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The work to be desoribed in this thesis forms 

a part of a general investigation which is geing 

carried out in this laboratory on sulphite systems. 

This series of researches was insti tuted for tw'o 

reasons, In the first place, there was very little 

available data on solutions of sulphurous acid and 

its salts, and much of what was available was of 

such & natu~e as to be open to question. such 

experiments as had been carried out were usually 

c.o·nfined to a narrOw concentration or temperatu~e 

range. It seemed desirable, therefore. to conduct 

a systematic research with a,view to evaluating the 

equilibria existing in solutions of sulphur dioxide, 

ca'lcium hydroxide, calcium sulphite and calcium 

bisulphite. In the second place. any data which 

was obtained, "in addition to its purely scientific 

interest would be of' value, from a practical point 

of view, to those who manufacture wood pulp by 

means of the sulphite process, and to those who 

.use these solutions in the refining of sugar. 

Sulphite pulp manufac·turers have admitted that the 

data alre"ady. published 1s valuable to them and have 

expres'sed the belief that ·the present, and future 

work should yield s'dditional worth while results. 

in the present investigation the specific 
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conductivity and vapour pressure of saturated 

solutions of calcimfi hydroxide have been measured 

ov~r a temperature range from 00 to 25 0 ; "in these 

measurements greater care has been taken than ever 

before to ensure the purity of the water used and 

the absence of carbon dioxide from the system. 

In addition, the specific conductivity and vapour 

pressure of solutions of calciwll h7droxide contain-

ing quantities of sulphur dioxide have been measur-

edt Calcium hydroxide solutions, having a concent-

ration of approximately 1io and 2<:/~' were used and 

successive additions of sulphur dioxide were made 

until the vapour pressure of the solution approached 

one atmosphere. This work was carried out over a 

gteater concentration range, solution concentrations 

have been dete~~ined with sreater precision, and 

greater care has been taken to ensure the purity 

of materials, and the attainment" of complete 
I 

equilibrium than has been the case in any previous 

work on this system. 

Before it was possible to study solut iOl:S of 

calcium sulphite and calcium bisulphite it was 

necessary to-investigate the properties of sulphur 

dioxide solut ions and. calc ium hydroxide solut ions. 

Sulphur dioxide solutions have been studiEd in this 

laboratory by c. ~. Liaass "(1), '.'1. B. Campbell l2), 

and o. .Li. Morgan (3). Th e work on ca lc iwn hydr oxi de 
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forms a pa rt of the iLvest iga t i on to be l'eported 

in tr.l.is thesis. 

:.:aE.8S and ;.182.8S ll) mcasureu apparent molecular 

wei,;hts of sulphur dioxide over the ter:lpel'ature 

range _50 to 35°, the vapour pres2ures of aqueous 

solutions of sulphur dioxide over a wide raD6e of 

c oncent rat ions belo'w 2']0, anc.~c iL addition (4), the 

conductivities of these solutions. Campbell and :')3.ass 

t2) measured the conductivities and vapour p~essures 

of aqueous sulphur dioxide solutions over the tem­

perature range 23° to 135 0 and at various concentrat­

ions from 0 to '8~ SUlphur dioxide; They also ~easar-

ed the densities of sulphur dioxide solutions at 

concentrations var~TiE~' from 0 to 1.5~':l' I.:OToEu::, ana. ~;:aass 

t3) have made the best available measurements of 

conductivities and vapour pressures of sulphur dioxide 

sol tuions from 00 to 25°, var~""iLc.; concent~at ions '_'_p 

to such a value as to give a vapour £ressure of 

about one atmosphere. 

The cOnductivity of calcium hJdroxic~_e solutions 

was measured by Ostwald t5). Unfortunately he nei:;-

lected to mention at what temperature the me~surements 

were r.:::.acle. In a previous paper lo) he reports si~Lilar 

measurements made on a eeries of acid solutions 

° whic!: were carried out at 2:; t so presumablJ the wor~ 

on calcium hydroxide was also done at 250, Ost~ald 

casts some doubt on these measurements, hO'Hever, for 

he points out that the distilled \ater used ~as IrobEbly 



- 4 -

not as pure as it should have been, snd that carbon 

dioxide may have introduced an error as it was not 

entirely excluded ffom the solutions. Uiller and 

Witt (7) measured t~e conductivity of a saturated 

calcium.hydroxi68 solution at 300. Their value is 

in excellebt.agreement with the extrapolation tu 

30 0 of the values obtained in the present work. 

The solubility of calcium hydroxide has been 

deter~ined by a number of investigators. Determina-

tions have been made over a considerable temperature 

range by !.Iaben t,8), Lamy 19). ~ierzfeld llO), Guthrie 

(11), Uoody (12), and Haslam, Calingaert and Taylor 

l13). lliller and Witt (7) determined the solubility 
-' 
at 30°. Between 300 and 1000 fair agreement exists 

between the determinations of the majority of these 

authors. Below 30° the agreement is very poor; it 

will be shown in the discus~ion of results that all 

the values in this temperature range are open to 

question. 

Some density measurements have been made on 

solut ions of calc iUlU hydroxiQe by Cavaz~ i. (14). 

The three component system - - calcium hydrox-

ide - sUlphur dioxide - water - - has been the SU·b-

ject of a few investigations, som'€ Of which have 

been carried out from the pOiLt of view of the use 

of the system in the process of sugar refining, 

others from the point of view of the sulphite pulp 
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manufacturer. 

The conductivities of solutiollS of calcium 

sulphite, calcium bisulphite, and sulphur dioxide 

in calcium bisulphite have not been measured hither-

to. 

The solubility of calcium sulphite has been 

determined by Robart l13), by van der Linden l16) 

and by Weisberg l17). The values obtained by these 

authors do not agree with one another.· 

Of the investigations on the system calcium 

oxide - sulphur dioxide - water only the following 

need be discussed here. 

Schwarz and 1!uller-Clemm (18) have investigat­

ed the ratio of free to combined sulphur dioxide in 

calcium bisulphite solutions. They worked with 

solutions whose total sulphur dioxide content varied 

from 3 to lO~, and studied- these at temperatures 

from 2° to 3.5°. Smith and Parkhurst l19) measured 

the solubility of sulphur dioxide in water, and in 

solutions of calcium hydroxide and magnesium 

hydroxide. Enckell l20) has also measured the 

solubility of sUlphur dioxide in water, and the 
""-

effect of the presence of calcium bisulphite and 

other salts on the solubility. Farnell l2l) has 

measured the pH of certain solutions of calcium sul-

phite and bisulphite; he has also determined the 

neutralisation curve, i.e. pH plotted against per 

• Solubilities have recently been determined by Bain(29). 
His values are in reason~ble agreement with those of va~ der 
Linden. 
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cent neutralisation of sulphurous acid by calcium 

hydroxide. 

All these investigations have been carried out 

from the point of view of the practical application 

of the data to industrial problems, rather than as 

a piece of pure research; as a result certain 

sources of error can be pointed out in all of them. 

It is probable that the sulphur dioxide used was 

impure. In most cases insufficient precautions were 

taken to ensure the complete removal and exclusion 

of air from the system. Solution conoentrations 

were determined by titration. It is probable that 

in most oases insufficient time was allowed to per­

mit the systems to reach equilibrium. 

In planning the present work it was decided 

to carry the investiga tion ovel" the entire ranc:e of 

temperature from 00 to 130°. To do this as one in­

vestigation would have meant constructing an appar­

atus which was oapable of withstanding the hi6'h 

pressures enoountered at high temperatures and at 

the same time of making accurate ueasurements of the 

vapour Fressures~met with at low temperatures. ~his 

would have been difficult, if not impossible; there­

fore, it was decided to divide the work into two 

parts: one part to consist of the measurements 
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above 25°, the other part to consist of measurements 

below that temperature. The high temperature in­

vestigation has been conducted by G. W. Gurd, and is 

reported elsewhere l27). The work at low temperature 

has been performed by the writer. 

As has been pointed out in .the review of the 

literature, practically all the work done on sulphite 

systems, excepting what has been done in this labor~ .j 

atory, must be regarded with some doubt for two 

reasons; these are, first, uncertainty as to the con­

centration of sulphur dioxide in the solution, and 

second, the impurity of rnaterials used. The techniq.ue 

of-measuring the components and of preparing the 

solutions, as it has been developed in this laboratory, 

has removed any doubt which may exist regardins these 

two fact ors. 

In addition to these two possible sources of 

error, it was discovered very early in this work 

that solutions of calciwn hydroxide, calci~fl sulphite, 

etc., reach equilibrium with the corresponding solid 

phase at a surprisin61y slow rate, despite thorough 

stirring of the Solution. It is believed that this 

fact bas not been fully appreciated by some authors 

and consequently the dis8§;reement which exists 

amongst the available data for, say solubilities, 

is due to a great extent to the fact that sufficient 

time was not allowed for the system to reach equil­

ibrium. In the present work it has been found that , 
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at low temperatures, and when solid 2hase is present, 

the system reaches equilibrium only after from one 

to three days of constant stirring. This delay in r 

reaching equilibrium made it impo::;sible to do as 

much work as had been planned. 

The following pages Dill contain a description 

of the apparatus used in this work; an outline of 

the experimental'technique will be giveL, as well as 

a type of each of the calculations used in determin­

ing solution concentration, specific conductivity, 

etc. Tables of experimental results will be inc~uded, 

and these will be followed by a discussion of the 

results. The section on discussion will contain 

any data which is obtained from the literature and 

which is necessary in the interpretation of the 

experimental results. ]'inally, a summary and a 

bibliography will be presented. 
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The experimental section will be divided into three 

parts: 

A. Description of Apparatus. 

B. Experimentsl Technique. 

C. Type Caloulat ions. 

~. .. Appara tus 

The apparatus will be considered under the 

following heads: 

1. General. 

2. The Cell. 

3. The ~hermostat. 

4. The I.:easurement of Vapour Pressure. 

5. The l~Ieasuret~lent of Electrical C onQuoti vi ty. 

o. r,:easurement. of the Const i tuents. 

~a) .Sulphur ~ioxide. 

\ b) Water. 

\c) Calcium Oxide. 

7. The purification of the Constituents. 

\a) Sulphur Dioxide. 

(b) Water. 

(c) Calcium Oxide. 

8. Auxiliar~T Devices 
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1. General. 

The apparatus used in this work is shown dia­

grammatically in Figure 1. 

For the purposes of description it may be con­

sidered in three sections: (a) the cell, C t in 

which the solutions to be studied were prepared; it 

was so designed that the conductivities and vapour" 

pressures of these solutions could be measured simul­

taneously; \b) the central portion of" the apparatus, 

consisting essentially of two bulbs of known volume, 

together with tubing connecting th~m to one another, 

to a constant level maDometer and to the cell. This 

section was used to measure the quantities of sulphur 

dioxide introduced into the cell and, \c) the section 

for the purification and storage of the sulphur dioxide, 

consisting of four flasks, ~l' ~2' ~3' and F4' of which 

F4 acted as a storage reservoir for the sulphur dioxid.e. 

In addition to these three main sections there 

were certain aux11iary devices, such as the I.lacLeod 

gauge, 114 , a rough manometer, 113-' a phosphorus pent­

oxide drying tube and connections to the various 

vacuum pumps. 

In what follows, the apparatus used for the 

measurement, purification, and storage of the water 

and calcium oxide, while not an inte6ral 'part of the 

apparatus shown in ~igure 1, will, for the sake of 

continuity, be described along with the corresponding 

apparatus for SUlphur dioxide. 
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2. Cell 

Because of the uses to which it was to be put 

the cell had to be vacuum tight and resistant to the 

chemical action of the solutions it was to contain; 

the electrodes had to be so placed as to permit of 

continuous stirring 0: the contents of the cell, and 

a stirrer had to be built in, Provision had to be 

made for introduction of the lime, water and sulphur 

dioxide, and for measuring the vapour pressure of the 

solut ion. 

The cell was made of pyre~ glass of about 0.1 

oms. thicknesE. It was about 3.3 cms. in diameter and 

12 cms. high. It could be cut off from the remainder 

of the system QY means of a mercury seal,S. When this 

was done the atmosphere of the cell was completely 

enclosed in glass except where it was in contact with 

the mercury surface of the seal and mercury surface 

of the constant leve 1 manomet er t 1.1
2

• 

The electrodes, EI and E2, were made of very 

thin platinum foil, sealed into pyrex tubing. The 

electrodes wel'e set in ttbay-windowsft as shown; the 

exposed platinum portions projected very slightly into 

the body of the cell, but not so far as to be in dan­

tier of being damaged by' the movements of the stirrer. 

contact was made with the electrodes by filling the 

pyrex tubing with mercury, from which copper wires led 

to the conductivity measuring apparatus. 
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The electrodes we-re platini.zed according to the method 

outlined by Reilly (22). 

