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SOME EQUILIBRIUM RELATICNS IN THE SYSTEM MAGNESIUM OXIDE-
SULFUR DIOXIDE-WATER (ACID REGION) AT
PRESSURES BELOW ATMOSPHERIC

I. INTRODUCTION

This thesls describes the system Magnesium Oxide-Sulfur
Dioxide~Water when brought to equilibrium at various pres-
sures of sulfur dloxide plus water vapor, ranging from the
vapor pressure of water at the temperature in question to
stmospheric pressure.

This system 1s of significance because it 1s being used
more and more in the"Sulfite Process™ in the manufaoture of
wood pulp and is replacing calofium oxide or a mixture of meg-
nesium and ocalecium. The solution as 1t comes from the ab-
sorption towers is essentially such a system. Numerous
investigators have done work on the system sulfur dioxide
and water and the work of Conrad and Beuschlein (1) on the
simllar system CaO-SQg~HgO 1a complete. Thelr procedure was
applied to thlis system of which there are no data available
in the literature.



The only mention of this system in the literature was
that by O. Maass et al. (2) who mentioned that preliminary
work by King (2) showed that the partial pressure of sulfur
dioxide over magnesium base liquors differs considerably from
that over caloium base liquors of the same mole percentage
composition., The data obtained by thia inveatigator agree,
The magnesium bisulfite was found to be more soluble and
squilibrium curves represented more sulfur dioxide dissolved
per given guantity than caleium (1),

The system Mg0-303-Hp0 18 one of thrge components, By
working at constant temperature, such a system may be made
univariant, in which case, the existence of a single solid
phase 1s indicated by a varlation in the pressure, hence in
the composition of the solution. For this investigation only
those conditions under which at leasat three phases -- gas,
solid, and solution ~- exist in equilibrium were of interest

and the isotherms at 15° and 25° C. were determined.



II. THE EXPERIMENTAL PART

1. MATERIALS USED

The materials used were "C.P, Analyzed" magnesium oxide
containing negligible quantities of sulfates and caloium.

The sulfur dloxide was commercial grade, tested for sul-
fur trioxide by bubbling through an acldified solution of bar-
ium ohloride which felled to show a precipitate of barium
sulfate after thirty ninutes. Absorption of the sulfur d4i-
oxide with strong alkall gave a residue of 0,30%., Inerts
were removed by withdrawing a quantity of ges equal to the
elze of the equilibrium flask after the materials were pre-
pared for a run.

Freshly boiled dlstilled water was used.

2. APPARATUS

The apparatus was of Pyrex glass and consisted of an
equilibrium flask "A" and weighing pipette "B" as shown in
Figure 1. The equilibrium flask was approximately 33 cc. in
volume. The opening fitted with a ground glass connection
(2), was used to introduce the magnesium oxide and water,
The two-way stopoock (3) was for the four~-fold purpose of
evacuating the flask to remove dissolved gases and lnerts,
introducing the sulfur dloxide, evacuating the mancmeter
by which the pressures were measured, and removing the sample

for analysis.



FIGURE 1
THE EQUILIBRIUM FLASK AND WEIGHING PIPETTE



The apparatus, as shown, is connected in poeition for
the removal of a sample of saturated liquid. A slight pres-
sure was applied through stopcock (1) Just befors the removal
of the sample into the weighing pipette (B). The bors of all
tubing connected to the equilibrium flask (A) was 1.5 mm,
which reduced the volume of expansion of the gas. The plpette
extension (5) served a two-fold purpose in allowing the air
to escape above the surface of the water of the thermostat
during sampling and to transfer the solution to & volumetric

flask for dilution and subsequent analysis.

