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The Conductivity Cell.
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GENERAY, INTRODUCTION

Heterogeneous reactions such as crystallisation and
solution may be controlled by a purely physical process of
transport of ions to the surface of by chemical reactions
(inciuding adsorption) which occur at the crystal surface.
Sometimes a combination of both physical and chemical

processes appears to control the rate of reaction.

In recent years a considerable volume of work has
been published on the spombtaneous crystallisation of
various salts from aqueous solutions and it is considered
that this is a two stage process: the formation of crystal
nuclei, identified as an induction period, and their sub-
sequent growth. A critical survey of most of the work
particularly concerned with the kinetics of spontaneous

precipitation has been made by Arne HielSenl

and he
discusses the theories which have been put ferward €o

interpret the kinetics,

The precipitation of barium sulphate was investig-

ated by conductivity and light seattering methods by
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Collins and Leineweber2

who concluded that it involved
nucleation, eccurring as a single burst, followed by
diffusion controlled growth of the nuclei in the super-
saturated solution. Turn.bnll3 also studied the barium
sulphate system and found that nucleation was instantaneous
but that precipitation was not diffusien comtrolled. Duke
and Brown4 considered that nucleation was a mueh slower
process than growth and that stable nuclei contained sevefal
tens of molecules. Using a flow technique, Christiansen
and Nielsen5 measured the time of appearance of a definite
fraction of precipitate when equivalent solutions of
various concentrations of the two components were mixed.

The systems studied were Ba012 + HZSO4 and AgK05 + K20r04.
They found that the reaction velocity, S, of the overall

precipitation, obeyed the equation :

S = kpcp ’

where ¢ was the instantaneous concentration and k and p
were constants. The value of p was 8 for barium sulphate
and 6 for silver chromate and they suggested that nuclei or
'germs' capable of growth contained eight ions for the
barium sulphate system and six for silver chromate,
precipitation being a step-wise addition of ions. Aggregates

of ions smaller than a germ were called clusters and a
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germ was distinguished from a cluster by its mueh greater

ability to eapture and retain ions.

From studies of the production and growth rates of
crystal nuclei of silver chromate and silver chloride

Kebayashi6’7 found the relationship

e -—c \B , -
I < (&) = K , where c, = solubility,
o

between the induction period I and the supersaturation:
n = 3 for silver chromate and n = 2 for silver chloride.
The subsequent deerease in supersaturation attributed %o
growth, satisfied the equation

de

-— = K(c—c¢c.)
at °

Johnson and O'Reurke8

y» investigating the kinetics of
precipitation of barium sulphate conductimetrically,
obtained results which led them to believe that the precip-
itation was controlled by a reaction in the surface pro-
portional to the area and to the fourth power of the con-
centration of reacting ions (¢ = co). These authors
interpreted a translation of the papers of Kabayashi6’7 as
implying second order kinetics for %the growth of silver

chloride. Although the Japanese is ambiguous in parts,
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it would appear from Kobayashi's second paper7 that the
value n = 2 refers to the equation involving the induction
period and not to the growth equation. Cobbett and French9
have shown that in the equation

dc

-_—_— = K'(c—co)n

at

for the spontaneous precipitation of barium sulphate, n

changes from 1 to 3 in the course of the preeipitation.

The diversity in the conclusions of the above
workers points to the multiplicity of factors to be con-
sidered in the spontaneous crystallisation process. If
the growth step could be studied separately while controll-
ing supersaturation and surface area, it would lead to

simplification in the interpretation of results.

Ostwald first suggested'that the supersaturation
side of the solubility curve could be divided into ®wo
distinct regions: the ‘*metastable' and ‘'labile' regions.
Inoculation was necessary to start the process of crystal-
lisation in the metastable region and crystallisation
would then take place only by deposition en the seeds, no
new crystals being formed. At a well-defined super-

solubility, the solution passed into the labile region,
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where spontaneous crystallisation and nucleus formation

would occur. Miers and his co-workersll'.'l4

supported
this idea and showed that the variation of eritical super-
solubility with temperature could be represented by a
supersolubility curve for many substances. This sharp
demarcation between metastable and labile regions was
criticised by de Coppetl5 and the conception was modified
te imply that crystallisation was slow and difficult in
the metastable region and fast and easy in the labile
region, the transfer from one region to another being
gradual. In support of Ostwald's original hypothesis,

16 has shown that

the more recent work of Davies and Jones
supersaturated solutions of silver chloride in which the
ionie product was nearly 75% greater than the normal sol-
ubility product, could be kept stable for comsiderable
periods of time. The ceritical supersaturation was deter-

mined within narrow limits.

Davies and anesl7 prepared supersaturated solutions
of silver chloride in a conductivity cell, inoculated them
with seed suspensions and followed the resulting crystal
growth by measuring the decrease in the eénductivity of the
solutiong. Under these exactly reproducible conditions
no new nuclei were formed and the met change in surface

area due to growth was a small fractiomn of the total
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initial surface of the seed crystals. The supersatur-
ation could be derived at any stage in the crystallisation
- and it was found that the rate of erystal growth

de o
- — = K (¢ — co) ,
dt

indicating a chemical reaction as the rate-determining

step.

In the first part of the present work a study of
the crystal growth of the 1l:2 electrolyte, silver chromate,
under similarly controlled conditions has been made.
Accurate data for the solubility and critical concentration

product have also been obtained.

In the spontaneous crystallisation experiments dis-
cussed previously, two groups of workers have suggested
that the rate of crystal growth is diffusion controlled.a’6
In the experiments of Collins and Leineweber sulphate ions
for BaSO4 precipitation were generated in situ by the
interaction of persulphate and thiosulphate ions. The
presence of these extraneous ions, however, seems to be an
unnecessary complication. La Mer and Binegar18 and Bunn19
considered that diffusion played some part in determining

the rate of crystal growth. Most of the spomtaneous



crystallisation results and the work of Davies and Jones,

however, indicate that n >1 in the crystal growth equation

de ‘
——— = K(c—ce)n .
dt '

At first sight it might be considered that cryst-
allisation and solution are exactly reciprocal processes.
Noyes and Whitﬂagao studied the dissolution of rods of
benzoic acid and lead chloride into water amd expressed
their results by the first order equation

dc

— = K(c—-1¢c)) .
at @

This points to a diffusion controlled process, and similar

results were obtained by Bruner and St. Tolloczko?l- and

Nernstzz. The rate of solution of silver chloride seed
crystals into water has been studied by Davies and
Nancollas®”? who found that it followed the equation
de
— = K (e -c )2,
dt
While this cannet be interpreted as a simple diffusion-

contrelled process, it is certainly different from the case

of crystal growth. From these results crystallisation
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and solution reactions do not appear to be controlled by

the same process.

In order to provide further data on the kinetics of
solution of sparingly soluble salts, the second part of
the present work, an in&estigatian of the rate of solution
of silver chloride and silver chromate, was undertaken.

Experiments to study the effect of impurities on
the habit modification of various salts have been made24_26
and are important in providing further information for the
elucidation of crystallisation processes. Davies and
Nancolla327’28 have shown that surface active agents have
a profound effect on the growth of silver chloride seed
crystals. Part 3 of the present work continues the
study of the influence of adserbates. An attempt to
study the effeet of variation of ionic strength has alse

been made.
An account of a potemntiometric study of the
equilibrium
HCr0,~ % H' + Cre{“

is included as am appendix ¥o the present work.



APPARATUS AND
EXPERIMENTAL TECHNIQUES

The crystal growth of silver chromate was studied by
measuring the change in conductivity which occurred when
seed crystals were added to supersaturated solutions in
conductivity cells. These solutions were prepared by
adding solutions of silver nitrate and potassium chromate
of known concentration to weighed quantities of conduct-
ivity water in the cells. Dissolution of silver chloride
and of silver chromate was followed in exactly the same
way, seed érystals being added to subsaturated solutions of

the corresponding electrolyte.

Measurement of Resistance.

Resistances were measured on an &a.c. screened
Wheatstone bridge of the type described by Jones and
Joseph?g and by Shedlovsky5° and incorporating the recom—
mended modifications for minimising effects due to the
inductance and capacity of various parts of the bridge net-

work.



Phe circuit was as shown in figure 1. Rl was the
cell and R2 was a Sullivan non-reactive resistance box,
reading from 10,000 to 0.1 ohm.  The ratio arms R; and
34 were supplied by a 100 ohm Sullivan non-reactive slide
resistance, and the total resistance was subdivided into
lO5 parts by two concentric dials. The output from the
bridge was amplified before passing to the ear-phones by
a two stage high gain mains operated Sullivan amplifier.
The oscillator, a mains operated Advance model, giving
frequencies from 15 to 15,000 cycles per second, was placed
about six feet from the bridge to prevent interaction and
measurements were normally taken at an optimum frequency
of 1,000 cycles per second. Screened and grounded leads
connected the oscillator to the bridge via a Sullivan
balanced and screened transformer, designed to screen
effectively the supply source from the bridge without up-
setting the balance of the latter to earth. The sharpness
of the seund minimum in the detector was improved consid-
erably by earthing the bridge. A modified Wagnér earth
described by Jones and Josephao’ensured the telephone ear-
piece being maintained at groumd potential, thus eliminat-
ing amy leskage ef current due to capacity between the
telephone coils and the operator. In the figure it is

10
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FIGURE |
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represented by the resistances RS’ Rg, the contact g, and
the variable condenser cg. The bridge was balanced in
the usual way and the detector D was connected to ground
by switch 82. B was then brought to ground potential
by adjustment of the contact g. The bridge was again

balanced and the process repeated if there was any change.

Connections to the cell were made by taking leads
from the electrodes to two mercury cups supported in the
thermostat. This prevented heat interchange to the room
from the cell. Any resistance effect due to the leads
from the mercury cups to the bridge was compensated by
having an equal length of identical wire connecting the
resistance box R, to the circuit. A Sullivan decade
stable mica condenser, reading from O to 0.0l uF, could
be connected across Ra or the cell in order to compensate
for capacity effects. The connections to the cell and
the resistance box could be interchanged by means of a

commutator of the rocking type.

In practice when measurements were taken, the
Wagner earth was balanced as described above and the
capacity and resistance Rz were adjusted until no sound
was detected in the earphones. It was found that the
setting of the Wagner earth could be kept constant: any

12



slight deviation being easily compensated by the mica
condenser.

When water and solutions of high resistance were
being measured a 10,000 ohm, non-reactive, stamdard resis-

tance was connected in parallel with the cell.

Temperature Control.

The cell was supported in a large, earthed, metal
thermostat which was heat insulated and contained Shell
Diala 0il B to prevent capacity errorsao. The oil was
stirred efficiently by an electrically driven paddle
system. The thermostat contained a tray carrying twe
small water thermostats with covers in which bottles of
seed suspension were stored in darkness. A toluene-mercury
spiral regulator operating a 60 watt red lamp through a
vacuum relay, maintained the temperature of the oil at
25° + O.OOSOG. A booster heater was also provided. The
Beckmann thermometer used was checked periodically with a
platinum resistance thermometer which had been constructed
and calibrated at the triple point of water and at various
other temperatures by V.S.K. NairBl, using an N.P.L.
platinum resistance thermometer. To prevent excessive

condensation of moisture in the cap of the cell, an
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Anglepoise lamp with a red bulb was fixed at a convenient
distance to keep the cell cap at a temperature about one
degree lower than that of the bath. The thermostat temp—
erature was maintained between experiments so that seed
erystals would age at the same temperature as that at which

they would subsequently be used.

Conductivity Cell.

The heterogeneous nature of erystallisation and
solution requires efficient stirring of the cell to make a

gquantitative study of the processes possible.

The cell used was of the Hartley~Barrett52 type,
made throughout of Pyrex glass and with dipping electrodes
of greyed platinum (Plate 1). It is difficult to seal
platinum to Pyrex glass: to overcome this difficully about
one-eighth of an inch of Araldite epoxy resin powder was
introduced into the bottom of the electrode supports, amd
the cell was placed in an oven at 60°C to cure the Araldite,
forming a permanent seal which prevented any leskage of
mercury into the cell solution. The electrodes were
situated near the walls of the eell so that an effiecient
four-bladed glass stirrer could be supported from a pulley
shaft through a central aperture in the cell'cap. The.

14



stirrer was driven by a small electric motor: the speed of
stirring could be varied by means of a rheostat. The
stirrers in the cell and thermostat were turned off for a
few seconds when taking bridge readings. A small glass
hood, attached to the stem of the cell stirrer, prevented
contamination of the cell contents by foreign matter fall-
ing through the aperture in the cap. A side tube in the
cap with a three-way tap enabled earbon dioxide~free air
to Be passed over the solutiom in the cell. Additions
of solution and seed were made by pipette through a short
tube in the cell cap which was fitted with a ground glass
cap.

The purified carbon dioxide-free air was cbtained
by filtering compressed air through a large jar packed with
cotton wool. The air stream then bubbled through 2N sul-
phuric acid and 30% potassium hydroxide in two tubes and a
tower packed with glass beads and short lengbths of glass
tubing. This was followed by two water scrubbers and a
column of distilled water. Finally, the air stream passed
through conductivity water, a preheatimg tube and cotton
wool pad supported in the thermostat, so that it was
saturated with water vapour at 25°C before entering the

cell.

15



Preparation of Conductivity Water.

For all the conductivity experiments, the water was
prepared by a mixed bed deionization processaB. Distilled
water was passed down a Pyrex glass tube, with a sintered
disc at the bottom, filled with an intimate mixture of a
gtrong acid and a strong base resin. Any cation impur-—
ities were replaced by hydrogen ions from the strong aecid
resin and these were immediately neutralised by hydroxyl
jons from the basic resin. Anions were removed by the
strong base resin in the same way. The specific conductiv-
ity of the product at 25°C remained steady at about
0.1 x 10~° onms™1,

For the silver chromate crystallisation experiments,
the resins used were Nalcite SAR and Nalcite HCR. After
at least 600 litres of distilled water had been treated,
these resins were replaced by the strong acid resin Amber—
lite IR 120 and the strong base resin Amberlite IRA 400.
Before the latter resins were used they were regenersated

as follows:

50 mls. of Amberlite IR 120 in a chromategraphic
column were treated with a litre of 1N hydrochloric
acid and then washed with distilled water to a pH~ 7

(iniversal indicator).
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After conversion to chloride form 100 mls. of Amberlite
IRA 400 were treated with carbonate-free sodium hydrox-
ide and washed till pH 7-8. This procedure converts
bivalent ions such as carbomate to univalent chloride,

which are then more easily replaced by hydroxyl ions,

Two parts of the strong base resin IRA 400 and one
part of the strong acid resin IR 120 were themn simultan-
eously added to the deionisation column. This ensured an
intimate mixture despite the difference in density of the
resins. The column was washed with several litres of
distilled water and the specific conductivity of the water

then produced was 0.12 x 10~ ohms™1,

Conductivity water for the preparation of solutions
was collected in a Pyrex receiver fitted with a sods~lime

guard tower.

Preparation of Stock Solutions.

Steamed out, seasoned Pyrex flasks were used for
the preparation of stock solutions, which were usually

about 0.1N for silver chromate and 0.0lN for silver chloride.

A.R. potassium chloride was recrystallised four

times from conductivity water. The erystals were then

17



placed in a platinum dish and dried in an electric oven at
120°. Samples were heated to dull red heat in a plat-
inum dish -and allowed to cool in a desiccator before use.
A.R. potassium chromate was recrystallised twice from con-

ductivity water and the crystals were thoroughly dried

before storing. A.B. silver nitrate was used without
further purification. All reagent bottles were protected
with dust caps. Samples of the recagents were weighed out

from small Pyrex weighing bottles using a Stanton Model
S.M.1l balance and platinum plated weights which had been
calibrated by the method of Kohlrausch34. Solutions were
made up by weight from conductivity water using a Sartorius
balance of capacity ~2 Kg. and weights which had also been
calibrated., This balance was sensitive to 0.005g. and

all weighings were corrected to vacuum weight.

Dilute solutions of silver nitrate and potassium
chromate used in the crystallisation experiments were ace-
urately made up by weight from these more concentrated
stock solutions. Fresh dilute solutions were prepared
for each experiment so that they should be free from any
foreign matter which might endanger the stability of the
supersaturated solutions in the cell. In some exper-

iments, dilute solutions of potassium chromate were made

18



by exactly neutralising stock solutions of chromic acid
with standard carbonate-free potassium hydroxide35. | The
stock solutions of chromic acid were prepared from A.R.
chromic oxide which had been thoroughly dried in an oven

at 120°C, cooled in a desiccator and weighed out of contact
with air owing to its hygroscopic nabture. This secend
method of preparing potassium chreomate was used in invest-
igating the influence of hydrolysis on the crystallisation

of silver chromate.

Determination of Cell Constant.

The cell constant was determined by the method of
Frazer and Hartley36. The cell was first dried, weighed,
rinsed with conductivity water several times, and swept
free of carbon dioxide by passing a stream of purified air
through it for about half an hour. The purified air
stream previously described could be diverted to pass into
the cell as it was filled direetly from the resin column.
Conductivity water was added dropwise into the cell until
the level was half an inch above the top of the electrodes.
 The cell was reweighed, placed in the thermostat and con-
nected into the eirecuit. Throughout the determination

the stirrer revolved at a constant rate of about 500 revs.
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per minute and a fairly rapid stream of purified air was
passed through the cell. The conductivity of the water
was measured at half-hourly intervals until a constant
bridge reading was obtained. This usually required about
three to four hours and, under test, it was shown that this
steady value could be maintained for at least eight hours.
About 2g. of an approximately 0.01 N potassium chloride
stock solution was then added to the water in the cell from
a weight burette, and the stirring was resumed until the
resistance became constant. The setting of the resist-
ance box was adjusted until the bridge readings for the two
positions of the commutator were close together. The
bridge readings were determined for two settings -of the
resistance box. The cell was stirred between all readings
and the readings were taken as rgpidly as possible to avoid
heating effects in the cell. Four or five further add-
itions of stock solution were made, repeating the same
series of operations after each addition, until a concen-
tration of about 0.001 N was obtained in the cell. The
cell was then removed from the thermostat, its outer sur-
face was cleaned and dried and the whole reweighed: the
weight of water in the cell was evaluated from the known
weights of potassium chloride solution added. This was

always within 0.1 g. of the eriginal weight of water

20



introduced, indicating that the amount of evaporation

during an experiment was negligible.

The cell constant was then calculated by comparing
each measured value with the conductivity values derived
by Shedlovsky57 at the same concentrations, using the
38

interpolation formula
A = 149.92 — 93.85 c® 4 50 c.