The cell constant was determined, using O. 1 N, and 

0.02 N solutions of potassium chloride, which had been 

purified by three recrysta11izations followed by ~eating for 

some hours at 1100 C. In calculating the cell constant the 

data of Xbblrausch (23) for the specific conductivity of 

potassium chloride solutions were used. The atomic weights 

used in preparing the solut ions were those used ny Kch-lrausch. 

The cell constant was independent of the I-evel of tl~e 

liquid in the cell, provided that that level was always 

kept above the upper edge of the upper electrode "bay 

window" • During run number 9 the cell fllUlrl had to be re­

paired and these repairs altered the cell constant slightly. 

The two values were: No. I - 1.437; No. It = 1.~2~. 
Since the foil used in the elctrodes was so thin, 

and the leads to the conductivity measuring apparatus 

were of considerable length, the lead resistance of the 

cell was appreciable. This lead resistance was measured 

by- filling the cell with mercury and measuring its 

resistance with tt.e electrodes short-circuited in this 
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way. It W8.S found that this lead resistance could be de-

termined more accurately than by calculating it from tt.e 

measured resistance of two solutions of known specific con­

ductivity. !::, the latter method, any small errors i-n the 

determination of tot8;l resistance introduce large relative 

errors in the value of the lead, resistance. 

The lead resistance was found to be 0.36 oh~~s. 

The cell was completely enclosed, so that in order 

to stir the solution in the cell, tte stirrer had to 

be actuated from the o~tside. T~i8 was done by placing 

a soft iron core in the shaft of the stirrer in order 

that it could be ca~trol1ed electro-mag'netic8l~_y. 

The shaft of the stirrer extended iT:.~t; the neck of 

the cell into whicr, it fitted 'rt1o:oe or les8 snugly and 

was t~us prevented from swayi~[" from s~de to sid'e. 

The neck of the cell was surrounded by two cylindrical 

electro-mar;nets. The current was mair.tained in the 

lower magnet at all times when the stirrer was in use; 

the permanent magnet thus created served to just lift 

the stirrer frOr!! the bottemof the cell and to prev:ent 

it dropping back too heavily onto tr,e bottom again 

during the stirring oper8,tion; a drr)p would have caused 

da~age to t~e stirrer or to the bottom of the cell. The 

current in tt.e upper :r'lagnet was interrupt ed. at rebLllar 

intervals; When the current was f! .. 0Y!i'ng the st::rrer 

WetS pulled out of the field of the permanc!lt magnet into 

the field Df tbe inter!r.ittent '-):,a~:'"!"let, when it wa.s ,trJ'";1':en, 
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';he stirrer dropped back into the field of the permanent 

magnet. During the early part of the work the circuit 

of the intermittent magnet was made and broken by means 

of an automatic mercury valve-operated by a water vacuum 

pump; during the latter part of the work this was accomplish­

ed by means of a switch which was opened and closed by 

an eccentric wheel driven by an· electric motor whose 

speed was reduced by means of a train of pulleys. The 

current in each magnet could be varied as desired by means 

of a parallel bank of lamps which was in series with the 

magnet. 

The design of the stirrer was found to be of the 

utmost importance in obtaining true equi.librium between the 

solution and the solids which were present. Several 

month's work had been completed before it was discovered 

that the solid was not being properly stirred and was con­

sequently not in equilibrium with the solution; the solu­

tion appeared to reach equilibrium with the solid p1:ases, as 

shown by the constancy of the conductivity, but actually 

the solid calcitun hydroxide was merely coated over with 

a precipitate of calcium sulphi.te, and the stirrer which 

was then being used was not suitable for breaking up 

this solid. An analysis of the data showed that all 

data relat ing to the syst em when a solid phase was present 

was open to question. It was decided to discard all these 
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data, redesign the cell and stlrrer so as ~o oe sure 

of gettinc good agitation of the solid, with no pockets 

into which solid could settle. 

With this in mind, the new stirrer was built with 

a large pestle-shaped base. This dropped i~to the 

more or less cup-shap~d bottom of the cell, and since 

the cell was so designed tl:at this was the only place 

into which solid could settle, the solid was being 

stirred co"nstantly, thus ensuring a true, instead of a 

pseudo-equilibrium, as ha.d previously been obtained. 

Button-like expansions on the shaft of the stirrer served 

to agi~ate the upper portions of the solution. The 

stirrer was constructed entirely of pyrex tubing. 

Three tubes gave access to the b~dy of the cell; 

a central tube, or neck, mentioned above, and two side 

tubes. The central tube was connected to the manometer 

for measuring vapour pressures; it was connected to 

the sulphur dioxide measuring system, and was used to 

admit the sulphur dioxide; through it the cell could 
J 

be evacuat ed .. Lime was added through one of the side 

tubes. Distilled water was added through the other 

side tube by distillation from a flask sealed to it. 
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It was necessary to know the volume of the cell 

with its connecting tubing in order to determine the 

volume of the dead space over the solution; this lat-

ter quantiv-y was necessary in the calculation of 

oorrections to solution concentrations made necessary 

by the presence of some of the sulphur dioxide and 

water in the vapour phase. 

The total volume of the cell and its connecting 

tubing, i.e. that volume bQ'unded by stop-cock, ~rl' level, 

L3 t of the mercury seal and level L2 of the constant 

level manometer, M2 , was determined by allowing dry air 

to expand into the previously evacuated cell from the 

volume measuring system lto be described later). 'Ithe 

volume of this system was known, and by measuring the 

temperature and pressure of the gas before and after 

the expansion the volume of the cell and its tubing 

was calculated using the formulae:-

Vo :- v2 - vI 

PI vI {'j 

.12 

v2 = 
P2 T 1 

vI - the volume of the gas introduction system. 

v
2 

= the sum of the volume of the gas introduction system 

and cell system. 

Vc = the volume of the cell system. 

Pl = the pressure of the gas before eKpansion into the 

e: cell. 

P2 - the pressure of the gas after expansion into the 

cell 
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Tl - the temperature of the gas before expansion into 

the cell. 

T2 - the temperature 01' the gas after expansion into 

the cell. 

The volume of the cell system was 190.9 cc. 

Wben the mercury seal was closed the volume of the 

cell system was reduced by a small amount:-the volume of 

the tubing between TI , L3 and L4 (The' mercury in the 

seal was kept at L4 during the course of the run.) This 

volume WccS determined by measuring the length of the 

tubing and multiplying the length by the volume per unit 

lengeth as determined by weighing the amount of mercury 

necessary to fill a unit lenzth. 

The volume of this length of tubing was ~.9 c.c. 

The volume of the dead space in the cell system 

was calculated by subtracting from the volu~e of the 

cell.system the sum of the volume of the solution and 

the volume of the tubing cut off by closing the mercury 

seal .. 

3. The Thermostat 

.The cell was ~mmersed in a constant temperature 

bath, which consisted of a large glass jar well lagged 

with wool. The temperature of the bath was controll ed 
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by means of a toluene over mercury thermo-regulator 

which, operating through a relay, controlled a heating 

coil in the bath. The heating coil consisted of a 

coil of nichrome resistance wire which was placed 

inside a pyrex tube and covered with oil. The current 

in the heating coil could be varied by varying the 

external resistance in series with it. The temperature 

of the laboratory was at all times higher than the 

temperature of the bath. To prevent the temperature 

of the bath rising as a result of warmer surroundings, 

a copper cooling coil was placed in the bath and tap~ 

water was circulated through it. 

The bath was filled with water which was stirred 

by a motor driven stirrer. 

4. 'l'he Vapour Pressure Manometer. 

The vapour pressure of the solution in the cell 

was measured on the manometer, 1,12' One arm of thi s 

manometer was kept at a constant leyel, L2 , by apply­

ing pressure or vaCU1~ to the mercury reservoir of the 

manom~ter. The other arm was evacuated from time to 

time by means of a Langmuir diffusion.pump and clased 

off by means of stop-cock, T2 • 

The scale of the manometer was etched ?n glass. 

It was compared with an invar scale; minor errors 

were found, especially in the upper portions of the 

scale. A curve was made of these which was used in 

applying the neces·sa~y -corrections to the vapour pres-
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sure readings. 

Vapour pressures could be measured to within 

0.02 cms. 

5. The Conductivity hleasuring Apparatus. 

The apparatus for measurement of the conductivi-

ty of the solution consisted of Leeds and northrup· 

helical slide wire, Serial No. 195,767 and Leeds and 

northrup resistance box r~o. 13.5, ']12. The slide wire 

was graduated in half divisions from 1 to 1000. The 

resistance box read in steps of I ohm from I to 1000 

ohms. Both these devices had been checked for accuracy 

and found satisfactory. One end of the slide wire was 

grounded to the laboratory plumbing. A variable COli-

denser was connected in parallel with the resistance 

box to b~lance any capacity in the cell. 

A Vreeland oscillator was used as the source of 

current. It 9perated at a frequency of 1000 cycles 

and gave a pure sine wave without harmonics. A set of 

Murdock headphones was used to detect the balance 

point in setting the slide wire. 

6. Measurement of Components. 

ta) Sulphur Dioxide. 

The apparatus for the measurement of the amount 

of sulphur dioxide consisted of two bulbs, VI and V2 ' 

of knovm volume, tubing bounded by stop-cocks T
I

, 
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Tit, T5' TC; the level, LIon the manometer, and the 

manometer, Ml, for the measurement of the pressure 

of the gas. 

The volumes, VI and V2, were calibrated by weigh­

ing them empty and filled with water and calculattng 

the volume of each after applying the necessary cor-

rections. The volume of tte connecting tubing was 

determined by allowing dry air to expand into the 

evacuated tubing, measuring the pressure and tempera­

ture of the gas before and after the expansion. The 

volume of the tubing wae calculated from these data 

using the same type of formula as that given in the des­

crirtion of the determination of the volume of the cell 

system. The volume of VI, V2 and the tubing were:-

V1 = 5~7.S cc. 

V2 = 126.9 cc. 

Tubing = ~3.3 cc. 

Total .... 797.0 cc . T 

The manometer, MIt was similar in construction 

to the manometer, M2, which was described above in the 

sect ion on vapour pressure measurement. 

The bulbs, VI and V2, were immersed in a water 

bath in order to obtain accurately their temperatures. 

Two thermometers were attached to the connecting 

tubing in order to obtain its average temperat.ure. 
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~1e T-shaped section, A, in addition to for~ing 

means of injectinG sulphur dioxide into the cell, 

The vertical portioL TIas so desi~Ded to per~it the 

and T13 were pressure stop-cocks and hence it was 

possible to allow the sulphur dioxide to develoR con-

siderable pressure as it wsr;,-Je d up; this "pressure 

carried it into the cell against any pressure that 

existed there. 

The quantity of water introduced was deter~ined 

by weighing it in a weib~t pipette. 

lc) Calcium Oziie. 

The quantit~7" of calcium oxide introduced was 

determined b-: \.vei;:I~i.:.:.;· it in a covered wei~:hin2' bottle. 
eI '-'" '- -' u 

7. puri fioati on and storage of ~ _2teri:~ls. 

~he aP2aratus for the purification of the sulphur 

di oxide consist ed of four flasks ~-!l' F2, 3'~, ]'4' r.2hese 

could be connected to one another or cut off from one 

another through stop-cocks T8' T9' ~11J' ~1hey couli be 

evacuated through stop-cock T7. The two ~ay stOf-Coc~, 

'1.
111, led on the one hallCt to the- atmos}Jhere thr,JUe)l a 
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tube which proj~cted through the laboratory window, 

and on the other hand to a stock cylinder of SUlphur 

dioxide through a phosphorus pentoxide drying tube, P2' 

~ b) 1,7ater. 

A pyrex distilling £lask, sealed to one of the 

side arms of the cell, was used to purify the water. 

~c) Calcium Oxide~ 

An electric muffle furnace was used in the pre­

paration of the oalcium oxide. It was stored in a 

stoppered weighing bottle in an evacuated desiccatoI 

over phosphorus pentoxide and fused potassium hydrox­

ide. 

