 10%
ohms™: moles/1. moles/1. moles?/12

Run 20,

0 min. 0,11269 - 1.0246 - -
3 0.12753 0,037 0.9861 0.972% 9.36
15 0.16369  0.1305 0.8935 0.7983 5,20
30 0.18665  0,1895 0.8345 0.6964 428
1 hr. 0.22042  0.2764 0.77476 0.5589 2.91
3.5 0.32233  0.5400 0.4840 0.2343 1.2
7 0.38838  0.7109 0.3131 0.0980 0,62
11 0.42667  0.8104 0.2136 0.0456 0.30
30.25 0.4784,2  0.9450 - 0.0790 0.0062 -
Bun_22.

0 min. 0,05912 - 1.0246 - -

3 0.07388  0.0377  0.9863 0.9728 6,96
15 0.10401  0.1148 0.9092 0.8266 435
30 0,12617  0.1717 0.8523 0.7264 3.63 -
1 hr. 0.15785  0.2532 0.7708 0.5941 2.89
2 0.20889  0,3849 0.6391 0.4084 1.7
5 0.30094 0.6231 0.4009 0.1607 0.99
7 0.33672  0.7159 0.3081 0.0949 0.76
2% 0.38440  0.8397 0.1843 0.0340

Gell E,

SL e B
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TABIJE:Q Jzu
Qgssolui;ieﬁ of Barium Sulvhate at 35°C.

Time 104 /R 10°m  10% (mem) 10%° (m-m? am/at x 30°F
. ohms=l  moles/l. moles/ . moles?/12

Run 37,

0 min, 0.16850 - | 1.1960 - -
1.5  0.18857  0.0433  1.1527 L3272
6  0.22512  0,1225 1.0735 1152,  30.88
15 0.26201  0.2045 0.9915 0.9831 7,58
30 0.30360  0.2931 0.9029 0.8152 5,23
1 hr. 0.36353  0.4239 0.7721  0.5961  3.67
1.5 0.41202  0.5300 0,666 0.4436 2.87
2.5  0.47597  0.6702 0.5258 0.2765 . 2.33
3 . 0.51840  0.763 0.4326 0.1871 1.93

7 0.63112  1.1565 0.0395 0.0156 0.31

Cell E,
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TABLE, 40.
Dlgsolubion of Barlum Sulphate,

Time 104 /R 105m 105 (mgem) 1020 (po-m)? am/at x 108
ohms™l  moles/l. moles/l. moles?/1%

Run 26,

0 min. 0.14531 - 1.3890 - -

3 0.29040 0,255  1.1325 1.2826 53.92
15 0.46376  0.5653 0.8237 0.6785 12.35
30 0.54081  0.7031 0.6859 0.4705 7.56

1 br. 0.68991  0.9705 0.4185 0.1751 409

3.5  0.80466  1.1721 0.2169 0.0470 1.16

7.5  0.87320  1.3004 0.0886 0.0078 0,30
2 0.91937  1.3838 0.0052  0.0003 -
Bun 28.

0 min. 0.14402 - 13890 - -

3 10.23507  0.1607 1.2283 1.5087 39.13
15 0.38326  0.4241 0.9649 0.9310 11.78
30 0.45830  0.5579 0.8311 0.6907 7.37
1 hr, 0.56034  0.7403 0.6487 0.4208 485

A 0.78202  1.138  0.2506 0.0628 1,10

7.5  0.84539  1.2526 0.1364 0.0186 0.33
24,75 0,89904  1.3493 0.0397 0.0016 -

Cell, B,



Diseolubion of Bariwm Sulpbete into Subgaburated Solunion.

Time 104 /R 10° m 107 (mg=m) 1010 (mg-m)?  am/at x 108
ohms~l  moles/l. moles/l. moles?/12

Run 36. 90% Subsatugated,

0 min. 0.28570  0.3263  0.6977 - S -
1.5  0.29936  0.3616 0.662% 0.4 1490
6 0.32639  0.4315 0.5925 0.3511 8.56
15 0.35517  0.5057 0.5183 0.2686 5.47

30 0.37815  0.5650 0.4590 0.2107 hedd
1 hr. 0.41610  0.6630 0.3610 0.1303 2.72
3.5 0.49825  0.8751 0.1489  0.0222 0.37
5 0.51080  0.9075 0,165 0.0136 0.30
6 0.51840  0.9272 0.0968 0.0094 0.21