The value of the cell constant for each cell used in the
crystallisation work was evaluated from at least twelve
determinations (three series). Cell A, working capacity
about 450 g., had a cell constant of 0.03696 * 0.03%.
Cell B had a capacity about 250 g. and was broken once in
the course of the work. Its cell constant of 0.06191
* 0.03% became 0.06897 + 0.03% after repair. The cell
constant of cell E, capacity 250 g., was 0.07800 + 0.03%.

The cell constants of the unstirred Hartley-Barrett
type cells, used in determining the critical concentration
product of silver chromate, were obtained by using the
conductivity wvalues for 0.0l demal potassium chloride sol-
utions given by Jones and Bradshawig. Each cell was cleaned,
filled with conductivity water and placed in the thermostat.

Resistance readings were taken after half an hour when

21



temperature equilibrium was obtained. The cell was emptied,
rinsed several times with am exactly 0.01 demal solution of
potassium chloride, filled with the same solution, and
again allowed to equilibrate in the thermostat. The resist-
ance was measured and compared as before with the known
conductivity of 0.01 M potassium chloride solution at 25003

1, -1

0.0014087 ohm. cm, . The values obtained for the cell

constants were 0.1286 for cell C and 0.1067 for cell D.

Measurement of pH.

The influence of pH in determining the ion species
present in chromate solutions is well established and has
been studied by several workers??» 4042 144 significance
in solubility and silver chromate kinetic experiments will

be discussed later.

pH measurements were made with a Doran pH meter
using a Cambridge glass and calomel electrode assembly.
The apparatus was standardised with the buffer solutions
0.05 M potassium hydrogen phthalate, pH = 4.00545, and
B.D.H. tabloid phosphate buffer, pH = 6.99.

The solutions for pH determination were contained
in a three-necked Quickfit round-bottomed 250 ml. flask.
Near the top there was a small tube fitted with a ground

22



glass stopper which was used for making additions to the
cell and also acted as an inlet for nitrogen, which was
passed over the cell solution throughout the experiment.
The vertical side neck of the flask supported the glass
electrode in a rubber collar. The calomel electrode was
held similarly in the other side neck. A Pyrex glass link
stirrer supported in a Quickfit stirrer gland occupied
the centre neck of the flask and was driven by a stirrer
motor. The positions of the electrodes in the cell were
adjusted so that the solution in the flask could be effic-

iently stirred at approximately 500 revs./min.

The c¢ell was clamped in a glass thermostat filled
with water and maintained at 25° + 0.01°% by means of a
heating bulb operated by a tolueme-mercury regulator through
a Sunvic vacuum relay type F 102/4. The thermometer used

in the thermostat was standardised as previously described.

Spectrophotometric Measurements.

Spectrophotometric measurements were used as an

independent check on the solubility of silver chromate.

The saturated solutions were prepared in a Pyrex
glass saturator (figure 2), similar in type to that des-

cribed by Davies44, fitted with a No.3 sinbtered glass disc.

23



FIGURE 2
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For one experiment recrystallised silver chromate was

Stirred with conductivity water in a Quickfit flask and
samples of saturated solution were withdrawn by means of
a pipette with a No.2 sinter filter stick attached at the
end. The saturator and the flask were supported in the
thermostat at 25°C.

Optical densities were obtained with a Unicam
spectrophotometer model'S.P. 500, using 1 cm. quartz cells

for all experiments.

Grade A glassware was used in all experimental

work.




PART 1

CRISTALLISAZION OF SILVER CHROMATE
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INTRODUCTION.

Assuming that crystal growth of a sparingly soluble salt
involves three steps: diffusion of solute to the surface,
deposition of ions on the erystal face and the opposing
process of solution, Davies and anesl7 have interpreted
the second order kinetics for the growth of silver chloride
seed crystals in terms of stationary concentrations of
silver and chloride in an adsorbed layer of hydrated ions
at the crystal surface. Davies and Nancollasz3 have
found that the temperature coefficient of crystallisation
of silver chloride is unity and from experiments at non-
equivalent initial ionic cencentrations of silver and
chloride, have provided further evidence for the above
picture ef crystal growth. In the presence of surface-
aective agen.ts27 the rate of crystallisaticn is reduced,

and when supersaturated solutions were inoculated with seed
cerystals previously aged in these adsorbatesgs, the
erystals did not grow immediately. This behaviour was
explained in terms of adsorptiem by assuming that the
surface of the seed crystals had to be freed from adsorbed

impurity in the supersaturated solution before growth wmas

27



possible. As would be expected in a reaction dependent on
available surface area, the length of the induction period

was inversely proportional to the quantity of seed added.

Van Hook.q5 observed similar induction periods in
the growth of silver chromate seed crystals aged in aqueous
‘solutions which he attributed to nucleation: progressive
addition of seeds continuously diminished the length of'the
induction period and increased the rate of the main part of
the crystallisation curve. In his experiments the
constant value used for the initial ionic product[§g¥]2[0r0=}

-12 moles/1l.

of the supersaturated solution was 50 x 10
This value is well in excess of the critical concentration
product — the ionic product at which spontaneous crystall-

isation becomes possible — determined in the present work.

It was considered likely that the induction periods
in the crystal growth of silver chromate observed by
van Hook were caused by adsorbed impurities on the surface
of his seed crystals. If this were so and unpoisoned seed
crystals could be prepared, it would be of interest to see if
Davies' picture of crystallisation can be applied not omly
to a 1:1 electrolyte but alse to one of higher valence
type, silver chromate. This work is deseribed in the

results section of Part 1.
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RESULES

l. Determination of Selubility.

The solubility data available in the literature for

4

gilver chromate showed values varying from 0.603x 10 'moles

4 moles per litre%6’47 An accurate

per. Litre to 0.907x 10~
solubility value is an essential prerequisite for kimetic
studies and it has been determined by two different methods

in the present work.

Conductimetric experiments.

Saturated silver chromate solutiens were obtained
in a conductivity cell by approaching equilibrium from both

the subsaturated and supersaturated regions.

In the subsaturation experiments the conductivity
cell was rinsed six times with conductivity water, connee-
ted to the carbon dioxide - free air supply and filled
directly from the resin column. The cell was then placed
in the thermostat, connected to the circuit and the contents
stirred in a stream of carbon dioxide = free air. The

steady resistance of the water was recorded after about two
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hours. A measured volume of seed suspension was then
added to the water and resistance readings were noted at
various times until the final steady resistance was taken
after several days. Slight impurities in the seed sus-
pension were corrected for by adding a further small vol-
ume of seed suspension and noting any change in resistance.
The specific conductivities of the water and of the impur-
ities in the seed suspension were subtracted from the
observed conductivity to give the specific‘conductivity of

the saturated silver chromate solution.

The saturated concentration of silver chromate was
approached from the supersaturated region by allowing a
crystallisation experiment (page 42) %o come to equilibrium:
the final sﬁeady resistance was then noted and correction
made for impurities in the seed suspension. In this
experiment the saturated solution contains K¥ and Nﬂg ions
from the known concentrations of potassium chromate and
silver nitrate added to the cell. The specific conduct-
ivities of these ions, determined by using the mobility
values AQ+ = 73.52 *® and AS - = 71.44 *® in the approp-
riate Onsager equatians?9 >
Kg+ = 7%.52 - 46.67+/c , and
KH@; = 7l.44 - 46,194/ ,
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were subtracted from the observed conductivity and the
specific conductivity of saturated silver chromate was

then evaluated as described above.

In the conductimetric determinations of the solub-
ility in which experiments must be carried out over a
period of days, a slight fluctuation was detected in the
equilibrium value of the conductivity. The pressure of the
compressed air supply is subject to some variation when
used continuously for long periods and this and slight

evaporation will disturb the equilibrium
+ S — -
H + Cr04 == HCrO4
existing in the saturated silver chromate solution in the
cell and some variation in the accurately measured equil-
ibrium conductivity value can be expected. Careful
control of conditions, however, usually gave reliable
readings.
The pH of saturated silver chromate solutions was

measured under exactly the same conditions as in the com~-

ductivity experiments and found to be 7.5,
i.e. PE = ~leg§H+} = -logtﬂf]fﬂ+ = 7.3 ...(1)

Potentiometric measurements which will be described im

the appendix to the present work yielded a value for the
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dissociation constant, ka » of the hydrogen chromate ion
( BCrO, == H" + Cr0; ) at 25°C of

k, = {E'}{Cro}}/{HCro;} = 3.03x 1077 moles/1. ...(2)
42

- Davies and Prue ~ have measured the equilibrium constant

for the reaction Orzo; + H,0<Z 2HCr0, and given the

value at 2500 as
k= {Hc::-o;}z/{Crao;} = 3,03 21072 moles/l. +...(3)

It follows that at pH 7.3 the concentration of dichromate
-ions in saturated silver chromate solutions is negligible

and the total chromium concentration,
Tcr = [CI‘OZ] + [HCI‘QZ] ..0..00000'0(4)

The ionic strength, I , of a saturgted silver chromate

solution is given by the equation
I =0.5 ([Ag*]+[ﬂ*]+ 4[CrOZ]+[HGrOZ!_]+[OH-J) cereen(B)
From eledtronewtrality considerations,
[2g*] + [8*] = [HC2O; ] + 2[0r0}] +[0B7] .......(6)
Bubstituting (6) im (5),
I = Tg,+ 2[crop) 4 [oB™]  eiiiiiilu(®

As a first approximation it was assumed that
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x = -4
TCr = CrO4 « 1 x 10

and [OH_] was negligible, and the activity coefficient, £,

for each ion was obtained from the Davies equationBO

/I
*logf:o,sl B? (l ’\/I -.002 I)ocoo.'o(a)
+ ‘

where z; is the valency of the ion, using the I value from
equation (7). [H+] and [OH?] and [CrOZ]/[HCrOZ] =0 were
obtained from eguations (1) and (2). The specific conduct-
ivity (K) of saturated silver chromate solubion, evaluated

in the conduectivity experiments, may be written

+ K

assuming the electrolyte to be completely dissociated at

these low concentrations.

Substituting the value of [Ag*] obtained from

equation (6) in equation (9),

000k = 2[crozlN, 26,00, * (G20, 1A sgiCro, *

(or™] A ygor * [H’*]AAg vo..(10)

The conductivities of silver chromate, silver hydrogen

chromate and silver hydroxide were calculated from the

Onsager equations49
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A% ag,Cro, = 1445~ 263.4 [ag,0r0,) %
A sgioro, = 112:0 - 85.4 [agacro]*

A ygom - 260,0 ~ 119.0 [AgoH)®
o 48 o . 51 0
where AAg = ‘61.92 and Aoy = 197.6 7. A}é 0x0] = 82.5

was obtained by extrapolation of available chromate conduc-

tivity data’® and A9, - = 50 was estimated since the con-
4

tribution made by this ion was a small fraction of the

total conductivity.

From equation (10), using the value of « obtained
from equations (1) and (2), the values of [HCrOZ], [CrOZ]
and [Ag*] were calculated and the solubility of silver

chromate

s =v([ag2[cx0z)/ #)

was obtained by successive approximations. The value of

-4

S from subsaturation experiments was 0.915 x 10 and

0.940 x 10'4. The supersaturation experiment gave a

value of 0.970 x 1074, The agreement is goed in view of
the appreciable corrections for hydrolysis which have to

be made.
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Spectrophotometric measurements.

The effects of hydrolysis on measurements of the
conductivity of saturated silver chromate solutions have
been discussed. Spectrophotometric measurements of the
solubility allowed the system to be studied under condit-

ions in which hydrolysis of the CrOZ ion is suppressed.

Silver chromate, slowly precipitated from equivalent
solutions of potassium chromate and silver nitréte (page 48),
was washed thoroughly with distilled water and then with
conductivity water by decantation. A 10 cms. column of
the precipitate was introduced into the saturator shown in
figure 2 and again washed by circulating several samples of
conductivity water through the saturator. A final 40 ml.
volume of conductivity water was allowed to circulate twice
through the column: each ecirculation took about two hours.
10 nl. portions of the saturated silver chromate solution
obtained were made up to 25 mls. with 0.05 N c¢carbonate -
free potassium hydroxide solution. This solution was
centrifuged to remove precipitated silver hydroxide and the
absorption of the clear solution was measured at 373 mp, a
maximum in the chromate ion spectrum. A sample withdrawn
after a further circulation through the saturator showed

the same optical density within experimental error.
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vmwo experiments were carried out as described above.
In a third experiment measurement was made of the optical
density of a saturated solution obtained by stirring re-
crystallised silver chromate crystals (page 43) with con-
ductivity water (page 25 ) and treating the solution in the
same way. ‘The mean optical density of the samples in

these three experiments measured in a 1 cm. cell was 0.2356.

The extinction coefficient of a standard 0.00103 M
potassium chromate solution made 0.05 N with respeét %o
potassium hydroxide was measured at 373 mu and found to
be 4800. An identical value had been obtained by
Vandenbelt”>,

The chromate ion concentration calculated from the
mean optical density of the saturated silver chromate sol-
utions was 1.227 x 10_4 moles/1. The pH of these solut-—
ions in equilibrium with aif was found to be 6.7, so that
HCrOZ ions and traces of Crzo; ions would be present in the
solution and, when it was made alkaline, they would be con-
verted to CrOZ ions. The above chromate ion concentration
therefore represented the totak chromium content of the

selution, TCr’ and

p. = (ero)almere™] « 2(er0z] = 1,227 x 1@"‘2 moles/1.
Ter = [6rop)+[Eore] + 2[cr,07] = 1.227 x 107" moles/1.

cecesees(ll)
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From equations (2), (3) and (11),

2

k T 2f
T = |HerO | [ 1 ___é_i_> - 2( 1 ) .
Cr [ 4} ( + {H+}‘f2 ¥ [HG]?OLJ -f2 (12)

where fl and f2 are the activity coefficients for uni- and
divalent ions respectively. Prom electroneutrality con-~

siderations,
lag*] +[u*] - 2[cro;]) + (HOro7] + 2[cr05] + (or~] ...(13)
Substituting (11) in (13),

[ag*) + [B*] = g, + [erop])+ lom)  ..oocoo.a

From equations (11) and (14), the ionic strength I could be

expressed as

I = T, +2[cro7] + [or05] 4 [or7] ..o

Cr
A first value of I was obtained by assuming that

4 and neglecting [Crzo;] and [Oﬂf] >

(ero;] = 0.9 x 107
The [HCrOZ) was then evaluated from equation (12) and used
in equation (3) to give the [Crao;]. The [CrOZ] and [Ag*]
were then obtained from equations (11) and (13) and the
solubility of silver chromate, S = SV([Ag'*]Z[CrOZ]/ﬂ)

was found to be 0.880 x 10~% moles/1. Phis value is in
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reasonable agreement with the conductimetric value,

0,915 x10~ 4

with the solubility recently obtained by Sirﬁéek 47

moles/l., determined in the present work and

(0.907 x 1074 moles/1l.). It was used in the subsequent

work; and the solubility product extrapolated to zero

ionic strength is 2.44 x 10712 moles® litres™.

2. Critical Conecentration Product

It was necessary to find the value of the eritical
ionic product of silver chromate, [Ag*]z[CrOZ], which was

the limit of stability in supersaturated solutiouns.

Stock solutions of silver nitrate and potassium
chromate were made up from cenductivity water, and from
these, fresh dilute solutions were prepared for each exp-
eriment. The concentrations of the dilute solutions were
varied so that the concentration of silver chromate pre-
pared in the cell during the run was some multiple of the
solubility product (e.g. 3,6,8,24).

The conductivity cell C or D was rinsed with con-
ductivity water and drained. 150 mls. of a dilute silver
nitrate solution were then added to it, the cap was fitted

and the cell was placed in the oil thermostat, cennected
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to the bridge, and the resistance of the silver nitrate
solution was followed. When the reading was steady,

150 mls. of a dilute potassium chromate solution, previous-
ly equilibrated at 2500, were added and the rise in resis-
tance was followed first at 3 or 5 minute intervals and
then at progressively longer time intervals, for periods
ranging from 18 to 71 hours. The use of relatively large
volumes of silver nitrate and potassium chromate solutions
avoided local concentration effects which might cause

crystallisation.

The experiments are summarised in Table 1 and the
change in specific conductivity per hour over the first
18 hours of each experiment is plotted against the initial
concentration product in figure 3. The approximately
linear relationship, when extrapolated to zero change in
conductivity, gives a value of approximately 10 x lO"12

moless}.J.:‘.’cres"3 for the critical concentration product.

3. Seed Preparation and Crystal Growth

Crystallisation experiments could now be designed
so that the concentration of the supersaturated solutions

of silver chromate, prepared in the conductivity cell, was

39



PABLE 1

Run Cell Initial concentrationms buration of Ak/hr.
(2g*]x10* [oro}]x10® (sg*]2(crof) experiment x 107
moles/L. moles/l. x 101! (hours) |

5 c 2.88 l.44 1.20 18.5 1.75
6 D 5.91 2.00 3.51 70 7.7
7 C 5.77 2.88 9.61 71 32

9 D

3.17 1.59 1.60 21 0.2
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greater than the solubility but less than the critical

concentration.

The cell was filled with conductivity water in the
manner described previously and was allowed to reach tem=-
perature equilibrium in the o0il thermostat in a rapid stream
of carbon dioxide -~ free air. When the resistance of the
water had reached a steady value, 10 mls. of a dilute seol-
ublon of silver nitrate were added to the cell from a cal-
ibrated pipette and the steady value of the resistance was
recorded. This was followed by 10 mls. of a dilute pot-
assium chromate solution added drop by drop over a period
of approximately 6 minutes. The solutions were mixed
very slowly in this way with stirring to avoid local con-
centration effects which would favour formation of crystal
nuclei : the usual rate of stirring was approximately
500 revs./min.. = The concentrations of the added solutions
were such that the final concentration of silver and chrom-
ate ions in the cell were equivalent, and the ionic product
was approximately twice the solubility product of silver

chromate.

The stable supersaturated solution required about
two hours to come to carbom dioxide and temperature equil-
ibrium. There was‘a slight upward drift in the resist-

ance readings after potassium echromate was added to the
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cell. This was probably caused by hydrolysis but the
change in resistance over one hour was less than 1 % of the
change recorded during the first hour of crystallisétion.
This drift was minimised by adding a slight excess of pot=—
assium hydroxide to the potassium chromate solutions, pre—

pared from chromium trioxide and potassium hydroxide.