3. PREPARATION OF EQUILIBRIUM MIXTURES

The equilibrium mixtures were prepared by introducing
the magnesium oxlide and the water to the equilibrium flask.
The flask was then conngoted to a Hyvac pump to remove all
air and any dissolved gases present in the water. The
flask was then ready for the introduction of the S0; which
was added to the flask from a gas burette. The gas burette
was first evacuated before it was filled with S0g4., Sufficient
sulfur dioxide was introduced to combine with all the meg-
nesium oxide plus an additional amount to give the desired
pressure reading for the run in question. A wolume of gas of
approximately 40 co. was then removed to insure no inerts
present in the egquilibrium flask. Solid wes present in all
experimenta. After this procedure the flask was placed in
a water bath and agitated for a period of twelve hours or
more. The temperature of the water bath was eontrolled to

0.1° c.



Fressure was read by connecting the flask while still in
the water bath to a mercury manometer and allowed to remain
attached to the manometer for at least one hour before read-
ings were taken., This time was in all cases sufficient to
obtain constant readings, Pressures were then determined by
noting the difference between this reading and that of a
corrected barometer. Readings were taken to the nearest
millimeter.,

After the preasure readings were made the sample was

immediately withdrawn to a weighing pipette and weighed.

4. METHODS OF ANALYSIS

After the saturated solution was removed to the volu-
metric flask it was analyzed by the Hohn method, the essen-
tials of which are given by Birechard (3). The standard
solutions used in this analysia were sodium thiosulfate and
iodine of approximately 0.lN and sodium hydroxide of approx-
imately 0.8N, ©Standardizations were made by the appropriate
use of sodium oxalate and potassium permanganete for the
iodine and thiosulfate solutions. The sodium hydroxide was
standardized by the use of potassium acid phthalate.

The sample (9 to 12 grams) was drained and washed into
& volumetric flask nearly full of water. The tip of the
weighing pipette was kept below the surface of the water to
prevent the loss of any sulfur dioxide in the transfer. The
flask was then fllled to volume and the aliquots were with-

drawn in a similar menner %o that from which water is re-



moved from a wash bottle. This method of removal was to
avold the loss of any sulfur dioxide.

Aliquote were analyzed for total, free and combined,
sulfur dloxide and separate titrations were made with the
sodium hydroxide to determine free sulfur dioxide. This
extra titration was used only as a ocheck as the Iohn method
is cgnsidered more accurate for this determination. The
terms total, free and combined, sulfur dioxide as used in
this paper are defined by the Technical Assoclation of Pulp
and Paper Institute (4). The free sulfur dioxide is the
actual free sulfur dioxide plus half of the sulfur dioxide
in the bisulfite of magnesium, and is more properly called
the 'available sulfur dioxide' as it indicates the sulfur
dioxide 1n excess of that required to form the monosulfite.
The combined sulfur dloxide as above calculated represeants
that required to form the monosulfite.

The equations listed below were used to determine the
combined sulfur dioxide. These equations are similar to
those of Conrad and Beuschlein (1).

xilgs0g + yHgS0g + (x + y)Ig + (x + y)HgO =

2(x + y)HI + xMgS0, + yHgSO0, (1)

2(x + y)HI + yHg30, + 2(x +2y)NaQH =
2(x + y)Nal + yNegS0, + 2(x +2y)Hg0 (2)
where x, y = moles.
Let, I = ¢go. of iodine consumed by equation (1)
N = o0, of alkali consumed by equation (2)

And when the equivalent concentration of the iodline and



alkall solutions gre equal, then the combined sulfur dioxide
is given by the expressions

( 21 - N ; ( Grams Total S0, ; - (rams Combined
( 4in Sample - 80, in Sample

I

Se PROOF OF METHOD

The vapor pressure of water was measured with the appara-
tus described. Two separate determinations were made, one
at 24.40 degrees C. and the other at 24.€60 degrees C. In
the former & value of 22.4 mm. of mercury was obtained. The
"International Critical Tables" (5) list the value as 22.922
mm. In the latter a value of 23.0 mm. was recorded against
the Critical Tables (5) value of 23.198 mm.

