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NATURE OF THE PROBLIEM

The work to be described in this thesis is a
continuation of a general investigation of the system
sulphur dioxide~calcium oxide~water, which wes started
in»this laboratory several years ago., Up to thet time
there was little available deta on equilibria existing
in aqueous solutions of sulphurous acid and its calcium

szlts, and much informztion was lacxing in accuracy as
well as in scope,

A comvleted study of the equilibria existing
between sulphur dioxide and water carried out by Campbell
and Maass (1) formed the starting point of the work to
be described below., Specificall: this deals with the
influence of calcium oxide addition on these equilibria,

It is known that calcium sulyhite exists, and it has been
assumed that calcium bisulphite forms under certain con-
ditions of temperature and concentration, but nothing
quantitative is known in regard to the conditions governing
their reletive concentrations,

The temperature range, and range of concentration
of sulphur dioxide and calcium oxide to be covered in order
to permit complete elucidation of the equilibria is so large
that several investigators were needed to complete it, In-
itial measurements at 1 and 2 per cent calcium oxide concen-
tration have already been made by Gurd (2) in this laboratory,
The writer has investigated the systems containing 1.2 and 2.3

per cent calcium oxide., In both investigations the temperature



range of 25 to 130 C. and sulphur dioxide concentrations

of 0-7 per cent were covered. As a result, vapour pressures
and conductivities of the system are fully known for the
first time.

Apart from this, two other interesting and closely
related problems were investigated. One was a study of the
solubility of varying concentrations of the salts formed, and
a study of the influence of temperature and supersaturation
on this. The other was a gtudy of the influence of the
presence of wood and cellulose on the vapour pressure of the
system calcium oxide, sulphur dioxide and water.

The results of each of these problems can best be
treated under a separate section, but the experimental tech-
nique can,to some extent, be treated as a whole. Before doing
this, however, a more deftailed account will be given of the
previous work and the scope and purpose of each of the

investigations.

NOTE: -

A fourth investigation was completed. It is, how-
ever, not at all connected with the above work, but will be
included in this thesis in order to give a complete record
of the work done while a member of the Graduate School of
MeGill. A description of this, "The development of a new
means of measuring pulp consistency™, is presented in the

form of an appendix.
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INTRODUCTION.

Before it was possible to study the system
calcium oxide-sulphur dioxide-water, it was necessary to
know the properties of each of the components, and also
to study the two systems: sSulphur Gioxide-water and
Calcium oxide-water. A brief review of what is known of
the equilibria of interest will be given below.

8. System Sulphur Dioxide-Water.

The first system to be studied in this laboratory

was that of sulphur dioxide-vater, which may be expressed

oo {s0,] (soln) = n | s0,] (gas) = np (1)

Where h is Henry's constant, and p is the partial pressure
of sulphur dioxide. Maass and Maass (3) measured vapour
pressures and conductivities of aqueous solutions of sulphur
dioxide at temperatures below 270 C. Campbell and Maass
(1) measured densities, conductivities and vapour pressures
of sulphur dioxide solutions within the temperature range,
230 - 110° ¢. Morgan and Maass (4) have made very careful
measurements of conductivities and vapour pressures of sulphur
dioxide solutions within the temperature range 0° - 250 C.,
and to pressures of approximately one atmosphere.

- Mention will be made of a few who investigated this
system, but whose data have been superceded by the above on
account of greater accuracy. Hudson (5) determined the sol-

ubility of sulphur dioxide in water at approximately atmospheriec



pressures, and at temperatures up to 90° C. Linder (6)
made vapour pressure determinations at 259 and 50° C.
with a concentration range of 0.05-3.8% Sulphur dioxide.
Equation (1) gives the equilibrium existing
between gaseous sulphur dioxide and Sulphur dioxide in
solution in the water. Part of the sulphur dioxide in
solution forms Hy 503 according to the equation:
[E20]+ [50g) < [Hos05]  (2)
applying the mass law
[r0] [s0g) = x;[Hps0.] (2)
The HpS80z in solution is in equilibrium with its ions
HY + HSOj = HpS0;  (4)
and, assuming that the Ostwald dilution law holds
[2"] [msog| =x, [H504) (5)
Further ionization
H' + HSOZ < 2H'+S0; (6)
may be considered to be negligible. These three equilibrium
constants have been determined by Maass and Maass (3). It
was found that Kq increased rapidly with increase in temp-
erature and, therefore, that the amount of dissolved S0s in
the form of HpS504 diminished rapidly with incerease in
temperature. The value for KZ was found to be approximately
0.02 aningas found that changes in temperature d4id not wvary

this value appreciably.
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Campbell and Maass (1) working in higher temp-
erature and pressure ranges also determined these constantse.
Both Maass C; and Campbell worked within a narrow concen-
tration range, and this increased the difficulty of arriving
at true equilibrium values. Morgan and Ma&a88 (4) working in
the temperature range 0-25°6.and, using concentrations up to
14% sulphur dioxide, were able to arrive at more accurate
values.

The most important inference drawn from the results
of these workers was that on account of the decrease in the
formation of sulphurous acid, with rise in temperature as
indicated by equation (2), the hydrogen ion concentration
markedly decreased with rise in temperaturs. Estimates of
the hydrogen ion concentration for varying concentrations and
temperatures were made by Campbell and Maass (1).

b. Calcium Oxide-Water.

Although the system calecium oxide-water has been
gtudied by a nmumber of workers, a large part of the data
furnished is of 1little value., This is due to the fact that it
is difficult to avoid impurities in the system, especially
carbon dioxide. The lack of agreement among various workers
is an indication of the unreliability of the published results.
Ostwald (7) measured the conductivity of calecium hydroxide
solutions. He casts doubt on the accuracy of his results
by stating that carbon dioxide was probably present. Measure-

ments have also been made by Maben (8), Lamy (9), Hertzfeldt
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(10), Guthriec (11), Moody (12), Haslam, Calingaert and
Taylor (13), and Miller and Witt (14). It was found that
above 30° C. the results of the above workers agreed much
better than below that temperature. Grieve (15) working
in this laboratory made conductivity measurements of the
system calcium oxide-wWater within the temperature range
0 to 25° ¢C. Probably the best determinations of
solubility of calcium oxide up to 30° C. were made by
Larocque (16), using a conductivity method.
Ce Calecium Oxide-~-Sulphur Dioxide-Water.

Little accurate data are available regarding the
gystem calcium oxide-sulphur dioxide-water. This 1is
probably due to the fact that those who have investigated
this field have been more interested in the industrial
application of their results than in the possible theoretical
value of the work, and, thereforé, have not taken the
extreme care necessary to obtain accurate results. Schwartz
and Myjller-Clemm (17) have studied the ratio of the free to
combined sulphur-dioxide in solutions ranging from 3 to 10
per cent concentration and within the temperature range
20_ 350 ¢, sSmith and Parkhurst (18) measured the solubility
of sulphur dioxide in solutions of calcium hydroxide.
Farnell (19) has measured the pH of certain solutions of
calcium sulphite and  bisulphite. A recent investigation
of some equilibrium relations in the system calcium oxide-
sulphur dioxide-water in the acid region, and at pressures

below atmospheric has been made by Conrad and Beuschleim (20).



A comprehensive study of the system calcium oxide-
_éulphur dioxide-water was undertaken in this laboratory by
Gurd (2) and by Grieve (15). Grieve confined his invest-
igation to a temperature range below 25° C. Gurd worked
between the temperatures of 25° and 130° C., and at con-
centrations of approximately I% and 2% calcium oxide. For
each of these calcium oxide conecentrations, the sulphur
dioxide concentration was varied from approximately 0.5 to
7%. Conductivities and vapour pressures were determined.
Gurd took every precaution to insure against the possibility
of impurities entering into the sysftem, and used methods of
introducing the reagents into the reaction cell, which
permitted a high degree of accuracy in the measurement of
their concentrationse.

The data of Campbell and Maass (1) may be con-
sidered as part of the three component system, in which the con-
centration of calecium oxide is zero. Vapour pressures and
conductivities were, therefore, known at the start of the
writer's investigation at O, 1 and 2 per cent Calcium oxide
concentrations. There were two reasons why further measure-
ments were necessary. In the first place, it was important
to check the accuracy of the data obtained by Gurd by an
independent investigation. In the second place, it was not
known whether interpolation and extrapolation were justified
on the basis of such few talcium oxide concentrations. Hence,

for economy of effort, two Calcium oOxide concentrations at



1.2 and 2.3 per cent were chosen close enough to the

- previous concentrations, to act both as a check on the

former work, and at the same time helping to fill in

existing gaps. A 1.2 per cent calcium oxide concentration

is of particular interest, as it is the concentration of

lime most generally used in the sulphite cooking of woode.
d. Solubility Experiments.

For each concentration of Calecium oxide and
sulphur dioxide, there is a temperature at which a pre-
cipitate is formed. This precipitation is phenomenal in
ds much as apparently a copeous precipitation takes place,
and also hecause there is an unusual tendency towards
"supersaturation™. The nature of the precipitate has been
determined by Saunderson (21) and found to be calecium sulphite.

No exact measurements of these precipitation temp-
eratures have previously been made. The nature of the
precipitation is similar to that which occurs in the system
NagSO4- 10HS0 at 33°C. (22), and CaSO, 2Hp0 at 63.5°C. (23)
only that it is more complicated by the fact that it is a
three component system, and the sulphur dioxide, as well as
the calcium Oxide concentration, determine the precipitation
temperature.

Three concentrations of calcium Oxide were studied;
namely, 0.6, 1.2, and 2 perlcent. TFor each of these Calcium
Oxide concentrations the influence of six different sulphur

dioxide concentrations was investigated.
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e+ Influence of Cellulose and Wood on the
System Calcium Oxide-Sulphur Dioxide-wWater.

The above heading might almost be called the
meé%nism of the sulphite coocking of wood. The datg to be
determined, as mentioned above, are.of great importance in
this conneection. In the first place, the pressure of the
system at the start would then be acdlrately known for the
first time, in terms of the composition of any sulphite
Liquor. The temperature at which that bugbear in sulphite
cooking, known as the liming up of the digester,can take
place, could then also be predetermined by the composition
of the sulphite liquor.

The object of this section of the Investigation
was to go beyond this, namely, to see whether the changes
that take place during the actual cooking could be followed
by vapour pressure changes. This is obviously an extensive
investigation, and it was realized in the time available that
only a start could be made. All that could be hoped for was
to show that the technique developed could be used as a
weapon for elucidating what actually goes on during a
"Sulphite Cooking™ operation.

With this in mind, a review will first of all be
given of some of the ideas which have been advanced in this
connection. While accurate information regarding the system
sulphur dioxide-calcium oxide-water was practically non-
existant, the literature regarding "sulphite cooking®™ of wood

is so extensive that only a small part of this can be selected

for presentation here.
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Wood has a cell structure., Bach cell is surrounded

by a resinous material., The interior of each cell consists

of bundles of cellulose fibres cemented together by a material
called lignin, Before the cellulose fibres can be used for

paper making, it is necessary to free them of this binding

material, One procedure is to heat with what is known in

mill practice as sulphite liquor, This consists of aqueous
solutions containing varying amounts of calcium oxide and
sulphur dioXide. The concentrations used vary from miil to
mill, but usually 1.2 per cent calcium oxide and 5 ver cent
total sulphur dioxide are used, Before the effect of sulphite
ligquor on wood can be studied, it is necessary to know something
of the properties of lignin,

H. Wislicenus (24) has defined lighin as the sum of
2ll the high molecular dissolved colloids which have been pre=-
cipitated from the cambial sap by adsorption on the surface of
the cellulose fibre, He believed that pentosans, vhich can
produce high moleculkar gels, were the main contributing factors
in the formstion of lignin. Xurschner (25) believed coniferin
to be the main source of lignin, This he thought was polymerized
during the 1ife of the plent, Jonas (26) agreed in part with
the theory of Wislicenus,

Pauly (27) made a study of the action of acids on wood,
and found that a fairly strong mineral acid was required to remove
the lignin, as it appeared firmly attached to the fibres, He found
that it was possible to dissolve away the incrustations in wood with
a 5% sulphurous acid solution at 90°C., but that a bisulphite sol-

vution was more efficient,
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In mill practice wood chips about 3" long are used.
Before the sulphite liquor c¢an react with the wood, it must
be able to penetrate to the interior of the chip. Before
the reaction can be studied, it is necessary to know the rate
of penetration. That is, whether sulphurous acid or dissolwved
calcium bisulphite penetrate faster, and to know the effect
of an excess or deficiency of either.

Considerable work has been done in this laboratory
by Saunderson, Johnston, and Maass (28), and also by Montigny
and Msass (29). Saunderson has found that the penetration
of free sulphur dioxide into the wood takes place more rapidly
than that of calecium Dbisulphite. In the absence of the
base, it was found that above 110° C. it will cause lignin
to polymerize to a brdwn insoluble substance which deposits
out on the cellulose fibres. For a time, the wood is ex-
posed to an excess of acid solution causing it to turn brown.
This is called "Burning®. Burning may also take place at
the end of a cook. It was claimed by Montigny and Maass
(29) that this was due to a depletion of base.

Several investigations have been made on the amount
of free sulphur dioxide used up during a cook. MitcherlicH
and Frank (30) found that 75% of the sulphurous acid present
at the beginning of a cook is used up in reducing the lignin,
whereas, only 23% of the lime disappearse. The evidence of
Heagglund and Carrick (3l), however, is quite contradictory.

They claimed that there were three sources of sulphur:
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(1) H2804 which is formed from 32803 in the presence

of air in the digestors; (2) loosely bound sulphur in
the form of sulphurous acid and (3) firmly bound sulphur
as CaSOz. This third form of sulphur really does not
exist during cooking, as calcium is actually present as
calcium bisulphite, but it is merely a convenient way
of expressing and estimating the amount of calcium salt.
They found that the concentration of sulphurous acid
depends on the concentration of sulphur dioxide. This in
turn is dependent on the pressure and temperature at
which the cook is being carried on. It was found that
20=-30 per cent of the sulphur consumed during cooking was
supplied by the sulphurougxgnd 50-60 per cent by the
calcium salt. The percentage of firmly bound sulphur
used was found independent of the amount of free sulphur
present, and dependent on the amount of base,up to a
limiting concentratione.

Miller and Swanson (32), who have done a vast
amount of work of a technical nature, stated that the
amount of lignin removed depended on the amount of ionized
sulphurous acid present, which in turn was governed by the
presence of any other acid. This was contradicted by
Campbell and Maass (1), who have found that at cooking
temperature, the extent of ionization of sulphurous acid
was negligible.

The effect of the presence of calcium oxide has
been carefully studied, and especially the rate at which

it is used up during the cooking reaction. Montigny and
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Maass (29) have found that below a definite minimum,
which was found to be 0.5 per cent,satisfactory cooking,
could not take place. Above this concentration,
apparently the amount of calcium oxide present 4did not
appreciably effect the yield of pulp. Hageglund (33)

has modified the above finding by stating that there was
a definite, though small, inerease of cellulose yield,
with incereased concentration of calcium oxide, even up
to and above 1 per cent. Similar results were obtained
by Nepenin and Sapraigina (34).

Eliashberg and lartuinov (35) have made a
thorough study of the changes in the calcium oxide con-
centration of the ecellulose, and of the lignin and liquor
during cooking by means of ash determinations. They
found that the ash content of the cellulose rose at the
beginning of a cook, then remained constant until near
the end, when it fell off. Corresponding to this, the
calecium oxide in the liquor declined at the start of a
cook and then increased near the end. They examined the
undissolved residue, and found that the sulphur and lime
content increased near the start of a cook, then remained
constant, and eventually fell near the end. The per cent
lignin in the wood d4id not change till a temperature of
1300 C. was reached, when it rapidly decreased. During
cooking the sulphur content in the undissolved residuse
was found to inerease continuously in relation to the

lignin content. These results are of especial interest and
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will be referred to later in a discussion on the work
described in this thesis.

During cooking a certain amount of sulphuric
acid is formed, and the reasons given for this formation
vary as widely as do the estimations of the amounts
formed. Klasen (36) claimed that sulphur dioxide decomposed,
to soke extent, and sulphur and sulphuric acid resulted.
The mechanism of the reaction may be represented as:-

4505 S50z + S 0 (di-thionic acid)

2°5

28504 S50, + 250,

05-7803 -+ SOZ

- 3 —+ S0

Sg
5202 2
Hagglund (31) claimed that the sulphuric acid wag due to
the presence of air in the digester. Miller and Swanson
(32) have made determinations of the amount of sulphuric
acid formed during cooking and found that the percentage
was very small - amounting, usually, to less than 0.1% of
the sulphur present and never exceeding .3%, even after

15 hours cooking. Hagglund and Carrick (31l), on the other
hand, claimed that 20% of the sulphur went to form
sulphuric acid.

Evidence has been brought forth to show that
lignin is not the only substance in wood that is attackied
by sulphite liquor. Hagglund (37) has found that the form-
ation of sugar parallels the accumulation of sulphuric acid.

Eliashberg & Martuinov (35) have found that sugars

were formed during the first part of the cook from hemi-

celluloses. Resins and fats were reduced by 604, during

cooking. XKXuwschner (25) has made a list of compounds
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formed during cooking. They included calcium salts of ligno-
sulvhonic acid, sugars, formic acid, acetic acid, methyl alcohol,
ethyl alcohol, acetone, acetzldehyde, furfural, cymal, resins,
.nitrogen compounds, carbon dioxide, and a number of others,
It is of interest to note that the lignin sulphonic acid
molecule seems to be much smaller than the original lignin
molecule,

The above pages indicate that the delignification
of wood involves an unknown number of complicated reactions,
Several attempts have been made to describe the general trend
of the reaction, Penetration of the wood by the liquor has
already been described.