After coming to temperature equilibrium, the required
suspension of silver chromate seed crystals was quickly
removed from the thermostat, shaken vigorously, and a homo-—
geneous sample was withdrawn into a small clean and dry
pipette. This was immediately added to the stirred sol-
ution in the cell, a stop-clock was started and the resist-
ance reading was taken after the first half-minute. Bridge
readings were recorded at one minute intérvals and then at
longer time intervals, for at least 30 minutes. In order
that additions of seed suspension should be as quick as

possible, pipettes with very short delivery times were used.

Seeds prepared by recrystallisation from agueous solution.

Seed crystals consisting of needles of average length
40 , were prepared by crystallising silver chromate from
boiling saturated solutions. This method, the one most
likely to yield uniformity of size, has been used by Jenesl6

and is described in detail for preparation of silver

43




chloride seed crystals (page 86). Silver chromate
crystals prepared in this way ani aéed at 25°C would not
allow crystallisation for at least two hours (Run 17).
Washing the crystals before use reduced the induction period
to 5 to 10 minutes, depending on whether the crystals were
boiled in conductivity water (Run 15) or merely washed
several times in hot conductivity water (Run 19) before

being made up as the aqueous suspension for addition to the

cell. The resistance of the solutions rose regularly at
the end of the induction period. These results are re-
presented in figure &. It was not possible ¥o remove the

induction periods entirely by washing.

It was probable from the above results and those of
van Hook45 that the impurities adsorbed by silver chromate
seed crystals were hydrolysis products. In an attempt to
minimise hydrolysis silver chromate was recrystallised from
dilute potassium hydroxide solution of pH~1ll.5 and stored
in the same solution. When these seeds were washed
several times with conductivity water to remove the potass—
ium hydroxide, and used for inoculation, the rate of cryst-
allisation wés slow but there was no trace of induction
period. Work a®% higher pH values is impossible because

of the formation of silver hydreoxide.
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Seeds prepared by rapid precipitation.

If induction periods were due to adsorbed impurities
it seemed reasonable to assume that adsorption would take
a finite_time. Accordingly, several crystallisations were
initiated with seed suspensions which had been prepared
immediately before use. Silver chromate, precipitated by
adding 5 mls. of 0.0058 M silver nitrate solution to 5 mls.
of 0.0029 M potassium chromate solution, was collected by
centrifuging and washed six times in conductivity water.
The seeds were then made up to a7 mls. and 5mls. of this
suspension, which had been left for ten minutes in the
thermostat, were used to initiate crystallisation in each
experiment. These crystallisations took place with no
trace of induction period and on plotting the reciprocal of
the resistance against the time in minutes, smooth curves
were obtained : one of these, Run 23, is reproduced in
figure 5. If one of the above suspensions was stored for
one day before being used, the rate of erystallisation was
greatly reduced as in Rum 28, figure 5 : after six days no
crystallisation was induced. These results indicated
that the effect causing the induction periods was one which

developed as the seeds were aged in agueous suspensions.
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Seeds prepared by slow precipitation.

Crystals of good uniformity were prepared by the
slow simultaneous addition of 0.06 M silver nitrate and
0.03 M potassium chromate solutions over a period of thirty
minutes, to one litre of distilled water, rapidly stirred,
and maintained at 40°C. These ctystals, consisting of
hexagonal needles of length 5 to LOp ,.were dark grey-red
and settled out almost as soon as stirring was stopped.

The supernatant pale yellow liquid was decanted and after
the crystals had been repeatedly washed by decantation, a
portion of the suspension was used for inoculation and

immediate crystallisation resulted.

If seeds prepared in this way were stored in predom-
inately alkaline potassium chromate (pH~9) and then washed
and use.d to initiate crystallisation, no induction period
was observed but the rate of crystallisation was slow. An
attempt to induce or prolong induction periods by storing

seeds in dilute acid solution gave inconclusive results.

Seeds stored in organic media.

Crystals prepared by slow precipitation were stored

in absolute alcohol and, at first, it seemed very successful
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in preventing the adsorption of impurities. After prepar—
ation the crystals were washed several times with absolute
alcohol and stored as alcohol suspensions for six days. A
sample was then withdrawn, washed free from alcohdl, pfe—
pared as an aqueous suspension, equilibrated for 15 minutes
in the thermostat and a measured volume was used to imocul-
ate a supersaturated solution. No trace of induction
period was detected in the growth curve (Run 48, figure 6).
A series of experiments was then carried out using similar
volumes of the aqueous suspension prepared for Run 48.
Although no appreciable induction period deveioped in the
course of these experiments the rate of erystallisation
fell off (Run 49, figure 6) until, after nime days, the
amount of crystallisation was negligible as shown in Rum 50,
figgre 6. It was noted that a considerable amount of air
was occluded by seeds from alcohol suspensions, during the
first washing, and that, if this was not removed by thorough
and repeated wetting, the ability of the seeds to produce

a reasonable rate and amount of crystallisation was serious—
ly impaired. After about a month, however, seeds stored
in alcohol, washed and used immediately, produced reduced
erystallisation rates (Rum 56, figure 6) and after five
months no crystallisation could be detected on inoculation

with alcohol-stored seed suspensions. It appeared that
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absolute alcohol delayed, but did not prevent, the form-

ation of induction periods.

Acetone was found to be more suitable as a storing
medium and acetone seed suspensions were used in subsequent
crystal growth experiments. The acetone seed suspensions
were prepared from crystals obtained by slow preeipitation.
They were stored in Pyrex bottles at 2500 and made up as
agqueous suspensions (page 52) before use. These crystals
retained their activity for at least a month and were more

easily wetted than those stored in alcohol.

An attempt to use seeds which had been dried and
stored in vacuo was unsuccessful because of subsequent

wetting difficulties.

4. The Rate of Crystal Growth.

When seed erystals were prepared immediately before
use the adverse effects of hydrolysis were avoided but it
is likely that the surface area of the seeds would be a very
variable faetor. It was necessary to conduct experiments
using known concentrations of the same seed suspension teo
demonstrate the reproducibility of the results and to

study the crystal growth at various initial ienic raties
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[Ag+)/[CrOZ] so that the kinetics of the process could be

established with a greater degree of certainty.

Determination of seed concentration.

12 mls. samples of acetone suspension H were cent-
rifuged to remeve the acetone and the crystals were washed
six times with conductivity water. Finally, 4 mls. of
conductivity water were added to the seeds. 1 ml. of this
aqueous suspension was used for inoculation and the con-
centration of Tthe suspension was determined directly by
filtering a known volume through a small weighed sintered
glass filter beaker and drying to constant weight at 110-
12000.54 Using a Stanton semi-micro balance, +the deter-
minations of seed concentrations used in the experiments

(70, 71, 72) agreed te within 2% and the value was 49mgs./ml.

pH experiments.

The effect of pH variation on chromate solutions has
already been discussed, and to investigate any change in pH
in the course of crystal growth, experiments exactly anal—
ogous to those done in the conductivity cell were carried
out in the pH cell. 150 g. of conductivity water were

added to the cell and nitrogen was passed over it. The pH
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was followed for 2 to 3 hours until steady and 10 mls. of
a dilute silver nitrate solution were added, followed by

10 mls. of a dilute potassium chromate solution. On the
addition of 1 ml. of seed suspension, prepared as described
from suspension H, the pH remained constant to within #0.01
units for at least 30 minutes. The pH was determined at
the end of each crystal growth experiment so that the
chromate ion concentration could be corrected for the pres-

ence of HCrOZ ions.

Crystal growth at equivalent concentrations.

The experimental procedure was the same as that des-
cribed on page 42 and the results are summarised in Table 2.
Variation in the rate of stirring the cell solution from
300 to 800 revs./min. did not affect the mate of growth.
The typical smooth curves obtaine& on plotting 1/R against
the time in minutes, shown in figure 5 for Runs 70 and 71,
demonstrate the reproducibility of experiments in which the
same concentration of seed is used. The low degree of
gcatter in the recorded resistance readings is shown in the
time plots of 1/R for Run 71 in which all ﬁhe resistance
readings are plotted. In the time plots of 1/R for the

other experiments summarised in Table 2, only the
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TABLE 2

Run pH Seed Initial concentrations
susp. [ag*]x10* [cro;]x10* (ag*)2[cro;)x10%?
moles/l." meles/l.

23 7.3 A 2.25 0.98 4.96

48 7.3 C 2.21 0.96 4.69

59 7.2 F 2.24 0.93 4.68

70 7.6 H 2.26 l.e2 5.23

7; 7.6 H 2.26 1.02 5.23
A Saedé prepared by fast precipxitatién
C a2 Seeds stored as alcohol suspension
F 2 Seeds stored as acetone suspension
H :+ ©Seeds stored as acetone suspenaion.
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resistance readings at five minute intervals are plotted -

in figures 5, 6, and 7.

From €he pH value of the cell solution at the end
of each experiment and using the methods described prev—

iously, the ratio
o = [HCro ]/ [cro;] = §E'Pf/fk,

was calculated. Assuming that the electrolytes are com-
pletely dissociated at these low concentrations, the
observed specific conductivity at any instant may be

written

- K —
ovs = "ero; * H(:ro4 + Kpgt + K+ + Hog~ + KK"' + Kyo 3 +-(26)

Phe last four terms on the right hand side of equation (16)
remain constant throughout the crystallisation and the |
change in conductivity Z&Kobs’ during the experiment is

given by
105A;< (2/3/2 oro; * oLAHCrOz)A[c::o;] + AAg.A[Ag"'] .. (17)

in which O [cr0;] and A[ag*] represent respectively the
decrease in the ionic concentrations of the Croz and Agt

ions in the solution. The electroneutrality expression is

2 {oro7] + [merop] + [wo3] + [om7] = [ag*] + [K*] + [;I"] ..(18)
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1¢ [ag*]/[cr0;) = 2/1, then [Nogj = [K*], and from

equation (18),
Alerop) = Alagfl/2 +a)  aiiiiiiii (19
Substituting (19) in (17),

3
107 A 2 +&
A[ag*] - “ops®*%) oy

2Ny, 4g,0r0, * °"AAchrO4

My 8g,Cr0,, and /\AgHCrO4 were obtained from the corresp-—
onding Onsager equations ( page 34 ) and the values of
O [CrOZ] and A[AgY] were calculated for the experiments

summarised in Table 2.

The rate of fall of conductivity at aﬂy instant, and
hence theirate of crystallisation, was determined by meas—
uring the slope of the 1/R - time curve. A Perspex sheet
on which was scratched a fine straight line ﬁas found to be
useful for this purpose. The initial rate of crystall-
isation was obtained by applying the short extrapolation of
growth curve to zero time. The difference between the
initial and subsequent values of 1/R was used to calculate
the amount of silver chromate precipitated aﬁ any instant
from equations (19) amd (20). The corresponding rates
were obtained by measuring the slopes of the 1/R - time
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curves at these points and correcting for ABK&OZ] . Since
the total amount of silver chromate precipitated during the
experiments only amounted to 3-5 % of the total weight of
seed present, changes in the surface area of the seeds due

to deposition, could be neglected.

Detailed analyses of all the experiments of Table 2
are given in Tables 3 and 4. When the rate of crystal
growth of silver chromate, —-dm/dt, is plotted against
(i/I.P. - i/Ks)a, where I.P. is the ionie product
[Ag+]2[CrOZ] at time €t and K3 is the solubility product
of silver chromate, good straight lines passing through the
origin are obtained : these are shown in figures 8 and 9.

The expression
-dm/dt = K (W/I.P. - %/E)’,

can therefore be used to represent the kinetics of growth
of silver chromate from supersaturated solutions containing
equivalent ionic concentrations of silver and chromate.

K will be dependent on surface area as is shown by the

reproducibility of experiments 70 and 71.

Crystal growth at non-equivalent concentrations.

In these experiments the equations (19) and (20)
will still hold since, although the initial ionic ratio
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TABLE 3

L10°
R

[ag*].20%
moles/1.

R
[eroz).10
moles/1.

1.p.x10%° (/I.p.)me

—

Bun 23: «=0.15; Afag*]=0.08x107%; Aforo;]-0.021x107",

1.048
1.038
1.028
1.018
1.008
0.998

Run 48:

1.696
1.686
" 1.676
1.666
1.656
l.646

" Rum 57: o =0.203; Afag?] =o.05xio‘

00938
0.928
0.918
0.908

2.25
2.21
2.17
2.12

2.08- -

2.03

€=0.15; A[ag*)=0.03x10"%; Afcro;]=0.012x107".

2.21
2.18
2.15
2.15
2.10
2.07

2.24
2.19
2.14
2.09

0.980
0.959
0.958
0.917
-0.896
0.875

0.961
0.949
0.937
0.925
0.913
0.901

0.920

0.907
0.884
0.861

40
9

4,96
4.68
4.42
4.12
5.88
3.6l

4,69
4.51
4.33
4.19
4.03
3.86

Aforo;1-0.023x107".

4.68

4.3%6
4.06
3.78

k) 3 '
(W1.P-VE,) (%/I.P.I;VKSP _AL/R 16 _dm 6
x 10 x 10 At dt
1.71 0.31 29.8 9.6 2.02
1.67 0.27 19.7 5.9 1.24
1.64 0.24 13.8 . 4.4 0.924
1.60 0.20 8.0 3.15 0.662
1.57 0.17 5.0 2.25 0.473
1.5% 0.13% 2.2 1.3 0.273%
4

1.67 0.27 19.7 5.66 0.679
1.65 0.25 15.6 5.04 0.605
1.63 0.23 12.2 3.93 0.472
1.61 0.21 9.3 2.87 0.344
1.59 0.19 6.9 2.2 0.264
1.57 0.17 4.9 1.4 0.168
1.67 | 0.27 19.6 4.2 0.966
1.63 0.234 12.8 2.6 0.598
1.595 0.195 7.4 1.7 0.391
1.56 0.16 4.1 1.0 0.230

_,‘Jr-~
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TABLE &

1.10* [ag)x10*  [erozlx1c* ;1012 @yrpomdl (WIR~WED G/I.P.-VE)?  _ALR 6 _dm 6
R moles/1. moles/1. ~ L x 10% x 10%% At de
Run 70:  «=0.09; A[Ag*]=0.05x107%; afcro;l= 0.024xl¢4,
9.30 2.26 1.037 5.30 1.74 0.34 4.07 -
9.20 2.21 1.013 4.95 1.71 1 0.31 2.84 11 2.64
9.10 2.16 " " 0.989 4.61 1.67 0427 1.88 7.5 1.80
9.00 2.11 0.965 4,30 1.63 0.23 1.20 4.8 1.15
8.90 2,06 0,941 3.99 1.59 0.19 070 3.2 0.77
8.80 2.015 0.917 3.72 1.55 0.15 0.35 2.0 0.48
Bun 71:  #=0.09; A[Ag*]=0.05x107*; A[cr0}]= 0.024x10™
'9.52 2.26 1.037 5.30 1.74 0.34 4.07
9.42 2.21 1.013 4.95 1.71 0.31 2.84 a3 3,12
9.32 2.16 0.989 4.61 1.67 0.27 1.88 7.4 1.78
9.22 2.11 0.965 4,30 1.63 0.23 1.20 4.9 1.18
9.12 2.06 0.941 3.99 1.59 0.19 0.70 3.5 0.84
9.02 2.015 0.917 3.72 1.55 0.15 0.35 2.3 Q.55
8.92 1.97 0.893 3.47 1.52 ©0.12 0.15 1.0 0.24
—
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(ag*)/[cr0;] # 2/1 and, therefore, [K*] £ [Nogj , both
concentrations may be assumed to be constant during the
experiment. The results of experiments at various init-
ial ionic concentrations of gilver and chromate are
summarised in Table 5 and detailed analyses are given in
Table 6.  The plots of -du/dt against (A/I.P. - WK_)’

are shown in figure 10.

The growth process may also be analysed in terms of
N, the number of moles per litre to be deposited before

equilibrium is reached, and N is given by the relationship
([2g"] - ax )2([CroZJ - N) fifz = 2.44 x 10712,

It was found that whatever the initial ionic ratio

[Ag+]/[CrOZ] , the crystallisation obeyed the equation
"‘dm./d-b = K’ N3 e® 02000080 (21)

where m = molar concentration of silver chromate and K!
is a constant. Experiments 70, 71 and 72 have been
caleculated in this way and N values are given in Table 7.
The linear plot of =dm/dt against N° in figure 11 may be
compared with the linear plots of ~dm/dt against |

(W1.P. *'MMKS)5 for the same experiments in figures9and 10,
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TABLE 5

Run pH Seed Initial conecentrations
BuSp. [Ag*]xlo4 [CrOZ Jx10* let] 2 !:Crofl_]
moleg/1l. moles/1l. X 1012
58 7.5 2 3.60 0.4l 5.31
59 7.7 B l.42 2.68 5.40
72 8 E 1.42 2.7 5.52
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TABLE 6
110 [ag*l10*  [exojliro* 15 022 (yr.pomd (’VI-P.—Z/KS) (%/I.P.-l-;”:/Kﬁ)3 _DL/R 1,6 _dm ;.6
R moles/l. moles/1. , x 10 x 10 At dt

+ : -4 = -l

Run 58: =0.1; Afag*]= 0.05x10™*; Alero;]= 0.022x107
0.920 3,60 0.410 5.31 1.745 0.345 4,11 9.6 2.11
0.910 - 3.55 0.388 4,89 1,76 0.56 2-‘70_ 6.2 1.36
0.900 3.50 0.366 4,48 1.65 0.25 -1.56 3.6 0.792
0.890 3.45 0.344 4,09 1.60 0.20 - 0.80 1.8 0.396
0.880 3.40 0.322 3.72 1.55 0.15 0.34 0.6 0.132

‘Run 59: ©=0.06; Alag?]=0.047x107%; Aloro}]-0.023x107",

1.58 1.42 2.68 5.40 1.75 0.35 4.29 1.0 2.53
1.57 1,37 2.66 4.99 1.71 0.31 2.98 7.6 1.75
1.56 1.33 2.63 4,65 1.69 0.27 1.97 4,5 1.04
1.55 1.28 2.61 4.28 1.63 0.25 1.22 2.3 0.529
1.54 1.23 2.59 3.92 1.58 0.18 0.60 0.9 0.207

Run 72: = ¢-0.037; AfAg*]=0.049x107%; Afpro;]=0.024x107

1.58 1.42 2.74 5.52 1.77 2'57 94 lfl°8 ?'83

1.57 1.37 2.71 5.10 1.72 ‘0'52 5.34 7.0 1.68

1.56 1,32 2.69 4.70 1.68 28 2.08 4.4 1.06

1.55 1.27 2.67 4.%2 1.6% 0.23 1.20 3.0 0.720

1.54 1.22  2.64 3.96 1.58 0.18 0.€0 1.7 0.408

1.53 1.18 2.62 5.6 L1.54 O.14 0.25 0.45 0.108
6'7




PABLE 7

4

N x10 E511014 - dm xlo6
moles/l. at
Rung 70, 71
| (70)  (71)
6.208 8@999 La
0.184 6.230 2.64 3.12
0.160 4,096 1.80 1.78
0.1%6 2.515 1.15 1.18
0.112 - 1.405 0.77 0.84
0.088 0.682 0.48 0.55
O 0064 00262 0'024'
Ban 72
- 0.175 5.38 2.85
0.1512 3.44 1.68
0.127 2.05 1.06
0.103 1.08 0.72
0.079 0.49 0.408
0.055. 0.17 0.108
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FIGURE 10
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DISCUSSION

Although the experiments of van Hook 2 were eomplicated

by the use of supersaturated solutions whose concentration
was greater than the critical concentration, his discovery
that aged aqueous suspensions of silver chromate did nob
cause immediate cryétallisation has been confirmed. The
present work has also shown that precipitated silver chrom-
ate seed erystals, which were not in prolonged contact with
water or recrystallised from agueous solutionj; will grow
immedistely when used to inoculate supersaturated solutions.