8. Auxiliary Devices. 

Three types of vacuum glJ.iL2S v'ere used: water 

vacuum pump, Cenco hyvac pump, and J~anbGrL1..ir mercury 

diffusion pump. The system was so designed that any 

one of these pumps could be used to evacuate any por­

tion of it. 

The water vacuum pump was used for adjusting 

mercury levels in the manometer reservoirs, and the 

mercury seal, and Ior removing as much as possible 

of the sulphur dioxide from the system when it became 

necessary to evacuate it; it was thus possible to 

avoid passing large quantities of it through the hy­

vac pump. 
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The hyvac "pump was used.. wben a more c ClUJ:' lete " 

evacuation of the system was necessary; it was also 

used in conjunction with the LaLoL:lLir diffusion fumP. 

!J.'he Langmuir diffusion pump was of the usual 

type. It Vias capable of :reducinC; the pressure of the 

system to 0.0003 cms. of mercury in about twenty 

minutes. It was use<i for the complete evacuation of 

the system and especially for the evacuation of the 

low pressure arm of each manometer. 

Low pressure measurements were ~ade on a 

b. rough :}~anometer , i"'~3t was found useful as a 

means of giving an approximate measure of pressures, 

especia.lly in the distillation of sUlphur dioxide; 

being open at the bottom, it served as a convenient 

safety valve in the~e distillations whenever the 

pressure became too great. 

A phosphorus pentoxi~e dryin6 tube was used to 

remove traces of water vapour from the system and to 

dry the air that had to be admitted durint:;" volume 

calibration operations. 
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B. ~xperimental_Technique. 

This ~f'art of the experin-.ental section '{·ill 

consist of a description of tt.e experimental methods 

used in carryinc; out tDis v:or.:~ I '.Phis v;ill be di videO-

into two heads: 

1. Preparation and Purification of ~aterials. 

2. Preparation of Solutions, and ~easurements 

made on therE. 

1. Preparation and Purification of :.:aterials. 

la) ~lilptur Dioxide. 

Sulphur Qioxide was procureu in liquid form in 

steel cylinders from the ~iiathes?n Chenical Company. 

It ~as passed slowly over phosphorus pentoxide 

and condelised in the flasL, FI_ bJ surroundiLi it 

with a mixture of acetone and solid ca~bon dioxide. 

~s soon as a sufficient quantity had beeE condensed 

it r:as allowed to \,iJarm up and evapora te. ~he tthead n 

portion was discarded, the middle portion was eon-

densed into the flas::, F 2 , the utail" portion was 

di Bearded. J.'his procedure \' .. as repeated.. twice. 

The final product was free from sulphur trioxide 

and water. It was stored until neede~ in the flask, 

Water was procured from the distilled ~ater 

SUPfily in the laboratory. If the water is allo','Jed to 

run fro~ the tap :t' or a short timet a sa~·~1.f 16 is f,YO-
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-6 cured· having a specific conductivity of about 4xlO . 

This water contained consi~erable amounts of dis-

solved air •• This, if left in the water, would tend 

to come out of solution at the low pressures met with 

during the run, and introduce an error in the vapour 

pressure measurements. 

The air was removed in the following manner: 

g pyrex distilling flask was sealed to one of the 

side arms of the cell, the sample of water was added 

from a weight pipette and the neck of the flask was sec.led 

off. The flask was surrounded with a mixture of 

acetone and carbon dioxide; when the water was frozen 

the flask was evacuated through the cell. stop-cock, 

Tl' was closed and the ice allowed to melt. Under the 

reduced pressure the diBsolvecl gases readily came out 

of solution. The cycle of freezing, evacuation, and 

melting was repeated at least twice, or until no fur-

ther gas was evolved as indicated by readiLg the 

manometer, M2 , 

Considerable difficulty was experienced in 

freezing the ',"/ater"·wi thout breaking the flask. A 

narrow cylindrical flask was used at first, but with 

rather unsatisfactory results. Later a 250 cc. dis­

tilling flask was used and it proved satisfactory if 

the cooling was done in the proper manner. If the 

level of the free zing mixture were sloVJly raised 

about the flask,ice formed in the flask above the 

level of the freezing mixture and when the latter 



- 27 -

was raised, the glass, on being still further cooled, 

contracted, and was broken because it could not comvress 

the ice inside it. If, on the other hand, the level of 

the freezing mixture was brought at the outset to a 

point above the level of the water, the glass was com­

pletely cooled before a.ny appreciable amount of ice had 

formed. In melting the ice, it has been found advis-

able to free the ice from the glass immediately by sur­

rounding the flask for a few minutes with water at about 40°. 

When the gas was completely removed from the water, 

the latter was distilled into the cell. This distil~ 

lation was done slowly and at low temperature by surround­

ing the cell with ice water and maintaining the flask at 

250 to 300 c. 

(c) Calcium Oxide. 

Calcium oxide was prepared from calcium caxbonate 

which was obtained from i.feasrs Eimer and Amend in the 

form of tfclear select" cryst~ls of Iceland spar. The 

crystals were crushed, placed in a platin~ crucible 

and heated in an electric muffle furnace at about 100000. 

for from ten to fifteen days. 

The calcium oxide formed was tested for freedom 

from carbon dioxide in 'two ways In the. first method 

a sample of the calcium oxide was placed c·n a. mtcro­

scope siide and covered with a film of gelatin solu­

tion. A microscope was focussed on the sample and 

a few drops of hydrochloric acid were placed on the 



gelatin. The acid soon diffused throu~t the ~elatin 

to the calcium oxide where it reacted with it; if any 

calcium carbonate were present the acid liberated 

carbon dioxide which was trapped under the gelatin 

and could be seen in the form of a bubble. In the 

second method a sample of the calcium oxide waS dis­

solved in water, concentrated hydrochloric acid was 

added to liberate any carbon dioxide which ~ight be 

present. A few cubic centimeters of chloroform were 

added, and the mixture was heated bently; the vapour 

was bubbled through a saturated solution of barium 

hydroxide. Carbon dioxide is quite insoluble in the 

acid sol.ution used and the bubbles of chloroform 

vapour facilitate its removal from the solution and 

carry it into the barium hydroxide where it forms a 

precipitate of barium carbonate. Care was taken to 

have all reagents free from carbon dioxide and a 

blank was run before each sample was tested. 

Both methods showed that the calcimn oxide was 

entirely free of carbonate. 

2. Preparation of Solutions, and ~easurements ~ade. 

~his secti9ll will cOntain a description of all 

the steps necessary in carrying out a "run". 

In each run, water and calcium oxide were 

placed in the cell and quantities of sUlphur dioxide 

were added; after each addition of ·sulphur dioxide 
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the specific conductivity and vapour pressure of the 

solution were measured at 9°, 10°, 18°, and ·2.5°C t 

The cell was cleaned with nitric acid and 

thoroughly rinsed and dried. It was sealed to the 

apparatus; this could be done without changing the 

volume of t~e cell system appreciably. The cell was 

evacuated and tested for possible leaks; this was 

important because each run extended over such a long 

period t~at even the slightest leak would admit con-

siderable amounts of air. 

The flask for the purification of t~e water 

was clean$d with nitric acid, rinsed, dried, and 

sealed to one arm of the cell. A constriction Was 

made at the point at which the flask waS to be seal-

ed off to pe~mit this bein~ done under reduced pressure. 

~istilled water was added to the flask from a 
?t~ck 

weight pipette and the ~ was sealed off. 

The other side arm of the cell was opened and 

the desired amount of calcium oxide added. This op-

eration was carried out .as quickly as possible to pre­

vent the calcium oxide reacting with the water vapour 

and carbon dioxide of the air. The side arm of the 

flask was sealed off. 

The water was freed of air and distilled into 

the cell as described in the section on purification 

of water. The distillation flask was sealed off. 

The conductivity and vapour pressure of the 

calcium hydroxide solution thus prepared were 
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o 0 measured over the temperature range from 0 to 25 c. 
These measurements form part of a separate invest-

igation in themselves. They will be treated separate-

ly in the discussion. 

When the calcium hydroxide investigation was 

complete, a quantity of sulphur dioxide was added to 

the cell. This was done a£ follows:. The system for 

the measurement of SUlphur dioxide was completely 

evacuated, then flushed two or more times with pure 

SUlphur dioxide from the storage flask. The system 

was filled with sulphur dioxide; several minutes were 

allowed to permit the gas to come to the temperature 

of the surroundings. The pressure of the gas was 

read, the temperature of the bulbs and of tb,e._connect-

in6 tubing w~s read. The bulb of section A was sur-

rounded with a carbon dioxide-acetone mixture and the 

desired amount of SUlphur dioxide was condensed into 

it. stop cocks T12 and T13 were closed and the lique­

fied gas was allowed to warm up. Tl and T13 were 

opened and sulphur dioxide rushed into the cell. This 

process was repeated until all the gas was added. 

stop cock, Tl, was closed, the mercury seal was closed. 

stop cocks T12 and T13 were opened and the temperature 

and pressure of the remaining gas were read as before. 

During the addition the cell was packed in ice 

to increase the solubility of the bas and the solut-ion 

was vigorously stirred to increase the rate of sol-
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ution. 

The temperature was held at 00 and the con­

ductivity, vapour pressure, bath ~d tubing tempera­

tures were recorded at intervals of from fifteen 

minutes to half an hour u~til equilibrium was reached. 

If the conduct~vity did not change during an hour the 

system w~_s regarded as being in equilibrium. The 

temperature W2 .. S then raised to 100 and the measurements 

repeated; the same procedure was followed for l~o and 

250 • 
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c. Type Calculations. 

In this se.ct ion a sample of each of the c81-

Qulations used in determining solution concentr-

stion," specific conductivity and vapour pressure 

will be given. 

As a preliminary to the calculation of the 

quantity of sulphur dioxide introduced, the pressure 

measurements were reduced to centimeters of mercury 

at OOC •. , using the data from the :fInternational 

Critical ~ables", (24). Isothermals for the vari­

ation with pressure of the apparent molecular weight 

of sUlphur dioxide were plotted from the data of 

Cooper and Maass l25). The apparent molecular 

weight of sUlphur dioxide at any pressure and temper-

uture could be read from the~e curves. 

The weight of sulphur dioxide introduced into 

the cell was calculated using the formula: 

where w = the weight in grams of sulphur dioxide 

introduced. 

Pl = the initial pressure of the sulphur dioxide. 

P2 ~ the final pressure of the sUlphur dioxide. 

Ml = the apparent molecular weight of the sUlphur 

dioxide at pressure PI and temperature TI • 
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M2 = the apparent moleoular weight of the sulphur 

dioxide at pressure P2 and temperature, T2 • 

v = the volume of the gas introduct,ion system. 

11 : the gas constant in appropriate units. 

Tl = the average initial temperature of the 

sulphur dioxide. 

T2 • the avera€e final temperature of the sulphur 

dioxide. 

These average temperatures were obtained by aver-

aging the readings of the thermometer in the- bath sur-

rounding the bulbs, VI and V2, and the thermometers 

attached to the connecting tubing,weighting the read­

ings according to the volumes which they represented. 

Oalculations using this oethod were found to check 

calculations in which the bulbs and tubin6 were con-

sidered separately and since the former method is less 

laborious it was used in place of the latter. 

At higher concentrations of sulphur dioxide 

the partial pressure of sulphur dioxide above the 

solu~ion was sufficient to necessitate correcting 

the solution concentration for the quantity of sul-

phur dioxide in the vapour phas~. This was calculated 

from the formula. 

msa 2 

R T 

- T 

.l.4 V 

Where mS u2 ~ the weight of sulphur dioxide in the 

vapour phase. 
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PSU2 - the partial pressure of the sulphur 

dioxide. 

M = the molecular weight of sulphur dioxide 

at that temperature and pressure. 

v = the volume of the cell dead space. 

TI • the gas constent 

T = the average temperature of the dead space. 

The weight of the sulphur dioxide in the solution 

was given 1 ...... "T! • 
... J, • 

Wso - w - mSO 
2 2 

Where WS0
2 = the wei::;ht of sulphur dioxide in solution. 

w - the weight of sulphur dioxide introduced. 

m = the weight of sulphur dioxide in the 
.3°2 

vapour phase. 

Percentage of sUlphur dioxide was biven by: 

~ .. IJO 

in which VVn ,- = the weit(t.t of water. 
.l.::'2 u 

weau = the we i~)~t of calcium oxide 

wSU2 - the viei2;ht of' sulphur dioxid.e. 