Klasen (36) assumed the lignin molecule to contain

three ethylene bonds, two cf which united with two sulphurous

acid molecules to form the stable lignin sulphonic acid, as
¢=¢-¢H 'CSOsH. The third bond held a sulvhurous acid
molecule much less firmly, while a fourth bond, believed to
be in a carbonyl group, boéund the molecule so weakly that it
could break up even at room temperature,

Michel and Jaffard (38) suggested that the lignin
of the wood first formed a solid compound with the sulphur
dioxide of the cooking liquor, This compound then passed
into solution by some process, which was mainly hydrolytic,
and in which the base in the liquor played a part. The
relative rates of these reactions are not known,

According to Hagglund (37) the reaction takes place

in three steps:-

(a) A sulphite addition to the lignin carbohydrate
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compound in the solid phasee.

(b) . Hydrolysis of the lignin sulphonic carbohydrate
in the solid phase.

(¢) . Hydrolysis of the liberated carbohydrate.
Kunschner (25) did net agree with the idea that direct
sulphonation completely accounted for the decomposition
of the solid lignin. He believed that it is not only
sulphurous acid, but also the products formed by the
simaltaneously resulting decompesition of the cellulose,
etc., which functioned jJjointly in making the lignin
soluble in the cooking liquor. This was based on the
fact that cellulose, when placed with lignin in sulphite
liquor, aids the lignin to go into solution. He added:
"Without a doubt, a number of reactions take place
Jointly and successively with osmotic reactions playing
a part". There is evidence to support the above ex-
planation, for, during cooking, not only lignin compounds
are brought into solution, but pentosans and hexosans
are partly decomposed. During the average cook, about
13% of the original cellulose is lost. A given number
of products are formed, which, under fs¥orable pressure
and temperature conditions, react with one another in
many different wayse. Kanscehner was forced to come to
the conclusion that very little was known even about the
main reactions taking place.

The above review indicates the importance of
having a clear understanding of the equilibria existing

in sulphite liquor, in order to be in a position to

theorize regarding the delignification of wood by sulphite



- 17 -

liquor. It is apparent, from what was outlined above,
that in most of the speculations there was no back-
ground of information on the system: calcium oxide-
sulphur dioxide-water. In this sense, the above
review may be looked upon as giving additional

emphasis to the importance of this work from a prac-
tical point of view. Apart from this, the review
serves as a special introduction to Part IIT of this
thesis.

Part III is a study of the influence of

cellulose and wood on the system; calcium oxide-sulphur
dioxide-water. A reaction temperature of 1300 C.

was chosen as most suitable, and changes in eqdilibria
were followed by means of vapour pressure determinations.
It was necessary that as little chemical action as
possible take place before this temperature was reached.
This required rapid heating of the liquor and wood to
130° ¢. Wood meal was used rather than chips, as it

permitted rapid heating without burning.
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EXPERIMENTAL SECTION.

GENERAL.

The first three problems to be investigated
were closely related, and, therefore, to some extent
the same apvaratus covld be uvsed for all. For instance,
sulohur dioxide was purified and measwred by the same
method in the three investigations. One descrivtion
of this vart of the avnmaratvs and vrocedure shorld,
therefore, snwffice. On the other hand, the method of
making "runs" was quite different in each case, and
will therefore have to be dealt with sevarately.

The following method was adonted as the most
convenient means of describing the exverimental work,

A detailed descriotion will first be given in Part I of
the apvaratus and prodedure vsed in the determination

of the vapour vressvres and conduetivities.,of the system
calecivm oxide-sulphur dioxide-water. In it will be des-
cribed how each of the components was ovrified and ace-
vrately measured. The orocedure wsed in making the vavour
pressure and conduetivity measurements will be deseribed
in detail.,

Part II is an investigation of the precivitation
temperatures of varying conwentrations of the above systems.
The apvaraixbs and orocedure were both less comvlicated as
neither vapour vnressure nor conduvnetivity measurements were

made. The vrocedure involved the filling of bombs with

the desired sclvtions and determining at what temverature
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precivitation ocevrred.

In the cooking exveriments (vart III), it was
necessary to use an avvaratus capable of measnring vapour
pressvres. The tkehnique of filling the reaction cell
with the fouvr substances, wood, svdphur dioxide, calecium
oxide, and water, was quite involved as all imowrities had
to be excluded.

PART I.
Yapour Pressvre and Qondvctivity of the System
Calcivm Oxide - Svlphur Dioxide - Water.

Description of Avparatus.

The apparatus may be conveniently divided into
three sections: (1) Gas suvooly and owrification system,
(2) Gas measvring and introduvction system, (3) Reaction
cell with attached manometer system.

/\Gas was supplied from a high oressure ecylinder.
It had to be dried and then ourified;g§'redistilling sev-
eral times, with rejection in each éase of the top and
bottom fraction. Carbon dioxide was nsedias a condensing
mediuvm. The svlphur dioxide was measwred in two bulbs of
carefully determined volvme. These were attached to a two-
armed manometer, one arm of which cowld be evacvated. The
pressure was carefully determined before and after intro-
ducing the gas into the cell and the amount of gas intro-

duced was determined by d@ifference. The gas was introdueed

into the cell by first condensing it from the measuring bulbs
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into a tiny buvlb whiech was connected to the rell throwvgh
a merenry seal. The temverature of the cell was regnlated
by means of a bath econtaining the necessary heaters and
stirrer. The manonmeter was of the closed end tyve with a
speecial arrangement whereby vpressvres vo to 100 nownds ver
square inech conld be obtai ned.

Pure calcecium oxide was obtained by heating choice
crystals of Iceland Spar in a ecurrent of air. A special
method for degasing the water withouvt loss of water vavour
was employed. A detailed desrrintion follows:

I. Detailed deserintion of anvaratus.
(a) Gas nurification system.
(b) Gas measnring and introduvertion svstem.
(~) The reaction cell.
() The manometer system.
(e) The heating bath.
I1. Condvectivity measwrements.
III. Preparation of ovure caleiim oxide.
IV. Proecednre for the nrevaration of solwvtions.
V. Procedure in making a"run',

VI. The calevlation of resrvlts.

I. Detailed Desecrivvion of Apnaratus.
(a) Gas nurification system.
A detailed diagram of the entire avvaratws can be

seen in Plate A. This-wili-be-referred-te-fregmentty. This
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will be referred to frequently. This system was made of
soft glass, a seal being made to the high pressure sulphur
dioxide eylinder by means of DeKhotinsky cement. The appar-
atus was evacvated and then flvushed several times with suwl-
shur dioxide to remove the last traces of air. Buvlb B was
then surrounded with a freezing mixture of carbon dioxide

in acetone. Tge needle valve on the eylinder was ovened and
sulphur dioxide was slowly bled into By where it condensed.
The bulb was allowed to warm vp and the lighter fraction was
allowed to evaporate through the exhawst. The middle frac-

tion was allowed to evaporate into By where it was condensed.
This was then redistilled into B3 with rejection of the light

and heavy fractions. A similar redistillation into BU vy+zld-
ed pure svlphur dioxide. By acted as the storage buvlb.

(b) Gas measuring and introdrertion system.
PR
This sysiem consisted of the wolvumes E; and E2

and the connecting tvbing bovnded by the stovpcocks 83, So

and 83 and a fixed level of 2 em. on the right hand side of
the manometer M. The left hand side was completely evacuvat-
ed and 82 clédsed. The mercury was raised or lowered in the
two arms of the manometer by applying air or vacuwum above

the mercury in the mercury well. 1In all measurements the
level of mercvry in the right hand arm was adjusted to 2 em.
The #ifference of the two levels was read off on a ecalibrated
glass scale, and the necessary glass scale temperatvre corr-

ections were applied.
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The temperature of the two bulbs E; and Ep, was kept equal
by immersing both in the same water bath. The temverature
af the connecting tubing was determindd by means of two
thermometers hung at svitable points.

The wolumes of the two bulbs E; and E, were care-
fvlly determined by weighing full of water, and again emoty
and applying the necessary corrections. The volume of the
connecting tubing was determined by the use of the gas
laws. The two bulbs and the connecting tubing were filled
to a certain pressure with dry air. Temperatures and ore-
ssures were carefully observed. 8§z and S, were then closed
off and the connecting tubing evacﬁated. The air was all-
owed to exvand from the bulbs into the connerting tubing and
phe pressure observed.

Let p) be the pressure at the beginning and vy

the combined bolume of E; and Eos & Let Do be the final
pressure.

Then, P1V1=Po(V1+X)
where X is the volume of the connecting tubing. 1If the
temperature changed duvring the measvrement, the necessary
correction had to be made. The accvracy of the measnring
system was checked by condensing a determined volume in a

bulb and weighing.

X 75 096 CCo

The procedure followed in measuring ouvut the
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desired amount of svlphuvr dioxide and introduecing it into
the cell was as follows. After the measuring system was
thoroughly evacvated, pvre S0, was allowed to evavorate from
the bulb By vntil the desired pressure had been brilt up.
The system was given a few minvtes to reach tempmerature
equilibrium, the mercury was adjvsted to 2 em. in the right
hand arm of the manometer and the oressure and temmeratwres
read. A freezing mixture was then placed around D and the

desired amount of 802 allowed to condense into that tiny

bulb. 83 was then closed and 8i opened and the gas allowed
to pass into the reaction cell through the capillary tubing
which later went to form the mercury seal. After the gas
had expanded,into the cell, mercury was run into the seal
and it was frozen with a carbon dioxide-acetone mixture.

The amount of gas left in the apvaratvws between 8y and the
mercury seal mas then condensed back into the bwdib D from
whence it was allowed to expand into the measvring system.
The small amount remaining beyond 8y could be calcnlated.
The gas laws were used in calewlating the amount of 805 in-
troducéd into the cell. A gradvated soft to hard glass seal
connected the soft glass of the measuring system to the hard
glass of the cell manometer system. Some auxiliary apparatus
necessary for the proper functioning of the system as a whole
needs mentioning. To insure prover purifiecation and accvrate
measurement of the gas, two things were necessary, namely, an
efficient evacuation system and a pressure gavge suitable for

measnring low pressunres. Figvre I illustrates the arrange-
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ment of the apvaratvs. A water bpumo was nsed to evac-
vate down to about 2 em. pressure. For low opressnres,
the avpvaratuns to be evacvated was connected to a Lang-
mir pvmo besked by a Cenco Hyvae. The MclLeod gauvge
(A) ves wsed to test the efficiency of the evacvating
system; and to test for slow leaks.
(¢c) The Reaction Oell..,

The reaction celltyi shown in detail in PFig.
2. It was madé of one inch pyrex tvbing with a guwarter
ineh stem into which the stirrer stem fitted. Two side

arms (A) and (B) were sealed into the too of the cell and

gserved for the introdvetion of water and calecium oxide

>

respe ctively. Stirring was effeected by means of an all ¢
glass magnetiec stirrer with an iron core sealed into the
stem of the stirrer. A douvuble solenoid was nlaced over
the tubing and fixed firmly in a position svitable for
effective stirring. The lower half of the solenoid was
so wired that a constant current was delivered to it.
This solenoid served to hold the bottom of the stirrer
abount a guarter of an inch above the bottom of the rell.
The vover solenoid was conm&cted to a make and break de-
vice which was simoly an arm attached to the rim of a
wheel driven by a motor. The speed of the stirrer could
be governed by varying the rate of the motor, and the
amolitude of the stroke was adjusted by adjvsting the
current throvngh the top solenoid. The solenoid was kent

from over heating by means of a water cooled coommer coil.
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The stirring was so adjusted that the stirrer barely
"elicked" the bogtom of the cell on the down stroke.
Stirring was quite vigorovs. To prevent condensation

in the stem above the cell, a heating coil was wound
arouvnd this pnart and covered with asbestos lagging. The
stem was kept about 20 ¢. above the temnmeratvire of the
cell. This temneratwre was determined by thermometers ..
placed at switable points.

conductivity measurements were made by means
of twb6 platinum electirodes, sealed into the side of the
cell according to the method of Housekeever (39). These
electrodes were nlaced in a vertieal vosition in order
to prevent caleivm s»lnhite from devositing on them.

They were sealed irita bay windows whiech keot them a
convenient distance from the stirrer. Electrical contaet
was made by means of a colvmn of mercvry.

The cell was connected to the gas measuring
system by means of a capillary tuvbe bent in the form of
a U. Mercury cowld be forced into this from a station-
ary bvlb. In order to seal the cell from the measurging
system, mereunry was run into the U and it was suvrrownded
with a freezing mixture of carbon dioxide in acetone. The
advantage of this was that sveceeding concentrations of
srlphur dioxide could be introdweed into the cell withont

changing the water and Ca0 vsed in preceding runs.
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(dY. The Manometer System,

For this work, a manometer cavable of measvring
vo to at least 7 atmosnherge pressure was mecessary. The
manometer used in this work was the one byilt and calibrat-
ed by Gurd. (Please see Fig. 3).

The manometer was connected to the cell by means
of a capillary tvbe which was sealed onto the 1 em. pyrex
tubing of the manometer. Just below this seal, was a glass
scale (B) about 6 em. long. During an experiment, this
length of tubing was wound with resistance wire which was
well lagced. The purnose of this was to keep all the conn-
ecting tubing above the temperature of the cell, thus prev-
enting condensation of liquid from the cell. Two thermometers,
one placed in the lagging behind scale B, and a second near
the "T" ovvosite B gave its temperature.

During an experiment, the mercury level was kept
at zero on scale B, therefore, making the cell reaction
system one of constant volume.

The closed end manometer tubing extending from
the floor to the ceiling was connected to a high pressure
rybber tube. This was attached to a one litre bulb which
served as the mercury reservoir which was fastened to a
board. The board couvld be raised and lowered bv means of
a pulley device. Thns, as the oressure increased or de-
creased, the height of the bulb could be altered in order

to keep the merecury level at zero on scale B. However, a
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mercury colvmn, nine feet high, did not give suwffieient
pressure for the experiments to be ecarried ovt. Extra
pressure was obtained by pumping air above the mereury
in the reservoir.

The nevessary valve arrangement is shown in
Figure 3. A cooper tube was vassed throuvgh a rubber
stoprer which was firmly held in the merecury reservoir.
Teawneedle valves were attached, in series, to the other
end of the tubing. A biecycle walve stem was soldered be-
tween the two needle valves. Excess pressvre was obtained
by ouvmping air into the reservoir with 4 small bioyéle
oump. The double valve system served to release nressure
uniformly dvring the cooling of the cell.

As the manometer was of the closed end variety,
it was necessary to know the volume of the bubing acrurat-
ely. A wood scale was firmly attarhed behind the mano-
meter tube. This scale was carefuvlly ecalibrated. The
voluyme of the Bube was determined by welighing in mereury
and noting the height to which the merrvry rose. 1In order
to prevent sudden temveratvre changes, a larger glass tube
2.5 em. in diameter was placed arovnd the manometer tube.
Three calibrated thermometers were nlaced against this twbe.
One near the top, one at the centre, and one at the base of
the tube.

Olean dry mercury was used. Before exneriments
were made, the constant of the manometer had to be deter-

mined. In order to calenwlaype this, the canillary tuvbing



- 31 -
leading to the cell was left open to the air. The merewnry
was raised to zero on scale B. This was found to corres-
pond to 291.92 em. on the large scale. The level of mercury
in the manometer tube was read and scale corrections made,
and the relation PV=-KT was applied. The volume was calewvl-
ated from the table of volumes. The »nresswre was that of
atmosphere, plns or minns the level of mercnry, which was
either avove or below 291.92 ecm. on the scale.

A ovart of these valves will be given below,

Table 1.

The complete valves can be foynd in the thesis of

SCALE READING

Tohle T

CORRECTED SCALE

CORRECTED VOL,

20 .00 20.00 15.16
50.00 50.0% 38.36
100.00 100.25 7735
101.00 101.35 78.20
180.50 180.85 139.96
200.00 200,15 155.09
201.00 201.65 156.01
260.00 260 .63 201.08
299.00 299.62 2%21.90
301.00 301.89 233,71
360,90 361.79 281 .58
370.49 371.38 289 .35
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(e). Heating Bath.

The reartion cell wasiemersed in a di-tmtyl
phthaliate bath to a noint where the side arms A and B
were covered. A vyrex jar 8.5 inrhes in diameter and
18 incheShserved to contain the bath oil which was
agitated by means of a three paddle stirrer. Two sets
of bare nichrome coils served to heat the bath. cAn
arrangement of rheostats, convenient for the mnirnose,
made it »nossible to regwlate the temmeratuvre to within
0.05°@. The temneratrre was kent constant at any de~
sired valne, by means of an all mercvry thermo-regnl-—
ator. When necessary, the bath covld be rooled by means
of a water ~ooled cooper coil.

Becange of the faect that nressre tubing was
not used in this work, there was the vossibilitv of an
exnlosion. The bath was therefore enrlosed in a tox-like
nrotertive arranzement, eontaining the necessary shacter
proof windows.

II. condretivity Measwrements.

A cell spitable for both vavorr nressnre and
condretivity determinations was constrvected. It has
been desecribed above. The anvaracrs neressary for the
measnrement of condretivity inelvded, (1) A Leeds and
Norsthrvo Kohlrarserh slide wire bridge, (2) A Curtiss-
wovnd non indnective resistance box (0 to 100,000 ohms
in 1 ohm steos), (3) A pvair of good Jualitv hizh rests-

tan~e ear ophones and (1) A ¥reeland oscillator with a
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fregquency of 1000 cycles ver second. The ordinary type
of bridge hook-up was used.

Before determining the cell constant, it was
necessary to know the resistance of the lead wire and
the platinum foil leading through the glass seal to the
electrodes. This was done by filling the rell with mer-
cury and measuring the resistance of the cirenit. The
electrodes were carefvlly platinized and the rell con-
stand determined with both 1/50 N. and 1/10 N. potassium
chloride solwtions. The specifie condretivities of Kohl—~
ravsch, Holborn and Dusselhorst (40) were wsed.