Since it had been shown.z8

that induction periods could be
induced in the growth of silver chloride by storing seed
‘crystals in contact with solutions of easily'adsofbed sub-
stances, it was thought probable that silver chromate
crystals became poisoned on ageing as aqueous suspensions.
The ready hydrolysis of chromate solutions pointed to the
adsorption of hydrolysis products - possibly HCrOZ ions.
It was difficult to prove this conclusively by direct con-
duckimetric investigation owing to the high conductivity

of HY ions and the solubility of silver chromate in acid
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solutions, which made the preparation of suitably buffered

solutions over a wide pH range impossible.

In the present work the existence of hydrolysis
products has been demonstrated by preserving the activity
of precipitated seeds by storing them in media which did
not favour hydrolysis. It was also found that the ind-
uction periods observed in the growth of recrystallised
seeds could not be removed by washing as easily as those
induced in the silver chloride experiments. The recrys—
talliseéd silver chromate seeds had to be repeatedly washed
in hot water before any growth could be detected. On
boiling the aqueous seed suspensions before inoculation to
expose a fresh crystal surface, the induction period was |
further reduced but not entirely removed. The HCrOZ ions
would be likely to be more compatible with the lattlce ions
Ag and CrO4 than for example eosin and other adsorbates
are with Ag and C1~ ionms. The HCrO4 ions may be incor-
porated to some extent into the silver chromate crystal
lattice, while the adsorbates will remain on the crystal
surface and be removed by washing when the seeds are added

to the supersaturated solutionms.

-In studying the influence of gelatine on the precip-

itation of silver chromate in solutions of varying pH,
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Bolam and MacKenzie55 found that gelatine was more effect-
ive in inhibiting precipitaftion after being treated with
acetic acid solutions. The acid gelatine was added to
the potassium chromate solution used in precipitating sil-
ver chromate from silver nitrate and no difference in the
colour of the chromate solution could be detected except on
the addition of very acid gelatine. Bolam and MacKenzie
considered, therefore, that the enhanced solubility of
silver chromate in the presence of aecid gelatine was not
due to dichromate formation. Experiments in which acetie
acid solutions alone were used in place of acid gelatine
also showed inhibited precipitation but the effect was less
marked. Bolam and MecKenzie suggested that increased
acidity produced some change in the gelatine itself which
improved its inhibiting efficiency. In a second paper,
Bolam and Donaldson”® found that the inhibiting action of
the gelatine had an optimum walue at pH = 5.0.

When these results are compared with those obtained
in the present work, the inhibiting action of acid sol-
ution and the increased efficiency of acid gelatime in
preventing precipitation of silver chromate might be attr-
ibuted %o the formation of HCrOE ions. A% the ‘optimum pH'
of 5.0 found by Bolam and Donaldson, appreciable concen-

trations of HGrOZ will be present.
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The third order rate equations obtained in the
present work for the growth of silver chromate crystals
from supersaturated solutions can be interpreted, in terms
of the adsorbed layer theory of Daviesl7, by postulating
that crystallisation takes place through the simultaneous
arrival at the growth:site of two silver ions and one
chromate ion. The hydrated ions of the adsorbed layer
are subsequently dehydrated and pass into the crystal

lattice.

The concentrations of silver and chromate ions

available at the surface are respectively
xrafig*]  amd  Evaloro7]

where K" 1is a constant and a 1is the surface area of
seed crystals. In the adsorbed monolayer, #he concen-
trations of silver and chromate are equivalent and stat-
ionary, and if S is the solubility of silver chromate,
the concentrations of Ag+ and CrOZ ions available for

growth are
K"a( [ag¥]~ 28) and 'K"a([CrOZ]— S)

since there are twice as many silver as chromate ions

available for growth. The rate of growth is given by

74



-am/at = K"a([ag*)- 28)%([er0f]~ ), ...... (22)

1

a third order function of the supersaturation. Owing to
the existence of HCrOZ ions in all the supersaturated sol-
utions of silver chromate, 2[Ag+] was not exactly equal to
[cr0, ] even in solutions made from equivalent concentrat-
ions of potassium chromate and silver nitrate, and corr—-

ections had to be made for this.

_ In solutions -containiﬁg; non~-equivalent concentrat-
ions of silver and chromate ions, there exists a potential
difference, 1{1 , between the adsorbed layer and the solution,
the sign of '\l} depending on the lattice ion in excess. If
2[Ag+]>[CrOZ], e is the charge on a proton and k is
Boltzmann's constant, the concentrations of silver and

chromate ions available at the surface are respectively
K,a[ag*]exp(-ey/kT) and Kja[cro;Jexp(2ey /kT) ,

where Kl is a constant and a 1is the surface area of seeds
as before. Since the wvalue of \0 is such that twice as

many silver as chromate ions reach the surface,

[ag"] = 2 [CrOZ] exp(3e Y /kT)
and exp(ey /kT) =°/([Ag*)/2[cr0;]).

PThe number of silver and chromate ions entering the mono-
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layer in unit time is 25 and S respectively and the

rate of crystal growth

~dm/dt = Kla{[Ag"']exp(-ey)/kﬁ?) - Es}zifcmZ]exp@ew/kT)— S}
- Ka {3v([4g*)°(ox0;]) PvEY .
i.e. -dm/at = Eja (WI.P. -’q/Ks)5 tevenranaee (23)

In experiments 70, 71 and 72 , the value of a was constant
within experimental error and,Kla could be replaced by an

overall censtant K
i.e. -dm/dt = K (3/I.P. -é\/Ks); .

In figures 9 and 10 in which -dm/dt was plotted against
(%/I.P. --’/\/Ks)5 for these experiments, K varied with ioniec
ratio having a maximum when [Ag*]/[CrOZ] % 2/1, whereas
in figure 11 Kf, derived from consideratioens of the amount
of As* and CrOZ ions to be deposited before equilibrium is
reached (equation 21), was consbtant. A similar result
was obtained in silver chloride experimentsl7’25, the de-
crease in K being a measure of the decrease in available

growth:. $ites due to adsorption of the lattice ion in excess

at the monolayer.
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PART 2

DISSOLURION OF SILVER OHI

ARD SILVER CHROMATE

‘¢



INTRODUCTION

The data obtained from the study of many dissolution
reactions laid the foundation of Nernst's diffusion theory
of heterogeneous reactions. Noyes and Whitney20 found
that the dissolution of rods of benzoic acid and lead

chloride followed the first order rate equation
—-de/dt = k (co - c) ,

where c¢ 1is the concentration of the solution at time +
and o is the solubility, and suggested that a saturated
layer was rapidly formed at the solid-solution interface
and that the observed rate then depended on the rate at
which molecules diffused from the layer to the bulk of the
solution. Similar results were obtained by Bruner and

St. Tolloczko<l

who showed that the rate constant was pro-
portional to the apparent surface area of the solute.

22 extended these views to dissolution react-

Nernst
ions im which water was not the solvent such as the dis-
solution of metals in acids. In formulating his theory

he assumed that chemical processes at the surface were much
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faster than transport processes and that, in a well-stirred
gystem, the concentration gradient was confined to a thin
layer of thickness § , adhering to the solid, in which the
concentration varied linearly with distance measured normal
to the solid surface. There was considerable support for
Nernst's theory but many valid criticisms have also been

made.

A diffusion-controlled reaction should be influenced
by the efficiency with which the system is stirred and this
will depend on the rate of stirring and the geometry of the
systemn.  Several szvorke:;'ss_57"63 have found that the rate
constants (k) of dissolution reactions depend on the rate

of stirring as follows:
k o (revs. per min.)a.

Values of a varied from 0.56 to 1. However, for the

o4 and of glass in

dissolution of some metals in acids
ax].kal:i.G5 , the rate of reaction was observed to.be indepen-
dent of the rate of stirring.

22 assumed that & was approximately the same

Nernst
in reactions of quite different chemical character provided
the type and rate of stirrimg was the same. In support of

this Brumner’® has shown that the & value (3 x 10 0cns. )
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~ derived from the dissolution of benzoic acid in water can
be used to calculate the rate of solution of magnesia in
different acids. Also, van Name et a159’66 showed that
the rate of solution of metals in agqueous iodine was the
same. Bircumshaw and Riddiford”’ have confirmed the
latter results but point out that they are.to be expected
since the jodine will diffuse at the same rate in all the

experiments. The & values derived by Brunner58

are
considered physically improbable by Moelwynrﬂughes67. There
is much evidence68’69 to support the view that in a well-
stirred system, fluid motion persists down to much shorter
disﬁance than 10"5cms. from the solid surface, and, as
Bircumshaw and Riddiford have suggested7o, the linear con-

centration gradient suggested by Nernst can then only be

an approximation: this wview has been supported by Levich7l.

The velocity of solution of a solute,-if iﬁ is a
diffusion-controlled process, will depend on the distance
through which the solute is transported (§), the diffusion
coefficient of the solute and the viscosity of the solution.
In studying the effeet of viscosity, van Name and Edgar59
have shown that bromine attacks metals more rapidly than
iodine and several workers have confirmed®}*72 7% ghat in-

crease in the viscosity of solvent decreases the rate of

solution of . particular solutes. If & was comstant, the
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rate constant k for a given surface area should be pro-
portional to D, the diffusion coefficient of the solute.
Experiments on the dissolution of magnesium cylinders in

acids/”>~77 gave
k o D% ’

where x varied from 0.66 to 0.75, depending on the exp-

erimental conditiomns of flow.

The effect of temperature on several dissolution
reactions78 has been studied and the values of the activ-—

ation energy E obtained from the equation
Ink = 1n A - E/RT,

where k 1is the rate constant at temperature T and A and

R are constants. - These values were of thg ordex of mag-
nitude expected for the energy of activation for diffusion,
but Meelwyn—Hughes67 has indicated that some heterogeneous
reactions which are controlled by chemical processes have

similar values. Davies and Nancollasg3 have studied the
dissolution of silver chloride seed crystals into water at
various temperatures by following the rise in eonductivity
when the crystals were added to conductivity water. They

found that if w, 8. of seed erystals were reduced to W, 8-
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in the course af the reaction, the rate of solution could
be written,
2/3

de w
dat LD ©

At 15° and 25°C, n = 3/2 and at 35°C, n = 2.

The restricted field of heterogeneous dissblution
reactions considered above are sufficient to indicate the
linmitations of Nernst's theory. It is evident that not
all dissolution experiments are purely diffusion controlled.

In those cases where a first order rate equation
de/dt = k A (e, - )

was obtained, the thickness of the layer in which the con-
centration gradient existed would be a function of the
viscosity of the solution. The rate of dissolution would
depend on the diffusion coefficient of the solute, the
solvent used, the efficiency of stirring and the temper-

ature of reaction.

Modern theory suggests that diffusion-controlled
heterogeneous reactions and those controlled by chemical
processes are the extreme cases and that between these many
heterogeneous reactions are intermediate in type. If this

is so, a marked change in the experimental conditions of a
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particular dissolution reaction might alter the apparent
order of the reaction.

In the experiments of Davies and Nancollas23 in

which large numbers of crystals were dissolving simultan-
eously instead of the single massive block used in other
work, special reaction conditions prevailed. The size of
each crystal would diminish during the experiment and each
would be surrounded by a concentration gradient. Although
Davies and Nancollas established that the size of the cryst-
als 4id not decrease to the extent at which an enhanced sol-
ubility would be predicted by the Gibbs-Thomson equation,
they rgcognised that there was an inherent experimental
uncertainty in the conductimetric method. They estimated
that the average distance between crystals was 7 x .“l.O"2 cms.
in their experiments. The concentration gradient surroun-—
ding each particle could be a significant frﬁctioﬁ of this
mean distance between particles and the measured conductance
would then cease to give a true representation of concen-
tration : +this error might be significant in conditions
where c/co, the ratio of the momentary concentration to its

gaturation value, was very much less than unity.

The present work has been undertaken te study the

kineties of the above dissolubtiorn reaction when the
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experimental conditions are changed. The rate of solution
of silver chloride seed crystals into subsaturated solutions
of silver chloride has been studied conductimetrically.

When subsaturated solutions are used in this way the follow-

ing experimental advantages are introduced:

1. The weight of seed crystals dissolved in the course of
an experiment is negligible compared with the weight added

so that the surface area may be assumed constant.

2. The concentrations of the subsaturated solutions can be
adjusted so that the initial rates of solution, even with
appreciable amounts of added seed crystals, are not too fast

and accurate resistance readings are obtained.

5. The concentration gradient prevailing during the
dissolution process is decreased and it would seem likely
that any effect due to parity in the average distance
between particles and the thickness of their diffusion

layers would be minimised.

The dissolution of silver chromate seed crystals into
subsaturated solutions has élso been investigated to extend
the study to a salt of higher valence type, but the effect
of hydrolysis on this systemvmakes'intefpretatien of results
more difficult.
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TXPERIMENTAT

The concentrations of subsaturated solutions used in study-
ing the dissolution of silver chloride were such that when
4-6 mgs. of seed crystals were used for inoculation, the

initial rates of dissolution were not too fast for accurate

measurement.

The increase in conductivity of subsaturated silver
chloride solutions on addition of seed crystals was less
than one tenth of the decrease in conductivity in silver
chromate crystallisation experiments and some modifications
were made in the conductivity apparatus so that the smaller
changes e¢ould be followed accurately. The conductivity
cells used in the dissolution work were cellé B aﬁd~E. Fine
lines, etched on the cap and base of these cells, were
aligned to fix the position of the electrodes before each
experiment. The cell constants were 0.06897 for c¢ell B
and 0.07800 for cell E. The cell stirrer was supported
in a Quickfit stirrer gland which was coupled to the pulley
of a stirrer motor by an elastic band. This replaced the

pulley shaft and belt previously described (page 14 ) and
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eliminated belt slip. The rate of stirring was measured
by a revolution counter comnected by rubber tubing to the
shaft of the electric motor and clamped in position above
the motor. The usual stirring rate of approximately

600 revs./min. was maintained throughout experiments.

Preparation of seed suspensions.

Silver chloride : The silver chloride seed suspensions

were prepared as described by Jonesl6. 5 g. of silver

chloride precipitated from equivalent solutions of silver
nitrate and potassium chloride, were washed by decantation
with distilled water and portions of precipitate were
boiled for two hours with four litre volumes of distilled
water contained in Pyrex beakers covered with clock glasses.
The boiling saturated solutions were then filtered through
‘a double layer of large fluted filter papers and collected
in Pyrex flasks which were heat insulated with cotton wool:
both the filter funnel and the flasks were preheated. The
filteate was stored overmight, the cotton wool was then
removed and the solutions were left in darkness for a
further 24 hours to come to room temperature. Between

20 and 40 litres of distilled water were treated in this
way to prepare each of the silver chloride suspensions used

in the present work.
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In a darkened laboratory illuminated with red lamps,
the crystals which formed when the solutions cooled were
collected by decantation and washed several times, first
with distilled water and then with conductivity water: each
suspension was vigorously shaken and centrifuged. The
erystals were finally transferred to a steamed out Pyrex
bottle the outside of which was painted black and coated
with a layer of ?araffin wax. The volume of each suspen-—
sion was between 50 and 150 mls. and they were allowed to

age for about one month.

Microscopic examination of the seed crystals showed
that they were rectangular plates or cubes amd occurred
singly or in small clusters. Several slides were prepared
containing samples of suspension and large numbers of
crystals were observed. If the crystal size is expressed
as the length of side of a crystal, most of.the ciystals
were between 2 and 5w . The smallest crystal measured

was ~lm and the largest ~ 7m .

The seed concentration of each suspension was meas—
ured as described previously for silver chromate suspensions

(page 52 ) and the values were:

SusSpension ....eecvecennnnan A B (¢ D
Cencentration (mgs./mL.) ... 1.25 0.65 0.91  3.06
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Suspensions were aged and the above seed concentrations

were obtained at 25°C. Samples of each of the suspensions
C and D were stored at l5°C and at 5500 for use subsequently
in temperature coefficient experiments. The seed conc-—
entration of each sample of suspension D was ﬁeasured to
avoid sampling errors and the values obtained were 3.06 mgs.

per ml. at 1500 and %.26 mgs. per ml. at 3500.

Silver chromate. Seed crystals were prepared by rapid

precipitation , by'adding 20 mls. of 0.002M potassium
chromate solution to 20 mls. of 0.004M silver nitrate sol-
ution. The crystals were collected by centrifuging and
washed three times with distilled water. 2 mls. of con~-
ductivity water were then added to the seeds and the susp-
ension was equilibrated in the thermostat for 10 minutes

before use.

Experimental procedure.

Silver chloride : 250 g. of conductivity water were

placed in cell B of cell E and equilibrated in a rapid
stream of carbon dioxide~free air in the oil thermostat as
previously described. When the resistance of the water
had reached a steady value, 10 mls. of a dilute silver nit-

rate solution were added, followed 1l-2 hours later by 10 mls,

88




of a dilute potassium chloride solution which was added
dropwise over a period of approximately three minutes. In
the experiments in which [Ag¥]/[C17] = 1, the concentrat-
ions of silver and chloride ions in the subsaturated sol-
utions formed in the cell were equal to within 0.1 % and
their product corresponded to a subsaturation of about 46 %

at 15°C, 30 % at 25°C and 22 % at 35°C.