To furthexr check the apparatus it was decided to deter-
mine the pressurss of various solutions of sulfur dloxide
in water at 25° C. Water and sulfur dioxide were placed in
the flalk. treated in the manner described and after shaking
in the thermostat for sufficient time to allow equilibrium
to be reached, the flask was connected to the manometer. The
flask was allowed to remain in this position for one and one
half hours to insure equilibrium had been obtained. It was

noted that after two or three minutes the pressure would

remsain constant.

The data obtained for the solubility of sulfur diloxide

in water are shown in Table 1.



TABLE I
SOLUBILITY OF SBULFUR DIOXIDE IN WATER (25° C. )

Expt. Partial Pressure Grams 505 per
802 mm. Hg 100 Grams of HpO

1l 381.9 4.60

2 T56.4 8.71

b 246.0 3.05

4 543.6 | 6.35

5 151.7 1.97

The partial preesure of water above various sulfur 4i-
oxide solutions, obtained by graphical interpolation of the
Critical Table data, was subtracted from the total corrected
pressure to give the partial pressure of the sulfur dioxide.

The values given in Table I are shown graphically in
Figure 2 and are compared with the values obtalned from the
Critical Tables (6).

The data of Table I lie consistently to the left of the
ourve drawn through that of the "International Critical
Tables." The maximum deviation of any one point was 0.1 g.

per 100 g. water.

All experiments described approached equilibrium from
& supersaturated liquid phasge since sulfur dioxide was
absorbed at a temperature below 25° (¢. and the pressure in
the flask after evacuation to remove inerts was less than

the final pressure. If equilibrium had not been rcached
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the measured pressure should have been low and the analysis
of the solution correspondingly high. Examination of the

data of this research in Figure 2 shows the converse.
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III. EXPERIMENTAL RESULTS

It was possible to remove only one sample without dis-~
turbing the equilibrium. Duplicate determinatlions were made
on some samples. The results checked to within 0.6 grams S50p
per 100 grams of water. A separate titration was made on
each sample to determine the free sulfur dioxide.

Results of analysis of the liquid phase at 25° ¢. and
at 15°9 ¢. are given in tabular form in Tables II and III,
respectively, and are shown in graphlocal form in Figures
3 and 4.

Saturation of the liquid phase, with respect to both
gas and sclid, was approached from both the supersaturated
and unsaturated conditions. In all experiments at 25° C.
except those at atmospheric pressure the temperature at
which the gas wase admitted was three to five degrees below
the final equilibrium temperature. Also, in order to remove
inerts admitted with the sulfur dloxide, solutions were boil-
ed at reduced pressure. As sulfur dloxide is more soluble
at 1oi temperatures and high pressures these experiments
were approached from supersaturation with respect to the
gas.

Equilibrium at 15° C¢. was approached from the unsat-
urasted state with respect to both gas and solid. The temp-
erature at which the gas was admitted was five to eight
degrees higher than the equilibrium temperature. The pres-
sure was greater when the flask was placed in the thermo-

stat than at the final equilibrium. Thus these experiments
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were approached from unsaturation with respect to the gzams.

In experiments 11 and 12 of Table II sulfur dloxlde
was added until all the solld phase was dissolved. After
the solid phase was dissolved the solution was subjected
to vacuum until sollid phase again reappeared. After the
80lid phase appeared the flask was placed in the thermoetat
and treated in the same way as in other experiments. Exper-
iments 11 and 12 Table II thus were approached from the
supersaturated condition with respect to both gas and solid.

The curves of Pigures 3 and 4 have been constructed
from data obtained by approaching equilibrium from the
supersaturated and unsaturated condition. The correlation
of these data by smooth curves 1s good.

