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ABSTRACT

A relativély dilute (approximately 1 to 2%) water
solution of sodium dithionite was produced from sodium-mercury
amalgam and agqueous solution of sulfur dioxide in a simple
"once through" reactor [proposed process]. The reactor could be
run in conjunction with the Castner-Kellner type cell. |
The manufactured solution could then be used directly for the

brightening of groundwood pulp.

The bench scale experiments were carried out in a
continuous-flow-stirred-tank reactor where the agqueous and
amalgam phases formed an interface. The effects of important
process variables on the steady-state concentration of sodium
dithionite in the reactor and yields of sodium dithionite on
sulfur dioxide in the aqueous feed and on sodium consumed
in a single pass were determined. The above-mentioned yields
are important ji;; assessing the economic feasibility of the pro-
posed process. The steady-state yield of socdium dithionite on
sodium in the amalgam entering the reactor and conversion of
sodium to different products in the reactor were also

determined.

The present investigation showed that the process

variables can be controlled to give approximately 2.3% sodium
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dithionite solution with steady-state Na28204 yields of about
21% on sulfur dioxide in the aqueous feed and about 67%
on sodium consumed. The yields obtained depend on the levels

of process variables such as:

1. the concentration of sodium in the amalgam enter-
ing the reactor,

2. the concentrétion of total sulfur dioxide in the
aqueous feed solution,

3. the agitation in the aqueous phase,

4. the agitation in the amalgam phase,

5. the residence time in the agueous phase,

6. the residence time in the amalgam phase,
7. the interfacial-area/aqueous-volume ratio,
8. the temperature of the aqueous phase, and

9. the pH of the aqueous phase.

This experimental study indicates that it may be economically
feasible for a pulp mill to change from zinc dithionite
produced in situ to sodium dithionite produced <in situ by the
proposed. process. Further, the proposed process compared to
the manufacture of zinc dithionite in situ avoids the
discharge -of =zinc ions which act as biocidal agents when

discharged into the effluent receiving waters.

The models suggested by Ketelaar (44) and Gerritsen

(30) were found inadequate to explain the processes occurring
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in the reacting system sodium-mercury amalgam and aqueous
sulfur dioxide. A qualitative model has been suggested on
the basis of the experimental work and the information

available in the literature.

This work also sheds some light on the type of reactor

which would be suitable for the proposed process.
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CHAPTER I

INTRODUCTION

Groundwood pulps, especially those obtained from
western softwood species, are dark in colour and hust be
briéhtened for use in newsprint manufacture. Brightening
is done usually with a solution of zinc dithionite
(Zn8204), manufactured on the mill site from zinc dust
and aqueous sulfur dioxide solution, according to the

reaction:

in + ZSO2 > Zn3204

This process is economical and efficient but suffers
from one sérious drawback. That is, the zinc ion whiéh
remains in the spent bleach solution must be discharged to
the availabie effluent receiving waters. Since zinc ion
is an active biocidal agent (46, 37), this is very object-
ionable from the standpoint of water pollution control.
Already the use of zinc dithionite is prohibited in some
areas and in others, pressure is developing to prohibit its
use. |

For a mill which can'not use zinc dithionite, the

available alternative is to purchase manufactured sodium



dithionite (Na,5,0,). Sodium dithionite is available in
the market as the anhydrous crystalline salt. It is quite
unstable in aqueous solution or when it carries water of
crystallization (Na,8,0,°* 2H,0). " The éoSt of Zns,0,
produced in pulp mills (62) is approximately 16¢/lb of
szoz ion. The cost of crystalline NaZSZO4 bought in the ’
market (65) is approximately 39¢/lb of SZOZ ion. Preferred
application of sodium dithionite for the brightening of ground-
wood pulp is 0.2 - 1.5% of the fibre weight (62, 106). For

the followiﬁg example, it was assumed that in the bléaching
plant, the concentration of sodium dithionite is 1% of the
fibre weight., For a mill producing 500 tons per day of
groundwood pulp, forced to change from Zn8204 produced in

situ to crystalline Na,5,0, bought in the market, the extra
cost involved would be about one million dollars per year.