III. Preparation of owre Calcivm Oxide.

It was fovnd that C.P. €alciim oxide contained
too high a percentage of carbonate to be of any valwe in this
work. OCalcivm oxide was therefore oremared from rlear,
select, natvural erystals of Iceland Spar obtained from the
Eimer and Amend Comvany. This was ground vo finely, and
nlaced in a plaﬁinum boat. The carbonate was heated in a
quartz twbe whiech had a furnace built arornd it. A evrrent
of dry, ecarbon dioxide free, air was vassed over the salt.
The fuvrnace was held at about 1000 ¢. for a week..

The oxide formed was tested for carbonate by
placing some of the oxide in a test tybe with ecarbon dioxide
free water. H(Cl was added, and (0o free alr was sucked

through a solvtion of barivm hydroxide. ¢a0 was also deter-
mined by titration methods. An excess of 1/10 N HOLl was
added, and titrated back with 1/10 N. NaOH vsing methyl

orange as indicator. These tests showed the a0 to be »ure.
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The Ca0 was stored in a wvacvum desdicator containing
phosphorus pentoxide and sodium hydroxide.
IV. Procedure for the Prevaration 6§ Solwtions.

The cell was carefully cleaned and dried. The
solenoid was slivped over the stem and both were clamped
in position,after which the stem was sealed to the tube
leading from the manometer system. The resistance wire
was wound around the emsseréd stem and lagging nlaeed thereon.
Side arm B was left about three inches long. Side arm A
was left long enough to extend out in front of the bath.

To this, a 500 cec. distillation bvulb was attached. The
entire apparatus was now evacrvated, and left to stand, in
order to test for leaks. It was then ready for filling.

Dry carbon dioxide free air was allowed into the
goparatus and side arm B was broken open. The desired am—
ount of ealcium oxide was weighed ouvt, and poured into the
cell through B, using a glazed paver funnel. The side arm
B was then sealed off. ;he top stem of the distillation
bvlb was bw ken off, and the desired amount of distilled water
introduced into it with a weight pivette, care being taken
not to wet the uvpper walls of the fXask. This stem was
sealed off and the water in the flask was ranidly frozen,
using a mixture of carbon dioxide in acetone.

The apparatus wae then thoroughly evacvated and thk
meroury was raised part way up to the mercury seal between |
the cell and the gas, measuring system. The objeet of this, wc: o

was to isolate the cell system from the rest of the avvaratus,

The following procedure was for the pnrmosé of removing any
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traces of dissolved gases from the water.

The freezing mixtwvre was removed from around
the flask and the ice allowed to slowly melt. As it did,
bubbles of pas came ovt ¢f solwtion. As oon as the ire
had 211 melted, it was azain ranidly frozen. Any water that
had esecaned into the vanvouvr nhase was recondensed, whereas,
very little gas that nad been removed from the water world
re-dissolve when oresent in sveh small gvantities. After
the water was again comvnletely frozen, the merenry shut-off
wa s lowered and the cell sysitem evarmated. Thrée sveh free-
zings and thawings were found s+ffirient to remove dissolved
gases. The water was then slowly ~istilled into the ~ell.
To farilitate distillation, the rell was surrornded with the
bath oil whierh was kent at as low a temmeratvre as nosgible
by means of the covver cooling coil.

The final stev involved the introdvertion of snl-
vhur dioxide into tae ecalecium oxide-water system. The method
of nurification and measurement of the gas has already been
deseribed. In order to increase tne rate at whirh sulohuvr
dioxide went into sclwtion, the temveratire of the bath was
lowered by means of the ~ooling ecoil. The scirrer was set
in vigorous motion. After the nrezswre and temvmeratwvre of
the gas in the two measvring bvlbs Ei and E, were deter-
mined, the desired amouvnt of -as was condensed in D. Ston-
rock S3 wa8 closed and 8y ovnened and the gas allowed to rwsh
into the cell. After the gas had all evanorated from D, mer-

chry was run into the mer~ry seal and frozen. The gas bet-
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ween §, and the mercvry seal was condensed back into D
from whieh it was allowed to evaporate into the measvring
system. The pressure and temperatvres of the gas remain-
ing in the measuring system were read. The amount of gas
introdvced into the cell could be calenlated by difference.
An example is given below in sertion VI.

V. Procedure in Making a "Run'.

The stirrer, and thermometer, and thermo-regvlator
were fixed in place. With low svlphur dioxide concentrations, it
it was found that equilibrivm was reached very slowly, exp-
ecially in some eases where the solid tended to cake at the
bottom of the cell. To make svre that eqgrilibrivm was reached
at the beginning of an experiment, the solution was stirred
for at least 2" hours, and in some cases for 3 days. At
higherrconcentrations of snlphur dioxide, this was not nec-
egssary as all the caleium oxide went into solution as the
.bisulphite at the beginning of a run. The temperatvre was
held constant until egquilibrium was reached. This reqwvired
several hours at the lower temperatnres. One very convenient
method for speeding up the attainment of equilibrium was to
heat vp the solution 1 degree above the desired voint, hold
it there for twenty minvwtes, then co00l down to the point where
readings were to be made. The best method for determining
when egnilibriuvm was reached was by following conduvetivities.
Conduectivity readings were made every 15 minutes. After the
valnes remained constant for half an hour, readings were made

of (1) The temperature of the bath, (2) The temverature of

the connecting tubing, (3) The three temmeratvres on the
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manometer tube. The height of the merecury on the scale
was kept at 0, and the height of the merecury in the man-
ometer was read. The first few rvns were checked by
repeating the exveriment after equilibrium had again
been reached at room temmerature. The results could be
duplicated.

VI. ¢alculation of Results.

A vast amount of time was required in the
calculation of resvlts. It will be nossible to giwe
only a brief review of the orocedure adonted. In order
to leave no doubt as to this ororedwre, tyve calenlations
will be ineclvded where necessary.

gorrections in weighing ovt the ecalrium oxide
and water were small. As the water was distilled from the
500 cc. distillation flask, a vélume of water vapour was
left in the flask for which correction had to be made.

The caleunlation of the weight of sulphvr dioxide regwired the
correction of the merenry heights read on the glass scale
to 0°6. An example will be given below.

Two corrections were necessary to the colvmp of
mercvry in the large manometer. Most of the column was at room
temperature, and its height had to be corrected to 0°0. A
few centimeters in scale B which was heated avove the temp-
eratyre of the bath had also to be correcrted to 0°C.

The gquantity of sulphvr dioxide and water in the
gaseous vhase above the solvution had to be calcuvlated. As

the temperature increased, the volvme of the solwvtion inecr-

eased, thus diminishing the gaseous volume.
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The volume of gas above the solwntion had to be
divided into two mrts. Thdat in the rcell was at bath temn-
eratrre, while that in the connerting tvbing was at a temp-
erature recorded by two thermometers nlaced inside the laz-

ging, one at scale B and the other above the reaction well.

Tyke Calcvlation. D3.

l. Wt. Snlvhvur Dioxide.

Corrected
Man. Tvbing. Bath. NTressure.
L. R. Temp. Temn.
Before introdveing 73.80-20 232.5 21l.7% 71.55
After introdveing 21.65-20 ol I 21.5 19.57

Wt . — 11.25x21”.6X6R.10 1.55x75.96%x65., g}_;,
Te. 02 X: 76 x .08209x000 ., L V76X, 08200 %095 .5 )/ °°°
(L9l bx6rze + 19,5705 96060 0]
(6X%.08209x29%.6 76x.08209x207.5 11009

= 1.4631 gm.

Correction for SO, trapped in tubing .0009 g™ -
We. S0, = 1.L622 gm-
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Type Calculation.

Vapour Pressuvre.

Scale reading 313 5
Correction 0.89
Corrected reading 31%.39 em.
1 . in monomet 31k.3
To find vol, in ometer 302.11 12 233, 91
12 25 = 2
Volume of air above mercury 1 ce.
Temperature Top Middle Bottom
29.3 26.7 21.6
Corrected 29.1 26.7 o1.Ut
12x29.1 =349,2
16 x26. 7 .27.2
_1x2§ O.

Average temperature 27.300. 300.h A.

P. Dve to enclosed air = K.?.:_EZ_-E‘_,ELX}OO-M
v 53, 71

P=70.53
Reading on Scale B -0.1

“rve scele reading 31”.39
Zero value 291.92

Scale+Temp. oorreotion

"” —E%—%%

The specific condvetivities were ealcoulated

in the usval manner:

K= asn)

where K the specifie conduetivity in ohms-1.

the cell constant.

total resistance of the system, as measured
the lead resistance. by the bridge.

H RO

As the slide wire of the bridge was divided into 1000
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divisions, the total resistance R is gdven by:

R~ A
1000-A B

where A the bridge reading.
B the rexding of vhe resistance box in the
oridzre ~irewit,

The valuves of A were read from tables.
1000-A
PART 1II.

Solvbility Stwdies.
Descrivtion of &Apparatvs.

The apvaratws may be conveniently divided into
three sections. (see Fig. Ut & 5.)

I. G as nurification and measvring systen.

2. System for making vp solntions.

3, Apparatuvs for determining nrecinitation
temppratures.,

I. Gas Burification and Measr-ring System.

The apoaratus used in ovurifying and measuring the
gas was the same as that vsed in Part I of this thesis. It
has been carefully described before and, therefore, further
description is vnnecessary.

II. System for making vwn Solntions.

In the work on vapour nressvres and conductivities,
a svecially constructed reaction cell was used. This ineluvd-
ed a magnetiec stirrer and sealed—-in vlatinum electrodes. An
elaborate ecell surh as this, was not required for the sol-
ubility work. It wam decided to vse one ineh pyrex tubing

made in the form of bombs, as shown in ftgure 4. A stem of
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dquarter ineh pyrex was sealed onto one end, and this stem
was sealed onto an arm of the manifold M, which was wsed for
filling with gas. (Fig. L.) Eagh bomb had a side arm whieh
was used for filling with water and ecaleivm oxide.

Vavour nressures were not meaSUreg in this work
therefore, the large manometer system was unnecessary. The
gas measuring system was therefore sealed away from the cell
manometer system at a point just beyond §,. (Fig. I.) Sy
was joined to a horizontal manifold to which five vertical
glass tubes were sealed, each containing a stopcock. To
the end of each stem a bomb, whiech has been deseribed above,
was sealed. By making wp solvtions for five bombs at a
time, it was found voscsible to save considerable time.

III. Avparatvs for Determinince Precinitation Temperatwvres.

An avparatus was required whiech would keep the
solrtions in each bomb well agitated and at the sare time
wonld hold them at any desired temveratvre. The following
apparatus was found to work guvite satisfaestdrily. A pyrex
jar 83" in diameter and 18" deen was filled with fresh di-
butyl phthallate. Efficient stirring of the solntions was
obtained by eclamping two bombs at a time to a vertieal wheel
whirh was rotated by means of a motor. (see Fig. 5.) Thus
for each rotation of the wheel, the solntions ware shaken
twice and the amount of shaking covld be regulated by reg—
vlating the speed of the motor. The bath o0ll was kent well

stirred to insvre uniform temnerature distribution by means
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of the three paddle stirrer which was driven by an elec-

tric motor,

The bath was heated by two separate sets of coils
made of resistance wire, The switches and rheostats necess-
ary for the regulastion of temperature were the same as those
used and described in Part I. Regulation of temperature was

by hand, A water cooled copper coil was placed in the bath

in order to aid rapid cooling.

Procedure,

I, PFilling the Bombs,

About five bombs were made at a time, Care was
taken in making them not to have any thin spots, as some of
the bombs had to withstand quite high pressures. The volune
of the bombs was approximetely 40 cc. except for a few large
ones,

The bombs were carefully washed and dried, and then
sealed onto the manifold stems with the side arms facing out,
The side arms were sealed off about 3" from the bomb and all
five bombs evacuated and tested for leaks. Dry carbon dioxiée
free air was then allowed to fill the bombs., The side arms
were broken off 2" from the bomb., Pure €alcium oxide was
carefully weighed out for each bomb, A glazed paper funnel was
used to avoid loss of any calcium oxide. Distilled water which
had been previously bailed to remove dissolved air, was pipetted
into each bomb to make up the desired concentration., The side

arms were sealed off close to the bombs which were then ready
for the removal of the last traces of air.,



The stopcocks above the bombs were closed
and the manifold evacuated. The air above the water in
each bomb was removed by quickly turning each stopcock
several times, As soon as the pressure in each bomb was
reduced to the vapour pressure of water at that temp-
erature, bubbles of dissolved gases were seen to rise
from the water. As soon as this bubbling had ceased,
the pressure was again reduced by turning the stopcock,
Several repetitions of this procedure insured complete
removal of dissolved gases, The solutions were then
ready for the introduction of sulphur dioxide,

The purification and measurement of sulphur
dioxide has been described in Part I of this thesis,
The procedure used in filling the bombs, however, had
to be somewhat modified. During the work on vapour
pressures and conductivities, the sulphur dioxide to
be introduced into the cell was measured, then con-
densed in a tiny buld D (Fig. I) from which it was
allowed to evaporate rapidly into the cell, Rapid
filling in that case was possible, because the
solution could be thoroughly stirred. However, in
filling the bombs there was no means of stirring,
therefore, the gas went into solution quite slowly.

The gas could not be first condensed into a tiny bulb,
as rapid evaporation from this would have built up

much higher pressures than the stopcocks on the manifold

would withstand,



- A46=

A quantity of sulphur dioxide was evaporated
from its storage bulb until the pressure in the measur-
ing bulbs was about atmospheric, The pressure and
temperature were measured and the gas was allowed to
pass directly over to the bomb where it went slowly
into solution. The pressure decrease was followed, and
when the calculated amount of sulphur dioxide had gone
into solution, the bomb was sealed away from its
manifold stem, The gas remaining in the manifold and
connecting tubing was condensed and allowed to pass
back into the measuring system, where the amount remain-
ing was determined, The difference represented the
sulphur dioxide in the bomb. Corrections were made for
the small amount of gas remaining in the manifold after
the bulk had been condensed back into the measuring
system, Since the solubility of sulphur dioxide in-
creases rapidly with decrease in temperature, the bombs
were kept in an ice mixture during filling. Each bomb
had to be filled separately. After the bomb was sealed
off, it was thoroughly shaken by hand till the salt went
into solution. In this solubility work it was necessary
always to introduce enough gas to dissolve all the
calcium oxide present, Some solutions that had just -
enough sulphur dioxide to form a clear solution required
lengthy cooling and shaking to get all the salt in
solution. The bombs were now ready to Be put in the bath

for determining precipitation temperatures,



Two bombs were clamped onto the wheel (Fig.5)
The precipitation temperature of each bomb hed to be
determined separately, but by using pairs of bombs, two
purposes were served, In the first place, the extra
bomb served as a counterpoise, insuring more even
rotation of the agitation wheel. In the second place,
the apparatus had to be torn down only half as often
when bombs were replaced. A third advantage also became
evident, but this will be described later,

After the two bombs were clamped onto the
rotating wheel, the wheel was firmly fixed into place,
The necessary pulleys and belts were attached and the
bath filled with o0il., It was found that there was a
strong tendency towards supersaturation, In some cases,
the solution could be rapidly heated to more than 15° C,
above the actual precipitation temperature,

The solutiong were shaken simply by rotating
the wheel to which the bombs were clamped, thus causing
the solution to splash continually from one end of the
bomb to the other, First a trial attempt of the pre-
cipitation temperature was made, The bath was heated up
rapidly until precipitation took place. Precipitation
was always rapid and voluminous, indicating that at that
point a large part of the dissolved calcium bi¢sulphite
rapidly changed over to the less soluble calcium siphite.
Previous experience and data derived from conductivity

readings had shown that unless the solution was heated



up very slowly, precipitation took place from 1o to

15 degrees above the true precipitation temperature.