The number of moles at' sulphur dioxide VJas 

calculat ed f~rom; 

where D~. = the number of molee of sulphur dio:Y_ide • 
.... u2 
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WS02 = the weight of sulphur dioxide. 

MS0
2 

= the true molecular weight of sulFhur 

dioxide. 

= 64.06 g. 

The number of moles of sulphur dioxide per 

mole of calcium oxiLe was given by: 

n -
f5CaO 

whe::c:'e 11 = the number of IDols of sulphur dioxid~ 

per mol of calcium oxide t 

n
S02 = the number of mols of sUlphur dioxide. 

wCau = the weight of calci urn oxide. 

~. ".. the molecular weigr ... t of calci un: oxide, l.'~Cau = 

= 56.07 

The weight of water was corrected for buoy-

ancy using the formula from "Internationa~ Critical 

'1' a b 1 e S Tt (2 6) : 

!,'there 

mH20 = S + {vm -. vs)d. 

mH20 - the true weight of the water. -
S = the masS of the weights. 

vm = the volume of the water. 

Vs = the volume of the weights. 

d = the density of air. 

~he weight of water was also corrected for the 

amount of water vapour contained in the distillation 

flask when it was sealed off. 
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The total vapour pressure of the solution was 

reduced to centimeters of wercury at oOe. The ca1i-

bration corrections of the scale were also applied. 

Partial pressures of sulphur dioxide were calculated 

by subtracting the vapour pressure of the solution 

of calciUIn hydroxide at that te;uperature from the 

total vapour pressure. 

The specific conductivity was cal(;ulated from 

the formula: 

k = e 
A 

..... ,-.---
lOOO-A 

where k = the specific conductivity. 

C = the cell constant. 

R = the readinb of the resistance box. 

~ = the slide wire :cea<iirg 

r = the lead resista.nce. 
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RESULTS. 

Measurements have been made on saturated solutions 

of calcium hydroxide, and on the three- component system, 

water - calcium oxide - sulphur dioxide. In studying 

this three-component system two different calcium oxide 

concentrations were used. All the measurements made on the 

system for a given calcium oxide concentration constitute 

a "run". In run No. 4 the calcium oxide concentrationr 

was approximately 1 gm. calcium oxide per 100 gm. of 

water + calcium oxide, in run No.9, approximately 2 gro. 

per 100 gm. Run IJo. 9 was done in two parts.· This 

was necessary because of a break in the neck of the cell. 

This break occurred just after the measurements at sulphur 

dioxide concentration 9i had been completed. After re­

pairs had been made and the constants of the cell redeter­

mined, a second solution was prepared having the same con­

centration as the previous one. The calcium oxide con­

centration of this second solution. was within 0.110 of that 

of the first • 

As sulphur dioxide ·was being a~ded to this new solu­

tion, conductivity and vapour pressure measurements were 

made at some of the concentrations at which measurements 

had been made on the first solution. It was found 

possible to check previously obtained values to within 1%. 



These measurements not only served to prove that it was 

quite permissible to do the run in two parts, but also 

served to establish the reproducibility of the data ob­

tained in this work. 

Conductivity and vapour pressure measurements have 

been made on saturated solutions of calcium hydroxide at 

0°, 100 , 19o, and 25°. (In all this work the 0° values 

had to be obtained by making the measurements at 0.10 and 

extrapolating to 00 ). These values are given in Table 1 

and Fig. 2. In addi tion to the experimental data, Table' 

1 also contains certain values which have been calculated 

from them, or found in the literature. Temperatures are 

given in degrees centi€rade, vapour pressures in centi­

.meters of mercury, spec5fic ·conductivities in reciprocal 

ohms. The solubilities given in column four are taken 

from an average curve drawn from values found in the liter­

ature; this curve will be tree.ted in greater detail in 

the discussion. A~ , the equivalent conductivity at 

a given concentration, was calculated from the specific 

conductivities and the concentrations as g~ven by the 

solubilities. AD ' the equivalent conductivity at 

infinite dilution, was calculated from the data of 

Kohlrausch for the mobility, and temperature coefficient 

of mobility, of calcium and hydroxyl ions. 

OI diSSOCiation, is given by the ratio of 

0{ , tr..e degree 

Ae. to Ao 
K, tte dissociation constant, was calculated from 
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E'a +~ [OR -J 2 
K = 

fa (OH)~ 
= ~T 

2 1'12 oc. 0£. 

N ( 1 -t)() 

= ((3 ".,.2 
~I 

1 -fA 

where oC is t~e degree of dissociation, 

N is the normality as found from the solubility_ 

The data obtained in run No. lt are given;' in tables 

2, 3, 4, and 5 and graphically in figures 3 and 4, the 

data for run No. 9 i~ tables 6, 7, ~ and 9 and i~ figures 

5 and 6. 

I~ the tables the concentration of sulphur dioxide 

is expressed in two different ways; in column 2 it is ex­

pressed as the ratio of the number of molecules of sulphur 

dioxide to the number of molecules of calcium oxide; in 

column 3 it is expressed as per cent, i.e. grams. of sulphur 

dioxide per l?O grams of water + calci'~ oxide + sulphur 

dioxide. At higher concentrations of sulphur dioxide a 

correction had to be made for the amount of the gas which 

was in the vapour phase. p; the total vapour pressure of 

the sol~tion, and PSO·2.' th·e partial vapour pressuresof the 
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sulphur dioxide, are given in centimeters of mercury. Pso2 

wa.s calculated from p by substracting the vapour pressure 

of t·he saturated calcium hydroxide solution from the values 

fOU!ld for Pi this 1'!letnod is not rigorous, especially at the 

higher sulphur dioxide concentrations, because the partial 

pressure of water above such solutions will be less than the 

vapour pressure of water over a saturated calcium hydroxide 

solution. The error thus introduced is small enough to be 

neglected in this work. 
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TABLE 2. 

Run No. 4 - 0° c. 
SO Cone. 

k x 102 No. Mol~sl11oIe ~ 

~ 0.0 0.0 0·5[15 

4(a) 0.084- 0.099 O.5~6 

4(b) 0·511 0.600 0.566 

4-(e) 0.791 0.934- 0.540 

~(d) 0.900 1,053 0.200 

4(e) 0.951 1 112 O.Ollt 

~(f) 1.000 1 169 0.085 

4(g) 1.107 1 294- o 22S 

It(h) 1·37g 1 604 0·535 
4(1) 1.947 2 252 1 062 

It(j) 2.0B4 2.1+04 ~.159 

4(k) 2.365 2.722 1.299 

4(1) 2·770 3 172 1.479 

4(m) 3.~46 4.351 1·939 

!ten) 7.782 ~.430 3·25S 

Weight of water = 111.642 g_ 

Weic;ht of calcium oxide = 1.16~ g. 

p,ems pso2' ems 

0.47 6.0 

0.47 0.0 

0.47 0.0 

0.47 0.0 

o. L~7 0.0 

o.4~ o 01 

0 •. 54 0.07 

0·5~ 0.11 

0·75 0.2~ 

1.24 0·77 

1 54 1.07 

254 2.07 

4.13 3. 66 

~·52 ~.05 

25·16 2lt.69 
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TABLE 3. 

Run No. 4 - 100 0. 

802 Oone. 
No. Mo1es7Uole a ;0 k x 10c 

4- 0.0 0.0 0.720 

!tea) 0.0~4 0.099 0.709 

4(b} 0.511 0.600 0-692 

4(c) 0·791 0.934 0.66~ 

I+(d) 0.900 1.053 0.257 

I+(e) 0.951 1.112 0019 

4(f) 1.000 1.169 0.116 

4(g) 1.107 1.294 0.307 

4(h) 1.378 1.604 0.717 

4(1) 1.947 2.252 1 40lt 

4( j) 2.o~4 2.404 1.529 

4(k) 2.365 2.722 1.6g1 

4(1) 2.770 3·172 1.~7~ 

l+(m} 3·~3~ 4.343 2·35~ 

It(m) 7.767 ~.407 3.699 

\Veight of water = III 642 g. 

1.168 g. Weight of calcium oxide = 

p,cms. Pso~ (::~:s. 

-, 

0.94 0.0 

0.93 0.0 

0.94 0.0 

0.9~ 0.0 

0.95 0.01 

0.96 0.02 

1.02 O.Of1 

1.07 0.13 

1 25 0·31 

2.0~ 1.14 

2·39 1.45 

4.00 3 06 

6.53 5 59 

13,:=,45 12·51 

39.25 3~·31 
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TABLE 4. 

Run No. 4- - l~o c. 

802 Conc. 

No. Moles/Mole % k x 102 p,cms. Pso2 ems. 
, 

4 0.0 0.0 0.799 1·55 0.0 

4(a) 0:084 0.099 0.791 1_ 5.6 0.01 

4(b) 0.511 0.600 0·7~3 1·56 0.01 

4(c) 0.791 0.934 0.753 1.56 0.01 

!ted) 0.900 1.053 0·307 1·56 0.01 

4(e) 0.951 1.112 0.021 1·57 0.02 

4(f) 1.000 1.169 0.14-2 1.64 o 09 

4{g) 1.107 1.294 0·375 1.72 0.17 

It(h) 1·37g 1.604 0·g71 1.91 0.36 

4(1) 1.947 2.252 1.6~g 3.16 1.61 

4(j) 2-0g4 2.1tolt 1.g52 3.44 1.~9 

4(k) 2 365 2 722 2.004 5.64 4.09 

4(1) 2,757 3·157 2 202 9 .. 19 7·,,64 

4(m) 3 ~30 4 334- 2 655 1~. 71 17 16 

4(n) 7.732 g·3g2 4.003 54.11 52.56 

Weight of water = 111.642 g. 

Weight of calcium oxide = 1.168 g. 
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TABLE 5. 

Run No.4 - 25°. 

SO~Conc. 

No. Moles/Mole A k x 102 p,cms. p ems" ~,~ 
So ,-. 

c..' 

4- 0.0 0.0 o.g~6 
~ 

2,37 0.0 

!tea) 0.og4 0.099 O·~51 2·3~ 0.01 

1t-(b) 0·511 0.600 o.g~ 2·37 0.00 

4( oJ 0.791 0.931t- o gIlt 2·37 0.00 

4(d) 0.900 1.053 o 355 2·37 0.00 

4(e) 0.951 1.112 0,,024- 2·37 0,::,00 
i 

4(f) 1.000 1.169 o 165 2.40 0.03 

4(g) 1.107 1.294 0_437 2.52 0.15 

4(h) 1.378 1.604 1 022 2 76 0·39 

4( i) 1.947 2.252 1-,936 4- 53 2.16 

4(j) 2.0~4 2.404 2 149 4.64- 2:,27 
• 

4(k) 2.365 2.722 2 305 7·55 5·18 

4(1) 2.754- 3. 1 55 2.473 1215 9,-·7g 

Item) 3·~22 It.326 2 930 21+.44 22.07 

!ten) 7.707 ~.344 4.213 69.79 67.42 

Weight of water = 111.642 g. 

Weight of calcium oxide = 1,.168 g. 
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TABLE 6. 

Run No. 9 - oOe 

802 Cone. 

No. Moles/Mole % k x 102 p,cms Peo cms. 
2, 

9 0.0 0-0 O·5~5 0.47 6.0 

9(a) 0.203 0.452 0.581 ·0.46 0.0 

9(b) 0.793 1.742 0·563 o 47 0.0 

9(c} O.~g6 1.941 O.41~ 0.47 0.0 

9(d) 0.929 2.034- 0.126 0.46 o 0 

9( e) 0.965 2.111 0.060 0.46 0.0 

9(f) 1.15~ 2.523 0.1:)12 ,., 0·57 0.10 

9( g) 1.664 3·557 1·32g 1.29 0.~2 

9(h) 1 959 4-.~ 195 1.674- 2.06 1·59 

9(i) 2 060 4.,401 1·7?3f5 2.25 1.7~ 

9(j) 2.295 4.g9g , 0°7 ..... :J,J 3.67 3·29 

9(k) 2·9~1 6 271 2·355 9·5~ 9.11 

9(1) 3·779 7.g14 2.730 16.61 16.14 

9(m) 5. 116 10.29 3.260 2~·3g 27.91 

Weight of water - 109.622 g. 

Weight of calcium oxide = 2.1g~ g 
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TABLE 7. 

Run No. 9 - 10° C. 