In order to show the effect of temperature upon the
concentration of sulfur dioxide experiment "A" (Table II)
was made at 359 . and atmospheric pressure ( in this case
728 mm. Hg). The results of this experiment and the corres-
ponding values at the same pressure { the 15° C. run wae at
727 mm. Hg), read from curves in Figures 3 and 4 are plotted
in Figure 5. Beuschlein and Conrad (1) found that with the
system Ca0-50p-HoO in the same temperature range as this
research that the solubilities of total and of free sulfur
dioxide increases with decreasing temperature at approximately
constant and equal rates and the solubility of combined
sulfur dioxide increases at a muoh slower rate. Their curves
also showed more free than combined sulfur dioxide was asso-

clated with each solution. In this investigation the retes
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TABLE IIX

ANALYSIS OF THE LIQUID PHASE OF THE SYSTEM Mg0-SOz~Hz0

L - B - I I - I

B
o - O

.
o

Tetal
Pressure
mm, Hg

EQUILIBRIUM AT 259 C,

Grams per 100 Grams of Water

Tetal S0 Free SOz Cembined 503

37.5 18,75 18,75
35,6 17.4 18,2
42,1 20,8 21,8
50,8 24,9 25.4
28,2 14,0 14,2
28,0 13,15 14,85
51.6 25,38 26,8
50,7 24,85 25,85
52,0 25,8 26,2
35,2 17.8 17.9
40,7 20,85 20,35
50,1 24,4 25,7

# Experiment A made at 35° C,
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FIGURE 3
PRESSURE -CONCENTRATION CURVES FOR LIQUID PHA SE

OF SYSTEM MgO - SO5-H-,O. TEMPERATURE 25° C
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ANALYSIS OF THE LIQUID PHASE OF THE SYSTEM MgO-805-Hy0

TABLE III

EQUILIBRIUM AT 15° ¢.

16

Expt. Total Grams per 100 Grams of Water
Pressure otal Free Combined
mm. Hg 809 804 804
1 448.7 44.8 22.4 22.4
2 419.3 46.9 23.35 23.55
3 162.3 3.4 14.85 16.55
& 245.5 39.9 18.9 21.0
5 75.5 30.4 14.7 15.7
6 87.5 28.05 13.3 14.75
7 110.7 29.65 14.6 15.05
8 156.8 32.9 16.0 16.9
9 64T .6 47.55 23.05 24.5
10 726.8 54.6 26.8 27.8
11 730.3 533 26.55 26.75
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FIGURE 4
PRE SSURE -CONCENTRATION CURVES FOR LIQUID PHASE
OF SYSTEM MgO-5SO, -H,O. TEMPERATURE 15° C
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of decrease of solubility total, free and combined sulfur
dioxids with temperature increase were all approximately
constant and equal. Thie being different for the combined
gulfur dloxide. Also it was found that the amount of sulfur
dioxide in a solution with the same pressure was much
greater for the Mg0 system than the (a0 system. The amount
of combined sulfur dloxide was always greater than the free
for this system in contrast to that for the Ca0 system.
The amounts ¢f combined and fyee were very nearly equal,
the combined being always greater representing slightly
greater than 0.5 of total., The combined was never more
than 0.52 of the total. This difference in the two systems
is attributed to the greater solublility of the bisulfite
of magnesium. Also the selubility of magnesium sulfite in
cold water is 1.25 grams per 100 cc. of water compared
with 0.0043 grams per 100 cc. of water for calelum sulfite.
This would help to explain why at the pressures investigated
the "combined 502" 18 alwaye greater than the "free S0
in the Ng0 system.

Table IV was complled from data of Tables II and Iil
plotted to large scale and shows values of total, free and
combined sulfur dloxide at 50 mm. intervals below atmospheric

pressure.
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TABLE IV
COMPOSITION OF LIQUID PHASE OF THE SYSTEM
Ng0-B809-Hp0

Pressure Diowids at 150 G. Grams Dioxids at 250 C. Grams
mm. Hg per 100 Grams Water _per 100 Grams Water