Run_35. 60% Subgaturated. .
0 min. 0.54590 0.647. 0.3766 - -

3 0.56461  0.6959 0,3281 0.1076 8,06
9 0.57518  0.7232 0.3008 0.0905 2.15
15 | 0.58084  0.7378 0.2862 0.0819 1.51
30 0.59020  0.7620  0.2620 0.0686 1.1
1 hr. 0.60099  0.7898 0,2342 0.0548 0.95
2.5 0.62490  0.8516 0.172% 0,097 0,55
4.5 0.64435  0.9018 0.1222 0.0149 0.21
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TABLE. 41 (cont.)

Time 10% / 100 m  10% (me=m) 103 (mg-m) 2 am/at = 209
ohms™ moles/l. moles/1. moles?

Run 34. 30% Subseturation.
0 minc 0569090 038567 0.1673 . - Rl

S 1.5 0.69281  0.8616 0.1624 0.2638 16.01
6  0.69644  0.8710  0.1530 0.2341  8.69
15 0.70045  0.8814 0.1426 0.2033 6.15
30 0.70300  0.8879 0.1361 0.1852 4,65
1 hr. 0.70850  0.9022 0.1218 0.1484 he®
2 0.71660  0,9231 0,1009 0.1018 2.97
4 - 0.72735  0.9508  0.0732  0.053 1.89
6 0.73481  0.9701 0.0539 0.0291 0.56
Gell E.

4 Subssburabion = Solubility product - inltial cone., product

Solubility Product
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TABLE, 42,

Dissolubion of Bapium Suiphate into Webter.
Rediochemical Study.

Experiment Temperature Seed ka
Number (°c.) Suspension | moleéylz,/mina

50 15 D 1100

42 25 D 1600

43 25 D 1400

45 35 D 4400




Digsolution of Barium Sulvhete ab 15°G.

Time Weight of c.p.m./pm.  105m 1010 (mo-m)? dm/ab x 108

Solution moles/1. moles?/12.
Bun 50. |
15 min. 0.515 54.4, £ 2.8 0.082 0.675 8.04
30 0.505  129.5 % 3.5 0.195 0,502 4.82
1 hr. 0,508  176.6 % 4.0  0.266 0.407 3.34
2 0.508  290.6 % 4k 0.438 0.217 1.99
4e25 0,499  419.7 % 5.7  0.632 0.074 0.87
5.5  0.50L . 443.9 £ 5.0  0.669 0.055 0.63
7.5  0.510  503.4 % 6.1 0,758 0.021 0.42
10 0,511  519.0 £ 5.7  0.782 0.015 -

24,25 0.509 582.7 £ 6.3 0.878 0.007 -




TARLE, Ad. Digsolution of Barium Sulphate ab 25°C,

Time Welght of  c.p.m./gn. 105n  10% (meem)? am/at = 10°
Solutlon moles/L. moles?/12,
(gm.)
Run 42.

2 min. 0.987 30.0 £ 1.6 0.025 - 0.998 16.23
15 0.989 217.5 % 4.6  0.181 0.711 13.32
30 0.987 422.6 % 5.8  0.352 0.452 6.70

1 hr. 0.986 618.5 = 7.5  0.515 0.259 3.71

1.5 0.987 TI7.0 £ 3.3 0.597 0.182 2.46

4 0.986 9249 £ 7.0  0.770 0.065 0,69

6 0.9¢9  1010.5% 7.3  0.841 0.033 0.22
2% 0.983  1200.1% 6.3  0.99 - -
72 0.990  1230.0 % 7.5 - - -
Bun 43,

1.5 min 0.512 90.0 % 3.1  0.099 0.856 1359
15 0.513 218.9 & 5.5 0,218 0.650 8.45

30 0.509 Ubh £ 6.7 0.344 0.462 5,47

1hr. 0.513 4648 % Tk 0,462 0.316 3.43

2 0,514 576.2 & 8.2 0,573 0.204, 1.67

0.506 672.8 £ 5.5  0.669 0.126 1.07
0.510 838.0 % 9,6 0.833 0.036 0,68

7.5 0,502 875.2 %10.4 0.870 0,024 0,61

iz 0.517 1000.2 £19.9 . 0.994 0,009 0,20

26 0,510 1017.4 £ 9.9 1,012 0.002



LABLE, 45%.