A good part of the cost in purchased crystalline sodium
dithionite is incurred in the crystallization and subseqﬁent
drying steps. It woﬁld be possible to reduce substantially
the cost of sodium dithionite for mill use if it could be
manufactured <n situ in a simple "once through" reactor and
the solution fed directly to the groundwood bleaching plant.

One possible means of doing this would be by the
sodium-mercury amalgam route (Chapter II). In this process,

a solution of sulfur dioxide (or sodium bisulfite) in water
is alloﬁed to react with sodium dissolved in mercury to

produce a solution of sodium dithionite. This approach may



be of a special interest to pulp mills where chlorine aha

caustic soda are manufactured in mercury cells. Considering
the fact that Nazszo4 (=39¢/1b of SZO4

crystalline salt) is a more valuable product than NaOH

ion in the anhydrous

_[=2.75¢/lb(65)], sodium-mercury amalgam produced in the brine
electrolysis unit could be used as a relatively inexpensive
source of sodium to produce sodium dithionite. In other
words, it might be advantageous to divert a part of the
sodium-mercury amalgam to the pfoposed sodium dithionite
manufacturing unit. The rest of the amalgam could go to

the conventional "decomposer" to produce caustic soda. The
sodium-depleted amalgam from the decomposer and the sodium
dithionite manufacturing unit could be sent back to the

brine electrolysis unit.

The sodium amalgam process for making sodium dithionite
has been investigated quite extensively. A summary of the
literature search is given in Chapter II. Although a good
deal of information has been developed on this process, it is
directed primarily at producing concentrated solutions of
sodiuﬁ dithionite for easy recovery of the solid salt. The
reason behind this was probably to compete with the existing
zinc dust: sodium carbonate method (Chapter II), which has
been used industrially to manufacture anhydrous sodium
dithionite crystals.

For the proposed sodium amalgém process, solutions

obtained could be as dilute as 1 to 2% Na28204. It can be
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shown from a mass-balance that if an approximately 1% solution
of sodium dithionite is manufactured, it would not change
appreciably the pulp consistency which is employed in the
normal groundwood brightening process (62, 106).

Based on the above discussion the problem for the
present research was defined. It was decided to investigate
the effect of different process variables on the yields of
sodium dithionite produced as a relatively dilute (approxi-
mately 1-2%) water solution from sodium-mercury amalgam and
sulfur dioxide in a simple "once through" reactor. The
manufactured aqueous solution would be used directly for the
brightening of groundwood pulp. It was also hoped that the
investigation would lead to a better understanding of the
sodium amalgam process and might yield sufficient information
for the design of a semi-commercial or a commercial plant.

Since it was decided to have no recycle of sulfur
dioxide in this investigation, yields of sodium dithionité on
‘sulfur dioxide entering t and on sodium consumed* in a single

pass must be economical.

+Yield of sodium dithionite on total sulfur diox1de
entering the reactor (%), -

(gm molar conc. of Na,S$,0, in product) x 2 x 100

2 (gm molar conc. of total S0, in aqueous feed)
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A rough economic assessment of a sodium amalgam process
to produce sodium dithionite solution <n situ can be made.
In the manufacture of chlorine and caustic soda using mercury
ceils, thé cost of production may be apportibned to these two
products on a weight basis (57). Thus, the cost of chlorine
gas and caustic soda is almost equal. The market value of
caustic soda can be taken as approximatély 2,75¢/1b (65). An
evaluation of the sodium in thelamalgam would be approximately
5¢ (40/23 x 2.75 =~ 5) per pound. The cost of crude sulfur
varies depending on the market conditions but may be taken as
1.8¢/1b (65). The cost of sulfur dioxide gas produced by
oxidation of this sulfur would be about 0.9¢ plus processing
cost for a total of about 1.5¢/1lb.

The reaction between sodium and sulfur dioxide is
given stoichiometrically by the equation:

2 Na + 250, -+ 2 Nat + s.0

2 2

& |

*
Yield of sodium dithionite on sodium consumed in the
reactor (%),

(gm moles of Na,5,0, in product/min) x 2 x 100

CONNA =
gm moles of Na entering with fresh amalgam/min

-gm moles of Na leaving with spent amalgam/min



]
If it is assumed that a 100% yield of sodium dithionite on
sodium consumed is obtained and the yield of sodium dithionite
én sulfur dioxide entering is 100%, then the cost of sodium
dithionite (chemical cost only) would be about 3.3¢/1lb of szoz
ion.