In order to save time, the bath temperature was allowed
to continue increasing until the second bomb on the
wheel showed a precipitate, The bath was rapidly
cooled in order to bring the salt of both bombs into
solution,

The object of the remaining determinations
was to find the lowest possible temperature at which
precipitation would take place. The bath was again
heated up to within 109 of the previous precipitation
temperature, It was held there for an hour., If
precipitation took place, the bath was cooled down until
solution was effected. If precipitation did not take
place, the bath was slowly heated up at a rate of about
2 degrees per hour until precipitation took place., This
was not considered as the true precipitation temperature,
but as a reasonable approach to it, Several more
similar attempts were then made to lower this temperature,
Eventually a temperature was obtained below which pre-
cipitation would not take place., This was considered
as the precipitation temperature,

It is admitted that this is not the ideal way
to study solubility. Just below the precipitation
temperature, it should have been possible to bring the
precipitate into solution. A great deal of time was

spent in the attempt to dissolve the precipitate.at .~
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a few degrees below the apparent precipitation temp-
erature. There was one insurmountable obstacde and
that was the time factor., It was found that 15 degrees
below an apparent precipitation temperature, it was
possible, within a reasonable time (3-4 hours), to
bring the precipitate into solution, but at 10 degrees
below that temperature , the time required increased

tremendously,

| PART III
TCUORTI G HfpunT s

Description of Apparatus,

The ratio of woodmeal or cellulose to cook-
ing liquor varied from experiment to experiment, but
in all cases, the consistency of the "mash" formed was
too great to permit the use of a magnetic stirrer, 1In
fact, it was impossible to find any means of stirring
the contents of the reaction cell, The method used in
Part I of this thesis for introducing the reagents
could, therefore, not be used, It was found necessary
to prepare the sulphite liquor in a separate piece of
apparatus and then to introduce it into the reaction
cell containing the woodmeal., It was also necessary
that no foreign substances be present in the cell
during the experimental work, and, furthermore, a
procedure had to be adopted which would permit the
introduction of a known quantity of an accurately

known concentration of liguor, On the other hand,

vapour pressures could be determined with the manometer



system that was used in Part I,
A detailed description of the apparatus
and experimental procedure is given below:

Detailed Description of Apparatus,

The apparatus may be divided into three
parts:-
1. Gas purification and measuring system,
2, Apparatus for preparing solutions.,
2. Cell-Manometer system,
l. Gas purification and measuring system,
Part I of this thesis gives a detailed description
of the apparatus used in purifying and accurately
measuring the sulphur dioxide, This apparatus was
also used in the purification and measurement of the
sulphur dioxide used to make up sulphite liquor for
the cooking experiments,
2. Apparatus for Preparing Solutions.,
Calcium oxide when placed in water settled
to the bottom where it formed a compact mass, If
sulphur dioxide is added without stirring, sulphurous
acid is formed. This attacks the calcium oxide extremely
slowly., The means adopted to bring the calcium oxide
into solution was to measure the reagents into a filler
tube, which could be sealed away from the gas measuring
system and shaken,
The filler tube (see Fig.6) was made of three
quarter inch pyrex tubing, It had two side arms A & B,
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One contained a stopcock, which could be sealed to
the gas measuring system, The other was about 3
inches long and was used for introducing the calcium
oxide and water,

The top of the filler tube contained 2
triple seal, The inside seal consisted of a 3"
length of 1/8" tubing called the nipple. This tube
was drawn down thin about #" from the triple seal.
Beyond this constriction the 1/8" tube was sealed
shut. The rest of the tube extended about 2" to just
beyond a side arm (c¢) set at right angles, This side
arm contained a small iron weight, which could be
raised with a magnet and allowed to drop on the end
of the nipple, in order to break it off at the point
where it had been constricted, thus allowing any liquid
in the filler tube to escape., The 4" tubing surround-
ing the nipple and to which the side arm containing the
iron hammer was sealed, was reduced to 4" tubing just
beyond the end of the nipple., This 4" tubing could be
sealed to a side arm of the cell when the cell was
ready for the introduction of the liquor, The setup
used for introducing liquor into the reaction cell is
shown in (Fig.6). This also illustrates the cell-
manometer system,

3¢ Cell- Manometer System,
A cell made of 1" pyrex tubing was built capable of
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withstanding over 500 cm. Hg., pressure. (see Fig. 7).
The first cell constructed had a volume of 100 cc. The
reaction products were analyzed for sulphur dioxide, lignin,
and pulp. Therefore, after each experiment the cell was

sealed away from the manometer system, and it was necessary
to build a new cell for the next experiment, The volume of
the cells varied slightly. It was found that during an ex-
periment the woodmeal tended to "shove up" in the reaction
tube, and in order to prevent any wood from getting into the
lagged tubing leading to the manometer, a cap was set about
two inches from the top of the cell. A tube was selected
which would fit snuggly into the cell, and a large number
of very small perforations were blown into the end of this
tube, The perforated end was then cut off short. This cap
was slid into place in the cell and held there by means of

several glass notches placed conveniently just above and
below it., The bottom end of the cell was then sealed shut.
A 3" side arm was sealed onto the cell just below the per-
forated cap. This was for filling the cell with woodmeal.,
There was a second side arm near the top of the cell to which
the filler tube could be sealed when the cell was to be filled
with cooking liquors,

The stem of the cell was sealed to the manometer
system., A"T"on this stem led to the evacuating system through
a mercury seal, This was necessary to remove the air from the
woodmeal in the cell., During an experiment, mercury was run
into the mercury seal, and kept frozen in a carbon dioxide

ascetone mixture, The glass tubing leading from the cell to



the manometer and also to the mercury seal was wrapped
with resistance wire, in order to hold the vapour phase
contained in it well over 130° C., thus preventing con-
densation of water.

The 1arge closed end manometer, as described
in Part I, was used to measure vapour pressures.

The bath consisted of an 8% x 18" pyrex jar
full of di-butyl phthal2zate. The heating coils were
similar to theseres used in the solubility experiments,
except that an extra heater was added, making it possible
to heat the bath from 25° to 130° C. in 45 minutes. The
temperature could be Tegulated to within 1/10 degree::.

Experimental Procedure:

Solutions of varying concentrations of calcium
oxide, sulphur dioxide and water were prepared and mixed
with woodmeal. The wvapour pressures of this system were
then determined at 130° C. for a period of 8 to 31 hours.
A detailed description of the experimental precedure in-
volved is given below. It may be divided into 5 parts:

l. Purification and Introduction of Calcium Oxide
and Water.
2., Purification, Measurement and Introduction of

Sulphur Dioxide.

3. Preparation of woedmeal and cellulose.
4, Introduction of Liquor into the Reaction Cell.

5. Procedure in Conducting an Experiment.
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l. Purification and Introduction of calecium oxide and water.

Clear select crystals of Iceland Spar (calcium
carbonate) were ground up finely in an agate mortar and
heated for four days in a platinum boat at 1000° C. A current
of dry carbon dioxide free air was continuously passed over
the boat. All the necessary precautions were taken to keep
the calcium oxide formed in the pure condition by storing in a
vacuum dessicator containing phosphorus pentoxide and sodium
hydroxide.

A reaction cell and filler tube, as described above,
were made. They were carefully cleaned and dried. The filler
tube was sealed to a glass tube comnecting it to the gas
measuring and evacuation system. The side arm A (see Fig.6)
was sealed shut, leaving about 3 inches of tubing. The filler
tube was then evacuated, in order to dry it and test for
leaks. If the apparatus held, it was ready for the introd-
uction of caleium oxide and water.

Dry carbon dioxide free air was allowed to fill
the filler tube. The end of the side arm (&) was then nipped
offe. The desired amount of pure caleium oxide was then
weighed out and poured into the filler tube, using a glazed
paper funnel.

Distilled water, which had been boiled for an hour
and rapidly cooled, was introduced, using a weighd pipette.
The side arm was then sealed off close to the filler tube.

It was now necessary to remove the air above the

water and also to remove any small amount of air that had
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dissolved in the water. The stopcock S1 was closed until
the connecting tubing was evacuated. 51 was rapidly
opened and closed several times to remove the air above the
water. Any gas dissolved in the water began to bubble oute.
This removal of gas was continmued for an hour, in which time
the stepcock Sy was rapidly opened and closed about half a
dozen times. The filler tube was then ready for the in-~
troduction of sulphur dioxide.

Ze Purification Measurement and Introduction of Sulphur

Dioxide.

The procedure was similar to that used in filling
the bombs for the solubility experiments and, therefore, only
a brief description will be given here.

The purification apparatus was evacuated and the
required amount of sulphur dioxide condensed from the pressure
ecylinder. This sulphur dioxide was redistilled 3 times with
the rejection of the top and bottom fractions. The pure gas
was stored in a bulb which was surrounded with carbon dioxide
in acetone.

The measuring system was thoroughly evacuated and
sulphur dioxide allowed to evaporate into it, until approx-
imately atmospheric pressure was reached. The pressure of the
gas gnd its temperature were thus observed and the gas allowed
to pass over to the filler tube. As no stirring was possible,
gsolution took place slowly. Solution was aided somewhat by
surrounding the filler tube with an ice bath. In this work,

two fillings were required to get the desired amount of
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sulphur dioxide into solutione. After the first filling,
5] was closed and the gas left in the connecting tube was
condensed back and evaporated into the gas measuring
system in the usual manner. The pressure and temperature
were read and the small amount of gas left in the connect-
ing tubing accounted for. The measuring system was then
evacuated énd a fresh supply of gas evaporated into ite.
Itvwas measured and introduced in the same way. The rate
at which the sulphur dioxide went into solution could be
followed by means of the manometer on the gas measuring
system. When the desired amount had passed into solution,
the filler tube was sealed off by sealing off the side arm
(B). The sulphur dioxide remaining in the connecting tube
was returned to the measuring system and the pressure and
temperature determined.

The filler tube was then shaken until all solids
had gone into solution and was allowed to stand until the
rest of the apparatus was set up.

Se Preparation of Woodmeal and Cellulose.

Two different grades of spruce woodmeal were
used. That used in experiments 1 and 2 passed 100 mesh.
The second passed 40 mesh, but was retained by a 60 mesh
sgreen. It was thoroughly washed with a solution of 50%
alcohol and 50% benzene to remove resinous materials. These
solutions were thoroughly removed by heating to 100° C. and
evacuating. Ag dry woodmeal is exceedingly hygroscopic,,

it was necessary to leave it in contact with the air, in
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order to pick up moistures before weighing. The moisture
contained at the time of weighing was carefully determined
and the weight corrected for bone dry wood.

The cellulose was purified in the follewing
menner: Absorbent hospital cotton was placed in a flask and
enough 1% NaOH was added to just cover it. It was refluxed
at 100° for 12 hours. It was then washed free of alkali

and acidified with 1% acetic and then washed free of acid.
Refluxing and washing was repeated seven times. The
purified cotton was then air dried on a rack and finally
oven dried for 2 days at 100° C. and stored in a bottle. At
the time the experiment was made, it contained 5% moisture.

The weighed amount of woodmeal or cellulose was
placed in the clean dry cell and the cell sealed onto the
manometer system. The sgside arm, through which the wood had
been introduced, was sealed off.

4, Introduction of Liquor into the Cell.

. The iron weight was carefully slipped into its
containing side arm (c) on the filler tube and allowed to
rest on the end.of the nipple. The filler tube was then
gealed to the upper side arm of the reaction cell, as shown
in Figure 7e The open end of the side arm was then sealed

off.
0il was poured into the bath and heated to 70° C.

L 4

The cell was evacuated for 4 hours at this temperature, in

order to remove air absorbed on - the woodmeal. Mercury
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was run into the mercury seal and frozen. The cell was
ready for the introduction of the liquor.

The iron hammer was raised in its side arm by
means of a small electro magnet and the hammer allowed to
drop on the nipple, which broke at the constriction near
the triple seal. The liquor drained into the cell. Time
wag given for it to drain completely, and the filler tube
with connecting tube was sealed away from the cell, leaving
the upper side arm of the cell about an inch longe

The lagged tubing between the cell and the man-
ometer was heated well above room temperature to prevent
condensation of liquid and the system allowed to stand over
night, in order to give it time to reach equilibrium

S5e Procedure in Conducting an Experiment.

After sufficient time had been given for the
vapour pressure to become constant, it was determined at 250
C. The bath was then rapidly heated to 1300 C., where it was
held constant throughout the duration of an experiment.
Vapour pressure readings were made in a manner similar to that
used in Part I. The time of cooking varied from 8 to 31 hours
and in some experiments the bath was cooled down and the vapour
pressure determined at room temperature. This was done in

order to check vapour pressure rises during cookinge.

After an experiment, the cell was sesled away from
the connecting tubing and the contents analyzed for pulp,lignin

and sulphur content .
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RESULTS,
Part I.

Vapour pressures and conductivities of the system
calcium oxide~-sulphur dioxide-water,

In the study of the vapour pressures and conductiv-
ities of the system calcium oxide-sulphur dioxide-water, the
data of nine different concentrations are given. These may
be divided into two parts. In one series four different con-
centrations of sulphur dioxide were studied in which the gquantity
of calcium oxide remained constant, with approximately 1.2 %
present., This work is classified as series B, In a second
series, five different concentrations of sulphur dioxide were
studied, with the calcium oxide concentration approximately
2.3%. This is classified as Series D, Two other series were
completed, but in each case, experimental difficulties arocse
which cast doubt on the accuracy of the data obtained. These
results are, therefore, not included in the thesis, The data
of the nine successful runs are given below. (Tables II-X).
It is quite impossible to include all the readings of these
runs. Some idea of all of the readings required may be ob-
tained from a study of the section "Calculation of Results",
Instead, only the calculated results are given below,

The percentage of each component is calculated on
the basis of the total sulphur dioxide (in the liquid phase)
plus calcium oxide plus water,

Bach series includes: I, Weight of water,

II., Weight of calcium oxide.
TII. Total weirht of sulphur dioxide.
IV, Weight sulphur dioxide in

solution, )
V. % sulphur dioxide in solution.



VI. Ratio S0./Ca0 in mols,
VII. Temperature,
VIII, Total V,P,
IX, Partial V.P., of sulphur
dioxide.
X. Specific conductivity.

Specific conductivity measurements are included
for series B only,

Tables II to X include the results of the indiv-
idual experiments performed by the writer, This investigat-
ion, however, was a completion of the work started in this
laboratory by Campbell and by Gurd, and its main object was
to sum up the results of all three workers, This information
is contained on Table XI for vapour pressures and on Table XII

for specific conductivities, Vapour pressure values are given

for temperatures of 25, 50, 70, 90, 110 and 130°C, and conduc-
divities for temperatures of 25, 50, 70 and 90°C, For each
of these temperatures, the vapour pressures and conductivities
for concentrations of 1, 2, 3, 4, 5, and 6 percent sulphur
dioxide, and concentrations of 0, 0,5, 1.0, 1.5, 2.0 and 2.5
percent calcium oxide are given, The method of presenting
these data requires a more detailed explanation.

A study of Table XI r=veals that the first horiz-

ontal line of figures gives the vapour pressures of a 1 percent
sulrhur dioxide solution containing zero percent calcium oxide
at each of the temperatures stated above, The second line of
figures gives the vapour pressures for a one percent sulphur
dioxide solution containing 0,5 percent calcium oxide at each
of the temperatures stated above. It can be seen that entire
sulphur dioxide and calcium oxide concentration ranges have

been dealt with in a similar manner, Obviously, this required
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considerable calculation and correlation of data.

However, an attempt was being made to determine equil-
ibria in the system calcium oxide-sulphur dioxide-water
and, therefore, all these data were required., Sufficient
data had also been obtained on the specific conductivities
of this system to permit the drawing up of a composite
table covering similar temperature and concentration
ranges, The results are found in Table XII. In this
table, however, the data for temperatures of 110 and 130°C.
are omitted,

It iswgossible to include the tables and graphs
that had to be prepared in order to obtain the data found
in Tables XI and XII. Instead, the method used in arriving
at the data given, will be described belaw, The data of
tables II to X will be dealt with first,

Series B consists of four experiments., The
calcium oxide concentration was kept constant, but the
sulphur dioxide concentration was varied for each, Four
sets of wvapour pressure and conductivity values were ob-
tained covering a temperature range of 25 to 130°C, A
curve was drawn with vapour pressure as ordinate and temp-
erature as abscissa., For instance, the first curve drawn
represented experiment B¢ in which the initial concentration
of the calcium oxide was 1.,14% calculated as Ca0/Ca0+S05+
HoO, and the concentration of the sulphur dioxide in solut-
jon was 1,420. It must be mentioned here that as the
partial pressure of the sulphur dioxide increased its con-

centration in the liquid phase diminished. This is shown
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below in the tablesreferring to series B.

Experiment By, yielded a similar curve with
higher vapour pressures due to the fact that the solution
contained a higher concentration of sulphur dioxide,

Series B when completed would, therefore, yield four
curves, each with the same calcium oxide content, but
with different sulphur dioxide concentrations,

Isotherms were next drawn by picking the values
from the above set of curves, Vapour pressures were plotted
against percent concentration of sulphur dioxide, At 25°C,
vapour pressures were known for four sulphur dioxide con-
centrations, These were plotted, Similar curves for 50,
70, 90, 110 and 130°C. were drawn, This included the com-
pleted graphical representation for the results at one
calcium oxide concentration, A simiar series of curves had
to be drawn for series D,

The ultimate object of all this work was to deter-
mine the change in vapour pressure with change in both
calcium oxide and sulphur dioxide concentration, The above
déscribes the method used in vapour pressure values for any
concentration of sulphur dioxide up to 6%, for any temper-
ature value between 25 and 130°C, but for only 2 calcium oxide
concentrations, There are four variables:(I.)vapour pressure,

(II1) temperature, (3) sulphur dioxide concentration, and (4)
calcium oxide concentration, therefore, in any graphical
representation, two of these must be fixed, In the first
get of curves, calcium oxide and sulphur dioxide concentr-
ation were fixed. In the second set, calcium oxide con-
centration and temperature were fixed, therefore, in order

to cover the whole temper=ture range. si~ i=otherms had



to be drawn,

The object of the next step was to make it
possible to study vapour pressure changes with gradual
change in calcium oxide concentration, The writer had
data for only two calcium oxide concentrations, and these
were not sufficient for interpolation and extrapolation.
Gurd had conducted similar experiments with this system
at two calcium oxide concentrations, which differed from
those used by the writer, Later, it was found that exeept
for one or two points, the two sets of data were in excellent
agreement. In order to get Gurd's results in comparable
form, it was necessary to make up two complete series of
groups of curves,

To complete the necessary data, vapour pressure
values for zero calcium oxide concentrations were necessarye.
These values were contained in the results of Campbell. (41).
This gave sufficient data to permit plotting vapour pressures
against calcium oxide conéentration. The first curve was
drawn, with vapour pressure as ee-ordinate, and percentage
calcium oxide as abscissa. It gave the vapour pressure of
a one percent sulphur dioxide solution at 25°C, Campbell's
vapour pressure value at 25°C, for a one percent sulphur
dioxide and a zero percent calcium oxide solution was plotted.,
Similarly, Gurd's two values at one and two percent calcium
oxide and the writers values at approximately 1.2 and 2,3 %
calcium oxide were plotted. These five points were found to
fall on a smooth vurve, The remaining curves at 2500. for

2, 3, 4, 5 and 6% sulphur dioxide were plotted in a similar
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manner, The same lengthy procedure was required to
plot each of the values at 50, 70, 90, 110 and 130°C,

The final step in this work was to convert the
last set of curves, (36 in number), to curves of constant
calcium oxide concentration, These graphs (#3to #8) are
shown below. Vapour pressures have been plotted against
percent sulphur dioxide for values of 0, 0.5, 1.0, 1.5,
2.0 and 2,5% calcium oxide.