After about two hours the subsaturated solution came
to carbon dioxide and tGemperature eqqilibrium. Before use
the required seed suspension was vigorously shaken in a
stream of nitrogen for 15 minutes, and a homogeneous sample
was then added to the cell as a stop-clock was started (see
Part 1, page 43). Bridge readings were taken after the
first half minute and then at the end of each minute for 20
minutes. As the rate of solution became slower, bridge
readings were taken at 2 minute and then at‘S miﬁﬁte inter—-

vals for at least an hour.

Silver chromate : Subsaturated solutions of silver

chromate were prepared in the conductivity cell as described
above. The concentration of the dilute silver nitrate and
potassium chromate solutions added to the cell were such
that the concentration of silver ions was approximately

twice the concentration of chromate ions and the c¢sll
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solution was 30-35 % subsaturated.

The seed suspension was prepared immediately before
use and 1 ml. was used to inoculate the stable subsaturated
solution in the cell. The subsequent change in resist-
ance was followed as described for the silver chloride

experiments.
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RESULTS

1. Dissolubtion of Silver Chloride.

The dissolution of silver chloride seed crystals into sub-
saturated solutions has been studied at 15, 25, and 35°C.

At 2500, the'effecf of varying several experimental condit-
ions has been investigated so that as complete a picture as

possible of the dissolution process might be obtained.

Solubility and mobility wvalues.

The solubility of silver chloride in water at various
temperatures has been determined by many workers -and a
number of different values have been quoted79. Using an
electrochemical method, Owen.8O has determined the solubility
of electrolytic silver chloride in water at temperatures
ranging from 5 to 45°C.  The value at 25°C (1.334 x 1077
g.equivs./1l.) agrees very well with that found by Davies
and Jones>’ by comductimetric measurements (l.337 x LQ'B
g.equivs./1l.).  In the present work the solubility value

1.337 x 10—5 g.equivs./l. was used at 25°C and Owen's values
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of 0.840 x 10~7 g.equivs./l. and 2.036 x 10~ g.equivs./1l.

were used at 15°C and 35°C respectively.

The amount of silver chloride dissolved at any moment

was calculated from the equation :
Ac = (L00Q/A) A

which relates Ac, the increase in equivaient concentration
of the subsaturated solution to Ax, the corresponding incr-
ease in specific conductivity : A is the sum of the ionic
conductances of silver and chloride ions, calculated from

the appropriate Onsager equa.tions49

at 15°¢, N = N, = (0.2237 A + 46.53)n/c
at 25°C, A = N, = (0.2277 A, + 59.86)a/c
and at 35°C, A= A, - (0.2322A + 74.81)A/c .

]

]

Within the experimental error, /XAgci‘could be re-
garded as constant at each temperature as the solutionms in-
vestigated were all within a small range of ionie strength.

PThe values employed were

(o}
AAgCl = 112.14 at 15°C,
= 137.97 at 25°,
= 165.44 at 35°C,

and'were calculated using the mobility values
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A® =350.908 ; A9 . g1.40 82 at 15°¢,

Ag Cl
fl 4 . ’
NGy = 61.92 55 NG = 7634 %8 at 25°C,
and A§ = 73.32 8L, Ag ~92.25 8 at 35°C.

Experimenté at 25°C.

These are summarised in Table 8.

Some typical smooth curves obtained on plotting the
reciprocal of the resistance against the time in minutes
for experiments at 25°C are plotted in figures 12, 13, 14,
and indicate the low degree of scatter in the recorded

resistance readings.

The rate of increase in conductivity at any instant
was determined by measuring the slope of the 1/R ~ Time
curve. From these Al/R / At values, the rate of solution
expressed as the rate of increase of concentration of silver
chloride in the subsaturated solution, was calculated by
using the relationship that a change of 1x 10~° onms™! in
1/R is eQuivaleht to a change in concentration of silver
chloride of (1000 x cell constant) /’QAgCl. g.equivs./1.
Substituting the value of AAgCl at 25° = 137.97, this

6 for

factor becomes 0.500 x 10™® for cell B and 0.565 x 10~
cell EH. The rates of solution dc/dt were expressed in

g.equivs./1l./mm./volume of suspension used. The initial
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TABLE 8

*

Run Stirring Initial Concentrations ‘
Rate  [Ag*]x10” f{c17Jx10° [ag*][oL”] % Subsat-
revs/min g.equivs/l g.equivs/1l x 10 uration
Cell B : % mls. suspension A
6 600 1.115 1.115 1.244 30
8 600 1.116 1.115 l.244 20
9 320 1.115 - 1.115 1.244 30
12 600 1.577 0.789 l.244 30
Cell B s 5 mls. suspeasion B
26 700 1.116 1.116 1.245 20
Cell B H 5 mls. suspension G
27 700 1.116 1l.116 1.245 20
Cell E : 2 mls. suspensgion D
46 520 1.116 1.115 1.244 20
* Percentage Solubility Product - Initial
coacentration product
Subsaturation = x 100

Selubility Product

34
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rate of solution was obtained by applying the short extra-

pblation of the solution curve to zero time.

The difference between the initial and subsequent
values of 1/R was used to calculate the amount of silver
chloride dissolved at any instant, and since the %total
amounted to only 4-5 % of the weight of seed present, changes

in the surface area due to solution could be negleeted.

The results of the experiments summarised in Table 8
in which the concentrations of silver and chloride ions in
the subsaturated solutions were equivalent are given in

Tables 9 and 10.

When the rate of solution de¢/dt was plotted against

(eo - ¢), where c¢_ is the solubility of silver chloride and

0
c is the concentration at time ¢t in g.equivs./l., good
straight lines passing through the origin were obtained.
These are shown in figures 15, 16 and 19 and the slopes are

listed in Table 11. The equation
dc/dt = K(co"'c) .oaooooooo(l)

- where K- is a coastant depending on the surface area of
seed erystals, and (c@ ~ ¢) is a measure of the subsatur-
ation, can therefore be used to represent the kineties of

dissolution of silver chleride seed crystals inte
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subsaturated solutions containing equivalent concentrations

of silver and chloride ions at 25°C.

Reproducibility : Time plots of 1/R for runs 6 and 8 in

which identical conditions were used are shown in figure 12.
de/dt is plotted against (co -~ ¢) for these experiments
in figure 15 and the same value is obtained for the slopes

of the lines (Table 11l) within experimental error.

Stirring rate : In run 9, the ceonditions prevailing in

rans 6 and 8 were Treproduced but the rate of stirring'was
reduced. The time plot of 1/R is shown in figure 12 and
and the results of run 9 are given in Table 9. The slope

of the straight line in figure 15 obtained om plotting dec/dH
against (co - ¢), is given in Table 11. It is seen that
it is less than the mean value obtained from runs 6 and 8

and this will be discussed later.

Seed concentrations Different seed suspensions were used

in runs 26 and 27 while the remaining experimental condit-
ions were identical. Time plots of 1/R are shown in fig-
ure 13 and the results of both experiments are given in
Table 10. Plots of dc/dt against (c° -~ ¢) are shown in
figure 16 : values of the slopes of the.lines are given in

Pable 11 and will be discuswed later.
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TABLE 9

,  Amount sgCl  [ag") [cx"] ey - ¢) AR de

Z.10%  aissolved x10° x10° x10° At dt

R x 10° g.equivs/L g.equivs/l g.equivs/1l xlO? x107
Run 6.

4,960 0 1.115 1.115 0,222 7.5 3.95

5.060 0.050 1.165 1.165 0.172 5.7 2.85

5.160 0.100 1.215 1.215 0.122 4.4 2.20

5,260 0.150 1.265 1.265 0.072 2.4 1.20

5.3%60 0,200 1.315 1.315 0.022 0.74 0,37
Run 8.

5.000 0 1.116 1.115 0.222

5.100 0.050 1.166 1.165 0.172 5.6 2.80

5.200 0.100 1.216 1.215 0.122 3.9 1.95

5.300 0.150 1.266 1.265 0.072 2.1 1.05

5.400 0.200 1.316 1.315 0.022 0.80 0.40
Run Q.

4,926 0 1.116 1.115 0.222

5.026 0.050 1.166 1.165 0.172 4,0 2.00

5.126 0.100 1.216 1.215 0.122 2.8  1.40

5.226 0.150 1.266 *1.265 0.072 1.8 0.90

5.326 0.200 1.316 1.315 0.022 0.5 0.25
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TABLE 10

: + -
1, Amount AgCl [AgSJ [0151 (e, -5c ) Al/R  dc
-.10 dissolved x10 x10 x10 At at
B x 10° g.equivs/1l g.equivs/l g.equivs/L xlo7 x107
Bun 26
4,960 0 1.116 1.116 0.221
5.060 0.050 1.166 1.166 0.171 4.8 2.4
5.160 0.100 1.216 1.216 0.121 5.0 1.5
5.260 0.150 1.266 1.266 0.071 1.7 0.85
5.360 0.200 1.316 1.316 0.021 0.12 Q.06
Run 2
4.924 0 1.116 1.116 0.221
5.024 0.050 1.166 1.166 0.171 5.7 2.85
5.124 0.1@0 1.216 1.216 0.121 3.62 1.81
5.3%24 0.200 1.316 1.316 0.021 "0.56 0.28
Run 46
4.224 0 1.1155 1.1155 0.221
4,274 0.0282 1.1437 1.1437 0.193%
4,324 0.0565 1.1720 1.1720 0.165 4.36 2.46
4,374 0.0847 1.2002 1.2002 0.137 5.14 1.77
4.424 0.1030 1.2185 1.2185 0.118 2.32 1l.31
4.474 0.1312 1.2467 1.2467 0.090 1.52 0.86
4.524 0.1695 1.2850 1.2850 0.052 0.82 0.46
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TABLE 11

Stirring Seed I?itial. Slopes of Lines
Run Rate Suspension Ienlf Ratlf K K
revs/min (ag™]/(c17]
Experiments at 2500
6 600 A 1/L 0,16820.165
8 600 . A /1 0.162
9 320 A 1/1 0.112
12 600 A 2/1 0.084
13 600 A 1/2 0.104
26 700 B /1 0.126
27 700 C 1/1 0.150
46 530 P /1 0.120
Experiments at 15°C
32 720 c Vi 0.080
33 720 G /1 0.088
45 530 D 1/1 0.085
Experiments at 35°C
29 72Q C /1 0.141
31 720 c /1 0.138
530 D 1/4 0.154

43
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Experiments at non-~equivalent concentrations : Runs 12 and

13 in which the initial.ionic ratio, [ag*]/[C17], was not
unity are summarised in Table 8 and the time plots of 1/R

are shown in figure 14.

These experiments were interpreted in terms of the
amount of silver chloride to be dissolved before equilibrium
was reached. If LAg+]e and [Cl—]e are the equilibrium

concentrations of silver and chloride ions,
[Ag+]e[cl"]e = solubility product = ci eeo (2)

If [Ag*] and [CL-J are the ionic concentrations at any
time +,
lag*], - [ag*] = [c17] - [c17] ..ol (B

Substituting (2) in (3),

(ag%], - (28" = cZ/Qag*, - [c17]

2

2 -
and [ag7]5 - ([ag*) - [c17] )(ag™], - < =Q eee (&)

2
)

1.788 x10_5g.equivs./l. for run 12 and 0.999 xlO—Bg.equivs/l

[ag*], [c17] and ¢< were known, [Agf]e was calculated to be

for run 13. Values of ([Ag*Je ~ [4g*]), the amoumt of

silver chloride to be dissolved before equilibrium is

reached, are given in Table 12. When de/dt was plotted
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TABLE 12

L Ameunt AgCl Ge"  [on) AL/R  dc
=107 dissolved z s (ag*] - ke*], 0% at
R £ 10° x107  xl x107  x107
Run 12
5 .204 0 1.578  0.789 0.210 3.84 1.92
5.304 0,050 1.628  0.839 0.160 2.50 1.25
5.404  0.100 1.678  0.889 0.110 1.66 0.83
5.505  0.150 1.728  0.939 0.060 0.88 0.44

 5.605  0.200 1.798  0.989 0.010 0.40 0.20
Run 13
5.400 0 0.789  1.578 0.210 4.80 2.40
5.500  0.050 0.839  1.628 0.160 %.10 1.55
5.600  0.100 0.889  1.678 0.110 1.98 0.99
5.700  0.150 0.939  1.728 0.060 1.20 0.60
5.800  0.200 0.989  1.778 0.010 0.59 0.29
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against ((Ag+]e - (ag™]) good straight lines passing through

the origin were obtained. These are shown in figure 17
and the slopes are given in Table 1l1. The farst order
equation

de/at = K' ([ag*], - [ag*])

where K' is a constant depending on the surface area, can
therefore be used to represent the kinetics of dissolution
of silver chloride into subsaturated solutions containing

non~equivalent concentrations of silver and chloride ioms.

Experiments at l5° and 55°C.

The concentrations of silver and chloride ipns in
the subsaturated solutions in these experiments were equiv-
alent, and they are summarised in Table 13. Time plots
of 1/R for rums 43 and 45, typical of experiments at 35°C

and 1560 respectively, are shown in figure 18.

From the equation

Ac = 1000 x =ell constant . AL/R
Nagc1

it was calculated that a change of 1 x 10~° ohms™! in 1/R

was equivalent to a change in concentration of silver

6

chloride of 0.615 x10 - g.equivs./l. for cell B and 0.696

x107° g.equivs./Ll. for cell E at 15°C and 0.417 x107°
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TABLE 13

Stirring Seed Initial Concentrations %
v + ' ' -
Ran  Rave oo (8']x107 [01-]x10° [ag*Jlcrd Cell subsat-

revs/min g.equiv/1l g.equiv/1 x 10 uration*

Experiments at 15°C

32 720 -G~ 0.6180 0.6180 0.3819 B 46
33 720 c 0.6180  0.6180 0.3819 B 46
45 530 D 0.6200  0.6200 0.3844 E 46
Experiments at 3500
29 920 c 1.800 1.800 3.240 B 22
31 720 c 1.813 1.814 3.289 B 21
43 530 D 1.800 1.800 3.240 E 22

. 5 mls. suspension C used in each experiment

2 mls. suspension D used in each experiment

* % Bubsat- Solubility Product - Imnitial coneentration product

uration Solubility Product

x 100
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TABLE 14

1 Amount. AgCl (2e*] [c17] (cg— © % AL/R  dc
Z.10° dissolved  x 10° x 10 x 10 At dt
R x 10° g.equivs/1l g.equivs/l g.equivs/1l X107 Xl()?
Run 32

2.2075 0 0.6180 0.6180 0.222

2.2575 0.03%08 0.6488 0.6488 0.191 2.60 1.60

2.3075 0.0615 " 0.6795 0.6795 0.160 2.10 1.29

2.3575 0.0923 0.7103 0.7103 0.130 1.62 1.00

2.4075 0.1230 0.7410 0.7410 0.099 1.22 0.75

2.4575 0.1538 0.7718 0.7718 0.068 0.66 0.41
Run 33

2.190 0 0.6180 0.6180 0.222

2.240 0.03%08 0.6488 0.6488 0.191 3.04 1.87

2.290 0.0615 0.6795 0.6795 0.160 2.55 1.57

2.340 0.0923 0.7103 0.7103 0.1%0 2.08 1.28

2.390 0.12%0 0.7410 0.7410 0.099 1.54 0.82

2.440 0.153%8 0.7718 0.7718 0.068 0.77 0.47

2.490 0.1846 0.8026 0.8026 Q.037 0.22 0.14
Run 45

2.010 0 0.6200 0.6200 0.220

2.060 0.0348 0.6548 0.6548 0.185 2.66 1.85

2.110 0.0696 0.6896 0.6896 0.150 1.80 1.25

2.160 0.1044 0.7244 0.7244 0.116 1.40 0.97

2.210 0.1392 0.7592 0.7592 0.081 0.97 0.68

2.260 0.1740 0.7940 0.7940 0.046 0.2% 0.16
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TABLE 15

1 Amount AgCl (ag™] [Cl"% (e~ ©) Al/R de
Z.10° dissolved x 10° x 10 x 10° At dt
R X lO5 g.equivs/1l g.equivs/l g.equivs/1 x107 x107
Run 29
8.985 0 1.800 1.800 " 0.236
9.085 0.0417 1.842 1.842 0.194 6.62 2.76
9.185 0.0834  1.883 1.883 0.153 4.84 2.02
9.285 0.1251 1.925 1.925 0.111 3.54 1.48
9.385 0.16€8 1.967 1.967 0.069 2.50 1.04
9.485 0.2085 2.009 2.009 0.027 1.30 0.54
Run 31
8.950 ! 1.8130 1.8140 Q.222
9.050 0.0417 1.8547 1.8557 0.181 5.80 2.42
9.150 0.0834 1.8964 1.8974 0.140 4.80 2.00
9.250 - 0.1251 1.9381 1.9381 0.097 3.24 1.35
9.350  0.1668 1.9798 1.9808 0.056 1.74 0.72
9.450 0.2085 2.0215 2.0225 0.014 0.64 0.27
Run 4%
8.010 0 1.800 1.800 0.236
8.110 0.0472 1.847 1.847 0.189 6.92 3,27
8.160 0.0708 1.871 1.871 0.165 5.72 2.70
8.210 0.0944 1.894 1.894 0.142 4.62 2.18
8.260 0. 118 1.918 1.918 0.118 3.94 1.86
8.310 0.1416 1.942 1.942 0.094 3.00 1l.42
8.360 0.1652 1.965 1.965 0.071 2.10 0.99
8.410 0.1888 1.989 1.989 0.047 0.96 0.45
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g.equivs./1l. for cell B and 0,472 x10~°

g.equivs./1l. for
cell E at 55°C. The rates of solution were derived as

described for the 25°C experiments.

The results of experiments summarised in Table 13

are given in.Tables 14 and 15.

When dc/dt was plotted against (co - @) for each
experiment, good straight lines passing through the origin
were again obtained. These are shown in figures 19 and

20 and the slopes are given in Table 1l.
The equation de/dt = K (co - ¢) eeees (1)

used to represent the kinetics of dissolution of silver
chloride seed crystals into subsaburated solutions contain-
ing equivaient concentrations of silver and chloride at
25°C was therefore also applicable at 15°C and 35°C. These
results indicated that the dissolution under these experim~
ental conditions was of the first order with respect to the

degree of supersaturation at each temperature.

2. Dissolution of Silver Chromate.

The dissolution of silver chromate seed crystals
into subsaturated solutions has been studied at 2500. The

solubility of silver chromate (0.88 x 104 moles/1)
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determined in Part 1 of the present work was used.