This cost can be compared with the cost of anhydrous
sodium dithionite crystals.bought in the market (=39¢/1lb of
szoz ion) as well as the cost of zinc dithionite produced
in situ (=16¢/1b of szoz ion). If reasonably high yields of
sodium dithionite on sulfur dioxide entering and on sodium
consumed could be obtained by the proposed sodium amalgam
pfocess, it seems possible to decrease the cost of sodium
dithionite substantially for mill use. It is also possible
that the cost of dithionite ions produced by the proposed
spdium amalgam process may not be very different from the

cost of dithionite ions in the zinc dithionite produced in

sittu.



CHAPTER II

REVIEW OF PERTINENT PRIOR WORK

A. Manufacturing Processes for Sodium Dithionite

A number of methods are available in the literature
describing preparation of sodium dithionite. All of them are
based on the reduction of sulfur dioxide (or sodium bisulfite).

The ones which could be used commercially are:

1. Zinc dust: sodium carbonate process

2. Electrolytic or cathodic reduction process
3. Sodium formate process

4, Sodium borohydride process

5. Sodium amalgam process.

Brief outlines of these processes are given below. Special
emphasis has been put on the sodium amalgam process because

of its similarity to the proposed procéss.

l. Zinc dust: sodium carbonate process

Sodium dithionite is manufactured by reacting an
aqueous solution of sulfur dioxide with a stirred suspension
of zinc dust in water and then converting the zinc salt into

the sodium salt by the addition of sodium carbonate (8-10,
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17, 19, 30, 73, 76, 78, 94, 98, 148). The chemical reactions

involved are:

Zn + 2802 > ZnSZO4

ZnSZO4 + Na2C03 > ZnCO3 + NaZSZO4
After the removal of the zinc carbonate by filtration, Na28204.
2H20 is salﬁed out by the addition of NaCl. Dehydration
and drying steps follow to make the anhydrous salt, Na28204.

Badischen Anilin - und Sodafabrik (Germany) used this
method industrially (9, 105. A 20% solution of sodium dithionite
was crystallized, dehydrated, then dried. This German firm
obtained a yield of 65-75% based on sulfur dioxidé feed and
about 70% on zinc. Virgina Chemical Inc. of the U.S.A. has
also been reported to use this method industrially.

Some of the disadvantages of the zinc dust:sodium

carbonate process to produce sodium dithionite are:

(a) The market for zinc oxide, which is a by-product, is
contracting. Z2Zinc dust is quite expensive, and the
initial cost incurred in the raw material is not
compensated by revenue from the sale of zinc oxide.

(b) The process is discontinuous and involves the extra
steps (compared to the other processes) of pre-
cipitating zinc carbonate and calcining the precipi-

tated carbonate to obtain zinc oxide.



(c) Zinc is always presenﬁ as an impurity in the

Na25204 and zinc ions, aé'mentioned earlier, are

a pollution haza;d if released with mill effluent.
(d) Dehydration and drying steps to ﬁake stable anhydrous

Na,5,0, are complicated and expensive.

272

2. Electrolytic or cathodic reduction process

In this method dithionite ion is produced cathodically .
(8, 10, 21, 39, 40, 61, 71, 75, 131, 132, 135, 136, 139, 142-
‘144, 147) according to the reaction:

— + =
2HSO3 + 2H + 2e | g SZO + 2H20

Although the cathodic reduction of sulfur dioxide (or bisul-
fite) solution in water has been studied repeatedly since
1904, this method has never been used industrially. The
process is reported to give low yields of sodium dithionite
on sulfur dioxide and low current efficiencies. However, in
a recently published investigation based on laboratory
experiments, Oloman (67, 68) claims that NaZSZO4 produced

by this method could compete with Zn8204 produced in situ.