The conductivity studies were of a similar
nature., This work, however, has been dealt with in detail
only up to 90°C, There are two reasons for this. In the
first place, Campbell's data was not complete for higher
tempe raturzss, In the second place, sharp breaks in the
conductivity curves due to precipitation of calcium sul-
phate make interpolation and extrapolation extremely
difficult., Graph #9 gives the change of conductivity
with temperature of the experiments of series B, Graph
#10 shows the same values, but representing changes of
conductivity due to variation in the sulphur dioxide
concentration. 1In the four succeeding graphs (11 to 14)

are represented the combined results of Campbell, Gurd,

and the writer,



TABLE
II

TABLE
I1L

TABLE

Wt.s0, S0, S05/Ca0
Wt . Wt. Wt Temp . in in S% | Total PP SF.
B HoO Cal S0s Deg. Soln Soln HZ% S02/Ca0 VP S0s Con%.
gms . gms . gms. Cent. gms . mols A mols ecm — em X10
T 84.8567  .9887 - L.4241 %0 .1 L1.420  .02216 1l.642  1.297 6.0 2.8 1.b027
2 50.0 1.419 .02214 1.640 1.256 12.5 4.2 2.091
a 70 .0 1.416 .02210 1.637 1.254 29 <9 6.5 2.721
4 90 .1 1.413 02205 1.633 1.251 62 .4 3.8 $.229
5 109.5 1.406 .02195 1.624 1.245 125.1 18.1 $5.088
6 120.0 1.397 .02181 1l.616 1.237 177.3 29 .2 2.858
7 130.1 1.392 .02173 1.610 1.232 238 .9 35 .2 2.688
1 84 .257 .9887 2.7157 25.0 2.704 04220 0 .083 2.3923 10.9 8.5 2.412
2 30 .0 2.701 04216 3.080 2.591 13.5% 10.3 2.624
3 50.0 2.692 .04202 S «065 2.503 27 .6 18 .3 3.509
4 70 .0 2.681 04185 5.008 2 374 52.6 22.2 4,454
5 0.1 2.670 04167 5.042  2.363 94 .7 41 .9 4 .886
6 100.1 2.660 .04152 3,032 2.355 126 .3 50.0 5.778
7 109 .5 2,639 .04119 3.005 2 .336 112.2 77.2 4.741
8 120.0 2.620 .04089 2.984 2.319 249 .3 100.3 4.1.8
1 84 .257 .3887 3.2073 25 .0 $.870 .06040 4 345 0426 27 .1 2O ed 2 .889
2 50.0 d 840 05993 4 .51 3 «399 60.1 50.8 5871
3 70.0 %.810 .05947 4,280 SRY 104 .4 8G .0 4,871
4 80.1 5.726 05925 4.2601 d 360 152 .2 26 .5 5.067
5 30.1 4.781 05901 4.250 3.347 1669 114.1 5.449
6 100.1 35.766 .05878 4.230 3534 209 .3 13,0 5.857
7 114 .5 S 740 .0584%7 4.215 3.316 287 .9 164 .0 6 . 589
8 120.0 O +740 .05838 4 .200 3.010 321 ed 172 .2 6.583




Wt.50, S0, S0,/Ca0
Wte Wt. Wt . Temp . in in ~ S Total PP Sp.
H;0 Ca0. S02 Deg. Soln soln  Hy0 S0,/Ca0 VP S0o Condga
gmSs . gms . gnms . Cent . ZIE o mols g Mols cm cm X10
1 84.257 .9887 4.,9977 25.0 4.943 07715 5.50 4.375 40.6 38 .2 3,304
2 40.0 4,919 07678 0 .47 4,334 63.8 08 3 0205
a 60.0 4 .876 07611 5.42 4.316 1lu.0 21.1 4.856
TABLE 4 80 .0 4,833 07544 5.38 4.278 183.4  147.9 5,200
v 5 100.1 4.788 07473 5.515 4.238 276.3 200.0 5 .687
6 109.5 4.763 07434 550 4.216 338.2 234.2 6.2355
7 114.7 4,742 07401 5.27 4.197 375.1 250.1 6.396
8 125.1 4.722 Q07370 5.24 4.180 475.0 282 .2 6.749
Wt. wt. Wt. Temp. W?_I'ls Og S0. in ] Total PP
H,0 a0 S0 Deg.  Soln S61n 5 50,/720 VP S0
IS » SIS » gm§ . Cent. gms . mols. SOZ Mals CI. cm?
1 88.294 2.0613 1.4091 24«9 1.409 .02199 1.535 0.598 2.8 0.2
2 40,0 6.0 0.5
TABLE 3 60 .0 15.1 0.2
VI 4 80 .0 35 &9 Q.4
o 100.1 76 o1 0.0
6 115.3 128 .6 0.6
1 88.294 2.0613 2.4333 255 2.431 03794  2.622 1.032 4.3 1.9
2 40.0 24430 03793  2.62 1.052 8.5 50
S 60.0 2.426 03786  2.62 1,060 20.9 6.0
TABLE g 80 .0 2.418 03774  2.61 1.027 41.0 12.5
vII 100.1 2.409 03760 2.60 1.025 28.2 22 .0
6 113.0 2,402 03749  2.59 1.020 147.0 29.0
7 130.1 2.3294 .0%756 2.58 1.016 243.6 40.1

. [‘9 -
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TABLE

QUGN ~OOPRNEE SOOI

Wt .50 S0
Wt Wt e Wt ; in in® Total PP
HO Cal 50 Wt Soln Soln yA 50p/Ca0 VP 50,
gﬁs. gms . gm@. sozg gms . mols S0g Mols cm. Clle
88 +294 2.0613 S.8954 25.0 3 .887 .0606%7 4,133 1.650 8.9 B ed
40.0 S «882 .06059 4,13 1.648 16.2 10.7
60 .0 5.865 06033 4.12 1.641 41 .5 26 .6
80 .0 5.821 .05964 4.10 1.622 85 .4 42 .9
100.1 3.799 .05930 4 .08 1.613 157 .3 81.0
114 .7 3.782 .05903 4.06 1.606 232 +4 107 .4
128.1 3.763 .0b873 4,05 1.598 321.0 12340
88.294 2.0613 5.3281 25.0 5.313 .08293 5.563 2+256 14 .6 12 .2
40.0 5.206 .08282 5.06 2.253 24 .6 19.1
60.0 5.279 .08240 5.53 2.241 61.0 46 .1
80.1 5.243 .08183 5 .49 2.226 120 .4 84 .8
100.1 5.201 .08118 5.45 2.208 211 .5 135.2
114 .7 5.173 .08074 5.42 2.196 3050 178.5
130.0 D.147 .08034 5.40 2.185 425 .7 222 .7
88 .294 2.0613 6.8443 25 D 6 .808 .1063 7.042 2890 00 .8 28 .4
60 .0 6.760 .1055 7 .00 2.870 90 .4 759
80.0 6.700 .1046 6 .34 2 .844 178.1 142 .6
100.1 6 644 1007 6 .89 2.821 291.3 215.0
114 .7 6.595 .1029 6 «84 2.800 411.8 216 .8

—8\9 -



VAPOUR PRESSURE OF THE SYSTEM Cal0 - SOg - HZO

Temperature 25 50 70 90 110 130
Soz cao VOP' v.P. VOP. VOP. V.PO VQPO
% % cm em cm cm cm cm

1 0.0 9 26 52 96 166 275
1 0.5 6 17 40 79 129 235
1 1.0 4 12 30 57 115 212
1 1.5 3 9 22 52 108 203
1 2.0 3 9 22 52 107 202
1 . 2.5 3 9 22 52 107 202
2 0.0 17 44 82 142 230 353
2 0.5 11 30 62 101 174 303
2 1.0 7 19 42 "6 146 263
2 1.5 5 12 25 63 125 240
2 2.0 3 9 22 56 116 220
2 2.5 3 9 22 52 108 210
S 0.0 26 64 104 190 290 431
4 0.5 19 47 88 140 234 575
) 1.0 12 32 62 106 193 225
3 1.5 8 20 4% 87 162 295
3 2.0 6 13 35 74 140 275
3 2.5 4 11 31 66 127 256
4 0.0 36 85 148 23% 355 518
4 0.5 29 68 119 190 295 462
4 1.0 23 52 91 152 250 409
4 1.5 17 36 67 123 218 372
4 2,0 11 22 53 102 190 340
4 2.5 6 13 %6 88 170 314
5 0.0 46 107 180 283 420 610
o 0.5 41 87 155 244 374 560

5] 1.0 35 76 130 210 332 516
5 1.5 29 57 102 180 293 467
5 2.0 18 37 80 152 256 420
5 2.5 8 18 63 130 226 377
6 0.0 57 128 223 330 484 709
6 0.5 54 117 198 302 452 675
6 1.0 49 102 175 275 414 635
6 1.5 42 79 140 242 375 580
6 2.0 27 55 110 210 331 516
6 2.5 13 32 86 180 290 450

~ TABLE XI «~
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T.oLn  XIT

CONDUCTIVITIES OF THE SYSTEM Ca0 - S0, - HZQ -

Temperatures 25 50 70 90
S0, ca0 Sp.Cond. Sp.Cond. Sp.Cond. Sp.Cond.

A A Ohms-1 Ohms~—1 ohms—1 Ohms ~t
1 0.0 .0190 .0188 .0175 0150
1 0.5 .0150 L0137 .0150 .0128
1 1.0 .0090 .0057 .0061 -0054
1 1.5 .0065 .0070 .0070 .0090
1 2.0 .0065 .0075 .0082 .0095
1 2.5 .0065 .0075 .0082 .0095
2 0.0 .0265 .0254 .0240 .0208
2 0.5 0237 .0264 .0304 0301
2 1.0 .0180 .0260 .0329 .0390
2 1.5 .0118 .0216 .0278 .0546
2 2.0 .0055 .0093 .0108 .0126
2 205 - - - -
3 0.0 .0330 0327 .0285 0245
3 0.5 .0272 0335 0370 0421
3 1.0 .0239 0330 0423 .0500
3 1.5 .0212 .0300 .0410 -0477
3 2.0 .0195 .0235 .0300 0821
3 2.5 .0180 .0157 - -
4 0.0 .0383 0376 .0330 .0280
4 0.5 0313 .0280 .0406 0443
4 1.0 0277 .0280 0456 .0530
4 1.5 - .0265 L0377 0451 .05235
4 2.0 0267 0367 .0418 .0455
4 2.5 .0284 .0354 0327 .0Z1le
5 0.0 0435 .0415 0370 .0310
5 0.5 .0348 .0398 0423 .0430
5 1.0 0317 .0400 .0468 .0535
5 1.5 .0321 .0420 .0500 .005%
5 2.0 .0342 0457 .0520 .0032
5 245 .0375 .0510 .0535 .0497
6 0.0 0475 0455 .0400 0335
6 0.5 0372 .0415 .0432 .0455
6 1.0 .0342 .0412 0474 .0532
6 1.5 0352 L0452 .0528 .0575
6 2.0 .0381 .0530 .0598 .0588
6 25 0424 0635 0677 .0593

- TABLE XII -
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RESULTS,

Part II, Solubilitv Studies

Seventeen different concentrations were
studied, These were divided into four series, Series
A consisted of six different concentrations of sulphur
dioxide., In each of these, there were 1.2 grams of cal-
cium oxide per 100 grams of water, It was very necessary
that the calcium content of each of these solutions be
constant, The method adopted to obtain this was to pipette
the required amount of water into each bomb, In this
series, some of the bombs contained 50 cc. water and some
29 cc. Extreme care was taken to add to each a quantity
of calcium oxide equal to 1,2% of the weight of water., On
the other hand, the percent of sulphur dioxide added was
estimated on the basis of the water plus calcium oxide plus
sulphur dioxide. The concentrations of the sulphur dioxide
varied from 1,9 to 6,7%.

The five bombs in series B contained 2% calcium
oxide and the sulphur dioxide concentration varied from
3.6 to 6,6%.

Six bombs were prepared containing 0.6% calcium
oxide and from 1.22 to 5% sulphur dioxide. Bomb.#3 con-
taining 1.48% sulphur dioxide precipitated at 130°C, Bomb
#4 containing 2.9% sulphur dioxide could not be made to

precipitation even at 152°C, The apparatus built for these

experiments were designed to work at temperatures no higher

than 130°C. It was, therefore, considered inadvisable to

° ' that it
push the temperature above 152°C., and this showed
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would be useless to study the two remaining bombs
which had a higher sulphur dioxide concentration,
Series D is a repetition of series B, except that
two different commercial peptizing agents were added
to study their effect on the precipitation temye r-
ature. (ID was Gardinal (CA), and 2D was Brilliant
Avirol (L-142) ),

The results are shown in the following table
(Table XIII), and graph (Graph 15), 1In this graph,
tempe rature was plotted against the sulphur dioxide
concentration and curves were drawn for constant
calcium oxide content, The points all fall on a
smooth curve, except for 3A, which is a very good
example of persistant supersaturation, |

The best method for illustrating this
supersaturation, is to include an experiment as made
in the laboratory¥ "#2A and 3A were put on the wheel
and heated up rapidly tillaprecipitatésn began to form
at 109°C. in #2A, the tempe rature was held there, and
soon a heavy precipitate was formed consisting of large
white flakes, The bath was heated up to 127°C., but
#3A did not precipitate out,

The bath was cooled down until the precipit-
.ate ' in #2A dissolved. It was then heated up slowly,
and at 102°C., a precipitate was formed, It was cooled
down and at 74°C,, the precipitate was all dissolved,

The bath was heated to 950C., and then very slowly to



- 82 -
97°C., where a Paint precipitate-formed,.. It was then
cooled down and heated up to 90°C, It was heated from
there at the rate of one degree per hour and held at
93°C, for an hour with no precipitation. No precipitation
took place till 97°C., was reached. Slightly above this
temperature a copeous precipitate was formed,.,"

A similar procedure with #3A yielded the follow-
ing series of precipitation temperatures: 135°C., 123°C.,
118,5°, and 117, After precipitation, #3A was held at
105°C, for three hours, and it could be noticed that only
a small amount of the precipitate had gone into solution.,

At the bottom of the table, three precipitation
tempe ratures are added which had been obtained in part 1
of this thesis, The first one with a calcium content of
1,19% should fall just above the middle curve in Graph (15),
which it does, therefore, indicating the close relation between
this work and the work in Section I. The two solutions
with a calcium content of 2.3% appear to have precipitation
tempe ratures much lower than would be expected when com-
pared with the curves for 1.2 and 2% calcium oxide.
However, this is of special interest when compared with
the relation between the curves of 1.2 and 0,6% calcium

oxide., Further discussion must be reserved for a later

gection,
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Precipitation Temperatures,

TADLE  XIII
Vol. Wt. Wt. % Ratio Prec.
A Hg0 CaD S0z S05 S0p/Ca0  Temp.
1 50 0.600 0.9658 1.87 1.41 5045
2 25 0.300 0.814 3.29 2,44 97.0
3 50 0.600 2,282 4,32 3.33 117.0
4 50 0.600 2.531 4,76 3.69 117,0
5 25 04300 1,558 5.78 4,50 135,0
6 25 04300 1.822 6,72 5,27 137.0
B
1 25 0.500 0.9649 3.64 1.69 45,0
2 25 0,500 1.091 4,09 1.91 7547
3 25 0.500 1.411 5425 2,47 93,0
4 25 0.499 1.644 6,07 2,88 103,5
5 25 0,495  1.802 6,60 3,18 107,5
C
1 25 0,1505 0,3114 1,22 1.82 100,0
2 25 0.150 0,3523 1,38 2,06 116,0
3 25 0.150 0,3772 1.48 2,20 130,40
4 25 0,150 0.7496 2,89 4,38 17152,0
? 25 0.501 1.330 4,96 2,32 117.8
2 25 0,498 1.192 4,45 2,10 95,5
Precipitation Results from Part I.
84,26  .987 2,70 3,08 2,38 95
88,29 2,06 5430 5,56 2,25 57
88,29 2,06 6.80 7.00 2,88 65
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The graph representing these results will be
found in the section on the discussion of results where

it will be referred to frequently.
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RESULTS.

Part III, COOKIN+ "XIFERIIZEXNTS

Six cooking experiments were made. The
temperature was maintdned at 130°C. in each. For
each experiment, a different concentration of calcium
oxide and sulphur dioxide was used, but the range of
concentration was kept narrow in order to make compar=-
ison possible, Aside from knowing accurately the vapour
pressure changes during each experiment, it was found of
interest to compare the pressures obtained with the pre-
ssures, the same system would have in the absence of wood.
This was made possible by using the data obtained in Part
I of this thesis, The results of the six experiments are
given in two forms, Tables 14 and 15 give the change of
vapour pressure with time, whereas, the tables following
these deal with dach experiment separately,

The quantity of water, calcium oxide and sulphur
dioxide is statedtogether with the maximum vapour pressure
at 25°C., before and after each cook, ZExperiments I and 2
were made using spruce woodmeal that would pass a 100 mesh
screen, Experiments 5 and 6 were made with a cocarser spruce
woodmeal. The results of these four experiments are shown
in Graph 18. The final pressures in each are indicated.
#1 was held at 130 C. for eight hours and it can be seen
that the pressure inereases steadily. #2 was a much longer

experiment, and it contains a definite maximum, This maX-
i &y

i in
jmum appears still sharper 1in #6, whereas, the pressure

#5 appears to be reaching a maximum towards the end of the

cooke
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Pure cellulose was used in experiment #3,
whereas, #4 contained only the sulphite liquor and was
made for two purposes. In the first place, it acted
as a check on the accuracy of the method of filling the
cell, and secondly, it indicated the time required to
reach equilibrium,

The results shown bring out many points of

interest, but a detailed discussion of these will be

left for a later section.