When studying the crystal growth of silver chromate,
pH runs exactly analogous to those done in the conductivity
cell were carried out. This procedure was repeated in
the dissolution experiments so that any change in pH during
dissolution could be detected. As in the crystallisation
work the pH of the cell solution remained constant to
within * Q.01 pH units for at least 30 minutes after the
addition of seed suspension. The pH was determined at
the end of each dissolution run se that corrections could

be made for hydrolysis.

The silver chromate dissolution experiments are sum-
marised in Table 16 and the typical smooth curve obtained

on plotting 1/R against time for run 2 is shown in figure 21.

From the pH of the cell gsolution at the end of each

dissolution experiment, the value of
- , = +
« = (HCro ]/ [croz) = $ET}e £k,

was obtained using the method outlined in Part 1, pages 31-33.
The change in the ionic concentrations of silver and chromate
ions, A[Arg*] and A[CrOZ] during dissolution were calculated
from the observed specific conductivity as described in

Part 1, pages 56-57,
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The initial value of 1/R was obtained by extrapolat-
ing the dissolution curve to zero time. The difference
between it and subsequent values of 1/R was used to calcul-
ate the amount of silver chromate dissolved at any instant.
The corresponding rates of solution dm/dt Were'obtained
by measuring the slopes of the 1/R - time curves at these

points and correcting for A[HCro,].

Detailed analyses of the experiments of Table 16 are
given in Table 17. When the mate of dissolution of
silver chromate, dm/dt, is plotted against (ﬂ/Ks ~-¥I.P.),
where I.P. is the ienic preduct [Ag+]2[br02] at time t, and
Ks is the selubility preduct éf silver chromate, good
straight lines passing through the origin were obtained and

are shown in figure 22. The expression

dn/dt = K, (VE, -*\/I.P.)

can therefore be used to represent the kineties of dissol-
ution of silver chromate seed crystals into subsaturated
solution, where 'Kl is a constant dependent on the surface
area of seed crystals. This dissolution, like that of
silver chloride under similar experimental conditiens,

therefore obeys a first order rate equation.
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TABLE 16

Stirring Initial Concentrations %
Run’ pH  Rate [Ag*Jx10* [oro;Jx10" Ae*]?[Cro]] Cell Subsat-
revs/min moles/l. moles/l. x 10 uration*
1 7.6 600 1.60 0.74 1.89 B 31
2 7.2 600 1.66 0.69 1.91 B 30
3 6.9 500 1.71 0.61 1.78 B 35

Seeds prepared by fast precipitation

* % Sub-  Solubility Product - Initial concentration product N
- 00
saturation . Solubility Product
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TABLE 17

(4]  [oro;] (WE-¥I.P.) AL/R dn
1, 4 , L.P. (WI.P.) 10% “At db
- x10 x10 x10 " 1012 104
R X X 6 7
moles/1l. moles/1l. moles/1l. x10° x10
Run 1 : o= 0.08; Afag*) = 0.0490 x107%; Aferof) = 0.0236 x10~%
6.80 1.600  0.740 1.89 1.2 0.160
6.90 1.649  0.76% 2.08  1.28 0.121 3,02 6,95
7.00 1.698  0.786 2.27  1.31 0.083 1.85 4.37
7,10 1.747  0.810 2,47  1.35 0.045 0.92 2.17
7.20 1.796  0.8%3 2.69  1.39 0.006 0.31 0.73
Run 2 : o= 0.20; Afag*] = 0.0495 x107*; Afcro;]= 0.0225 x107*
7.04 1.660  0.692 1.91 1.24 0.157
7.14 1.710  0.714 2.09  1.28 0.120 4.66 10.5
7.24 1.759  0.737 2.28  1.32 0.081 2.94 6.62
7.34% 1.809  0.759 2.48  1.35 0.043 1.25 2.81
C7.44  1.858  0.782 2.70  1.39 0.004 0.31 0.70
Bun 3 : o= 0.41; Afag*] = 0.0504 x10™%; Afcro]= 0.0209 x107*
5.875 1.714  0.608 1.79  1.213 0.184
5,975 1.764  0.629 1.96  1.251 0.146 4.17 8.71
6.075 1.815  0.650 2.14  1.288 0.109 2.74 5.73
6.175 1.865  0.671 2.33  1.326 0.071 1.82 3.80
6.275 1.916  0.691 2.54  1.402 0.0%3 0.95 1.99
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DISCUSSION

Although several'heterogéneous reactions such as crystall-
isation have been shown to follow higher order rate equat-
ions, first order kinetics have been obtained for the
majority of dissolution reactions studied. Most workers
agree, therefore, that dissolution is a diffusion controlled
process . Nernst's original theory is criticised, however,
because he suggested that all heterogeneous reactions were
diffusion controlled and that the thickness of the diffusion

layer was constant.

In the present work the dissolution of silver chlor-
ide seed crystals into subsaturated solutions cqntaining
equivalent concentrations of silver and chloride ions, at
l5°, 250 and 3500, was found to obey the first order rate

equation

i

de/dt K”s'(cO - ¢c)

.K(eo—c) cereneeess (1)

where K" is the rate censtant, ¢ is the concentration of’

solute at time % , c_ is the solubility and s is the

o
surface area of the solute. The dependence of the rate

122



constant K (equation 1) on the surface area of the solute
is seen by comparing the values of K (Table 11) for runs

26 and 27 in which different seed suspensions were used.

K

]

0.126 for run 26 when wt. of seeds added was 3.25mgs
0.150 ‘n " " n " n " n 4.55mgs.

Assuming that the seed crystals were uniform cubes,
s o¢ ( w/d )2/5

~where s is the surface area of w g. of erystals and d
is the density of silver chloride. The K value for run

26, K26’ was derived from that for rum 27 as follows:
Ky = 0.150 x (3.25/4.55)%/7 = 0.120 .

The good agreement between the calculated and experimental
values indicated that the average size of the seed crystals

in different stock suspensions was similar.

In the equation relating the stirring rate of diff-
usion controlled dissolution reactions to the rate
constant K

K oc (revs/min.)2,

values of a Dbetween 0.56 and 1.0 have been suggested.

In the present work, when the rate of stirring was reduced
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from 600 revs./min. (runs 6 and 8) to %20 revs./min.(run 9),
the mean value of K for runs 6:and 8 was reduced from 0.165
to 0.11l2 - see Tablé 1l. This corresponded to an a value

of about 0.61.

The temperature coefficient for the dissolution of
silver chloride was obtained from the rate constants of runs
45, 46 and 4% at 15°, 25° and 35°, respectively. These
experiments were all done at the same stirring rate, using
suspension D. ‘The concentration of the sample of seed
suspension used at 5500 was slightly greater than that at
150 and 25°C and the K wvalue of run 4% was corrected as
outlined above so that all corresponded to the same surface
area; values are given in Table 18. The activation

energy E was derived graphically from the equation

]

In K = 1n A - (E/RT) , .

where A 1is a constant; R is the gas constant and K is
the rate constant at the absolute temperature T. Values
of log K at 15°, 25° and 35°C are given in Table 18, and

log K is plotted against 1/ in figure 23. B, calcul-
’ated from the slope of the straight line, was ~5.0 k.ecals.

per mole which may be compared with the activation energy

for diffusion reactions, ranging from 2.8 to 6.5 k.cals.

per mole depending on the solute and solve.nt.84
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In a diffusion-~controlled reaction,
K = Ds /5§

where K 1is the rate constant, D is the diffusion co-
efficient and 8 is the surfaece area of the solute; § is
the thickness of the diffusion layer. Assuming that §
is constant at different temperatures and if s 1is also

constant as in runs 45, 46, 43,

K = éonstant xD and D « l/rr;

.

<« log K = log constant - log7

where 7 1is the viscosity of the solution. Values of
logn at 15°, 25° and 35°C are given in Table 18. It is
seen from figure 24 that log K approximately follows log?.

All the above evidence points to diffusion as the

rate @etefmining step in the dissolution of silver chloride
seed crystals into subsaturated solutions containing
equivalent concentrations of silver and chloride, and this
might be interpreted in terms of the rapid formation at the
surface of a layer of hydrated ions of concentration corr-
esponding to Baduration. The rate of dissolutien is then

controlled by the rate at which ions diffuse from this

layer to the bulk of the solution.
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Using this pieture in the experiments in which the
initial ionie ratio, [Ag'}/(CLl”] is not unity, the surface
layer will contain ﬁnequal concentrations of silver and
chloride ions.  If [Ag*]>[c17] in the subsaturated solut-
ion, the silver ion will be in excess and a potential diff-
erence Y will be set up between the surface layer and the
solution. The concentrations of silver and chloride ions

in the surface layer may be written

¢, 8xp (- P/kD) and o exp (Y/KI)

respectively, where c_ is the solubility of silver chlor-
ide and k 1is Boltzmann's constant. If the concentrations
of silver and chloride ions in the bulk of the solution are
[ag*] and [C17], the rate of diffusion of silver ions from

the surface is
K's § oy exp (-v/ED) - [ag*]] ,

and this must be equal to the corresponding term for

chloride ions
"g {cg exp ( ¥ /kT) - [Cl_]} ’

ie. ¢y exp(-W/kT) - [Ag'] = c_ exp(V¥/ED) - [617] ..(5)

or ¢  exp(2y/xT) + (fag’) - [017]) exp(¥/kT2) = ¢ =0
N C))
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Comparing this with equation (4), ~
lagL* + ( fag®l - (o17]) [Agﬁe 02 = 0 e u et e o)
el = ¢, ex(~p/kT), and 017} ¢, exp( = Y /kT).

These may be considered as equivalent to the surface concentrations

1
o

n

of these ions.

It is interesting that first order kineties were also obtained
for the dissolution of silver chromgte indicating that with this
unsymmetrical electrolyte also, diffusion plays an importent part.

Complications arise here, however, due to corrections for hydrolysise.

e
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TABLE 18

Run 45

46 43
Temperature (°C) 15 25 35
Temperature {°A) 288 298 308
/T x 10° 5.47 5.36 3.25
K 0.085 0.120 0.154
log K - 1.07 - 0.921 - 0.813
7 x 10 11.45 8.95 7.21
log 7 - 1.94 -~ 2.05 - 2.14
128
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PART 3

CRYSTAL GROWTH OF SILVER CHLORIDE

AT VARYING IONIC STRENGTH

AND

IN THE PRESENCE OF SURFACE ACLIVE AGENTS.
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INTRODUCTION

A simple derivation of the relationship between the activity

coefficients of the reactants and the rate constants of
.bimolecularrreactions has been devised by Bjerr 85. He

assumed that in the reaction,
A + B = ¥*—>X + Y,

the reactants A and B were in equilibrium with the

activated complex M* so that
K = §M*}/§AFBY , .ovovee.. (L)

where braces indicate the activities of reactants, and the
rate of reaction was proportional to the concentration of

the activated complex.
i.e. Rate of reaction = k* [M{] y eseoe (2)

square brackets representing molar concentrations. On
replacing the activities in equation (1) by the products of
the concentrations and activity coefficients,

fA.fB

| {M*j - k[al(B].
£y1x
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and therefore from equation (2),

£ .f
A"B ...

Rate of reaction = k*K [A][B].
M*
The rate of reaction could also be written in terms of k,

the observed specific rate constant,

Rate of reaction = k LA][B] . eevees (&)

By combining equations (3) and (4),

fA'fB f

kK = k*K. -k 478
£, ° ¢
M M*
or log k = log k, + log fA'fB/fm* , ceeees (5)

where ko = k*K.

This relationship between rate constants and activity
coefficients has also been established by statistical treat-
ment of the problem in terms of the charge and size of the
activated complex86: this leads to essentially the same

result as the simple Bjerrum derivation given above.

If the reactants and products were all non-electro-
lytes, the factor fA'fB/fM* would be almost independent
of the concentration and so the observed velocity constant
k would also remain virtually constant. When ions are

involved, however, the value of k may be constant in a
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particular solution, but it will vary with the total ionic
concentration, whether due to the reactants themselves or

to added electrolytes.

The effect of electrolytes has been divided into
two categories : the primary and secondary salt effects.
The former refers to the influence of the electrolyte con-
centration on the activity coefficients fA’ fB and fM* ’
whereas the latter is concerned with actual changes in the
concentration of the reacting ions resulting from the

addition of electrolytes.

In the present work supersaturated solutions of
sil%er,chloride of varying ionic strength have been prepared
by the addition of potassium nitrate. The rate of growth
of silver chloride seed crystals from these solutions has

been followed conductimetrically at 2500.

The variation in activity coefficient with concen-
tration in dilute aqueous solutions at 2500 may be repres-
ented by the simple limiting form of the Debye-Huckel

equation,

- log £ = 0.51 z°A/T

where I 1is the ionic strength and z 1is the valency of

the ion. It follows, therefore, that
log fA.'fB/fM* = O.Sllﬁ( ZA2 o+ ZB2 - ZM*Z) s ec e (6)
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Since the activated complex is made up of A and B, its

charge will be the algebraic sum of those of A and B,
l.e.  Zy, = Z, + 3z ,
and, from equation (6),

log £).55/2y, = 0.514/T (2z,2z)
1,02 ZAZBI\/T ®® 00000 000 (7)

Substituting (7) in (5),
‘log k = log k_ + 1.02 zAzBﬁ . cevenseass (8)

If the crystallisation of silver chloride followed this

equation we should get ( z,= 1 and zp= -1 )
log k = log k - 1.024/T.

The range of ionic strengths which .could conveniently be
used to study the variation in k in the present work was

limited by the conductimetric method employed.

Davies and Nancollas27 have studied the rate of growth
of silver chloride seed crystals from supersaturated solut-
ions in the presence of solutions of the surface active
agents, potassium eosin, potassium benzoate, potassium
naphthalene-2-sulphonate and cetyl trimethylammonium nitrate.

They found that eosin greatly retarded growth if present at
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concentrations about 10_7 moles/1l. and completely arrested

6moles/l.

growth at concentrations greater thanm about 3 x 10~
The other adsorbates retarded growth at conceuntrations
between 0.5 X lO—5 and 2.0 x lO_5 moles/1l. and at higher
concentrations, 2-5 x 1072 moles/l., the growth rate appear-

ed to approach a limiting value. The equation
2
—-de/dt = k (c - c)) )

previously establishedl7 for the crystallisation of silver
chloride in the absence of adsorbate solutions, was found
to be obeyed except in the experiments with eosin. There
was, therefore, a sharp contrast between the behaviour of

eosin and the other substances studied.

In the present work the crystal growth of silver
chloride in the presence of sodium octadecyl sulphate and
sodium benzene sulphonate has been followed conductimetr-

ically.
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EXPERIMENTAL

The conductivity cell F of modified design was prepared for
the work at higher concentrations. The electrode separ-
ation was greater than in cells A, B and E so that the cell
constant was increased. Interference between the stirrer
and the electrddes, which becomes more noticeable as the
concentration is increased, was reduced by increasing the
diameter of the base of cell F and running the stirrer at
the maximum distance from the electrodes. Fine lines were
etched on the ground glass joints of the cap and these were
aligned before each experiment to fix the position of the
electrodes. The error was further reduced by marking the
stirrer pulley so that bridge readings wére téken with the

stirrer in the same position relative to the electrodes.

The cell constant was 0.08990 * 0.02 %.

Preparation of seed suspensions.

The seed suspensions used in the work on ioenic
strength and adsorbate effects were prepared in the same
way as those used in the silver chloride dissolution exper-

iments. The seed concentrations were measured as
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previously described and the values obtained were

Seed Suspension F G H
Concentration (mg./ml.) 1.44 0.46 2.79

Purification of surface active agents.

Sodium octadecyl sulphate : This reagent was

kindly supplied 99.8 % pure by I.C.I. ILtd., and was used

without further purifieation.

Sodium benzene sulphonate : This salt was recryst-

allised from conductivity water.

Experimental procedure.

About 300 g. (see below) of conductivity water were
weighed in cell F, which was then eqguilibrated in a rapid
stream of carbon dioxide - free air in the oil thermostat
as described on page 19 . The stirring”rate'was maintained

at about 500-600 revs./min. throughout each experiment.

When the resistance of the water had reached a steady
value, 10 mls. of a dilute silver nitrate solution were
added, followed 1-2 hours later by the required volume (5,
10 or 20 mls.) of potassium nitrate or adsorbate solution.
After a further interval of approximately ome hour, 10 mls.

of a dilute potassium chloride solution were added dropwise
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over a period of 6-10 minutes. This slow addition of
potassium chloride ensured the stability of the supersat-
urated solutions formed. The volumé of water placed in
the cell was such that the final weight of the cell solut-
ion was kept constant at 300 g. in all experiments. The
concentrations of the dilute silver nitrate and potassium
chloride solutions were such that the cell solutions were

between 35 % and 45 % supersaturated.

After about two hours the supersaturated solution
came to carbon dioxide and temperature equilibrium. The
required silver chloride seed suspension was vigorously
shaken in a stream of nitrogen for at least 30 minutes
before a homogeneous sample was added to the cell and
bridge readings were taken as described for the dissolution

experiments (page 89).
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RESULLS

The crystal growth of silver chloride seed crystals from
supersaturated solutions of ionic strength between 0.52x10—4
and 10.3 x10™* moles/l. has been followed at 25°C.  The
influence of surface active agents on the rate of growth of

silver chloride-has also been studied at 2500.

Solubility and Mobility Values.

The solubility product of silver chloride at zero

ionic strength found by Davies and Jonest’ was 1.765 x 10710

moleszlitres_2. The mean activity coefficient of silver

50

chloride, ﬁg’ was obtained from the Davies equation

-— log f.t = 0.5 ZAg-f-oZCl_. {ﬁ /(l,‘,,\/i) -0.2 I},

where I 4is the ionic strength, and the solubility of silver
chloride, ¢y, at each ionic strength, was calculated using

the relationship
co2£,2 = 1.765 x 10720 .

The values of ¢, for both iomic strength and adsorbate
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experiments are given in Tables 20, 21 and 23.

The amount of silver chloride precipitated at any

moment was calculated from the equation
OAc = (1000 /A) Ok

which relates Ac +the decrease in equivalent concentration
of the supersaturated solution to Ak the corresponding
decrease in the specific conductivity. A is the sum of
_the ionie conductances of silver and chloride ioms, calcul-

ated from the Onsager equation at 25°¢ 99,

N =N + (0.2277 Ab + 59.86)+c .