Totel Con- Free Total Com- Free

bined bined

50 16.0 10.0 6.0 9.2 5.2 4.0
100 29.2 16.2 13.0 20.8 11.4 9.4
150 34.6 8.1 16.5 30.0 15.8 14.2
200 37.8 19.5 18.3 34.5 17.8  16.7
250 40.0 20.5 19.5 = 37.6 19.1 18.5
300 42,1 21.6 20.5 40.0 20.5  19.5
350 44,0 22.5 21.5 43.0 21.9 21.1
400 45.9 23.4 22.5 44,9 22.8 22.1
450 47.7 24.3 23.4 46.4  23.5 22.9
500 49.5 25.2 24.3 48.4 24.5  23.9
550 51.1 25.9 25.2 50.0 25.3 24.7
600 52.4 26.5 25.9 51.0 25.9  25.1
650 53.5 27.1 26.4 51.7 26.2 25.5
700 54.3 27.5 26.8 52.0 26.3  25.7

750 54.T 27.7 27.0 52.1 26.3 25.8



1.

2.

3.

SUMMARY

The totsl pressure-composition relationehips have
been determined for the eystem ligO-S805-Hg0 in the
acid reglion up to atmospheric pressure at 15° and
25° ¢.

The total, free and combined sulfur dioxide, has
been determined for saturated solutions in equi~
1ibrium with solid magnesium monosulfite at

total pressures of sulfur dioxide and water vapor
from the vapor pressure of water to atmospheric
pressure for the temperature 159 and 25° g.

The temperature-composition relationship has been
determined for the total pressure of 728 mm. at
temperature of 15°, 25% and 35° c.

21



1.

2.

3o
4,

Se

6.

22

LITERATURE CITED

Conrad, F. H., and Beuschlein, W. L., J. Am. Chem.

Soc. 56, 2554 (1934).

Calhoun, J. M., Cannon, J. R., Yorston, F. H., and
Maass, O., Canadian J. of Research 16, B, 242-52 (1938).
Birchard, W. H., Paper Industry, 8, 793 (1926).

Ts As P. P. I. Standards, "Analysis of Bisulfite
Cooking Liquor," T 604 m-45.

“International Critical Tables" MeGraw-H1ll Book
Company New York, 1928, Vvel. III, p 212.

Ibid, p 302.



1.

1.
2.

23

BIBLIOGRAPHY

Books
YInternational Critical Tables" McGraw-Hill Book
Company, New York, 1928, Vvol. III, p 212 and p 302.

Perlodicals
Birchard, W. H., Paper Industry, 8, 793 (1926).
¢alhoun, J. M., Cannon, J. R., Yorston, F. H., and
Maass, 0., Can. J. of Research 16, B, 242-52 (1938).
Conrad, F. H., and Beuschlein, W. L., J. Am. Chemn.
Boc., 56, 2554 (1934).
Publications of Learned Socitles

Technliecal Association of Pulp and Paper Institute
Standards, "Analysis of Bisulfite Cooking Liguor,"
T 604 m-45, Corrected-Sept., 1945.



INDEX

Analysis, Method
Apparatus
Bibliography
Burette, Cas
Combined Sulfur Dioxide
Equilibrium Flask
Flask, Zquilibrium
Free Sulfur Dioxide
Gas® Burette

Hohn Method
Illustrations
Introduction

Iodine

Literature Cited
Magnesium Oxide
Materials Used
Methode of Analysis
Phase, Solid

Pipatte, Welighing

Preparation of Equilibrium Mixture

Preassure, Vapor of Water

N
Ol W

N - TS I B RN VI BT

n
n

=R R L - Y ¥ R

24



Proof of Method

Results

Sodium Hydroxide

Sodium Thiosulfate

8014d Phase

Bolubility of Calcium Sulfite
Solubility of lMagnesium Sulfite
Sulfite Process

Sulfur Dioxide

Summary

Supersaturated Solution
Tables

Total Sulfur Dioxide
Unsaturated Solution

Vapor Prassure of Water

Welighing Pipette

25



	Some equilibrium relations in the system magnesium oxide-sulfur dioxide-water (acid region) at pressures below atmospheric
	Recommended Citation

	001
	002
	003
	004
	005
	006
	007
	008
	009
	010
	011
	012
	013
	014
	015
	016
	017
	018
	019
	020
	021
	022
	023
	024
	025
	026
	027
	028
	029
	030