E1 E 2 E3 E 34
TOtal V.P. V.P. VOP. VOPO
Initial P, 269 30.2 28,1 31e5
0 412,1 347 .8 395,1 401,.4
065 412,8 349,9
1 414,2 406,1 402,6
1.5 418,4 352.5 407,7
2 419,1 354,8 411.1 409,6
2e5 422,1 35745
S 424,3 359,4 415,1 412,2
3¢9 427,.,4 362.1
4 429,8 419,0 416,0
4,5 432,5 365,8 419,0
5 435,6 369,.0 417.6
5.5 440,2 371.3
6 444.,1 419,2
6.5 446,5 37542
7 451.1 378,2 420,2
749 455,0 339.0 420,2
8 456,9 420,2
849 385,0 420,2
9. 386,0 420,2
9.5 388,0
10 390,0
10,5 391,8 422,5
11 392495
11,5 389,0
12, 386,47 .
12.5 384,9
13 383.1
Final P. 48,5 63,1 31.5 33.4
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TABLE XV
Time E 4 ES E 6 B _6A
V.P,cm, V.P.cm, V.P.cm, V.P.cm,
Initial P. 25,9 24,3 31,5 61,0
0 389,6 370,9 437,9 409,0
oD 416,4 438,2 423,6
1l 417,7 378,1 440,4 426,17
1.5 423,4 383,0 445,1 428,9
2 429,9 386,11 447 ,6 429,3
2e5 422,2 450,2 430.,5
) 423,2 395,0 455,3 431,8
Sed 398,6 433,6
4 402,2 460,8 43544
4,5 405,7 434,]1
5 409,2 466,7
5.5 413,5 471 .4 438,9
6 416,0 475,0
6.5 443,1
7 420,0 480,6 444,2
7.5 484,6 447,8
8 426,7 487,0 449,6
8.5 484,5 452,6
9 427 42 479,9 455,4
9,5 469,2 458,3
10 460,3
10,5 456 ,4 463,11
11 468,7
11.5 461 ,9
12
12,5 458,0 476 ,5
13 456,8
13,5 454,8 480,8
14
14.5 491.2
15
15.5 497.8
16
16.5 502¢0
17
17,5
66,6 61,0 134,35
RUN #1.
Wt. Water 60,958 g.
" CaQ .804 " - 1,23%
" 802 3,395 ¥ - 5021%
" Wood (dry) 7.23 "

50, in 1iquid phase at start of cook - 3.280 g. - 5.03%

S05 " " " after 8 hours - 3,266 G. - 5.015%
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Ratie liquor / wood -

9.02

VP of liquor calculated at 25°C, - 34,2 cm.

vp " and wood found " % v - 32,5 "
Difference - 1.7

VF of liquor calculated at 130°C. - 471 cm.

vp " and wood founda " " ¢ - 412 cm, at start

vp v v " Weooow o mou - 457 cm. after 8 hours.

Yield pulp 48%
Lignin 1.9%
RUN #2
Wt. Water 41,992 g.
" Cal 0,535 " - 1.2%
" 80y 2,082 " - 4,679
" Wood (dry) 8,26 " -

SO5 in liquid phase at start of cook - 1,921 g. - 4.31%
" " " " after 11 hours - 1,873 % - 4,20%
" " " " " 13 " - 1,882 " - 4,22%

Ratio liquor / wood - 5.4
VP of liquor calculated at 25°C. - 27.5 cm.,
VP " " and wood found 25°C, - 26,8 "
Difference - 0,7 "
VP during cooking 130°C, Calculated  Found
At start 401 cm. 348 cm.
" 31th hour 393 W 392
" 13th ¥ 395 " 383 "
VP after run at 25°C, Calc. 27,5 Found 61.8 cm,
Yield pulp 48%
Lignin 1,03%
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RUN #3,
Wt. Water 44,000 g.
" Ca0 0,605 g, - 1,29%
" S04 2,486 ¢,
" Cellulose 3,262 g,
SOy in liquid phase during cook 2,361 g, - 5.02%

Ratio liquor / cellulose -14,.4
VP of liquor calculated at 25°C. 31.5 cm,

vp " & cel, found " 25°C, 28,5 cm,
Difference .0 cm,
VP during cooking at 130°C. Calculated Found
480 cm. 420 cm,

VP after run at 25°C, Calc. 31.5 cm, Found A.33,5 B.33.4 cm,
Yield pulp 3 g. - 92%

RUN #4
Wt. water 47,340 g.
" Cal .5982 " - 1,18%
" 80y 2,530 " - 5.,03%
50.468 grams,
SO, in liquid phase during cook 2,285 g, - 452%
VP of liquor calc. at 25°C. 27 cm,
vp " " found " 25°C. 26 "
vp " " calc. " 130°C, 435

vp "  found " 130°C. 423
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RUN #5.
Wt. water 47,586 g,
" Ca0 6004 " - 1,19%
" S04 2,266 " - 4,49%
"  wood 7.94 "
wt. SO2 in liquid phase 2,074 *
Z v oow o " 4.12%
VP of 805 at 25°C. Calculated 26,0 cm, Found 24,3 cm. at start
" 66,6 " % end.
Max, Pressure 427 cm. found
420 © calcium,
RUN #6
wt., water 48,200 g.
*  Ca0 «5979 " - 1,16%
" 80, 2,6274 " - 5,12%
"  wood (dry) 6,938 "

% S05 in liquid phase at 130°C.  4,87%
VP at room temperature, Calculated 34,5 cm., Found 31,5 at start

" 61 after 18t
ste@w

" 134 after 2nd
step.

VP at 13000. Calculated 483 cm, Found 487 cnm,
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DISCUSSION OF RESULTS

PART T

The System CaQ - SQo - Ho0,

It has been stated above that the object of
this part of the research was to obtain data to permit
the determination of the various unknown equilibria exist-
ing in the systen 505 - Cal - Ho0, Sufficient data on
vapour pressures and conductivities of this system have
been obtained, in order to check the work of Gurd (2) and
to make it possible to correlate the results of Campbell
(41), Gurd and the writer, Vapour pressures and conduct-
ivities are now known over a wide temperature and concent-
ration range.

Where comparison was possible, the agreement was
good. The best place to compare the results with Gurd's
data is at 1% CaQ concentration and the results given above
at 1.,2% CaO. 1In practically all cases, the results checked
to better than 2%. The one marked digression was the con-
ductivity values at about 3% 505, In graph 9, specific con-
ductivities were plotted against temperature., In graph 10,
specific conductivities were plotted against per cent S0 for
temperatures of 25°C., 50%°c, 70°C. and 90°C. It was found
that the 3% value of Bo did not fit this curve, but fell
considerably above it. The interpolated value, however,
agreed with that of Gurd,

In the vapour pressure and conductivity curves
correlating the work of Campbell and Gurd with the present

results, interpolation had to be relied upon to a considerable
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extent. The widest area in this regard was between 0 and

1% CaO. The possible errors resulting from this lengthy
interpolation were minimized to a considerable extent,

because the values at 1.2% Cal0 served to fix the direction

of the curves., It was found that in some cases there was

a straight line relationship with all points falling on this
line, and in others the curvature was small, Some uncertainty,
however, is cast on the direction of the conductivity curves

at the higher calcium oxide concentrations and especially at

the higher temperatures. The chief reason for this was the
behavior of the specific conductivity at the precipitation
point. This will be dealt with in a later section,

The very nature of the system CaQ - SOg - Hg0 in-
troduces many difficulties., An indication of the number of

equilibria involved may be obtained from the following

diagram:
>
{ca(on)] H,0450, = (S05)
(1) H (4)
Ca(OH)o HoS804
I}(2) \H(5)
2Ho0 = 2(0H)” & 2H”
’_,T':f"v) +.. +
| . .
CaSO0z (-;_ ca o+ S0z
4 +
¥ - +(ll)
2HSO + oH” Zr 2H,804
4 9 A 10
ca(HS05 ), Ho504

Gaseous SO5 is in equilibrium with the 502 dis-

solved in the water., This equilibrium may be expressed as
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150.] soin = h[sp,] gas =hp

Where h = Henry's constant

P =partial pressure of SO
fhe S0a in solution is partially converted to H,S04.C.
Maass (3) has evaluated this constanf: |
) [5.0] [ s0,]
- T[E.S]

and has found that it inereases rapidly with inceresse in

K

temperature, thus showing that the dissolved S0, , which %
present as H,50;, decreases as the temperature rises;

The first equilibrium of immediate interest is
%hat of the ionization of sulphurous acid,

H,50; = H'+HS0;

Campbell (1) has determined the hydrogen ion concentration
over a wide range of sulphur dioxide concentrations at
temperatures from 5°C to 90°C. His values were used as a
starting point in the calculation of the hydrogen ion con-
centration of the three component systen CaO - S0, - H,O.

A study of the eguilibrium diagram above will in-
dicate the role played by Ca0 when added to system S0,- H,O.
The Ca0 forms the hydroxide which is slightly soluble and
whieh £&£§S§‘to some extent. In the presence of a small
amount of SO, , the insoluble salt CaSO;is formed. In the

presence of an excess of S0 the Ca0 passes into solution.

1,
It has, up to the present, been assumed that bisulphite
(Cca(HS05),) is formed and the first part of the following

caleulations will be based on this assumption., However, in
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& later part of this discussion a more criticsl attitude
will be adopted gnd quantitative deductions will be sub-
mitted in support of this attitude. )

The sys%em Cé 0-50, - H,0 can, under various
conditions, contain a wide variety of compounds distributed
throughout three phases. Before the system could be dealt
with in a quantitative manner, it was necessary to simplify
it as mueh as possible and even to make some assumptions
which were admittedly false. However, after first approx-
imations of the hydrogen ion, the caleium ion and the
bisulphite ion concentrat_ions had been made, the nature
of the assunptions was examined and, by the aid of lengthy
calculations, a close approximation to the correct ioniec
concen%rafions wa.s made; It will be necessary to present
the theory upon which these calculations were made in con-

gsiderable detail,

The solution was first dealt with under con-
centration and temperature condifions in which no solid
was present, The total SO, concentration in the liquid
phase may be expressed as: . _ )
[ Cso. = [50.]¢ [He5 0]+ [Ca(H50A ]+ [H3505 ] + THS05) - (!
where

[So:k=concentration of dissolved S0,

[l4;307]= " " sulphurous acid

&CG(H$°ﬁ:3= " " caleium bisulpite

[FISOJ(uﬂ - B " bisulphite ions due to
Ca ion

[HSCH(A] 3 n 1 bisulphite ions due to

H ion.
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In order to arrive at afirst approximation
of the hydrogen ion concentration, the solution was
arbit;arily considered to be made up of two distinet
parts; which, for the purpose of the first calculation,
had no influence on one another, éhe célcium was con-
sidered to be present in the form of dissolved calcium
bisulphite, It was assumed that the excess sulphur
dioxide was presemt as $S0,, H,S0, and as ionized H1563
and thaé the calecium bisulphife did not influence the
equilibria in this system;

Campbell has determined the sulphite ion and
hydrogen ion concentration for solutions of 50,in H,O
wi%hin the concentration and temperature range used in

this work. ©For any solution of Ca0 and SO, , the amount

of S0, in excess of that required to form caleium bi-
sulphite may be calculated from the following equation:
 CGso, - Cea = [50.7+ [H.50,]+[HsQYer ...

but

fso.] + [Hus0) = mp cevvviinnniiiiiiiii3
where h = Henry's comnstant
p = partial pressure of sulphur dioxide.

By using Campbell's data, the value for hp was determined
and substifuted in equation (2). éso, and C?a were known;
(Cca when expressed as e%qivalents throughout simplifies
later calculations) -and [HSO’,} (H) could be d.eter'miped.
fhis value was equal to {H*] as H,S0;is lmown to iomize
apprecisbly omly in one direction, i.e.,

H,50, = HE'+ HSO5 ....... e



~ 9% =

| The value for the hydrogen ion concenﬁration
will be‘too high since the influence on éhe equilibrium
in equation (4) of (HSO ) due to the ioniza%ion of
caleium bisulphite has*§een ignored; A firsé approxim-
ation for the calcium ion concentration can be made from

the following equation:

7 + Ll g
1000K = nyjuj+nou
where © 1'12U2+nlug+naugz
K = specific conductivity
N, = concentration of calcium ion expressed in

equivalent weights,

N, concentration of hydrogen ion
u,, u, and u, - the mobility of the caleium, hydrogen
and bisulphite ion resPectively;

The specific conductivity values have been given
in table (12) and also in graph No's. 11 to 14. The
mobilities are known, the hydrogen ion concentration has
been calculated and, fherefore, the calcium ion concent-
ration can be determined; The concentration of the bi-
sulphite ion is equal to the sum of the calcium and
hydrogen ion concentrations,

These values, however, have been cslculated on
the assumption that the ionization of calcium bisulphite
does not influence the hydrogen ion concentration., The
excess bisulphite ions, however, will tend to depress the
hydrogen ion concentration., A quantitative means of

determining this influence was available, Campbell (42)

has used the following equation to express the ionization
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ofjH,SO} » In this it was known that only a part of
the sulphur dioxide was present as sulphurous acid, and
as ionized sulphurous acid;
(m*]{nsos5]
Gso - [E50;]
The values for Ka have been déterﬁined (43)

Ka =

Let

éso, = totalasmount of sulphur dioxide in the ligquid

ﬁhase

[Hso;1= total concentrafion of bisulphite ions;
By using the wvalues for [HSO}']obtained from equaéion (5),
it was possible to obtain a new value for [H*], This %alue
was then used in equation (5) to obtain a sécond aPPTroOXe-
imation to (2*]. _;é.‘he_ new [HSO}] value was once more
substituted.in.(é) t6 obtain,a third approximation to [II‘].
iwo more similar approximations yielded a constant value
for [H'], [}éCa“*] and [Hsb;] . The first amd final con-
cenfrations were calculated and are showh in the following
%able. fhis table covers a wide teéperature and concentr-
a%ion range.

It has been stated above that a more critical
attitude would be taken concerning the form in which dissolved
caléium exists, Up to the present, itrhas bgen rgpresented
as éa(HSO3), ; In the precipitation studies, on two
occasions a definite amount of calcium oxide was dissolved
with less sulphur dioxide than the above formula would
require,

The values obtained from the vapour pressure
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studies served as a quantitative means for studying this
phase of the problem, If a solution be considered, in
which there are 2 gram - molecular weights of SO, per
gram - molecular weight of Cal0, it would Dbe expected that
the vapour pressure of the solution remsasin no greater than
that of water at the temperature under consideration. ThlS
was not found to be the case. At a 2 to 1 ratlo the
vapour pressure was considerably higher than that of water,
Again, if a solution be considered in which there are more
rhan 2 gram - molecular weights of sulphur dioxide per gram -
molecular weighf of caleium oxide, it would be expected
that the total vapour pressure should not be greater than
+hat due to the excess sulphurous acid. A higher vapour
pressure than the above would indicate was found in all
cases. As an example, & solution containing 0.§ ¢ Ca0,
and 3% SO0, at 25°C was found to have a vapour pressure of
18 cm.. Of the 3% SO, , 1.14% wescrequired to ® mbine
with the Ca0, leaving 1.86% free SO.. From the data of
campbell (44), it was found that at 25°C 8 Vapour pressure
of 18 em. was produced by a 2.1% SO, solution. This would
indicate that instead of Ca(HSC,), , & compound is formed
requiring fewer molecules of S0, per molecule of Ca0 in
order to bring fhe 6&0 into solution.

The following compound 1is postulated and sufficient
ovidence will be given in the following table to establish

1ts composition. Structurally, it may be represented as:

\
503
Ca - HSO5
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Table XVI

+ 1At - + + + -
Q;fz v:ad! [4ca ] [H8o;]| [m*] [3ca ] LHSOSI
Initial 0.5% Ca0 = 50%C. winal Approximaticn
3 « 0470 « 0437 .0907  ,0206 ,125 0145
4 .0571 » 0379 .0950  ,0254  ,137 0162
5 « 0638 0310 .0948  ,0413 ,113 ¢155
0.5% Ca0 - 70°C.
3 . 0356 . 0606 .0962  ,0121 ,128 0149
4 s 0433 . 0548 .0981  ,0138 ,137 .151
5 . 0475 . 0491 .0966  ,0232 ,119 0142
6 . 0556 .0293 .0849  ,0230 ,119 .142
0.5% Ca0 - 90°C,
3 + 026 . 0858 .1118  ,0078  ,119 .127
4 . 031 .0722 .103 .0094 127 .136
5 +034 . 0634 .0988 ,0128 ,121 .134
6 .041 0529 .0927  ,0164 ,113 .129
1.0% Ca0 - 509C,
3 . 0255 .110 .136 L0177  ,137 155
4 . 0465 .071 o117 .0240  ,142 .166
5 . 0560 . 057 0113 .0311  ,145 176
1.0%_ Ca0 - 7Q9C.
3 +0200 .127 0147 .0083  ,162 .170
4 . 0342 .109 0143 .0122  ,167 .178
5 .0423 .085 .127 0179  ,154 172
6 .0487 . 069 .118 .0223 144 166
1,0% ca0 - 90°C,
3 +015 ¢133 .148 .0048  ,159 .164
4 .025 o115 140 .0069  ,162 169
5 +030 .104 134 .0092  ,158 167
6 +035 .092 o127 +0120 ,150 .162
1,5% Ca0 - 50°%¢C,
3
4 .024 .139 .164 .0229  ,145 .168
5 . 043 .108 151 .0304  ,146 .176
6 .054 .089 0143 .0380 ,L131 .169
1,5% Ca0 - 70°C,
3
4 .0160 .156 172 .0113  ,170 .181
5 . 0326 .126 .159 .0140 ,180 .194
6 ,0412 .114 .155 .0172  ,183 +200
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Table XVI (continued)

'] fea’] [mso;] [m*]  [3ca™] (mso,]

Initial 1,5% Ca0.- 90°C., TFinal aroroximation

.0110 « 157 «168 . 0064 «169 175
. 0244 0129 153 . 0083 171 o179
« 0293 123 0152 « 0105 o172 0183
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and the evidence supporting this structure is the same
as that used to disprove the old sfructure of Ca(HSO;),.
Using the above structure, it is found that a solution
containing 0.5% Cab and 3% S0, should have 2.14% free
S0, . This checks with Campbell's value of 2.1% SO._, as
shovn above. A large number of cases were tested and
foumd to comply with this structure., These are not all
included in the accompanying table (1171). However, the
results given cover g temperature range of 25°C to 90dC
and the concentration range can be seen to pass dlagonally
throughout the entire range of concentrations studies,