°©
The initial equivalent concentration of silver chloride, c,
was kept constant for each experiment and changes in ionic
strength due to precipitation in the course of experiments
were negligible. The value of AAgCl,,ealculated using

the mobility values

o 48 o _ 25 48 o}
AAg = 61.92 and ACl_ = 76.54 at 257C

and a mean c¢ value of 3 X 1072 g.equivs./1., was
/\Agcl = 137.76. It was assumed that the mobility values

remained constant in supersaturated solutions whose ionic

strength was varied by the addition of indifferent electro-

lyte.
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Experiments at Varying Ionic Strength.

These are summarised in Table 19 and the curves
obtained on plotting the reciprocal of the resistance
against the time are shown in figures 25 and 26. It is
seen from these plots that as the concentration of added
potassium nitrate is increased, the degree of scatter in
the recorded resistance readings tends to increase and the
rate of crystal growth is progressively diminished. The
decreased amount of crystallisation and relatively low
resistances at high ionic strengths have made it difficult

to measure the slope of the 1/R - Time curves accurately.

The second order equation previously establishedl7

for the growth of silver chloride seed crystals
. 2 4
- dC/d.t = kS (C - Co) 9 - eseve e (l)

gives on integration

= kst sy eseeses (2)

where 4 is the initial concentration of silver chloride
and ¢ is the concentration at time +t ; s is the surfi-
ace area of seed erystals and k is a constant. In the

present work an overall rate constant K at constant s
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TABLE 19

| Initial concentrations igmo3] Sol. E
Run [4g*]x10°  [c17]x10° [ag*lfer]  x 1o* Prod. % Super-
g.equivs/1 g.equivs/1l  x10 g.equivs/1 x101°  saturn.
Cell ¥ H 5 mls. suspension F.
6 1.6100 1.6100 2.592 - 1.788 45
10 1.6098 1.6100 2.592 - 1.788 45
7 1.6Q098 1.6100 2.592 1.002 1.812 43
12 1.6100 1.6100 2.592 4,992 1.861 59
11 1.6099 1.6100 2.592 7.419 1.882 38
Cell F H 3mls. suspension H.
25 1.6098 1.6100 2.592 - 1.788 45
27  1.6100 1.6100 2.592 - "1.788 45
29 1.6100 1.6100 2.592 5.036 1.862 59
28 1.6100 1.6100 2.592 10.009 1.897 37

* Percentage Supersaturation =

Initial concentration product - solubility product

x 100

solubility product
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has been used to replace ks .

The factor (1000 x cell constant),/AAgCl relating
the change in resistance reading to the change in equivalent
concentration of silver chloride, was found to be 0.652 for
cell F at 25°C and the rate of crystallisation was expressed

in g.equivs./l./min./volume of seed suspension used.

The initial value of 1/R was obtained by applying
the short extrapolation of the growth curve to zero time.
The difference.between the initial and subsequent values of
1/R was used to calculate the quantity of silver chloride
precipitated at various times during crystallisation. The
total only amounted to 2-4 % of the weight of seed present
so that changes in the surface area due to precipitation

were neglected.

Detailed results of the experiments summarized in

Pable 19 are given in ‘I'ables 20 and 21.

When the left hand side of equation (2) was plotted
against time, straight lines passing through the origin
were obtained. These are shown in figures 27 and 28 and

the slopes, i.e. rate constants K , are listed in Table 24.

The second order rate egquation (1) or (2)'can there-
fore be used to represent the crystal growth of silver

chloride seed crystals from supersaturated solutions of

varying ionic strength.
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TABLE 20

Amount AgCl  [Ag™) (c17] c~-c 1 1l/c-c
1 a ! o 0
—. 10% preciptd. X].Ob Xlob %105 ¢ -Co —]./r.:i—-co
R x105 g.equiv/1l g.equiv/1 x10~5  x10~?
Run 63 ¢, = 1.337 x 107°.
0.520 0 1.6100 1.6100  0.273 3.663
0.515  0.0%26 1.5774  1.5774  0.240 4.167  0.504 .3
0.510  0.0652 1.5448 1.5448  0.208 4.808  1.145 .8
0.505  0.0978 1.5122 1.5122  0.175 5.714 2.051 .1
0.500  0.13%04 1.4796 1.4796  0.143 6.993  3%.330 .7
Run 10: | ¢, = 1.337 x 1072,
0.5%2 0 1.6098 1.6100  0.27% 3.663
0.527  0.0%26 1.5772 1.5774  0.240 L.167  0.504 A
0.522  0.0652 1.5446 1.5448  0.208 4.808 1.145 .6
0.517  0.0978 1.5120 1.5122  0.175 5.714 2.051 .9
0.512  0.1304 1.5794  1.4796  0.143% 6.993  3.330 i
Run 7: c, = 1.346 x 10_5.
2.1046 0 1.6098 1.6100  0.264 3.788
2.0996 0.0%26 1.5772 1.5774  0.231 L4.329  0.541 .1
2.0046  0.0652 1.5446  1.5448  0.199 5.025 1.237 .0
2.0896 0.0978 1.5120 1.5122  0.166 6.024 2.2%6 .8
- 2.0846  0.1304 1.4794  1.4796  0.134 7.463 3.675 .0
Run 12: c, = 1.364 x 107,
8.3724 0 1.6100 1.6100  0.246 4.065
8.3674  0.0326 1.5774  1.5774  0.213 4.695 0.630 .5
8.%649 ~ 0.0489 1.5611 1.5611  0.197 5.076 1.011 .8
8.3624 0.0652 1.5448 1.5448  0.181 5.525  1.460 .3
8.3599  0.0815 1.5285 1.5285  0.165 6.061 1.996 .7
8.3574  0.0978 1.5122 1.5122 0.148 6.757 2.692 .6
Run 11: ¢, = 1.372 x 107°.
12.1626 0O 1.6099 1.6100  0.238 4.202
12.1601 0.0%26 1.577% 1.5774  0.205 4.878 0.676 .0
12.1576 0.0489 1.5610 1.5611  0.189 5.291 1.089 .5
12.1551 0.0652 1.5447 1.5448  0.17% 5.780 1.578 25.2
12.1526 0.0815 1.5286  1.5285  0.157 6.369  2.167 .7
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TABLE 21

+ -
1, hmount 4§01 [As % fc1 ; c-c, L 1/(e=¢y) mine
-.107 preciptd. x10 x10 5 @ C -1Aci-co) .
R 5 . _ x10 -5 = (nin)
x10 g.equiv/1l g.equiv/1 x10 x10
. . 0y -5
Run 25: c, = 1.%57 x 10 ~.
0.5142 0 1.6098 1.6100 0.27% 3.60653

0.5092 0.0526 1.5772 L.5774 0.240 4.167 0.504 2
0.5042 0.0652 L.5446 1.5448 0.208 4.808 1.145 7.
0.4992 0.0978 1.5120 1.5122 0.175 5.714 2.051 12.
0.4942 0.1504 L.4794 1.4796 0.14% 6.993% 3.330 19.6
0.4892 0.163%0 l.4468 1.4470 0.110 9.091 5.428 31.1

1.337 x 107°.

Run 27: co =
0.5128 0 1.6100  1.6100  0.273 3.66%
0.5078  0.0%26  1.5774  1.5774  0.240 4.167 0.504 2.5
0.5028  0.0652  1.5448  1.5448  0.208 4.808 1.145 7.0
0.4978  0.0978  1.5122  1.5122  0.175 5.714 2.051 12.6
0.4928  0.1304  1.4796  1.4796  0.14% 6.993 3.330 19.6
0.4878  0.1630  Ll.4470  1.4470  0.110 9.091 5.428 31.0
Run 29: ¢, = 1.365 x 107°. B
8.4586 0 1.6100  1.6100  0.245 4.082
8.45%6  0.0%26  1.5774  1.5774  0.212 4.717 0.635 2.9
8.4486  0.0652  1.5448  1.5448  0.180 5.556 L1.474 10.2
8.4436  0.0978  1.5122  1.5122  0.147 6.803 2.721 23.0
Run 28: ¢, = 1.377 x 1072,
16.192 0 1.6100  1.6100  0.233 4.292

16.187 0.0326 ~ 1.5774 1.5774 0.200 5.000 0.708 1l4.6
16.182  0.0652 1.5448 1.5448 0.168 5.952 1.660 32.0
16.177 0.0978 1.5122 1.5122 0.135 7.407 3.115 53.1
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Experiments in the Presence of Adsorbates.

These are summarised in Table 22 and the reciprocal
of the resistance is plotted against time for all the exp-
eriments in figure 29. The time plot of 1/R for rum 25
is also included in figure 29 as a standard for experiments
34 and 35 in which suspension H was used. The curves
obtained are smooth but in the presence of high adsorbate
concentrations ﬁhe amount of silver chloride precipitated
was considerably reduced and changes in 1/R were corres-
pondingly more difficult to measure. These experiments
were, therefore, also interpreted in terms of the integrated

form of the second order rate equation.

Detailed results of the experiments summarised in
Table 22 are given in Table 25. The amount of crystall-

isation in run 21 is too small for accurate measurement.

When {l/(c - ¢,) - 1/(ey - co)§ was plotted against
time for these experiments, straight lines passing through
the origin were obtained. These are shown in figure 30

and the slopes are given in Table 24.

The presence of the surface active agents sodium
octadecyl sulphate and sodium benzene sulphonate therefore
does not alter the kinetics of crystal growth of silver
chloride seed crystals from supersaturated solution, though

a marked effect on the rate of growth is observed.

150



TABLE 22

(gl [c17] lag*)lc1”] [adsorbate]  Sol. *
Run x10” x10° x10%0 x10° Prod. % Super-
g.equivs/1l g.equivs/L g.equivs/1 XlOlO saturn.
Cell F : 5mls. suspension G : Adsorbate = sod,., octadecyl sulphate
18 1.6100 1.6100 2.592 - 1.788 45
19 1.6100 1.6100 2.592 0.0367 1.789 45
20 . 1.6100 1.6100 2.592 0.9209 1.791 45
21 1.6100 1.6099 2.592 4.88% 1.802 44

Cell F : 3mls. suspension H : Adsorbate

sod. benzene sulphonate

34 1.6099 1.6100 2.592 5.285 1.802 44
35 1.6100 1.6100 2.592 10.561 1.813 43
* Percentage Supersaturation =
Initial concentration product - solubility product lOOv
X

solubility product
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TABLE 23

15 Amount AgCl EA8+% [c17] cmc, _1 1/Ge~cq) .
—-.10” preciptd.. 'x10 X107 102 ©%o -1/(ci-cg) Time
R x10° g.equiv/1l g.equiv/1 x10~7 x10™2 (min)
Run 18: ¢, = 1.357 x 107°.
5,114 0 1.6100  1.6100 0.273 3.663
5.089  0.0163 1.5937  1.5937 0.257 3.891 0.228 4.6
5.064  0.0326 1.5774  1.5774  0.240 4.167 0.504 9.7
5.039  0.0489 1.5611  1.5611 0.224 4.464 0.801 15.8
5.014  0.0652 1.5448  1.5448 0.208 4.808 1.145 23.8
£.989  0.0815 1.5285  1.5285 0.192 5.208 1.545 3%.1
1.964  0.0978  1.5122  1.5122 0.175 5.714 2.051 &4h.7
Run 19: c, = 1.337 x 1072,
5.162 1.6100  1.6100 0.27% 3.663
5.137  0.0163 1.59%7  1.5937 0.257 %.891 0.228 4.8
5.112  0.0326 L5774 1.5774  0.240 4.167  0.504  10.5
5.087  0.0489 1.5611  1.5611 0.224 4.464 0.801L 17.6
5.062  0.0652 1.5448  1.5448 0.208 4.808 1.145 26.9
037 0.0815 1.5285  1.5285 0.192 5.208 1.545  38.7
‘012 0.0978 1.5122  1.5122 0.175 5.714% 2.051 52.6
Run 20: ¢, = 1.338 x 1077, |
5,684 0 1.6100  1.6100 0.272 3.677
5.659  0.016% 1.5937  1.5937 0.256 3.906 0.229 5.6
5.634  0.0326 1.5974  1.5794  0.239 4.184 0.507 13.3
5.609  0.0489 1.5611  1.5611 0.223% 4.484 0.807 25.7
5.574  0.0652 1.5448  1.5448 0.207 4.8%1 1.154 54.5
. Run 34: ¢, = 1.343 x 1077,
10.066 0 1.6100  1.6100 0.267 3.745
10.016 0.0326 1.5774  1.5774  0.23%4 4.27%  0.529 3.5
9.966  0.0652 1.5448  1.5448 0.202 4.951 1.206  B.4
9.916  0.0978 1.5122  1.5122 0.169 5.917 2.172 14.6
9.866  0.1304 1.4796  1.4796 0.137 7.299  3.554  22.4
9.816  0.1630 T.4490  1.4490  0.104 9.615 5.870  36.2
Run 35: o, = 1.347 x 1077,
14.886 O 1.6100  1.6100 0.263 %.802
14.836 0.0326 1.5774  1.5774  0.230 4.348 0.546 4.1
14.786  0.0652 1.5448  1.5448  (.198 5.051 1.249 11.6
14.736  0.0978 1.5122  1.5122 0.165 6.061L 2.259 21.7
14.686  0.1304 1.4796  1.4796  0.133 7.519  3.717  40.8
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TABLE 24

Run I x102 §I x 10° K x 107+  Seed
g.equivs/1. ' Suspension

6 3.206 5.66 1.04 F
10 3.206 5.66 0.98 F

7 13.23  1l.5 1.00 F
12 53.12 23.0 0.80 ¥
11 77 .40 27.8 0.65 F
25 3.206 5.66 1.70 H
27 %.206 5.66 . L.70 H
29 53.57 23.14 1.35 H
28 103.30 %2.14 1 0.55 H
18 3.206 5.66 049 G
19 3.243 5.70 0.42 G
20 4.127 6.42 0.30 G
21 8.090 8.99 - G
34 8.491 9.22  1.50 H
35

13.767 , 11,75 . 1.00
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DISCUSSION

In experiments © and 10 on the influence of ionic strength
on the rate of growth of silver chloride seed cryébals, no
potassium nitrate was added to the supersaturated solutions
and suspension F was used : the rate constants obtained
were the same within experimental error. Experiments 25
and 27, aone under similar conditions using suspension H,
also gave reproduclble rate constants. The average value
of the rate comnstants, givenlin Table 24, is

1.02 x lO4 for suspension B

and 1.70 x 104 for suspension H.

When the latter value was corrected as on page 123 for the
difference in surface area of suspensions F and H, the
value for comparison with 1.02 x lO4 was 1.09 x 104. The
ionie strength in experiments 12 and 29 is approximately
the same and on comparing the rate constants K12 and K29

% ana 1.70 x lO4 respectively, it is seen

with 1.02 x 10
that the relative decrease in rate eonstant with inerease
in ionic strength is the same for experiments im which

differemt seed suspensions are used.
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4

_ K 0.80 x10
l.e. Suspension F 12 = = 0.78
1.02 x10%  1.02 x10*
. Kpq 1.35 x10"
Suspension G 3 = = 0.79.
1.70 x10%  1.70 x10”

It has been shown that the value of the factor

1.02 zpzp in the equation
log k = log ko + 1.02 zpzgo/T ,

which gives the change in rate constant k with iomic

strength I , should be approximately -1 for the reaction
Agt + 017 — AgCl (s).

This means that changes in the rate of crystal growth of
silver chloride with ionic strength are small and the best
results would be obtained by measurement over a wide range
of concentrations. In the conductimetric method used in
the present work the range of ionic strengths which could
be studied was limited. As the concentration of K and
Nog ions in the supersaturated solutions is increased, the
changes in conductivity due to precipitation become prog-
ressively smaller relative to the total conductivity of the

solution and, therefore, more difficult to measure.
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The value obtained for the factor 1.02 Z,Zp in the
present work was approximately -5. The fact that a neg-—
ative value, though higher than expected, is obtained for
the heterogeneous reaction studied is interesting, and in-
vestigation by other techmiques at higher ionic strengths
might provide more accurate data. Strict agreement with
a theory which was developed for ionic reactions in homo-
geneous systems cannot be expected, but the change in k
is in the right direction.

The experiments on the crystal growth of silver
chloride seed crystals in the presence of surface active
agents were an extension of the work of Davies and
Nancollas27 and, therefore, it is useful to establish that
the rate constants obtained by these workers for experim-
ents in supersaturated solutions with no added adsorbate
can be compared with those obtained in similar experiments
in the present work. The rate constants of Davies and
Nancollas for their suspensions A and E were corrected for
the surface area of guspension H used in the present work,
and the value obtained, assuming comparable seed sizes in
both investigations, was l.7g x 104. This agrees with
the experimental value 1.7g x 10% (Runs 25 and 27), indic-

ating that the above assumption is Jjustified.
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In the course of the work using sodium octadecyl
sulphate as adsorbate it was difficult to prepare solutions
since though soluble at temperatures 60° and lOOOC, the
salt precipitated on cooling to give a cloudy solution.
Only very dilute solutions of this salt could therefore be
prepared. Similar but more serious difficulties were
encountered in the preparation of solutions of sodium laur-
ate and work with this salt was impossible. On the other
hand, the sodium benzene sulphonate dissolved easily to

give clear solutions at room temperatures.

From the experiments which have been carried out it
appears that sodium octadecyl sulphate is a much more eff-
ective adsorbate than sodium benzene sulphonate but a more
quantitative evaluation of the results is difficult in
view of the difference in the solubility of the two salts.
Although the amount of crystallisation in run 21 was negl-
igible, further experiments at different concentrations of
sodium octadecyl sulphate would be instructive to find out
if the effect of this adsorbate can be compared with that
of eosin. The growth rate of silver chloride in the
presence of sodium benzene sulphonate does not appear to

approach a limiting value in the concentration ragpge studied.

The decrease in the rate of growth in all adsorbate

experiments is relatively very much greater than the
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decrease in the ionic strength experiments so that the
effect of the surface active agents is not due to the in-
crease in the ionic strength of the supersaturated solution.
PThe results must be interpreted in terms of the decrease

in the surface area available for growth due to adsorption

of the foreign ions as suggested by Davies and Nancollasz7.
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GENERAL DISCUSSION

From thgir experiments on the crystal growth of silver
chloride seed crystals from aqueous supersaturated solut-
ions, Davies and Jonesl7 have postulated that a crystal in
solution is sufrounded by a monolayer of hydrated ions and
that crystallisation takes place when a suitable aggregate |
of ions arrive simultaneously at a growth site, allowing
the underlying ions to be dehydrated and enter the crystal
lattice. The third order kinetics obtained in the
present work for the crystal growth of silver chromate
under similar conditions provides further evidence for this:

picture of crystallisation.