802 Cone. 

No. Moles/Mole % p, ems. Pso ems. 
2, 

9 0.0 0.0 o 720 0.94 0.0 

9( a) 0.203 0.452 0·711 0.92 0.0 

9(b) 0.793 1.742 0.692 0.94- 0.0 

9(c) O.3~6 1.941 0·523 0.94 0.0 

9(d) 0.929 2.034 O.lCC 0.91+ 0.0 

9( e) 0.965 2.111 0.0~1 0.94- 0.0 

9(f) 1.15B 2. 521-!- O.6~l.J. 1.O~ 0.14 

9(g) 1.664- 3·557 1.751 2.17 1.23 

9(h) 1.959 4.195 2.210 3·32 2 -.,-,( 
.)~ 

9(i) 2.060 4-.401 2.362 3. 64 2.70 

9(j) 2.295 It.~93 2 606 5·7~ 4.~4 

9(k) 2.976 6.262 2.965 15·00 14.06 

9(1) 3 773 7 gOl 3·31t3 25·7g 24.84 

9(m) 5·103 10.26 3·~75 43.~9 !J.2.95 

Weight of water = 109.622 g~ 

Weight of calcium oxide - 2.1~8 g. 
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TABLE g, 

902 Cone. 

No ". 1 I". 1 <r 
.... J.O eSI J-l_O e /,0 

9 0.0 0.0 

9(a) 0. 203 0.452 

9(b) 0.793 1.742 

9(0) o ~~6 . - .. - 1.941 

9( d) 0.929 2.031+ 

9(e) 0.965 2.111 

9(f) 1.15~ 2.524 

9(g) 1.6s4- 3·557 

9(h) 1.959 4.195 

9(1) 2'.060 4.4-01 

9(j) 2 295 4.~98 

9(k) 2.972 6.253 

9(1) 3·761+ 7.780 

9(m) 5·0~9 10.23 

Weight 0: water = 
Weight of calcium oxide = 

k x 102 

0.799 

.0. 794-

0.780 

0.621 

O.lg9 

0 .. 099 

O·~32 

2.122 

2.655 

2.855 

3 083 

3.466 

3, ~13 

4.335 

109.622 g. 

2.1~~ g. 

p,cms. 

1·55 
1 ;~ .) ,-, 

1.r:;6 
,./ 

1.56 

1·55 

1.56 

1.7g 

3·1a 

4.76 

5·21 

g.12 

20.77 

35. 49 

60.11 

Psa ems. 
2, 

0.0 

0.01 

0.01 

0.01 

0.0 

0.01 

0.23 

1.63 

3·21 

3.66 

6·57 

19.22 

33.94-

5g·56 
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TABLE 9. 

Run no. 9 - 250 

802 Conca 

No. Moles/Mole· % 

9 0.0 0.0 0·~56 

9( a) 0.203 0·452 0·g54 

9(b) 0·793 1.742 O·g56 

9(c) 0.g~6 1.94-1 0.695 

9(d) 0.929 2.6314- 0.21g 

9(e) 0.965 2.111 0.116 

9(f) 1.15~ 2.524 0.967 

9(g) 1.664 3·557 2.453 

9(h) 1.959 4.195 3. 094 

9(1) 2060 4 ... 401 3· 2g9 

9(j) 2 295 4.g9~ 3·5g7 

9(k) 2 967 6.21+2 3·913 

9(1) 3·755 7.764 4.250 

9(m) 5. 075 . 10 •. 21 4.713 

Weight of water = 109.622 g. 

Weight of calcium oxide - 2,,18g g .. 

p,cms. p ems. 
s02, 

2 37 0.0 

2·3~ 0.01 

2·3~ -0.01 

2·3g 0.01 
2 ~-, .;! 0.0 

2·3g 0.01 

2.70 0·33 

4.47 2.10 

6.J:)0 .., 4,,13 

7.07 1+.70 

10·72 ~·35 

27.11 24-.71+ 

45.91 43.54 

76.92 7l!.. 55 



-

l 
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It has been menti.oned in the introduction that G.vr. 

Gurd has carried out in this laboratory an investigation 

of the systems calcium oxide - wate~ and calcium oxide -

sulphur dioxide - water. His work was done at tempera- . 

tures from 25°0 up to about 130°0, consequently it is 

possible to compare his va~ues at 25° with those obtained 

at 250 in the present work. Thi s has been done, and the 

comparative data are presented in Table 10. 

In preparing this table, Gurd's values were ta1{en 

from the tables presented in his thesis(27),and the values 

for conducti'vity and partial pressure of sulphur dioxide 

found in the present work were picked off curves. 

It should be borne ir mind that calcium oxide con-

centrations used in the two cases are not precisely equal, 

however they are nearly enough equaJ. to permit some com-

parisons to be made 

In the case of the conductivity values the agreement 

between the data from the two sources is very good. The 

value given by Gurd for the 1% solution at sulphur dioxide 

concentration 0.789 moles per mole is very much lower than 

the value obtained in the present work; however Gurd points 

out why it is probably in error. This is borne out by the 
\ 

fact that the writer has found it quite difficult to be 

certain of equilibrium at, and ne.~, that sulphur dioxide 

concentration. Agreement between values for the partial 
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TABLE 10. 

Comparison of Data of Gurd and Grieve at 25°. 

A. 

Calcium oxide concentration: Gurd - 1.Ol5,~ 

Grieve - 1.05~ 

8°2 k x 102 k x 102 Pso 
cms. 

2, 
Lolee/Mole ( Gurd) (Grieve) ( Gurd) 

0.00 0.S50 O·~56 0.00 

0.184- O.glO 0·~50 0.2 

0.271 0.77~ 0.850 0.2 

0.7~9 (0.350) 0-~10 (0.7) 

1·519 1.430 1.280 3·7 

3·023 2 ~10 
./ 2.594- 15·9 

5. 0 32 3-290 3·380 3g·5 

B. 

Calcium oxide concentrations: Gurd - 2 O~~:~. 
• -."l 1'-' 

Grieve - 1.956% 

8°2 k x 102 k x 102 
P eo cms. 

2, 
Moles/Mole (Gurd) (Grieve) (Gurd) 

0.0 .0.850 0·~56 o 0 

0.527 0.~33 0.350 0.4-

1.04g 0.494 0·520 0.7 

1.291 1.410 1.430 1·9 

2.271 3.531 3·575 12·5 

3.01g 4.107 3",934 31.0 

4.022 4.463 4.350 57·5 

p ems. 
802 , 
(Grieve) 

0.0 

0.0 

0.0 

0.0 

0.6 

12 6 

35·f) 

Pea 
2, 

ems. 

(Grieve) 

0.0 

0.0 

0.1 

0·5 

g.O 

25·8 

49.6 
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pressures of sulphur dioxide is not so good, however there 

is reason to believe that the values obtained in t1:e 

pres.ent work are the more reliable; the manometer used 

by Gurd was designed to measure vapour pressures up to 

six or seven atmospheres, and consequently could not make 

precise measurements at lower pressures 
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In this diagram solid Ca{OH)2' solid Ca~o3 2H20 and 

gaseous 902 are_ distinguished from the materials in solution 

by being placed in square brackets. All the other formulae 

represent substances which are in equilibrium in solution. 

The section enclosed by the dotted line contains all the 

equilibria which will have a measureable effect upon the 

properties of the system, until sulphur dioxide has been 

added in such amounts as to exceed approximately one mole 

·per mole of lime. 

A glance at the diagram will show that the three-

component system contains very many equilibria. In order 

to study the system properly all theee equilibria must be 

evaluated; it is obvious that this must be done in steps 

and that has been the method of attack used i1:. the general 

investigation which is being carried out in this laboratory. 

So far equilibria Nos. 1, 2, and 9 have been studied 

by Maass and Haass(l), Campbell and Uaass(2) and finally 

by Horgan and 21aass(3).· Equilibrium No.4, the formation 

of wat er from Hand OH ions has long been well establi shed. 

Equilibrium Ho 5, the solubility of calcium hydroxide 

has been determined by a number of different investtgators • 
• 

There is a certain amount of disagreement amongst the values 

obtained, but since it was necessary to k~o'~t the solub';lity 

of calcium hydroxide in order to evaluate equilibrium No.6, 

an average value was used. 
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Zqrt:':_ibxium :;0. 6, the ioniza.-:ion of t~l$ dissol"f.red 

c~cium hydroxide can be wor'red out thoroughly - the ac­

curacy of the values obtained be::ng limited by the pre-

cision of the measurements; of "t~.C8~, t~e vS-:.1.les for the 

solubilities are the least precise The treatment of 

equ~libria Nos. 5 and 6 wil~ be discussed i!'.: greater de-

tail in t~e section devoted to t~e discussion of t~e 

calciuJn hydroxide-water system .. 

Equilibrium No ~,the Solubility of Calcium SuJpt'.:te 

has been studied by several investigators. As in the 

case of the cr .. :cium hydroxide, No. ~ is r..ecessary to evalu-

ate No.7, the iO!1izatton of the dissolved calciu.'!l 8ulpr..~"te. 

Th i ' ~ b ~ '!I. T -:0 -, <")( 10 . , .,. di i e equ ..J... ... rl.a ... cs. ), i, ~,. Wl.LJ.. oe scussel more 

:"J.lly in the section on the three component system \~;ater -

calcium oxide - sulphur dioxide. 

b. The System Calcium Oxide-water. 

The equilibr:a existing in the system water - calcium 

oxide are represented by :T08. 5 and 6 in the chart In 

addition, of course, there is the reaction of calcium oxide 

Y:it~ water to form calcium hydroxide, but since that re-

action goes to completion immediately it requtres no ':"I';l~tl:er 

discussion here. 

Equilibritlr No.5, the solubility of calcium hydroxide, 

has been determined a number of times but there is some 
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disagreement amongst the- values obtained. T-hie disagree­

ment is most pronounced from 0° to about 30°, from 300 to 

about 1000 agreement is fair; above 1000 very few deter-

minations have been made. An average value for the solu-

bility over the whole temperature range was obtained 'by 

plott ing the values of :raben( 8), Lamy( 9), Her zf eId( 10) , 

Guthric{ll), Moody(12), Haslam, Calingaert and Taylor(13), 

and :.~il10r and ",1itt(7)·. These values were plotted on a 

large scale on a single grap1:, and an average curve was 

drawn through these points; in drawing this curve, con­

sideration was given to any agreement existing between the 

values fron: two or more sources, and to the temperature 

range, and continuity of a given investigation. 

obtained fro~ this curve are contained in Table 11, a re­

production of tte curve is given in figure 7, in which 

the continuous curve represents the solubiJ.1.ty as deter-­

mined above. The broken line represents certain calculated 

solubility values, the source of which will be discussed 

later. 

The s~udy of equilibri1xm No 6, forms a part of the 

p-resent work. Using the average values obtained for the 

sol~bility of calcium hydroxide, the nor~1ality of a saturated 

solution can be calculated for any temperature. These, 

with the specific conductivities wLich have been measured, 

make it possible to calculate the equivalent conductivity 



- 62 -

TABLE No. 11. 

Solubility of .Calcium Hydroxide as Obtained from an 

Average Curve. 

tOe gms. CaO/I. soln. 

0 1·351 

10 1 ~22 ./ 

19 1.272 

25 1.207 

30 1.156 

40 1.056 

50 0.95~ 

60 0.~60 

70 0.764-

~o o.6g0 

90 0.620 

100 0·57g 



-+ 

80 /00 
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of a solution which is saturated at a given temperature. 

From this value, and the equivalent conductivity at 

infinite dilution at that temperature, the degree of dis­

sociation was calculated, and it, with the solubility, gave 

the dissociation constant. All these values are listed 

in Table 1 

If these values of the dissoci~tion constant are 

plotted against temperature, as in figure ~, we get the 

curve shown by the continuous lin~ which has been drawn 

from 00 to about 340 (the latter part of ttis curve is an 
. 0 

extrapolation from 25 .). On the other hand, the values 

obtained for K by G~rd(27) (see table 12), when plotted 

on the same graph, 6ive the straight line extending from 

37° to about 100°. Such an abrupt change of form in a 

TABLE 12. 