Above each separate table, the concentration of
calcium oxide and sulphur dioxide is given, together with
the uncombined sulphur dioxide, The three columns of each
table contain (1) the temperature, (2) the vapour pressure
for the given concentration and temperature, (3) the
sulphur dioxide re-uired (according to Campbell's data),
in order to produce the vapour pressure as shown in columm
(2).

ihere is one marked exception to the general

sgreement ,which is found at the end of the last table.
(Ca0 2%, S0, 6% Temp. 90°C. ), The free sulphur dioxide
found was 3.4%, which is much higher than the estimated
value. At the precipisa*icn “eonnerature, there is a marked
inerease in the slope of the vapour pressure curve. There-~
fore, at a concentration and temperature in the neighbo?hood
of a precipitation point, this relationship cgnnot hold.

fhis ijs also found,but to a lesser extent in the table



-~ 1022 =~
Table XVII

502 - 201470,

Ca0 - 0.5% Total SOy - 3% Free
Temp., V.P. SO
og, C oM, Vi
25 19 2.1
50 46,5 2.1
70 85 2.04
90 140 1,93
Ca0 - 1.0% Total S0, - 4% Free 505 - 2,37
Temp, V.P. S0
% ° Cellle %2
25 27 25
50 52 233
70 91 2.20
90 152 2e2
Ca0 - 1.5% Total SO, = 5% Free S0, - 2.43%
Temp, V.P. SO
o . Cellle %2
25 29 Red
50 5645 2.6
70 102 2.5
90 180 2.8
Cal - 2.,0% Total S 6% Free S0, - 2,58%
Temp. vV.P. SO
OCI.) C oI, %>
50 55 2e6
70 110 2.8
90 210 3ok

S e Am i e - ——
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immediately above that under disceussion,

A second method of establishing the existence
of the double calecium salt was to recaleculate the hydrogen
ion, the caleium ion and the bisulphite ion concentrations;
In this calculation, the first approximation will naturally
be different, but, sinee the structure of the undissociated
calcium salt in no way can influence further approximations,
the final approximations should be equal fo %hose obfained
in table (/6). The truth of this is shown in the following
table (/8),

A study of this table and a comparison with
graphs 11 to 14 will serve to give a picture of the various
components in solution; It can be seen that at low temp-
eratures, the hydrogen ion concentration is at its greatest.
ihe addi;ion of Ca0 to a sulphurous acid solution at 25°C,
will, therefore, have a greater effect on the conductivity
than at higher temperatures, This is shown in graph 11.
The caleium oxide will dissolve with the formation to some
extent of calecium and bpisulphite ions, The increase in
conductivity, however, due to these ions, will not be
sufficient to compensate for the loss of conductivity, due
to s deerease in the hydrogen ion concentration and, there-
fore, the specific conductivity will decrease with addition
of Cao; However, at the higher SO0, and Ca0 concentrations,
+the rate of decrease of hydrogen ions, with addition of
020 ig more tham compensated for by the increase in calcium

and bisulphite ions, This is reflected in the inflection
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Table XVIII
- + + + - +- -
c::’s/o;3 '] fea] [mso;] [8*] [l [msosl
[»)
L 0.5% Cad - 50°C.,
Initial e ¥Final Approximation
3 . 0500 .034 . 084 ,0186 «131 .140
4 . 0601 . 0316 .092 . 0244 .142 166
5 .0692 0126 . 083 . 0374 .109 146
0.5% Ca0 - 70°C,
3 « 0377 . 0543 «0920 . 0107 <131 142
4 . 0450 . 0491 . 0941 L0151 .134 .149
5 . 0513 . 0391 . 0904 .0214 .140 0142
6 . 0569 . 0259 .0828 L0270 J11 .138
0.5% Ca® - 90°C,
3 . 0272 . 0755 1027 . 0060 .131 0137
4 .0322 . 0688 .1010 . 0087 131 ,140
5 . 0367 . 0600 . 0967 .0118 .125 <137
6 .0410 . 0524 .0934 . 0150 .121 136
L.07Z Ca0 - 50°C,
3 . 0392 0706 .1098 L0170 .139 .156
4 .0517 L0557 .1074 .0254 «131 .156
5 L0615 .0353 . 0968 L0370 J115 s152
1,0% Ca0 - 70°C.
3 ,0300 .1004 .1304 . U083 .162 «170
4 .0392 . 0877 .1269 . 0117 .166 .178
5 . 0461 L0715 L1176 .0168 .155 172
6 .0523 .0578 .1101 .022 .145 167
1,0% Ca0 = 90°C,
3 . 0230 1173 .1403 . 0054 «160 ,165
4 ,0281 .1100 .1381 . 0065 167 174
5 . 0330 . 0995 1325 .0088 164 173
6 0375 L,0878 L1253 L0115 L1517 169
1,5% Ca0 = 50°C,
L0411 ,0788 ,1199 . 0245 .140 ,164
é . 0530 L0763 .1293 .0302 .148 .178
6 . 0626 . 0655 .1281 . 0381 J141 179
1,5% Ca0 - 709C.
80
,0312 ,1123 ,1435 L0113 .169 o1
é ,0403 ,1034 ,1437 .0143 .178 0192
6 ,0470 . 0969 ,1439 ,0174 .182 .199
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Table XVIII (continued)

- + ++ - + -+ -
Ceop  (®T] poe"] [mso] [w] el [sog]
1,5% Ca0 =~ S0°C,

Initial Final approximation

4 . 0237 <1333 .1470 . 0064 166 172

5 .0286 .1179 .1465 . 0083 171 179

6 . 0355 .1120 .1455 . 0102 174 .184
2,0% Ca0 = 50°9C,

5 .0418 01344 1762 . 0229 .193 .216

6 .0535 1379 .1914 . 0236 . 231 .255
2,0% Ca0 - 70°%C,

5 . 0317 .1372 .1689 . 0130 191 .204

6 .0405 .1472 .1877 .0136 .224 .238
2,0% Ca0 = 90°C.

5 . 0237 .1233 .1470 .0089 163 172

6 .0290 .1289 .1579 .0099 179 .189
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of the 6% and 5% SO0 curves,

At 70 °C. (graph 13) and 0% Ca0, only hydrogen
and bisulphite ions are present, The specific conductivity
for a given SO. is considerably lower than at 25° C.. The
decrease in ionic concentration has had a greater influence
on the conductivity than an estimated increase due to an in-
creased mobility at this temperature. When Ca® is added,
the hydrogen ion concentration is decreased, but the con-
centration of calcium and bisulphite ion is great enough to
cause a rise in the specific conductivity.

When Ca0 is added to a 3% S0, solution at 70°C., a maximum

is reached at about 1.2% CaO. The hydrogen ion concentration

continues to decresse with further addition of Ca0O, whereas

the solution appears saturated with regard to calcium ions,

At some point beyond 1% Ca0O, their relative ratios will be
such as to cause precipitation to take place. The change

in the conductiwmigt: properties of the solutions, with change
in temperature, can be seen from the graphs 11 to 14 to be

a gradual one,

It is of interest to compare solutions of 1% Ca0
concentration at 58°C. and 90°C., and to determine what in-
fluence a change in SO- concentrations has on the conducting
properties of the solution (graph 12 and 14), If SO is
sdded to a solution containing 1% Ca0 and 2% S0, it can be
gseen that an increase to 3% SO, causes a large increase in
specific conductivity bath at 50°C and 90°C. If the con-
centration of 86, is increased to 4%, the increase is not

so great. At 90°C. a further increase in S0, concentration
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will not influence the specific conductivity, Any increase

in hydrogen ion concentration is offset by a decrease in

the calcium ion., At 56°C., the influence of the hydrogen

ion is greater and the specific conductivity continues to

riseo
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Precipitation Temperatures,

A solution containing the dissolved calcium
salt will suddenly Precipitate out when heated up. The
precipitation temperature depends on the relative concen-
trations of khe calcium oxide and sulphur dioxide in the
solution., The amount of precipitate formed at the precip-
itation temperature has not been determined analytically,
The work was carried out in glass bombs, and it could be
observed that when precipitation did occur, a considerable
fraction of the calcium present appeared as solid calcium
sulphite,

One method of arriving at an estimate of the
amount of calcium sulphite precipitated, was available,
At one concentration, the vapour pressure curve was studied
just below and above the precipitation temper:sture., This
is represented below in Graph 17, The vapour pressure was
determined at 60°C,, and the solution slowly heated to 6500.,
where a second vapour pressure determinction was made, The
solution was heated up very slowly and at 65,4°C, precipit-
ation began., The »nressure imnmediately increcsed and con-
tinued to rise as calcium sulphite was »orecipitated. Vapour
pressures were then determined above the precipitation temp-
erature, This nart of the curve heas a steerer slope. In a
former trial evreriment with the srme solution, nrecipitetion
had not occurred until a temrerature of 75°C, hed been recched.
It would =vvecr that the auantity of nrecinitate formed demends

upon the degree of surersaturation, The true precipitation



- 108 -

temperature was arrived at by extrapplatlng the second
part of the curve back to where it cut the first paru.

It was foundito be 60.4°C. There is evidence to show
that, had precipitetion occurred at 60.500., the»amount_fo
formedhwould‘have beenvery slight, On Pege 81 of this
thesis, in'examnle 2A, the formatlon of a slight precip-
itate st 97°C. was described, In this case, the amount

of Dre01nltate increased rapidly with increase in temp-
erature,

Consider Graph 17 at 70¥C, Over a small temp-
ereture range the curves were found to be practically
straight lines, therefore, extrapolation of the lower
| curve’to VOdC.'is permissible., In the absence of pre-
Aciritation, the vapour pressure Wonld have been 113 cm,
Dne'to preoipitation it actually was 135 cm. The solution
under reviewcontained 6.8% Soz'and 2,35% oao (calculated
on»the same basis as that used in the precipitafion temp-
erature determlnatlons) No data have been included in
thls ghe31s for solutlons contalnlng more than 67 302’ but
determlnatlons cauld be made with data which have been
obtained. The conoentration of’SO2 in solution remained
almost constant before and after precipitation, but the
amount of Ca0 decreased due to the formation of calcium
gulphlte. The amount of calcium removed from solutlon |
can, therefore, be found by determining the amount of
calc1um oxide requlred to produce the known change 1n‘

vapour pressure.; At thls degree of supersaturatlon 0.5%,



- 109 -

\more ‘than one fifth or the Ca0 present), had pre01p1tated
out. At 65° Cey. approximatelv ane-half of thls amount pre-

e;pltated_out,r

Precipitation temperatures can be studled by
means of conduct1v1ty measurements., It can be seen in
Graph 9, curves Bl and Bz, that at 95°C, there was a
sharp bend in eaeh curve. In Bz~a conduct1v1ty deter-'
manation was made at 100°C., with no pre01p1tate present

Pre01p1tat10n took place between 100° C. and 110° C., and

-beyond thls temperature the conduct1v1ty values Were much
lower, By extrapolatlng the post- pre01p1tat10n values, 1t
‘ 1s found that the first part of the curve is 1ntersected
>at 9500. Thls gives the true precipitation temperature, -
1wo.-questions require answering,
(1) Why does precipitation:take place?
(2) Why is the condactivitylowered so’
abruptly after precipitation has
‘taken;place?
_‘The answer to (l) is found by a study of Table {8, From
‘this table 1t can be seen that for any solution the hydrogen
ion concentration decreases with increase 1n-temperature.
Eﬁentually;'debendina on the amount of Ca0 and S0, present,
a tempe rature is reached at which the solute;eannot all
exist in solution; The determination of hvdrozen ion con-
centrations was QqU1lTE 1NVOlUed, GUEe TO TNne lLarge NUmoer oI
different substances present, and it was considered inad-

visable to attempt a quantitative study of the system in the
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Precipitation ares, auwever, TN1s area was approached

(i.e., high Ca0 concentrations at high temperatures).
gnd it was seen that a:rgduction in hydrogen ion con-
penﬁrgtjon played an important role in determining the
solubility of the cealcium compounds present,
-Question (2) can be answered by a-description
of the mechanism of precipitation. It has been shown
that thdissdcidted calcium oceurs= as 2 complex, eX-
preseed as -
Ca\: HSO3
/-SO3
Ca - HSO3

Saunderson {(21) has shown that the precipitate is czlcium

sUlphite;(eases). When one molecule of CaSO, precipitatesi

3
one calcium ion andtwo bisulphite ions are liberated. The
suddeﬁ formation of a large number of bisulphite ions will
cause two things to take place - (1) The equilibriﬁm:of
the system will be shifted to cause an increase in the
amount of free sulphur dioxide, which will result in &
sudden increase in pressure, The increase in pressure has
already been described. (2) The sudden increaselin bisulp-
hite ions will depress the hydregen ion concentration, |
Quantitatively, it mmy be expressed as -
ka _f') [so3)

Cs6,- [HS0, ]

The mobility of the hydrogen ion is about five times that
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of the bisulphite or calcium ion and, therefore, a sudden
decrease in the hydrogen ion concentration will cause g
marked decrease in the conductivity at and beyond‘the
precipitation temperature,

Graph 15 shows precipitation curves for 0.6%,
1.2% and 2% Ca0. Precipitation temperatures found by Gurd
and by the writer in their studies of vapour pressures and
conductivities at about 1.2% Ca0, were in agreement with
the curve shown in the graph for this concentration
of Ca0, It can be seen that a decrease to 0.,6% Ca0 causes
a marked increase in the slope of the curve, Two of the
values at 2.35% Ca0 are shown and at the concentrations
used the curve is almost flat, An increase in CaO con-
centrations from 2.,0% to 2.4% caused a very considerable

lowering of the precipitation temperature.
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PART III.
COCKING EXPERINMENTS,

The mechanism involved in sulphite cooking
has been the subject of much study., This has been briefly
reviewed in the introduction of the thesis, It was |
believed that a careful study of the vapour pressures of
the system Ca0 - S04 - H,0 in the presence of wood, might
serve as a means of determining the mechanism, This work
serves two purposes, (1) It completes a study of the system
Ca0 - SO, - H,0. (2) It introduces a new method of studying
cooking, The two are closely related, however, as in the
latter case one more component, namely wood, is added to
the system., 1In the time available, it was impossible to de
a large number of experiments, The chief object of the
work was to develop a technique for the study of this
system, Aside from this, several matters of interest have
been observed,

In experiment #4 no wood was present, The object
of this experiment was to determine the length of time
required to reach eguilibrium, and to ascertain whether the
vapour pressure obtained was in agreement with that obtained
in part I of this thesis, This acted as a check on the
accuracy of the method used in filling the reaction cell.
The results are shown on page 89, The calculated vapour
pressure was 435 cm, and the vapour pressure obtained was

423cm, A closer agreement was exXpected, A part of the

Frequent reference will be made to the cooking

data on page 86 to 90, and also to graph 18,
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discrepancy was possibly due to the fact that in the
latter work no stirring of the solution took place., This
differmnce will cast some doubt on the accuracy of the
absolute values obtained in the absence of stirring, but

the relative values in the runs described above are

accurate to within 2 cm,

In experiment #4, equilibrium was reached in 2
hours, 1In experiment #3 in which pure cellulose was used,
equilibrium was not reached until the fourth hour., This
run was repeated and the two vapour pressure curves obtained
were parallel to one another, Two factors were responsible
for the time required to reach equilibrium, In the first
place, there was no means of stirring the contents of the
reaction cell, In the second place, the cellulose hindered
the attainment of equilibrium still further,

In experiments containing wood, the vapour pressure
obtained at 25°C. before an experimental cook was started,
were slightlyv lower than those calculated on the basis of the

amount of Ca0 and S0, present, There is a reason forrypis.

A -

After the mixtures of wood Ca0 - 50, - HtOAhad been prepared,
they were allowed to stand over night, in order to reach
equilibrium and it is believed that adsorption of sulphur
dioxide on the wood and cellulose had taken place to some
extent, causing a lowering of the vapour pressure, This
has been studied by Saunderson (46),

In all the curves, Graph #18, it can be seen that
after a temperature of 130°C. as reached, the vapour

pressure continued to rise slowly for 8 to 10 hours, until
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a ma¥imum was reached, There are three factors govern-
ing the slope of this part of the curve., (1) For at least
a part of the time, the vapour pressure continues to in-
crease, due to the fact that the ligquor is slowly reaching
equilibrium, (2) There is a tendency for the pressure to be
lowered, because sulphur dioxide is being removed because
of reaction taking place with the lignin, (3) Carbon
dioxide is being formed and this will tend to increase the
pressure, No gquantitative study has been made of the CO4

produced during the first part of a cooking experiment,

but its existence will be proven at a later part of the
discussion, The subject of CO, formation has been the
cause for much controversy in the past, Technical experts
in charge of commercial digesters have even claimed that
none is formed, In most cases, their error can be ftraced
to faulty sampling., Their samples have been taken during
the blowing down of a digester, and i£ is only during the

first part of blowing that CO, is present in the relief

£aS€eSe
Three phases of the sulphite cooking of wood

will be considered,

(1) It is usually considered that, in the delignification
of wood, two molecules of SO, are used up per molecule of
Ca0. 1In order to determine whether this research lent it-
self to a quantitative study of the mechanism of sulphite

cooking, a calculation was made in an attempt to either

prove or disprove the above statement, The data of experi-

ment $ 5 were used because there was no maximum in the
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vapour pressure curve and, therefore, the wood was not

over cooked, This eliminated such complications as excess

polymerization ofrlignin which 1s assumed due to a de=

pletion of lime,

Yorston (45) has calculated that the amount of
SO2 consumed in a sulphite cook was approximately equal
to 4.8% of the weight of dry wood present, In Run 5, the
liguor contained 0,6004 gms, Ca0 and 2,074 gms., SOo, There
were 7.9 gms, of dry wood present, Assuming that the ratio
of SOZ to Ca0 is 2 to 1, it was found that 0,38 gms. 802,
and0.166 gms, Ca0 were required. These values were sub-
tracted from the total Cal and SO2 present in the liguid
phase and with the aid of the data in Part I of this thesis
the resultant vapour pressure was determined. It was cal-
culated to be 360 cm, at 130°C, The measured vapour pressure
at 130°C. was 427 cm. The excess pressure oef 67 cm, was
gssumed to be due to CO5. This was known to be partly in
error,.due to the presence of volatile bi-products, but no
corrections were made, Similarly, at 059¢,, the calculated
vapour pressure after the cook was 18 Cley and that found,
was 66 cm. Therefore, at room temperature, the system had
on excess pressure of 48 cm. assumed to be due to COy5e
gince volume changes of the system due to changes in temp-
erature were known, it was possible to calculate what the
CO, pressure would be at 130°C., using the data Obtaifed
ot 25°C., The COg pressure by this method of calculation,

- 3 t
was 68 Cheys which is in very close agreement vith tha
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found at 130°C. (i.e., 67 cm.).