Davies and Nancollas have shown that the rate of
dissolution of silver chloride seed crystals into water
follows a complex kinetic equationaa. They considered
that the surface of a dissolving crystal was partly unhyd-
rated and that the rate of solution was qontrolledkby the
rate at which exposed units.of the crystal lattice entered

the hydrated monolayer. They pointed out that more
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detailed analysis of their solution kinetics was impractic—
able in view of the thickness of the diffusion layer sur-
rounding the dissolving crystals, which could be a signif-
icant fraction of the distance between crystals in condit-
ions where c/co y the ratio of the momentary concentration

to its saturation value, was much less than unity.

In the present work the concentration gradient was
reduced by measuring the dissolution of silver chloride
and silﬁér chromate into subsaturated solutions of these
salts. In these conditions, first order kinetics were
obtained, indicating that dissolution is controlled by the

rate of transport of ions away from the crystal surface.

From all the above results it appears that crystall-
isation and dissolution are not reciprocal processes.
Crystallisation is probably controlled by an adsorption
reaction at the crystal face whereas in éissoiution the
physical proéess of diffusion determines the rate of react-

ion under specified conditions.

In any system crystallisation and solution will
proceed concurrently and Davies and Jonesl7 attempted to
analyse the crystallisation of silver chloride in terms of
two independent opposing processes in the following way :-

If the concentrations, ¢, of silver and chloride ions in a

solution are equal,
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Rate of crystallisation of silver chloride = klsc2

Rate of solution of silver chloride = kgs y

where s 1s the surface area of solute and kl and k2 are

constants. In a saturated solution these rates are equal
and so

2
where o is the solubility of silver chloride. In a

supersaturated solution, assuming diffusion exerts no in-

fluence, the net rate of deposition will be given by

~dc/dt = k8 (€2 = ¢.9)  eerees. (1)

0

This was different from the equation
2
-de/dt = k s (¢ - co) ,

obtained experimentally, and Davies and Jones-suggested
that analysis into two independent opposing processes does
not give a correct picture of a heterogeneous system where
the amount of change at a particular reaction site is con-
sidered.and not the total result of a number of isolated
chemical reactions which have gone to completien. Exper-
iments on the dissolution of silver chloride into subsat-

urated solutions could not be interpreted by the equation

de/dt = k's (¢ = ¢?), .eeeee. (2)
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the deviation being most marked in experiments at non-

equivalent concentrations of silver amd chloride.

The crystallisation and dissolution kinetics can be
compared in a simple way by assuming that crystallisation
is limited by the simultaneous arrival at a suitable growth
site of the reguired aggregate of ions, whereas dissolution
is limited only by the rate at which these ions can diffuse

away from the crystal surface.

The work of Davies and Nancollas on the crystal
growth of silver chloride from supersaturated solutions
containing surface active agentsa7 and their discovery that
crystallisation could be delayed by using seed suspensions
ﬁhich had been aged in adsorbate solution328, provides
further evidence of the importance of adsorption in the
crystallisation process. This has been,supported by the
adsorbate experiments and the experiments on the influence

of ioniec strength in the present work.
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INTRODUCTION

The equilibria existing in aqueous solutions of chromates
have been studied by several workers. The early invest-

igation by Sherrill4l

y who measured the freezing point of
dilute solutions of chromic acid and potassium dichromate,
indicated the importance of the intermediate hydrogen

chromate ion in the dissociation of chromic acid and chrom—

ates. The main equilibria involved were those of the
reaotions
HCr0, == H' + Cr0;  ....... (1)
2HCrOZ = HO + Crao; ceeese (2).

The relative amounts of CrOZ, HCrOZ and Cr207'ions was de-
pendent on the concentration of the solution and the values
of the equilibrium constants of the reactions (1) and (2):
qualitative values of these constants were derived.

More recently, Neuss and Riemann4o

measured the

activity of hydrogen ions in solutions containing chromic
acid and potassium chromate in fixed proportion, by means
of a glass electrode. They obtained more quantitatiwve

values of
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) $5"}{oro} $

_ {Hox0}}?

k, = 3.20 x1077; Kk = ——t— = 2.3 %1072
{HCro, } jor 05}
at 2500. Spectrophotometric measurements of kb recently

42,have also

made by Tong and King87 and Davies and Prue
given reliable values of kb but no further verification of

ka was available.

In the present work the thermodynamic dissociation
constant of the hydrogen chromate ion in aqueous solution
has been derived from potentiometric measurements ab 2500.
Solutions of 0.001 M chromic acid were titrated with stan-
dard sodium hydroxide solution in an atmosphere of

nitrogen.
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EXPERIMENTAL

Preparation of solutions.

The reservoir (capacity 500 mls.) of an automatic
zeroing burette fitted with calcium chloride tubes, was
filled with conductivity water and a rapid stream of nitro-
gen was bubbled‘through for about one hour to expel carbon
dioxide. "Analar" sticks of sodium hydroxide were washed
thoroughly with distilled water to remove carbonate and
guickly added to the carbon dioxide - free water. The
approximately O.1 N solution of sodium hydroxide was

standardised with 0.1 N hydrochloric acid.

A stock chromic acid solution was prepared as des—
cribed previously (page 19 ) and fresh dilute solutions,

approximately 0.001 M, were prepared for each titration.

Experimental Procedure.

150 mls. of a dilute chromic acid solution were
pipetted into a clean dry 250 mls. beaker. A fairly rapid
stream of nitrogen was passed through the solution so that

it was efficiently stirred and kept free from carbon dioxide
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during the subsequent titration. The beaker was suppor-
ted in the water thermostat described on page 23 which was
maintained at 25°C * 0.01°C. The glass and calomel elec-
trodes were immersed in the chromic acid solution and

connected to the pH meter.

The solutions were left to come to temperature
equilibrium before the pH of the chromic acid solution was
measured. The standard sodium hydroxide solution was
then added from the burette, first in 0.5 ml. portions and
then in sﬁaller volumes as each end-point was approached.

The pH of the solution in the beaker was noted after each

addition.
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RESULLS AND DISCUSSION

A typical graph showing the change in pH during titration
is given in figure 31. The concentrations of hydrogen
chromate, chromate and dichromate ions in mixtures of
chromic acid and sodium hydroxide were calculated from the

pH values- as follows :
pH = - log {H+} ceesee (1)

The expression for the total chromium concentration in the
solutioﬁ, TCr’ is

Top = [0v03] + [ECro] + 2 lor,05] ...l (2)
From electroneutrality considerations

(ma*] + [8*] = 2 [cro;) + [HCroz] + 2 [CrZO;J + [oE7]..(3)

From equations (2) and (3), neglecting the small concen-

tration of hydroxide ioans,
lerop] = [wa*d « [E8'] - T, -eeveen (W)
The expression for the ionic strength, I, of the solution

is
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I =0.5 %_4 (crog] + (HCro,] + 4[ory05] + (Na'] + [E]+ [OH“J}
or, using equation (2),
I=0.5 i%r + 3{cro;] + z[crzo;J + [¥a*] + (#] + [oH7] }

As a first approximation it was assumed that [0r20;], [2*]
and [OH_J were negligible and I was evaluated. The
activity coefficients were then obtained from the Davies

50

equation
- log £, = 0.5 z2{iq/T /(1+4/1) - 0.2 I] oo (6)

and [H*] was calculated from the pH of the solution. The
[CrOZ] could then be evaluated from equation (4). The
dissociation constant, kb’ derived by Davies and Prue42

was

k, = [Horo;]°.27 /lory05)2, = 3.03 x107° ... (D)

Substituting equations (2) and (4) in equation (7),

) [HCr0;1° o
b T t
% (205, - a*] - [H) - [HCrO,]) £,
28, 2
or —= [Her0;]° + [HCro,] + ([Na¥] + [E'] - 2 T,) =0
Epfp eee. (8)

The [HCrO;] was evaluated from equation (8) and the [Crzo;]

was then obtained from equation (2).
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The final values of (Cr0, ], [HCr0, ] and [brzo;J were calcul-

ated by successive approximation of the ionic strength.

The thermodynamic dissociation constants

{ﬁ*}[CrOZ] . £5

[ecro, ] £

ka =

derived from several titrations at various peihts in the
pH range 6 to 7 are given, together with the concentrations
of ionic species, in Table 25. The results of Neuss and
Riemann at the lowest ionic strength studied by these
workers have been recalculated by the above method and are
given in the last five lines of Table 25. The mean ka
value is 5.06 x 1077 mole/l. which may be compared with
3.20 x 1077 mole/l., the original value of Neuss and
Riemann. The mean value of k, derived from the results
of the present work was 3.0l x lO"‘7 moles/l. which is in
good agreement with the wvalue 2.9 x lO"7 moles/l. obtained

from spectrophotometric measurements in these»laboratories88
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TABLE 25

, 5 [wa0H] [cx03]  [Horo4] 3 7
Top x10 2107 pH <107 <103 Ix 10 k x 10
moles/l. moles/1. moles/1l. moles/l. moles /1.

1.178 1.477 6.02 0.300 0.827 1.8% 5.01
1.177 1.572 6.19 0.396 0.746 2.00 2.95
1.176 1.596 6.22 0.420 0.719 2.05 5.0%
1.175 1.690 6.36 0.515 0.628 2.24 %.06
1.174 1.713 6.40 0.539 0.610 2.28 2.99
1.173 1.820 6.55 0.647 0.507 2.49 5.04
1.172 1.857 6.61 0.685 0.466 2.56 5.05
l.1l64 1.846 6.63 0.683 0.465 2.55 2.91
1.171 1.9%2 6.72 = 0.761 0.396 2.71 35.07
1.171 1.956 6.77 0.785 0.371 2.76 - 3.02
mean k, = 3.0l x 107/,

1.1%4 - 6.39 0.568 0.542 10.4 5.06
2.1%6 - 6.41 1.068 0.991 10.4 3.10
3.480 - 6.42 1.740 1.545 10.4 3.11
4.956 - 6.45 2.478 2.117 10.4 5.05
5.090 - 6.46 2.545 2.166 10.4 2.96
mean k, = 3.06 x 1077,

174



175



6.
17.
8.

9.
10.
ll.

12.
15.
14.

15.
16.
17.

Nielsen

Collins and Leineweber
Turnbnll

Duke and Brown

Christiansen and Nielsen

Kobayashi
Kobayashi and Shibuya

Johnson and O'Rourke

Cobbett and French
Ostwald

Miers and Isasc

Hartley and Thomas
Isaac

Jones

de Coppet
Davies and Jones

Davies and Jones

J. Colloid Sei., 1955, 10, 576.
J. Phys. Chem., 1956, 60, 389.
Acta Metallurgica, 1953, 1, 684,

0

J. Amer. Chem. Soc., 1954,76,1443.

[ 13

Acta Chem. Scand., 1951, 5, 673,
674, ©76.
J. Chem. Soc. Japan, 1949, 70, 125.

*d

d. Chem. Soc. Japan, 1950, 71, 2.
J. Amer. Chem. Soé., 1954,76,2124.
Analyt. Chem., 1955, 27, 1699.
Discuss. Faraday Soc., 1954,18,113.

Z. phys. Chem., 1897, 22, 289.

Proc. Roy. Soc., 1907, 794, 322.
1910, 82A, 184.
J. Chem. Soc., 1906, 89, 413.
1908, 93, 927.
J. Chem. Soc., 1906, 89, 1013.
J. Chem. Soc., 1908, 93, 384.
J. Chem. Soc., 1908, 93, 1739.
1909, 95, 1672.
s Ann. Chim. Phys., 1907, 10, 457.
¢ Discuss. Faraday Soc., 1949,5,163.

(1]

..

Trans. Faraday Soc., 1955, 51,812.

176 P



18. La Mer and Dinegar

Jd. Amer. Chem. Soc., 1950,72,4847.
19, Bunn : : Discuse. Faraday Soc., 1950,2,132.
20. Noyes and Whitney : Z. phys. Chem., 1897, 23, 689.
21l. Bruner and St. Tolloczko : Z. phys. Chem., 1900, 35, 283.
22. Nernst : Z. phys. Chem., 1904, 47, 52,
| "Theoretical Chemistry", 5th English edition,
Macmillén, London, 1923, page 669.

23. Davies and Nancollas Trans. Faraday Soc., 1955, 51, 818.

24. Kolb and Comer J. Amer. Chem. Soc., 1945, 67, 894.

*e

25. Kolb and Comer J. Amer. Chem. Soc., 1946, 68, 719.

26. Blisnakov and Kirkova ¢ Z. phys. Chem., 1957, 206, 271.

27. Davies and Nancollas ¢ Trans. Faraday Soc., 1955, 51, 824.
28. Davies and Nancollas : Trans. Faraday Soc., 1955 ,501,1232.

J. Amer. Chem. Soc., 1928, 50,1049.
J. Amer., Chem. Soc., 1930, 52,1793.

29. Jones and Joseph

30. Shedlovsky

..

51. Nair and Nancollas ¢ J. Chem. Soc., in the press.
32. Hartley ¢ J. Chem. Soc., 1913, 786.
33. Davies and Nancollas : Chem. and Ind., 1950, 129.

54. Treadwell and Hall, "Textbook of Analytical Chemistry", 5th
edition, New York, 1924.

"35. Varma, Yadava and Ghosh : Z. anorg. Chem., 1954, 275, 257.
36. Frazer and Hartley : Proc. Roy. Soc., 1925, 1094, 355.
J. Amer. Chem. Soc., 1932, 54,1411.

[ 3

37 . Shedlovsky
58. Davies : Trans. Faraday Soc., 1929, 25,1129.

177




39.

40.
41.
42,
43,

45'
46'

47.
48.

49.

50.
51.

5e.
53.

54,

- 55.

Jones and Bradshaw : J. Amer. Chem. Soc., 1933, 55, 1780.

Neuss and Riemann ¢ J. Amer. Chem. Soc., 1934, 56, 2238.
Sherrill $ J. Amer. Chem. Soc., 1907, 29, l6é4l.
Davies and Prue ¢ Trans. Faraday Soc., 1954, 51, 1045.

British Stand., 1950, 1647.
J. Chem. Soc., 1938, 2093.
J. Phys. Chem., 1940, 44, 751.

Davies

.

van Hook

Seidell, "Solubility of Inorganic and Metal Organic Compounds?
2nd edition, New York, 1919.
Sirucék and Viktorin : Coll. Czech. Chem. Comm.,1947,12,630.
MacInnes, Shedlovsky |
and Dongworth ¢ J. Amer. Chem. Soe., 1932, 54, 2758.
Harned and Owen, "The Physical Chemistry of Electrolytie
Solutions", 2nd edition, New York, 1950, page 128.
Davies ¢ J. Chen. Soc., 1938, 2093.
Siverty, Reitmeier - W
and Tartar : J. Amer. Chem. Soc., 1940, 62, 1379.
Landolt~Bornstein, Tabellen, Springer, Berlin, 5te Aufl., 1923

Vandenbelt, Forsyth (page 1088.
and Garret : Ind. Eng. Chem. Anal., 1945, 17, 235.

Vogel, "Quantitative Inorganic Analysis", Longmans, London,
1939, page 476.
Bolam and Mackenzie  : Trans. Faraday Soc., 1926, 22, 151,
1926, 22, 162.

178



56.
57.
58.
59.

60.
61l.
62.
65.
6h4.

e5.
66.

67.

68.
69.
70.
71.
72.
73,
4.

75,

Bolam and Donaldson ¢ Trans. Faraday Soc., 1933, 29, 364.
Bircumshaw and Riddiford : J. Chem. Soc., 1952, 698.
Z. phys. Chem., 1904, 47, 56.

Brunner
Amer. J. Sci., 1910, 29, 237.
Z. phys. Chem., 1910, 73, 97.

van Name and Edgar

Garret and Cooper ¢ J. Phys. Colloid Chem., 1950, 54,437.
King and Brawverman : J. Amer. Chem. Soc., 1932, 54,1744.

Johnson and M®Donald J. Amer. Chem. Soc., 1950, 72, 666.

King and Schack : J. Amer. Chem. Soc., 1935, 57,1212.
Centnerszﬂ%er and Zablocki : Z. phys. Chem., 1926, 122, 455.
Centnerszwer : Z. phys. Chem., 1928, 137, 352.
Schmidt and Duran ¢ Z. phys. Chem., 1923, 108, 128.
van Name and Bosworth : Amer. J. Sei., 1911, 32, 207.
Moelwyn-Hughes, '"The Kinetics of Reactions in Solution",

2nd edition, Cambridge, 1947, page 357.
J. Phys. Chem., 1935, 39, 221.-
Proc. Roy. Soc., 1932, Al35, 656.

Roller

a0

Fage and Townend
Birecumshaw and Riddiford : Quart. Rev., 1952, 6, 163.
Levich ¢ Discuss. Faraday Soc., 1947, 1, 37.
Jablczynski and St. Jablonski : Z. phys. Chem., 1911,75, 503.
Amer. J. Sci., 1913, 36, 543.
J. Amer. Chem. Soc., 1933, 55, 1928.

van Name and Hill

»”

King and Liu

King ¢+ J. Amer. Chem. Soc., 1935, 57, 828.
King and Cathcart : J. Amer. Chem. Soc., 1937, 59, 63.

179



76. Bucken ¢ Z. Electrochem., 1932, 38, 341.
77. King ¢ Trans. N.Y. Acad. Sei.,

1948, II, 10 , 262.
78. van Nane : Amer. J. Sci., 1917, &3, 449.

79. Landolt-Bornstein "Physik.-Chem. Tabellen", Springer,
Berlin, 5te Aufl., 1923, 1 Teil 483 1 Band 634.

80. Owen ~: J. Amer. Chem. Soc., 1938, 60,2229.

81. Nancollas : Ph.D. Thesis (Wales) 1951.

J. Chem. Phys., 1942, 10, 126.

(1]

82. Gunning and Gordon

83. Gunning and Gordon J. Chem. Phys., 1943, 11, 18.

.0

84. Taylor : J. Chem. Phys., 1938, 6, 331l.
85. Bjerrum ¢ 4. phys. Chem., 1924, 108, 82.

86. Glasstone, Laidler and Byring, "The Theory of Rate Processes!
MCGraw-Hill, New York, lst edition, 1941, page 423.

'87. Tong and King : J. Amer. Chem. Soc., 1953, 75,6180.

- 88. Howard, Nair and Nancollas : Trans. Faraday Soc.,1958,54,1034.