Dissociation Constant for Saturated Calcium Hydroxide 

Solutions. (Data due to Gurd) 

tOC. K x 103• 

37 2·91 

50 2.43 

60 2.06 

70 1.70 

~O 1·33 

90 0.93 

100 O·5~ 



- -

I 
t 
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dissociation constant-temperature curve, without a corres­

ponding abrupt change in composition, or in some other 

variable in the system, is unusual. Since K is calcu­

lated from two sets of data: specific conductivities and con­

centrations, as given by solubilities, it is necessary to 

look to one or other of these sources in seeking reas'ons for 

this break in the CLrrve. In so far as conductivities are 

concerned, at 25°, the only point at which cIirect comparison 

can be made, our":;" values for specific conductivity agree to 

within O.~~ and in addition when plotted .against temp~ratur~ 

our two curves fit together very satisfactorily, hence there 

1s nc break in the conductivity data. When we consider 

solubilities we find, as has been pointed out above, that 

the agreement amongst various determinations is reasonably 

good from 300 or 35° to about 1000 and 'that probably, there­

fore, the solubility curve as drawn is a fairly correct re­

presentation of the true values in this temperature ra..'1ge. 

If we assume that over this temperature range we have 

the true values for the solubility, and that K, when plotted 

against temperature, should continue to give a curve that 

has the same shape below 37° as it has above that tempera­

ture, then we are justified in extrapolating K to 0°, read­

ing values for K from this curve and, from them, calculating 

the solubility that would be necessary to give these values 

for K. The extrapolation of K is represented by a dotted 

line in Figure~. The values taken from this extrapolation 

are given in colu~ 2 of table 13, along with the values 



TABLE 13. 

Calculated Solubilities of Calcium Hydroxide. 

solubility, 

tOO. Ke x 103 k x 103 Ao 
calculated, 

gms Can/l.soln. 

0 4.29 5·[15 1"- 9 ~';"') . 1·55 

10 3.92 7.20 1~9.9 1.45 

l~ 3 .62 7.99 225. 0 1 .. 3~ 

25 3.36 ~·56 255.~ 1 25 

for the solubility which were calculated from these values 

for K. These solubilities are plotted as a dotted line 

i!1 figure 7. It is believed that these values are more 

nearly correct than those obtained from the average of the 

literature and the following paragraphs will contain confir-

mation of this •. 

G.Vl.GUl'd(30) has obtained data by means of which it 

is possible to determine," indirectly, the solubility of 

calciu~ hydroxide. The method is as follows: The specific 

conductivity of unsaturated solutions of calcium hydroxide, 

whose concentration is known, is measured over a range of 

temperature; the values obtained at a g1.ven temperature for 

a series of solutions of different concentrations are 

plotted against concentration. A curve is drawn through 

these. points and extrapolated until it cuts a straight Ii n e 
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drawn parallel to the concentration axis,'and-through the 

conductivity of ~ saturated solution for that temperature. 

The concentration at the point of intersection gives the 

solubility at that temperature. 

Gurd has obtained data for two different calcium oxide 

concentrations. These, 'toi th the origin, give a series 

of isothermal curves whicb are slightly concave toward the 

concentration axis. The values obtained by extrapolating 

these curves are given in column 2 of table 14. If one 

assumes that the upper portions of these curves should be 

straight lines instead of curves, and that the curvature 

-should occur only at lower concentrat ions, the values in 

column 3 can be obtained by drawing a straight line through 

the two points for which data are available, Column 4 

contains the values of the solubility which were calcu-

lated from the extrapolated dissociation constant cu.rve; 

column 5 c·ontalns the average of the data from the literature. 

A comparison of these values shows t::at the calc~llated 

values are probably more nearly correct than are the average 

values of the literature, because the values obtair:ed by 

the straight line extrapolation of the conductivity-con­

centration curves probably gives the lotver li:r~::' t of the 

solubility values. (If the true values were any lower 

the conductivity-concentration curve would have to be 

S-shaped, which is unlikely.) It is probable that. the true 

values lie between the values obtained from a stratghtline 
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extrapolation and those obtained by the extr~polation of a 

curve, in which case the calculated values must be very 

nearly correct. 

TABLE lit. 

Compari sion of Values for Solubili ty of Cae 

tOC. Curve St.Line Calculated Ave. Curve 

00 1.66 gros/1 1.45 gros/l 1.55 gms/1 1·35 gros/l 

10° 1·57 II 1·39 " 1.45 It 1.32 

13° 1.43 " 1.30 If 1.34 It 1.27 

25° 1.25 II 1.22 It 1 25 " 1.21 

Since values ·obtained from the literature- for the 

solubility of calcium hydroxide differ as th"ey do, it can 

be seen that there may be a reason for this disagreement, 

a reason which would indicat e not only why the values o'b"= 

tained could vary, but also, would indicate why the values 

obtained would be lower than the true value. In measuring 

solubilities of a substance which is more soluble at low, 

than at high, temperatures, the sample of solution which 

is taken for ana~ys1s must not be allcwedto warm up, or 

solute will immediately precipitate; if this happens, a 

variable error is introduced, and the values ob"tained will 

always be low. It has not been possible to determine 

whether the technique used in all cases has been such as 

to avoid the possibility of this error, because several of 

II 

It 

II 
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the original papers have been inaccessible. However, 

the assumption~ on which the calculated solubilities are 

based appear to be justifiable and if they are, then the 

solubilities as calculated should represent the true 

values more nearly than do the average of the data avail­

able in the Ii -: erature. 

c. The Three Component System H20-CaO-S02-

The data obtained for the three component system 

will be considered in four sections, as follows: first~ 

the system up to the point at ·w~:.ich all the solid calcium 

hydroxide has dissolved; second, the .data obtaj~ned at and 

near 1 mole of sulphur dioxide per mole of lime, with 

special reference to the minimum in the conductivity curve; 

third, the data obtained at sulphur dioxide concentrations 

between 1 mole and 2 :Joles per mole of lime; and fourth, 

that data obtained above 2 moles of sulphur dioxide ner 

mole of lime. 

In studying the three component system, a suspension 

of calcium hydroxide in water was taken as the point of. 

departure. In this suspension equilibria F.os. 5 and 6 

had been established. To thie suspension sulphur dioxi-de 

was added; as soon as a small amount had been added, equi­

libria 1, 2, 3, 4 and 7 established themseIves. When 

suffic~ent calcium suI::tite had been formed to exceed its 

solubility, solid calcium sulphi t e was precipi tat ed and 
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equil-1brium No. g wa.s established. The solubility of 

calcium sulphite is reached very quickly because its value 

is, so small; accordinf to the work of Bain( 29) and of van 

der ~inden( l~ ) it is of the ord_er of 0.06 gm. per litre. 

This amount of calcium sulphite is approximately equivalent 

to the amount of sulphur dioxide wl-~ich, when expr'essed on a 

basis of moles of sulphur dioxide per mole of lime, woulci be 

given by 0.003 moles per mole i~ the case of the l)!; calcium 

oxide system and 0.0015 in the case of the 2% system. 

From these figures it can be seen that the system is 

saturated with calcium sulphite as soon as the first trace 

of sulphur dioxide is added. The addition of more sulphur 

dioxide now serves to increase the amount of sol i~l calcium 

sulphite present; this is accomplished by a correspondi't}g 

decrease in the runount of solid calcium hydroxide. It is 

to be noted that the solution is at Hl1 times saturated 

with respect to both calcium hydroxide and calcium sulpl-',ite. 

So long as this condition obtains, the addition of sulphur 

dioxide to the system should-cause no change in the proper-

ties of the soluti~~. T~i8 is found to be true of the 

vapour pressure of the solution, which remains constant, 

with the partial pressure of sulphue dioxide equal to zero. 

As for the specific conduct~vity, it can be demonstrated 

that it should remain constant:- Consider the following 

reaction:-



-,-- () --

a c b d 

where 'a, b, etc. represent the concentrations of the re-

actants and products in gram moles per liter. 

Also the ionizations of these substances: 

rEa( OH)F Ca( OH) 2 < > 
Ca++ + 20Ir 

a e h 

@.aso~< CaS03 ..:::::: Ca++ 8°3 + , ,. 
b e f 

,........ ...::::: 2g+ 8°2 4 => H2S03 + 8°3 7 

c g f 

2 H2O 
..:: 

7 
2H+ + 20H 

d g h 

with the small letters, as before, representing concen-

trations. It is possible to express the equil jbrium 

constant for each of ttese react~ons as follo~8: 

a c 

b d 

b 

e f 

= (1)' 

= ( 2) 

= 

= ( 4) 
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I~ addition to these, since all these equilibria 

exist in the one solution, and since t::e r:ur.1ber of 

position ions in that solution must be equivalent to 

the number of negative ions, we may set up another 

equation: 

2e + g = h + 2f. 

If we substitute in (6) for e from (2), for g 

from (5) ~d for f from (3) we get: 

2 a + d = h + 2 
b 

substituting in (7) for e from (2) 

2 
a 

+ d = h + 2 ---
ab 
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K5, the dissociation constant of water, will be very 
. 

much larger tha"1 any of the other equilibrium constants, 

consequently the second term of equation (~) will be very 

small and m~y be neglected entirely. In addition, a, the 

solubility of calcium hydroxide is small and b, the solu­

bility of calcium sulphite is very much smaller than a. 

According to Bain(29) and van der Linden(16) b is only about 

five per cent of a, consequently the last term in equation 

(g) will also be small and maybe neglected. 

two approximations (~) reduces to 

h 

= 
Substituting for K2 from (2) 

therefore 2 e = h 

3y making these 

Since by making use of these two approximations, 

equation (6) has been reduced to one containing only terms 

which are due to the calcium hydroxide, then to a first ap­

proximation the conductivity should. be -due entirely to the 

calcium hydroxide, end should remain constant as long as 

solid calcium hydroxide is present. Instead of remaining-

constant, there is a slight decrease in the conductivity as 

sulphur dioxide is added. This falling off is probably 

due to the fact that the calcium hydroxide wae no# reaching 
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complete equilibrium with the solution. It has been· 

found that with both solid phases. present, true equilibrium 

is reach-ed very slowly in this system; it has also been 

found that it is possible to reach an apparent equilibrium 

value, as shown by constancy of conductivity, without ever 

reaching the true value. These "two facts have caused a 

great deal of diff::culty in the handling of this system. 

As has been pointed out above, improved stirring has eliminated 

most of the trouble. 

AS more sulphur dioxide is added to the system, t-he 

solid calcium hydroxide is eventually completely used up. 

At the point at which the last trace of solid calcium hydroxide 

disappears, the solution is saturated with calcium hydroxide, 

saturated wlth calcium sulphite, with a large excess of 

solid calcium sulphite present. When sulphur dioxide is 

added to the syst em at th~_ s point it react s with the calc ium 

hydroxide to form calcium sulphite but since there is no 

longer any solid calcium hydroxide present, it can no longer 

be replaced from tha.t source, consequently the concentration 

of calcium hydroxide is decreased as sulphur dioxide is 

added. The concentration of calcium sulphite, of course, 

remains constant. 

This decrease in the calcium hydroxide concentration 

causes a very pronounced decrease in the specific conductivity 

of the solution. A saturated solution of calcium hydroxide 

will have a much higher conductivity than one saturated witt 
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calcium sulp~ite, because, first, calcium hydroxide is 

roughly twenty times as soluble as calcium sulphite, and 

consequently furnishes many more ions than does the 

calcium sulphite, and, second, one of its ions is hydroxyl, 

which has a ~ch greater mobility than either calcium or 

sulphite ion. (The m~bility of sulptite' ion is not avail­

able, but assuming that it ha.s the same mobility as ethers 

of its type, its mobility will be of the same order of magni­

tude as that of the calcium ion.) As sulphur dioxide is 

added, the conductivity of the solution drops to the value of 

the conductivity of a saturated solution of calcium sulphite; 

this is very nearly zero because of the slis~t Bolubiiity 

of calciu~ sulphite and the. low mobility of its ions. The 

value of the conductivity reached at this point is of the 

same order of magnitude as the value which can be calculated 

for the specific conductivity, using the solubility date of 

Bain(29) or of van der Linden(lb), the mobility of 't~e cal­

cion ion(2g), aS8uY~~_ng a reasonable value for the mo'ttlity 

of the sulphite ion, and assuming cOYrlplete dissoclation. 