Diggsolubion of Bavium Sulphsie ab 35°C.

Time Weight of c¢.p.m./gm. 105 m 1010 (g -m)2 dm/db x 105

Solution moles/l.  moles?/l 2
(gm.) '

1.5 min.0.507  298.7 £ 5.4 0.317 0.773 3322
15 0,507  568.5% 7.1 0.603 0.551 23.80
30 0.506  48.2%9.0  0.7% 0.162 7,69

1hr, 0,511  927.2 £10.5  0.98 0.045 3,35

2 0.510  1003.1 % 8.7  1.064 0.017 0.92

3 0.509  1054.4 £11.8 1.119 0.006 0o4d

5  0.505 1096.6 £9.8  1.164  0.001 0.19
28.25  0.513  1100.5 12.3 1,168 - -

72 0,509  1127.0 £9.9 1.196 - -
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DISCUSSION.
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Afber a short initial fast part, the dissolution of both lead

sulphate and barium sulphate iﬁtd'subsaturated solutions at 25°C.

has been found to follow a second order rate law,

%%“; kds(?l‘o*'m)zs

This weg also observed for barium sulphate dissolution into waber

ab temperatures between 15° and 45°C. Under similar experimental

conditions, Howard, Nencollas and Purdie (113) found first order

kinetices for the dissolution of both silver chloride and allver

chromate into subsaturated solutions, while Davies end Nencollas (38)

showed that the dissolubion of silver chloride into water was

proportional to (subsaturation)B/Qa Jones mentloned (128) that

lead sulphate dissolution followed a second order rate law, bub

did not state whebher this was into water or subsatureted solution.

It would seem , thersfore, that the solution of sparingly soluble

galts is not always a sbraightforward diffusion-controlled process,

and thatfior some 2:2 electrolytes some other step, possibly occurring

at the crystal surface, ls rate determining.

Dissolution must involve the following simple gbeps:

1)
2)
3)

kY
]

s 2
Vv

Removal of a palr of lons from the
Separation of the iong

Hydration of the ions

T3 L - e e e o e ), - g 00, -
DifDssion &ysy from the auriacs.

cerystel lattice



If L, 2, and 3 ave sufficiently repid, the rate conbrolling
mechanism will Le ons of diffusion of ions awey from the surface (4],
and dissolution will follow a first ovder rele lew, as has bsen found
for silver chloride. The slow step could, however, involve the removal
of & pair of posibtive and negative ilouns from the crystal lattice,

and their separstion against mubual stiraction, and subsequent
hydration - il.8., steps 1, 2 and 3. In this case we might expsct

a kinetic order greater than unity. It is inberesting that second
order kinetics have been observed for the dissolution of 2:2
electrolytes, since electrostabic forces of sbtraction between the
jons in the erystal labtitices, and hetween the ilons themselves will

be much stronger than for a 1l:1 palit. The work required to

sepa&ate the ions will therefore be greater than for a 1:1 sall,

and this is reflected in the differences in lattice energy-

The lattice snergy of barium sulpheate was estimated by the

method of Kapusbinsgkis (130), using the expression

7 % 0.345
U= 287.2 ovn e 1 o )
I‘c -+ l’a rc e Pa/

where U is the latbtice energy, %; and 25 ave the ionic charges,
. %

v, and ry ave radius of caltion and enion respectively, and %j n

ig the number of iong in the melecule. Ths lattlee energy was

found to be approzimately 540 K.Cals., and the valuve for lead

sulphate will he similer. This can be compared with 207 K.Cals,
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for silver chloride.

The lower lattice energy asscciated with the 1:1 electrolyte
will mean that less energy is required to rvemove the ions from the
crystal, and since a first order rate equa‘tion ves usually followed,
the subsequent diffusion of hydrated ions away from the surface
nrusﬁ be slower then the separation of ions from the crystal lattilce.
Yor 2:2 electrolytes the reaction at the surface may be siowér ‘than
the rate of diffusion, resulbing in the observed second order
| kinetlecs. In support of this, the rate of solution of berium
sulphate was much legs than that of silver chloride, although the
two salts have similar solubilities.