3. Sodium formate process

This process was invented by Kinzlberger & Co. (122,

123). 1In this process sulfur dioxide is dissolved in a solu-
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tion of sodium hydroxide in methanocl. The sulfur dioxide is
reduced in turn, by a suspenéion of sodium formate in aqueous
methanol at a temperature of about 70°C according to the

reaction:

HCOONa + NaOH + 2SO0 + CO, + H,O

> 2NaT + 5,0, ) )

2
The product is filtered, washed with methanol and then dried
to give anhydrous sodium dithionite.

According to Gerritsen (30) this process was commer-
cially used in the past, but it was dropped because the product
was a very finely divided powder and therefore not very stable
to oxidation. Recently some investigators (128, 141, 146,

151, 152), on the basis of laboratory experiments, have reported
high yields of sodium dithionite on sulfur dioxide (=80%) and

high purity of the product (=90%) from the formate process.

4, Sodium borohydride process

In this process an aqueous solution of sulfur dioxide
(or sodium bisulfite) is reduced by sodium borohydride (140,

150) according to the reaction:

NaBH4 + 8 NaHSO3 - NaBO2 + 6 HZO + 4 Nazszo4

So far this method has not been used industrially.
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5. Sodium amalgam process
In this process sodium metal dissolved in mercury is
used to reduce sulfur dioxide to give sodium dithionite. The

overall reaction can be written as follows:

2 Na + 2802 g Na28204
The standard oxidation potential of pure sodium metal is
greater than that of sodium in sodium-mercury amalgam (35,
36, 57). The overvoltage of hydrogen gas on sodium-mercury
amalgam is high (57). Thus it is possible to bring about a
controlled reaction between sodium in mercury solution and
various other reactive compounds in aqueous solution, with

little loss due to reaction of the sodium with water.

(a) Advantages of the sodium amalgam process

(i) Compared to the zinc dust: sodium carbonate process,
which is used industrially, extra steps are avoided such as
separation of zinc carbonate and calcining the precipitated

carbonate to obtain zinc oxide.

(ii) Sodium dithionite obtained by this process is not
contaminated by the zinc ions as is the dithionite obtained by

the zinc dust: sodium carbonate method.
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(iii) The reactor could work as the decomposer in con-
junction with mercury cells which'may be used for chlorine

manufacture at a mill site.

(iv) As the reducing agent is a solution, continuous

reduction can be easily carried out.

(v) Sodium-mercury amalgam is an inexpensive source of
sodium metal,particularly if the sodium is produced in a mer-

cury chlor-alkali cell.

(b) Types of the sodium amalgam process

Sulfur dioxide in a number of forms may be reacted
with sodium-mercury amalgam to produce sodium dithionite.
Some of these forms are:

(1) Sﬁlfur dioxide dissolved in organic solvents
(ii) Gaseous or liquid sulfur dioxide
(iii) Sulfur dioxide introduced into aqueous buffer

containing NaHSO3 and NaZSO3.

(1) Sulfur dioxide dissolved in organic solvents (sodium

amalgam: SO2 - organic solvent process)

A number of investigators (49, 83, 117, 126) have pre-
pared sodium dithionite from sodium-mercury amalgam and sulfur
dioxide dissolved in non~aqueous media such as hydrocarbons,

ethers, amides, alcohol and kerosene. They have claimed high
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yields of the anhydrous product which is obtained directly.
According to the information available, this process has

never been used industrially.

(ii) Gaseous or liquid sulfur dioxide (sodium amalgam:
gaseous S0, process and sodium amalgam: liquid S0,

process)

Rougeot (89) reported finding Na,5,0, in the reaction
mass when SO2 was bubbled through sodium-mercury amalgam for
7 to 8 hours, or when liquid sulfur dioxide was in contact
with sodium amalgam for 2 to 3 hours at room temperature.
According ﬁo the information available, this method has never

been used industrially.