The minimum in the oonductivity-sulphur dioxide con­

centration curve, when the latter 1s expressed as moles of 

sulphur dioxide per mole of lime, occurs at a molal ratio 

of 0.95 or 0 96 to 1 It W2_S at first expected that this 

minimum would occur at the point where Bulphur dioxide and 

lime were present in equi-molecular proportions; when it 

did not, all the constants of the apparatus were checked 
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to discover any errors of calibration; no errors were 

found. The value 0.95 - 0 96 to 1 has been obtained on 

three different occasions. In run No.4, the minimum, 

as found by extrapolation, is at 0.95 moles of sulphur 

dioxide to 1 mole of calcium oxide. Simila.rly with the fir st 

solution used in obtaining the data of run 1'10. 9, the mi~1-

mum was found to occur at a sulphur dioxide concentration 

of 0095 moles to 1 mole of lime. The preparation of a 

second solution to complete run No.9, which was interrupted 

by a break in the cell, afforded an additional opportunity 

to determine the exact point at which the L"_inimum occurred. 

On this occasion sulphur dioxide was added in small amounts 

as the minimum was approached. The solution was thoroughly 

stirred during and after each addition, and the. conductivity 

was measured after each addition. By making very minute 

additions it W8.S possible to obtain a fairly precise evaluation 

of the concentration at which the minimum occurred. By 

this method it was found to be at 0.962 moles pel' mole, ! 

0.006 moles per mole. 

In addition to this, measurements were made at exactly 

1 mole of sulphur dioxide per mole of lime; this solution 

'lias stirred, at constant" temperature, for eleven hours 1:1 an 

endeavour to find out if any small particles of-solid cal­

cium hydroxide were present but coated with calcium sulphite, 

thus preventing the hydroxide from dissolving (such a con­

dition would account for the minimum at concentrations of 
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been stirred for long periods, not only at that concen­

tration, but also at 1 mole per mole, without changing the 

values obtained for conductivity or vapour pressure, ~nd 

last, the calcium hydroxide was very fine and should have 

reached equilibrium with its solution very quickly. In 

view of this the writer feels justified in assu.ming that 

the value obt ained for the concentrat ion at which the ~r1i~i­

nlllm occurs in the conductivity curve is the correct one, 

and that its deviation from 1 mole per mole is due to 

equilibria existing in the solution and not to any experime~­

tal error in preparing or handling the'materials. 

Considerable space has been devoted to this point, 

because, in the first place, the results were scarcely ex­

pected, and, in the second place no explanation whic~ is en­

tirely satisfactory suggests itself to account for the 

results. 

The equilibra existing at, and near, one mole per mole 

can be regarded as those equilibria which would exist in a 

Suspension of calcium sulplilte to which small amounts of 

calcium hydroxide or sulphur dioxide are added, depending 

on whether ore is considering conditions at 1 mole of 

sulphur dioxide per mole of lime, or at slightly less, or 

at slightly more than this. 

I'D the saturat ed solut ion of calciurp. sulphite, which 

will be present in such a suspension, the dissolved calcium 

sulphite may be hydrolysed. Let us assume that it hydro-
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lyses as follows: 

2 Ca S03 + 2H20 ~ Ca(HS03)2. + Oa(OH)2. 

Such a hydrolysis would account for the fact that the con-

ductivity at 1 mole per mole is higher than would be expected 

for a saturated solution of calcium sulphite, but if calcium 

hydroxide were added to ~~ch an equilibrium, the conductivity 

of the system would probably decrease, because of the reversal 

of the reaction shown above, but this decrease would not be 

sharp because there would always be an excess of calcium 

hydroxide which, bec~use of the high mobility of the hydroxyl 

ion, would prevent the conductivity from dropping as sharply 

or to 9.S Iowa value as is the case in the results obtained 

in this work. Therefore such a hydrolysis seems Qnlikely. 

Another type of hydrolysis \71:ich might occur in a 

solution of calcium sulphite is 

CaSo
3 Jt 

Ca++ 

+ 

S03 

If· one or other 

+ 

+ 

of 

+ 

2H+ ~ H2803::::;' H20 + 8°2 ==;;foJ 
the products of t·his reaction were only 

slightly ionized, then this reaction would take place to 

an appreciable extent, and if the calcium hydroxide were 

less highly ionized than the sulphuro.us aCid, this hydro­

lysis would account rather well for most of the experimental 

facts • . 
There is a small partial pressure of SUlphur dioxide 
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above the solution at 1 mole per mole. This would 

indicate the presence of sulphurous acid in the solution, 

because, if present, it wQuld be in equilibrium with dis­

solved sulphur dioxide, and the latter would be in equili­

brium with sulphur dioxide gas as shown in the equllibrium 

scheme. 

The conductivity when plotted against concentration, 

gives .what is believed to be a smooth curve froT" the minimum 

point, through one mole per mole and on to two moles per 

mole. Si1}ce the addition of sulphur dioxide, beyond 1 

mole per mole causes no break in the curve, it would seem 

likely that there was some free sulphurous a.cid present at 

I mole per mole. 

However, all this presupposes that at equivalent con­

centrations sulphurous acid yields a higher concentration 

of hydrogen i9ns than calcium hydroxide yields of hydroxyl 

ions, whereas the only available evidence (due to 1.:organ( 3), 

Gurd( 27), (30) and t1:.e present work) point s to the fact 

that the reverse is true. 

Another explanation, which would acco1mt for a great 

many of the observed facts, aSSll.l!les the format ion of a com­

plex between tte calcium sulptite and the calcium hydroxide, 

as follows: 

x. CaS03 + y. Ca( OH) 2 d'" >' X CaS03. y Ca( OH) 2. 

The corresponding basic magnesium sulphite has been re-

ported by Seubert and Elten(31). They assign to it the 



In the same paper 

they report that they failed to isolate a basic calcium 

sulphite, but their evidence on that point does not seem 

entirely conclusive. 

The formation of such a cc~plex removes calcium 

hydroxide from active participation in the equilibria exist­

i1"-e; in tl:e solution.. ( Calcium sulphite would also be removed, 

bu~, since, at and near the equivalence point, it is present 

in such large excess, this would have no effect on tl~e pro-

perties of the system.) The removal of calcium hydroxide, 

as in a complex salt, would mean that less sulphur dioxide 

would be necessary to neutralize the remaining calcium 

hydroxide than would be the case if it were all present as 

suel:, consequently the equivalence point, as shown by the 

minimum in the conductivity curve, would be s1:ifted to lower 

sulphu.r dioxide concentrat:to~s. 

The formation of a complex shIt would also explain 

why the conc"J.ct i vi ty val'!J,es begin to fall sharply at lC'.ler 

sulphur dioxide concentrations than would have been pre--

diet ed. As has been pointed out above, the point at wh:_cl: 

the conductivity begins to decrease sharply sl .. "'~"11:~ corres­

pond to the poir:.t at which solid calcium hydroxide disap­

pears, consequently the sulphur dioxide, w~-~ich i-8 added be-

t th · +' the bre~" in t'he d t· it Jween e pOlnv wnere ~ con uo lV y curve 

occurs, and the point at which all the dissolved calc~u.YIl 

hydroxide has reacted with sulphur dioxide, shoulc;. be equi-



valent to the amount of lime necessary to saturate the 

solution. The break in the conductivity curve, therefore, 

shaul:: give a measure of the solubility of calcium hydroxide. 

However the values tr,us obtained are nearly twice too big; 

this would point to the fact that the solid cC~.:::ium hydroxi~le 

~ t 1 · ~ -1- 1--.,...'; - t1-- 1 i ' d 1· '. ax i" ... 8 no on y l.~,- equ1 ~, __ ~um W~ .. - Q SSO..Lve ca c1um ny ox o.e, 

but also with calcium hydroxide i"" SO?!le other form, for 

example such a complex salt as ts.s been ~entiJn8d above. 

~r~ese three possible explanatic-Tls of the equilibria 

existing at ani near tte equivalence point have all been pre-

sent ed, because eact accounts for some of the experimen~al 

facts. O~ t~ th b- +" 'b ~~ d . t -'- .L,;,e ree, 0 J.ecv1~ns may e o~- ere - aga:!.ns 

the a.cceptance of either of the firp~ two, tl:e third, while 

no objections can be raised regardir.g it, lac1,:s supporting 

evidence from other sources. 

7lhen sulpr:1.1r dioxide is added to tr~e sus~~ey:sjr)n of cal-

cium sulp:2ite~ the conductivity increases very rapidl:..'·, &nd 

the partial pressure 0: sulphur diOXide, wl:ich first became 

measurable when the minimum was' pr;.ssed, continues to increase. 

The existence of measurable partial pressure of sulphur 

dioxide above the sol1..:t ion is evic:.ence of the presence of 

free sulpnurous acid in solution, This suggests a CC:-J-~ 

parison of the p~esent data with the data obtai:-~ed by :~organ 

and 1.:aass(3) for solutions of sulphur dioxide in water 

Such a comparison makes it possicle to drav certain conclu-

sions regarding the equilibria existing in the present system. 



Ir.. order t.o make the comparison possible, it is 

T'ecessary to express the sulphur dioxide concentrations 

of the pre8ent work in percentages; from these values for 

t!-~e total a;~c:u,::.t of sUlphur dioxide, have been deducted the 

amounts necessary to form calcium sulphite; the values so 

obtained are the percentages to be found in table 1:'0. 15 

The conductivity values cle8i2~Cited tlk x l02{Grieve)" are the 

values ottair:ed in the present work and were obtained from 

tables; the v8_lues des~ ~~na .. ted uk x 122 (:.:orgB-'rJ.) 1t are the 
, 

value.s of ~:organ· & :.:aass(3), obtained from curves plott ed 

from their data; the "difference" columns contain values ob-

tainedby substracting t~;.e values obtained in tte pre2ent 

work from the values of ~.~organ and :,:aass. Sirrilar methods 

have been used i~ prcr;aring the data ::::'7: the partial pressures 

of sulphur dirxide. T"he data for 100 (3,nd l~o have 8eeL 

c~itted from this table, because the data for 00 and 250 are 

,typical and at the same time give the greatest teY1perLture 

interval for studying the effect of :~mperature on the equi-

litrium. The values cf the differences in conductivftyhave 

been plotted aZE .. tnst per cent sulpl~ur dioxide in figure 9 Bl'ld 

figure 10 gives. the corresponding curves for the part ial 

pressure-differences. 

The equilibria to be expected in a system in which 

sulphur dioxide is being added to calcium sulptite may 'be 

represented; 
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TABLE 15-

Comparison of Data of ~:organ and ~!aass, fl,nd Present Work 

in Region between 1 and 2 TIoles per mole. 

0.125 

Q·u-35 

1.083 

0·337 

1,370 

2.00g 

0.125 

0.435 

1.083 

0.337 

1 370 

2.00~ 
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00 2hO 

./ 

k x 102 k x 102 ~~ :.!organ k x 102 k x 102 k Morgan 
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1.67 
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Grieve 
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0.1 
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1.4'3 

0.07 
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0.65 

1.66 

2.09 

0.14 

0·33 
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0.2 

o 9 

2·5 

p so 2L!O rgan 
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0.1 

0.6 

1·7 
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0.6 

0.4-4 

1.02 

1.9lt 

0.97 

P sc 2 
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0,2 
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2 2 

2.1 

4.1 

o.~~ 

2 07 

2 59 

0.6 

.., .., 

1·9 
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0.01 

0.02 
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-0.09 

-O·3~ 

-0,50 
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2 
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The main equilibria in a solution of sulphur dioxide in 

water are: 

Since' there is ~ulphurous a:cid present i'n each of 

these systems, each syst em will have a pa.rtial pressure of 

sulphur di'oxide above it whicr: will be proportional to the 

amount of sul;,:::u.rous acid present. A glance at table 15 

reveals the fact that t~~e partial presEures of s'_11p~ur 

dioxide obtained in the present work ar~ very much smaller 

than thore of ::organ and I.:aEss( 3), co~sequently, in the 

pres~nt system a considerable amount o~ the sulphurous 

acid must have reacted with the ca1ciu'T. sulpt,ite to form 

calcium bisu1phite. For t~is reason, an increase in tem-

pera~ure causes a much smaller increase in partial pressure 

in the present systep'. than it does in a sulph".lTOUS acid 

solution. 

figure 10 

This can be seen in table 15 as well as in 

I!).crease in the ca.1ci'UlJl oxide concentration 

used causes a slight decrease in the partial pressure; this 

can be best seen in figure le, in ,;,T~'\ich, at a given tempera-
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ture, the partial pressure differences for the 1,% calcium 

oxide run are smaller than thnse for the 21, run. 