The same method can be used to show that Cal and
80, do not react with lignin in the ratio of 1 to 1, If
this were so, the amount of CaO used would be doubled; If
experiment 5 is used for a second calculation, 0,38 gms,

SO2 and 0,33 gms. Ca0 would be required. The resultant
vapour pressure would be 404 cm, at 13000., whereas, that
found was 427 cm, This would result in a pressure of 23 cm,
due to 002. Similariy at 25°C., the pressure due to 002
would be 45 cm, A pressure of 45 cm, at 25°¢, in the system
‘used corrésponds to a pressure of 64 cm., at 130°C, This
certainly does not check with the pressure obtained (i.e.,
23 cm.#, and, therefore, shows that Cal0 and 802 are not

used up in the ratio of 1 to 1,

Up to the present, organic chemistry has been the-
tool used to study the mechanism of sulphite cooking. The
above calculations indicate that a careful study of wvapour
pressures at different temperatures and concentrations serves

as a new form of attack on this problem.

(2). It has been shown that CO, 1s produced
during cooking, and & method has been described whereby

Cco pressures'can be determined. In the experiments per-

2
formed, the volume of the vapour phase was known, making
it possible to calculate the weight of CO2 produced during

different stages of the cooking reaction. Unfortunately,
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the pressures at room temperatures have not been deter-
mined for cooks lasting for about 4 hours., However,
experiment 6 was cooled down to room temperature after

13 hours éooking:in order to determine the vapour préssure
at 250c, The reaction cell was then heated up to 130°.,

and the cook was continued for 17 hours, A calculation

hasbeén made of the CO2 per gram of wood, It was found

that after 13 hours, 0,006 gms. CO5 were nroduced per
gram of wood, and after 30 hours 0,02 gms., 002 wvere

produced,

It 1s of interest to determine whether the 002
was due to the decomposition of lignin or of cellulose,

In experiment 3, Page 89, pure cellulose was cookéd in

two steps. The first step lasted 10 hours, while the
second required half that time, After the first 10 hours,
the vapour pressure was determined at 2590., and it was
found to be 5 cm, higher than at the beginning of the cook,
but only 2 cm., higher than the calculated value, During

the secondstep, no 602 was produced. However, when wood

was cooked under the same conditions, the pressure due to

cO0 was found to be approximetely 40 cm, This indicates
clearly that CO_ is a reaction product of the lignin in the
2 .

wood, and not of the cellulose,

It was possible to observe the color of the liquor
during these experiments. At the end of the normal 8 to 9
hour run, the liquor was still a clear straw colored yellow,
However, after this pafiod (beyond the maximum point on the

curves, graph 18), the liquor rapidly darkened, indicating
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that 2 number of more or less complicated reactions
involving polymerization, were taking place, The change

in fhe slope of the curves would indicate that thése
reactions consumed ailarge amount of SOZ' A study of

curve EG’ Graph 18, shows that after the pressure has

continued to firop for several hours it tends to remain
constant and then to rise. It has been shown above that

the final:incresse in bressure is due to COZ.formation.
After the 30 hour cook (Eﬁ) the contents of the reaction
cell were black,

(3). Calculations have been made in Tart I of

the hydrogen ion concentration for the system C20 - 802 -
Hzo; These calculations cover a wide temperature and con-
centration range. The concentrations included those used

in the sulphite cooking of wood, but calculations were made
for temperatures no higher than 90°c,

| There has besn a great variety of opinion regarding
the hydrogen ion concentration of sulphite liquor at the
cooking temperature (140°C, to 150°C,). The early belief
was that the solution was quite acid. Campbell and Maass (1)
have shown that even when large amounts of 802 are dissolved,
ohly a émall amount of hydrogen ibn is formed; the higher the
temperczture, the smaller the amount., It was assumed by some
. therefore, that the addition of Ca0 would meke the solution

basice The present data make it possible to determine the

hydrogen ion concentrztion of sulphite liquor at the cooking

tempe rature,



- 122 =

An exdmple is shown in graph 17. The log-
of the hydrogen.ion;cdncentration was plotted against
the.réciprOQal offthe absolute temperature for temp-
eratures of 50°C.,, 70°C. aﬁd 90°C. for a concentration
of 1% Ca0 and concentrations of 4%, 5% and §ﬁ 505, A
straight line was obtained for each 802 conééntration.
Zhesé¥;ou1d be‘extngﬁolated to any desired'temperature.

A number of hydrogen ion concentrations of interest to

the pulp and paper industry are given below:

% Ca0 % 805  Temp. PH Temp, pH
Deg, C, Deg, C.

1 4 140 - 2,78 150 - 2.88

1 - b 140 -~ 264 150 - 2,75

1 6 140 - 2,51 150 - 2,62

This shows that the sulphite cook is distinctly |
acid although the pH is quite small, The liquor acts as
a buffer solution, so that the pH does not vary greally
With‘either temperature or concentration., It has been
reported at times that calcium hydroxide is actually
déposited. Saunderson (46) has shown that the precipitate
was cal&ium sulphite, The above calculations show that

the pH is such that calcium hydroxide cannot precipitate.
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1, Vapour pressures have been determined for
the system Ca0 - 50, - Ho0 at concentrations of 1,27
and 2,3% Ca0 and for concentrations of 0 to 67 805
within the temperature range 25°C. to 130°C.

2e Conductivities have been determined for the
system Ca0 -850, - Ho0 at concentrations of 1.,2% Ca0
and 0 to 6% S0, within the temperature raﬁge 250C, to
130°¢C,

Se The vapour pressure and conductivities of
Campbell and of Gurd have been combined with those of

the writer to cover the following concentration and temp-

erature ranges, Vapour pressures were obtained for con-
centrations of 0 to 2.5% Ca0 and 0 to 6% S0, within the
temperature range 25°C. to 130°C., Conductivities have
been obtained for the same concentration ranges for the
temperature range 25°C to 90°C., All of the above data
have been systematically tabulated for the first time,

4, The above values were used to determine the
mechanism of the equilibria existing in the system Cal -

505 - HoO,

De A new complex has been shown to exist in the

above mentioned system,

6o Hydrogen ion concentrations, calcium ion con-

centrations and bisulphite ion concentrations have been

calculated for the first time for this system, These

calculations cover a wide concentration and temperature

rangee
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7. A method has been developed whereby these
values can be used to determine the pH of sulpmfe liguor

at cooking temperatures, Determinations have been made

for the first time,

8. A new technique has been developed for the
study of precipitation temperatures of the system

Ca0 - 805 - HoO. Precipitation temperaturés have been
determined for solutions containing 0.,6% CaO, 1.2% Cal
and 2,0% CaQ0., For each of these Ca0 concentrations, a
wide range of S05 concentrations was used. The temp-
erature range extended from 25°C to 140°C..

9. The nature of precipitation has been studied

and a description of the mechanism of precipitation has
been given, The influence of the hydrogen ion‘cdncent-
ration on precipitation has been described, Super-
ssturation has been discussed, and a method developed
whereby a quantitative determination of the amount of
precipitate formed for any degree of supersaturation

can be calculated,

10, A new technique has beeh developed to study
changes in the system Ca0 =505 - HZO’ caused by the
cooking of wood,

11, It has been shown by a new method that during
cooking, Ca0 and S0, are used up in the ratio of 1 to 2,
12, I+ has been shown that COo 1is produced during
cooking and a new method has been developed to calculate

the weight of COo formed per gran of wood,



- 125 =

13, A new electrical apparatus has been

designed and constructed for measuring the consistency

of pulp in water, A description appears below in the

form of an appendix,

14, It has been shown that CO, is produced

from the lignin and not the cellulose during cooking.

llote~- The above summary serves as a statement
of claim to original research,
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AN ELECTRIC METHOD FOR THE DETERMINATION

OF THE CONCENTRATION OF PULP IN WATHR.

Introduction.

The method for determining the concentration
of pulp in water to be described in this paper mékes
instantaneous determinations possible. The results so
far obtained indicate that it should be possible to
determine the concentrztion of pulr to within 0.01%.
This means that it will be possible to determine the
difference between a 1.00 and 1.01% suspension,

The method of detdérmination is based on the
principle that tap woter is a conductor of electricity,
whereas any pulp dispersed in the same water is not a
conductor, If two pairs of platinum electrodes are
immersed in ordinary water, the resistance of each to
electrical flow can be determined by balancing against
a known resistance., If some conducting substance such
as a salt is introduced into the water, or if the temp-
erature of the water is changed the resistance of each
cell will change but the ratio of the resistances of
cell (&) and cell (b) should remain constant. A constant
ratio should also be obtainable if the known resistance
is cut out of the system and cell (a) is balanced against
cell (b). If pulp is added to the water of a well stirred

bath containing the two cells, the pulp on passing between



the two palrs of electrodes will cheange the resiscance

of each but +ill not change the ratio of these resist-
ances., However, if one pair of electrodes is nrotected
with a screen which prevents pulp from getting into the
water between these electrodes and at the same time the
other pair of electrodes is unprotected allowing pulp

to get into the water between the electrodes, that ratio
7111l be changed. The reason for this is the fact that the
volume of conducting liguid (wsater) between the protected
electrodes remains constant because no foreign solid matter
is allcwed in, whereas, the volume of conduotimg liquid
between the unprotected electrodes is diminished due to
the presence of pulp. An apparatus was therefore set up
to determine whether these differences were measurable,
and if so, to what accuracy.

Apparatus.

The apparatus used was quite simple. It con-
gisted of a battery jar of about 44 litres capacity which
was used to make up the pulp and water mixtures. It con-
tained the two cells and a three paddle stirrer, A high
frequencyg alternating current was used so as to minimize
polarization. This was supplied by a Vreeland oscillator,
The rstio of the resistances of the cells was determined
with a Kohlrausch slidewire arrangement which was some-
what modified by placing two resistances R(a) and R(D)

between the point where the current was supplied to the
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system, and the slidewire. The purpose of these resist-
ances was to increase the sensitivity of the apparatus

by magnifying any change in ratio of the two cells that
would take place due to =z change in concentrstion of pulp.
The slidewire had a total resistance of six ohms, therefore,
if ten ohms resistance were introduced on either side of
it the total resistance of the slidewire system would be
increased to 26 ohms with the slidewire contributing only
six. Therefore, any small change in ratio will result in
a large swing of the contact on the slidewire. The null
point was determined using ear phones between contact (c)
and the cells,

The unprotected cell was made of two pieces of
quarter inch pyrex tubing about nine inches long. A strip
of 3/16 inch platinum was sealed into the base of each bube
(see Figure 8 ). These strips were then doubled back against

the tubes zand sealed firmly Qd¢o them. Xach tube had a

length of about threc inches of exposed platinum. The elec-
trodes were rigidly braced about 3/4 of an inch apart by
means of glass cprossbars, The protected cell was of the
same dimensions except that half inch tubing was used.,
Pulp was excluded from between these electrodes simply by
winding about five feet of two inch hospital gauze around
the part of the cell holding the platinum. The electrodes
in each cell were on the inside of the cell facing one

another, The larger tubing in the case of the protected



cell served to hold the gauze away from the platinum,
Contact was made between the platinum seals and the rest
of the system by filling the cell tubes with mercury,

The electrodes were platinized for the work to be de-

scribed below,

Procedure,

The constant of the two cells was first deter-
mined using a tenth normal solution of KCL., The resistance
of the tap water used was determined with the cells at 25°¢C,
and also the actual resistance of various mixtures of pulp
in water. However, as actual resistance values were not
found necessary to the solution of this problem, this pre-
liminary work will not be dealt with in detail, bu t rather
the work carried out with the apparatus as shown in Fig. &,
where cell (a) is balanced against cell (b),

The value of the ratio a/b should remain constant
with variation of temperature, Four and a half litres of
tap water at 10°C., were poured into the bath, a heater was
installed and the water slowly heated. It was found at
first that the ratio tended to change but this was due to
the fact that the cell covered with gauze did not allow the
water to circulate freely between the electrodes and there

was therefore a temperature lag. To overcome this, the
temperature was held constant until the value on the scale
became constant. The temperature was then raised a few

degrees and the above procedure repeated, Another much
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more rapid method of reaching temperature equilibrium
was to dip the covered cell in and out of the bath
several times before taking a reading. The ratio was

tested between 10 and 5500., and found to remain constant

throughout.

The value of the ratio a/b should remain con-
stant for waler containing different amounts of dissolved
salts. To determine this a small amount of KCL was added
to the water and it was stirred until a constant scale
reading was obtained. The ratio returned to its former
value. It may be added, that after several weeks of work,
the ratio was still what it was during the first work under-
taken,

The next step was to use a substance which would
pass freely and uniformly between the electrodes of the
unprotected cell but which could not penetrate the gauze
protecting the other cell, Pulp made from poplar by the
soda process was used. This was obtained in dry sheet form.
Samples weighing ten grams each were disintegrated in the
usual manner. The excess water was drained off in a suction
funnel leaving a pad which contained 10 grams of pulp and
about 20 grams of water. These pads when droonped in small
pieces into the water used for the experiment were readily
stirred up into a uniform mixture. Unnecessary delays in
reaching temperature equilibrium betveen the inside and out-

side of the protected cell were usually avoided by having



the water at room temperature before starting an ex-

periment.

Several experiments were first made with R(a)
and R(b) cut out of the system entirely, Four and a
half litres of water at room temperature were poured into
the battery jar. The cells and stirrer were set in place
and the latter was started. The Vreeland oscillator was
started to suppdy the current and the nul point was deter-
mined using the ear phones, In some cases, the correct
scale reading was not immediately obtained due either to
the fact that the water was slowly heating or cooling, or
that a bubble of air had become attached to one of the
electrodes, This was readily corrected by dipping the
covered cell up and down deveral times, One of the padscoﬁ“”““s
10 grams of »pulp was then weighed in order to determine
the amount of water it contained, It was broken up by
hand and dropped into the water where it was soon dis-
persed. The Vreeland oscillator was again started and
a scale reading made on the Kohlrausch slide wire, The
change in scale reading was noted, To make sure that
this change was due to pulp and not to an upset in the
temperature equilibrium or to some conducting substance
attached to the pulp, the covered cell was dipred several
times before readings. ZEach pad increased the pulp con-
centration approximately 0.22%. The stirring arrangement
used was found efficient to slightly over 1% pulp. Above
that concentration the pulp tended to bunch up about the
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electrodes. This would not be the case where large

volumes are concerned. The results given below deal

only with concentrations up to 13

e

Results,

Runs have been made with the concentration of
the pulp varying from 0 to 14, 1In these experiments the
auxiliary resistance R(a) and R(B) on either side of the
slidewire have been varied from 0 to 30 ohms. 1In the case
of the higher resistances instead of vlacing the same re-
sistance in R(a) andR(b) the resistance was so adjusted to
bring the scale reading nearer the centre of the slidewire,
thus insuring greater sensitivity., It was found that in-
creasing the resistances decreased the sharpness of the
end-point but at the same time it greatly increased the
scale swing per 17 of pulp added.

The results of one experiment are given in Table
I. In this experiment both R(a) and R(b) were set at 3 ohms,
The ratio in the final column is obtained in the usual manner,
if A is the scale reading, then A/1000-A is the ratio, A

graph of these results is also shown below,

TABLE I,

Wt, Pulp. Wt. Water. 2% Pulp. Scale Reading. Ratio.

O 4500 0 597.8 1.4863
10 4523 022 596,.,8 1.4802
20 4545 0,438 596,0 1.4752
30 4569 0,653 595,11 1.4697
40 4591 0,864 094,93 1.4649

The accuracy in determining pulp concentration

depends on two things, (1) the sharpness of the nul point,
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i.8¢y to what fraction of a scale division the nul point
can be accurately judged by the operator, (2) the amount

of swing in scale divisions of the slidewire ner unit
addition of pulp., It has been said above that increasing
R(a) and R(b) inceeases this accuracy., Table II illus-
trates this. Column three gives the amount of swing in
scale divisions per 1% pulp added. Column four gives the
limit of accuracy to which the nul point can be read.

Column five gives the zccuracy with which pulp concentration

has been determined under the conditions indicated,

TABLE II.
R(a R(b Swing/1% Pulp Sharpness of Accuracy of Con-
ohms. ohms., Divisions. nul Point centration Deter-
Divisions. mination.

0 0 2 0e2 0.10%

3 ) 4,1 0e2 0.05

12 10 18,2 0.4 0,025

36 30 60 1.0 0,017

Conclusions.

The above experiments indicate that it is possible
to construct a very simple apparatus capable of making instan-
taneous determinations of pulp concentrations, The above
results show that differences in concentration of 0.02% are
detertable and measurable, and the work indicates that the
accuracy can be increased to 0,01%, Variations in temper-
ature, and concentration of dissolved salts do not affect
the readingé. The apparatus is of such a nature that it can

readily be inserted in any system where circulation of pulp

ig taking place,
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