(iii) Sulfur dioxide introduced into aqueous buffer containing

NaHSO., and Na,S04 (Sodium amalgam: SOZ—NaHSO3/NaZSO

3 3

buffer process)

This method has been a subject of interest for many
investigators (10, 18, 19, 26, 56, 64, 69, 120, 121, 124, 129,
130, 132-134, 137, 145). In this process sodium.metal
dissolved in mercury reduces the sulfur dioxide added to an
aqueous buffer soluﬁion of NaHSO3 and NaZSOB’ at a pH of
about 5 to 6 and at a temperature of about 15 to 30°C, to
give a concentrated solution of sodium dithionite. Hydrated

sodium dithionite crystals (Na28204° 2H20) are salted out by

the addition of sodium chloride and the slurry is taken to a
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filtration unit where the crystals are removed and the mother
ligquor is sent back to the reactor. These hydrated crystals
ére then dehydrated by heating them rapidly to a temperature
of about 60 to 65°C, after which they are filtered, washed
witﬁ alcohol and dried under vacuum. High yields of sodium
dithionite'and high purity of the product have been repofted.

Some other investigators (74, 125, 138, 149) have

recommended that a certain percentage of water-miscible alcohol

should be added to the aqueous buffer solution to improve
the recovery of anhydrous sodium dithionite.
The steps in the reaction for this process are as

follows:
Formation reaction

2Na + 2NaHSO + Na,S,0

3 25,04 + 2NaOH

Neutralization reaction

+ H,0

NaOH + NaHgO -+ Nazso3 2

3

Overall formation and neutralization reaction

2Na + 4NaHSO3 > Na28204 + 2Na2803 + 2H20
Regeneration reaction
2Na2503 + ZSO2 g 44NaHSO3
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Overall reaction

2Na + ZSO2 -> Na28204

This method of preparation of sodium dithionite was
used industrially (30 to 40 tons Na28204/month) from 1923 to
1930 by Farbenfabriken Bayer in Leverkusen (9) but it was
plagued by poor yields and formation of unwanted by-products.
As late as the early_l940's they had concluded that the zinc
dust: sodium carbonate process was the most economical route
to sodium dithionite unless the pricé of zinc were unusually
high and provided that the by-product zinc oxide could be
sold (26). J. Olmestead (66) reported that R.B, MacMullin
Associates of Niagara Falls, N;Y. had built a sodium dithionite
plant some years ago, using the sodium-mefcury amalgam route,
for the Marathon Paper Company, but that this operation was

discontinued for some unknown reason,

B. Recommended Conditions for Improving the Yield of Sodium

Dithionite in the Sodium Amalgam: SO -NaHSO3/NaZSO

2 3

Buffer Process

A brief description of this process has been given on
pp. 13-15.Although the objective of the proposed investigation

(study of the sodium-mercury amalgam process for the manufacture
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of a relatively dilute water solution of sodium dithionite)
is quite different from the aim of most of the previous
investigations (manufacture of a solution of sodium dithionite,
generally 15-25% solution, for efficient recovery of the solid
salt), it was felt important to consider the recommended
levels of process variables for the latter case as they might
yield some useful information for the proposed investigation.
A number of investigators (10, 18, 19, 26, 56, 64;
69) have spelled out conditions for increasing the yield* of
sodium dithionite by the sbdium amalgam: S0, - NaHSO3/NaZSO3
buffer process. Their conclusions are given below.
It was_generally recognized that conditions of extreme
acidity and high temperatures in the reéctor increase the
rate of decomposition of sodium difhionite, Therefcre, to
obtain reasonable yields of sodium dithionite, it was found
necessary to maintain the reactor pH between 5 and 6 and the
reactor temperature in the range 15 to 30°C. It was also
found that sodium dithionite is rapidly oxidized by atmospheric
oxygen; therefore, an inert atmosphere of nitrogen (or
carbon dioxide) was provided in thé entire apparatus. The
concentration of sodium in the inlet-sodium amalgam was kept
in the range .01% to .05% (by weight) ahd sulfur dioxide was

introduced in stoichiometric proportions to the sodium fed

from the amalgam. The residence}ﬁme of the aqueous solution

*The word "yield" has not been defined very carefully
in the available literature. In most cases it appears that the
authors considered the yield of sodium dithionite on sodium
consumed.
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in the reactor was kept as short as possible to avoid the
decomposition of sodium dithionite formed. The aqueous
solution was well agitated in the reactor in order to disperse
the sulfur dioxide and to renew the solution at the interface.

Some other investigators (74, 125, 138, 149) modified
the process by using a 20-30% ethanol solution in water rather
than water alone as the solvent for NaHSO3— Na2803 buffer.