Examination of the comparative conductivity data also 

indicates that in the present system co.nsiderable of the 

sulphurous acid has reacted with the calcium sulphite to 

yield bisulphi1:;e. In a solution Qf sulphur dioxide low 

temperatures favour the formation of sU1P!:'JTO'..lS ac~d, this 

ionizes to give bisulphite ion and hydrogen ion, the latter 

having a very high mobility. The presence of I1me in ~~e 

system tends to lower the hydroGen ion con':;entration~ con­

sequently at low temperatures it would be expected that the 

conductivities of I.:organ and Maass would be GreEter than those 

of the present work, and this is found to be tl~e case. At 

higher temperatures, since, in the system of :~organ and 

Haas.s, there was no lin1e preeent to act as a buffer, in­

creased temperature tended to decoYlipose tte sulphurous acid, 

forming sulpbur dioxide and. water; t!1is d.ecomposition pre­

vents the conducttvity from reachi~-[ such values as would 

be expect ed if the only eff ect of t empera .. ture had been to 

increase the ionization, and mobility of the ic~s, of t~e 

sulphurous acid. Consequ.ently, itt s to be expected that at 

a given sulphur dioxide concentration the conductivities 

found in the present system would t end, at increased tempera­

tures, to approach or even exceed the values obtained by 

!.forgan and }!aass This is 'found to be the case: at 25° and 

for the 1% lime run, the two sets of values are very nearly 

equal, while in the 2~ lime run, the present values are con-
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siderably greater ,than those of :!organ and ::!aass; the 0° 

values, on the other hand, in botl1 runs are lower than those 

of. ~.ro rgan and ~!aas s . 

An increase in the lime concentration causes an increase 

in the amOlu:.t of calci'JJi1 bisulphi te and, consequently, of 
" 
its ions. T~erefore, at a give~ t~perature, and sulphur 

dioxide concentration, the cO!lductivities obtained in the 

2% lime run are~1~::er than those of the l~ run. This can 

be confirmed most easily by reference to the curves in 

fi6Ure 9, in which a~igr positive value represents a s~al1er 

conductivity relative to that of V~rgan and Maass. 

It is realized that t~is discussion of the equilirT~a 

existinC between 1 and 2 moles c,f 8",~rhur dioxide per ~ole 

of lime has been entirely- quali tatlve, however it cannot 

be quantitative until certai:;, other data are ortained. Of 

these, the most valuable wculd·be determinations of the 

hydrogen ion con~entration and. of t"lte total calcium concen-

trations of the solutions. Ho\vever from tt.e data present ed 

it is believed t!:at t::e follo1Ying pcints have been establish-

ed, or conf1rmed. 

1. Cs.lcium sulphite reacts wi th sulphurous acid to 

form calciUY'" bi sulphtt e. 

2 The reaction for the format1.on of calcium bi-

sulp~ite reaches an equilibrium which is cor8ide=~bly s~crt 

of completion. 
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3. optimum conditions for tLe format1Qn of calcium 

bisulphite are low teI:.lperature a::-:d high lime concentration. 

At sulphur dioxide concentrations of sligttly more 

than 2 moles per mole tLe properties of t1:e system undergo 

some _rather interes'ting changes" Host noticeab.le of these 

is the fact that the suspended solid, which has been present 

in considerable amounts, disappears completely, and rather 

suddenly. Coinciding with this disappearance of solid, a 

break occurs in the partial pressure curve and also in the 

conductivity curve; each curve has an entirely different 

slope above this point The break in the partial pressure 

curve is probably due to the reaction of SUl};:tJITOnS acid 

.with the remaining. calcium sulphite) and its removal in this 

way reduces the partial pressure of the sulphur dioxide 

The break in the conductivity curve is due to the fact that 

up to that poi~t, additions of sulphur dioxide have caused 

some of the solid to dissolve, while above that point 

sulphur dioxide is being added to the equilibria which 

exist in the solution in which all the solid is dissolved .. 

In what follows, reference will be made to the 

equilibrimn chart given on page 39. This chart serves to 

represent the equilibria which may be expected as more 

sulphur dioxide is added to the solution. 

It can be seen from the chart that adding sulphur 

dioxide to the ay-stem will cause the formation of more sul­

phurous acid and consequently more calcium bisulphite, to-
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together with more of the ions of each. This increase 

in the number of ions causes the sp·ecific conductivity 

to increase. However, now that the solid calcium sulphite 

has all dissolved, the ar~:(\u.'!:t of calcium b.1'Bulpr.ite formed 

by a given addition of sulphur dioxide will be greatly 

reduced, and the presence of-HSO} due to the ionization 

of the calcium bisulphite will tend to repress the ioni-

zation of the sulphurous acid. Consequently the slope of 

the conductivity curve would be expected to be less in this 

concentration ra..T1ge than between 1 and 2 moles per mo:e, 

and this is found to be the case. 

At the same time the repression of the ioni'zation of 

the sulphurous acid tends to shift the whole equilibriurn 

towards -the formation of free 8ulp::J.lJ.r dioxide- For that 

reason we not o!lly find that the partial pressure increases 

upo~ addition of sulphur dioxide, tut also that the slope 

of the partial pressure-concentration curve is very much 

greater tta~ it was between 1 and 2 ;'('.oles per cole. 

The properties of the system beyond the point where 

all the solid has dissolv~.d can best be discussed, as were 

the properties of the system between 1 8..-'rld 2 moles of 

sulphur dioxide per mole of lime, by comparing the data 

obtained in the present work with the data of l.Iorgan and 

~':a,ass( 3), and not ing the eff ect of changes in t empera~ure 

and sulphur dioxide concentrat ion, and of the addi t io~_ of 

calcium oxide on the pro~)erties of the two systems and, from 



the differences observed, drawing conclusions as to the 

equilibria involved. 

Comparison of the representat ions of the equilibria 

to be expected in the present system witt those to be ex­

pected 111 the sulphur dioxide water system leads to the 

following generalizations regarding the effect of increaB-

ing sulphur dioxide content, increasing calcium oxide con­

centration, and increasing temperature. 

The presence of calciQm oxide leads to the formation 

. of calcium bisulphite, as was pointed out in the sec~ion 

on the concentration range between 1· and 2 moles per :'nole. 

The presence of this bisulphite, which yields HS03' tends 

to repress the ionization of sulphurous acid, which shifts 

the equtlibrium towa.xds the formation of free 8ulp~~ur 

dioxide,. Consequently as sulphur dioxide is added it 

would be expected that the vapour pressures J~7o".1J.d be llig.her 

than in the correspcnding system from which lime was absent. 

The 'presence of the li~e removes hydrogen ion; consequently, 

as sulphur dioxi1e is added, lower condl1ctivities are to 

be expected than when lime is absent. 

If, inste.ad of considering the effect of i~creased 

sulphur dioxide concentration at constant calcium oxide 

concentration, we consider the effect of increased caleiu',:! 

oxide concentration at constant suluhur di0xide concentration . . . , 
it would be expected that the partial pressure of sulphur 

dioxide would be decreased by the removal of sulphur dioxide 
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to form calcium bisulphite, hence the vapour pressure would 

be less than in a solution containing no lime. Also it 

might be.expected that the larger amount of calcium bisul­

phite which would be formed would increase the conductivity 

relative to the conductivity of a sulphurous acid solution. 

Increasing the temperature would be expected to cause 

a smaller increase ir.. the par~ial pressure when lime is pre­

sent than when it i B not, because, when present, the amoilnt 

of sulphurous acid is reduced. The sulphurous acid de­

composes very readily at higher temperatures to form sulphur 

dioxide and wa~er, hence that system which contains th.e 

larger amounts of it will have its partial pressure more 

noticeably increased by temperature increase. The effect 

of increased temperature on the conductivity will be minimized 

by the removal of hydrogen ion by the decomposition of 

sulphurous acid .. Co~.sequent1y, a By-st em cont ai ~i~g 11 ~le 

will have less free s~Jlp!:urous acid 8.~:1 therefore it s cc~­

ductivity wi-:!'l be i~,creased more by· temperatl .. ~re than will 

a system contai~i~6 no lime-

To sum up tte?e generalizations: it is to be expected that 

the difference between t'::e partial pressure of sulp'!-'~;J.I' 

dioxide above a 8011_'.+ i:-n of sulp~""lur. dj oxide and t he ~)art i al 

pressure above a solution 0: sulpr-nr dioxide con:aining 

calciu"7' bisu1phite, v,:il1 b.e decreased by incref'.sing the 

sL11r'hur dioxide concentrat ion, and \r111 be increased by i!1-

creasing the te!"rDerature and by increB.sing the calcium O.xide 
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ooncentrat ~-on. T~e difference between the speci~!c co~-

d t .; · t -f!' 1 t· f 1 b d" · d d th uo ~V~ y 0.- a so u ~on 0 su_p.ur 10X~ e, an. e 

specific conductivity of a soluti0!: of sul;:-=--_ur di(jx::.:e con-

taining calcium bisulp~ite, will be increased by increasi~g 

sulphur dioxide ccncentration a~:.:: ·~',;tIl be decreased by in-

crep.sing tr.;.e calc-!.'J.:'-;' oxic:te concentration and by increcsing 

the temperature. 

In orier tr test out ttese generalizatiJ~s re~erence 

may be made to 'fable 16 al-~,j to :ig,--::c-es 11 and 12 w~ j ch 

are plotted from the data of:able 16. rr:h e se d.2-t a :~ave 

been obtained in the Sfu'1le manner. as tte data of Tat:~e 15-

In Ft.gures 11 and 12 the portio~s of the curves represented 

by dotted lines are a re-:~qlot of the data of Tae·Ie 15-

Exa!!:~nation of t!-:.ese. data 0::'.J. (n..:I'-ydS rcveE':£; t~at 

tte generslizattons given above fit the data obtained fair-
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The specific electr1cal c~nductivity and t~e vapour 

pressure of saturated solutions of calciu~ hydroxide have 

been mes_sured over a tempera-t'lre r2.TI2:'e from 00 to 25°0. 

These solutions were prepared with greater precautions 

than have been taken before to ensure purity of materials 

From the data obtained the degree of dissociatjon, and 

dissociation constants for thesesolut'ions have been cal-

culated. Analysis of t~e8e values has led to the con-

elusion that the available data on the solubilit:r of calcium 

hydroxide in this temperature range is in error. Values 

for tte solubility have been calculated which are believed 

to be more nearly correct, and evidence is offered to sup-

port these calculated values 

The specific electrical conductivities an4 vapeur 

pressures of the three component system calciu.m oxide -

sulphur dioxide - water have· been measured over a tempera­

ture range from 0° to 250 0, at calctum oxide concent re_t ions 

of approximately l~, and ~, and at s'J.lphur dioxide concen-

trations of more than 5 !!'toles of .s~:tlp~ur dtoxide per mole 

of lime Special precautions vrere ta.ken to ensure the 

purity of the components and tte precise determinatio~ of 

their concentrat ions. 

The partial pressure of sluphur dioxide of the solutions 

have been calculated from the vapour pressure data. 



- 102 -

From the data obtained it has been concluded that: 

As sulphur dioxide is added to a suspension of calcium 

hydroxide, calcium sulphite is formed but that the properties 

of tr~e system are governed almost entirely by the calcium 

hydroxide, because of its greater solubtlity. Ultimately 

the addition of sulphur dioxide res~·t~<-ts in the neutralizatt~')n 

of the calcium hydroxide, t-11t this neutralization does not 

Q~cur at equivalent amOlli~ts of sulphur d~-cixide and lime. 

It is telieved t!-:l3_t the calcium sulphite forms a complex 

with the calcium hydroxide. 

When sulphur dioxide is added to the suspension of cal­

cium sulp~~tte, it reacts with it to form calcium bisulphite 

weich 1s more soluble than the sulphite. The reaction 

:for the forE'ation of calcium bisulprite does not go to com-

pletion. Sulphurous acid and sulphur djf)xide are present 

in the Sol'_ltion. At a point above 2 moles of sulphur 

dioxide per mole of lime, elll the calcium sulphite dis$olves. 

When sulphur dioxide is added to t }-li s solut ion which con­

tains calcium bisull=,1:ite, the· partiEI pressure of sulphur 

dioxide increases more rapidly than woul,-~ be expected, the 

conduct i vi ty . i~crease8 less rapidly t"..~c.~ would be expect ed 

for a ,sjven addition of sulphur d1nxide. Incre?E'ing the 

calcium oxide concentrat.i-on decreases the partial pressure 

and increases the conductivity in relation to the values for 

a corresponding solution of sulphur dioxide whict contains no 

lime. Similarly increasing the temperature decreases the 

partial pressure and increases the conductivity relative to 

a system containing no lime. 
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