Unfortunately, the heat of hydration of the aulpha:ba' ion has
not been reported in the litersture, end so 1t is not useful %o
attempt a comparison of the relative hsabs of hydration of
1:1 and 2:2 salts. It is interesting to note, however, thai the
values (131) for Pb° and Ba® (168 end 210 K.Cals,) are not much
greater than Agh (147 K.Cals.), C1™ being 89 K.Cals.

The ecate of dlssolution of barium sulphste seed crystals
was found to be grester when followed by the radiochemiecal
technique, as can bs seen from Tables 36 and 42. There are two
possible explenations for thig, firstly the different fluid
dynemics in operaiiocn in The two techniques, due to changez in ithe

shepe of the cells and the method of stirring. Secondly, the
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greater efficiency of stirring by the rotary method, in comparison
with the vibratory stirring, necessarily used in the conductivity
experiments (113). With the large weights of seed crystals used in
these experiments, a fair propoftion may have been resting on the
bottom of the cell, causing a reduction in the effective surface
area a'frailable°

The lack of correlation in barium sulphate crystallisation
experiments (Table 25) between the weight of seed crystals supplied
and the resulting rabte constant could also be explained if a
proportion of these crysials was inactive at the bottom of the
cell, instead of participating fully in the growth brocesso |
Previous studies (132) have shown a dirvect rélationShip Yo hold
between rate constaent and surface ares of seeds used for inoculstion.
Because of the initial fast start of varying extent in both 1ead‘
sulphate and barium sulphate dissolution experiments, it is not
worthwhile to compare the subsequent rate congtants with the
weight of seed erystals used,

The initial dissolution surge may be due to rapid solution
occurring at sites of high localised energy, such as the centres 6f
dislocations, which, in the case of a divalent salt, will carry a
falrly high charge. This would result in rapid dissolution from
inner regions of the crystal, rather than uniform dissolutlon over

the crystel surface, and would cease when the energy at the centre
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became squal to that at the edge of the dislocatlion at the surface.
Dissclution would then proceed by the second order mechanism, the
removal of ions from the lattice being the slow step. Thefmethod
of preparation of the mesd crystgls of lead sulphate and barium
sulphete, by precipitation rather than the slow recrystallisation
method used for silver chloridep will favour the fbrmati&n of many’

dislocations.
Although this initiel surge was observad without exception

in the conductivity experimente, it was not found in the
"radicchemieal gtudy. It is possible that the sempling technique
usediin:the tracer experiments was not sufficiently accurate, and
that the surge was in facht present, although undetected, since its
duration was rarely more than 15 minutes. The initial part of the
radiochemical experiments was usually the least accurate, since the
length of time required to remove a gomple Por counbing was Sueh
that a maximum of three readings was possible in the first 15 minutes.
Also, the count rate wag lower at the start of a run, and the time
taken to remove a sample, which could be as much as half a minute, .
had the greatest effect on the accuracy. Adsorption of activity

on the walls of the sinter tube into which the solution was drawm,
and on the pipette with vhlch the semple was removed, wonld also
have the greatest effect during the early stages of the experiment.

With so many possible sources of error in the initial points, therefore,
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little significance can be attached to the apparent lack of an
inlitial surge in the tracer experiments. »

When the logarithms of the rate constants at the three
temperatures studied were plotted against the reciprocal of the
tamperatux;e in degrees Absolutes, the slope of the line ‘corresponded
to an energy of activation of 12 K.Cals. /mole. Writing the
golution process . ‘

Baz*_SOA" (s)—ff—aBaz"'SOZ%‘” (aq.)—n*f%a?‘:' {aq.) + sol%“ (aq.)
where Baz”"SOE" (ag.) represents the activated intermediate in the
hydrated monolayer, the heat of solution, OH=Eg - B, =4 K;Galso
In view of the uncertaintles in the determination of Eé, and
parficularly in the radiochemicel calculatioh ei‘ Es' s this agrees
fairly well with the heat of solution of 5 K.Cals./mole
calculated from the solubility of barium sulphabe at various
temperatures.

The rate of dissolution of lead sulphate crystals was greé’tly
retarded in the presence of tetrametaphcsphate ions. A concentration
of 7 x 10"",8 moles/l. weg sufficient to cause a small reduction in
the rate of golution, and thig is comparable with the concentration
required to produce a similar effect in growth experiments. Slow
rates of dissolution could just be detected at adsorbate concenbrations
as high as 5 x 10~5 noles/L., and this conbrasbe with crystellissbion,

which was stopped by a concentration of 7 x 10-7 moles/l. These
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observations arve similar to those of Marc (5) who studied the

gfowth snd dissolution of pobassium chlorete crystals end found

that the dye Ponceau 2R had a much greater effect on cnystaliisation
than solution. ‘

The adsorption of tetrametaphosphate ions on a crystal surface
has been discussed on page 119. Assuming s monomolecular 1&&63

of adsorbate molecules, the effsctive area vhich they would éover
in Run 130 is 300 times greater than the available crystai surface
area, which illustrebes the inefilciency of such impurities gor
inhibiting dissolution. The presence of the adsorbate also led to
an increase in the values of n, an effect which was ohserved with
both distilled and delonised water, although more pronouncéd with
the latter. This can be seen from Teble 31.

Gilman, Johnston and Sesrs (79) have postulated that
dissolution of a perfect crystal surface in a solvent begins by the
creation of unit pits, one molecule desp, and that these pits grow
a8 steps retreat across the surface by the action of kinks. On a
real crystal dislocations ave likely tc be preferentisl sites for
the initiation of such walt pits, and it may be essumed that
dissolution procesds from these sites of localised high energy oﬁ the
erystel faces. The energy of the dislocstion will, however, be
lowéred by the presence of impurity molecules, since these will

adsgorb &t bthe active sites. Thus, the rate of formation of unit



pit39 and honce the rate of solubtion, will be reduced,

Gilman, Johnston and Sears, who nade a phobomlcroscopic
study of etch pit formetion in lithivm fluoride crystals, observed
the rate of solution to be reduced by a factor of 10 in thev
presence of ferric ionén They found thet the ebtch pits bgcame deeper
as the concentration of impurity was incrsased, because tﬁe p;ison
retarxded the movement of monomolecular steps so that dissolution
proceedad more rapidly -into the crystal thsn over its surface.

In the lead sviphate experiments it is probable that the
tetraﬁﬂtaphosphate iong lowered the energy sl the dislocaﬁions,
causing a éecrease in the rate of solution. When a large‘concentraia
ion of impuﬁity ie presenit, it seens reasonable to assume ﬁhaﬁ ‘the
eneréy of the dislocation will bs reduced to such an exbtent that
it is the same es, or even less than, the remainder of the crystél
surféce. In such o situation, with adsorbate lons occupying sctive
sites on the surface, there will be no preferentisl sites for the
ereation of unit pita, and the rate of dissolution will be greatliy
reduced, Unit pits would hawve to ba initiated in energetiéally
unfavourable conditicﬁs, end this will procesd slowly all cver ths
surface, causing the observed increase in the value of n. Even
wher a pit 1s formed, it is likely te be quickly covered by
impurlty molecules which will inhibit any further dissolubiocn. The

presence of ovganlc conbaminsnt from deionised water would enhancs
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this effect, leading to the larger n velues for experiments in
vhich this water was used. These can be seen from Table 31.

The presencé of tetrametaphosphate ions only had a small
effect on the duration of the initial surge, gnd this may bs due
to the size of ths ions preventing.them from entering the
dislocation cenbres, Thus, the initial surge was able to také place,
bu# once the energy dlfferences were eguelised, the rate of tﬁe
subsequenf second order dissolubtion was greatly reduced by the
presence of the additive.
| Tn two inberesting papers Spitsyn end his co-workers (133,134i)
stated that the golubility in water of barium sulphate crystels
labelled with radiocactive tracers changed with the specific
activity of the selt. Using 3% guiphur, they observed a maximum
golubility at an activity of 2 nC. /gn. of beriuvm sulphate, althéugh
this maximum was less pronounced when sulphuric acid was used in the
precipitation instssd of sodium sulphate. Ramette and Anderson (135)
attempted to reproduce these results and found a constent solublility
for ba?ium sulphate at acbivities of 5, 20, and 50 mGe/gm sulphur,
corresponding to 0.75, 3.0, and 7.5 mC./gm barium sulphate.
In the present work, the specific activity was approximately
imC./gm. barium sulphate, and although sviphuric aéid was used in
the preparabion of the crystals, no variation in solubility was
observed. This is in agreement with the results of Ramette and

Andergrn.
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