The presence of ethanol helped in the recovery of better
crystals of sodium dithionite.

Most of the information mentioned above has been
obtained from the patent literature and different investigators
used varied experiméntal dévices and contacting methods for
aﬁalgam and agueous phases. Unfortunately, very little
effor£ has been made to improve understanding of the sodium
amalgam process in general. |

For the proposed "Yonce through" process, recommen-
dations such as the addition of 20 to 30% ethanol to the buffer
solution were considered uneconomical. Some other recommen-

dations provided guide lines for the proposed investigation.

C. Mercury Contamination of Sodium Dithionite Produced by the

Sodium Amalgam: SO, - NaHSO3/NaSO buffer process

2 3

At least two investigators (10, 19) have reported that

sodium dithionite obtained by the sodium amalgam: §0, -



18

NaHSO3/Nast3 buffer process was contaminated with small
amounts of mercury. However, it is not indicated whether the
mercury was entrained in the product stream or some chemical
compounds of mercﬁry were present.

Farbenfabriken Bayer (10) manufactured sodium dithion-
ite industrially in a reactor where sodium-mercury amalgam
was thoroughly mixed with the sulfur dioxide solution in the
presence of a buffer solution of NaHSO, and Nazso3(pH 5-7);
Sodium dithionite produced by their process was contaminated
with mercury, but they reported that it was possible to
prepare a product with not more than 20 ppm mercury. At that
time the mercury content of their product was not considered
objectionable in the bleaching of groundwood pulp.

Dijs, Hoogland and Waterman (19) manufactured a 15%
solution of sodium dithionite in a packed bed (column packed
with glass rods). Sodium-mercury amalgam entered the reactor
at the top of the column, divided into fine droplets which,
after interaction with sulfur dioxide in the presence of a

5% NaHSO, and Na,S0, buffer (pH 5-5.5), gathered at the

3 3
bottom of the column. The buffer solution flowed up the column,
counter current to the amalgam, and the product stream was
recycled to the bottom of the reactor. The operation was
made contiﬁuous by introducing an aqueous solution of sulfur
dioxide to the feed and bleeding off an equal volume of the

product stream. According to Dijs ¢¢ g7 . the product stream

was sometimes contaminated with mercury.
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Removal of small amounts of mercury from the product
stream is relatively easy. Dijs et al, recommended a solution

of Na,S to precipitate small amounts of mercury as HgS, which

2
might be removed by filtration. Recently, Imperial Chemical
Industries, England, has patented (127) a process to remove
mercury from the waste brine of mercury cells. Generally,
the waste brine contains 3 to 4 ppm of Hg and this mercury
can be removed by treating the brine with a solution of NaHS
and subsequently filtering the suspension to remove HgS. The

same principle can also be used to remove mercury from the

sodium dithionite solution.

D. Lignin Preserving Bleaching of Groundwood Pulp by

Sodium Dithionite (62, 106)

1. Definition of the terms "brightening" and "bleaching"

When referring to groundwood, the term"brightening"
is generally used to describe the whitening action of reducing
agents such as the sulfites and dithionites. The term
"bleaching" generally refers to the action of oxidizing agents,
such as peroxides, which modify the coloured substances of
the wood pulp for a longer period of time. However, the
term"bleachind'is sometimes used to describe the action of

both dithionites and peroxides.
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2. Characteristics of the groundwood bleaching process

The essence of the groundwood bleaching process can

be summarized as follows:

(a) A major requirement in groundwood bleaching, in contrast

to chemical pulp bleaching, is that lignin must be retained.

(b) Unlike chemical pulp brightness, unbleached groundwood
brightness varies widely with wood species and, for each
species, varies with the condition of thé wood being ground.
Therefore, a great deal of care in cleaning and selecting
wood must be taken so that all groundwood produced can be
raised to the desired brightness by the available processes

at an acceptable cost.

(c) The brightness of groqndwood after bleachiné is much more
unstable than that of bleached chemical pulps. The bright-
ness reversion rate is greater after the reducing treatment
by dithionites than after the oxidizing action of peroxides.
This is understandable, considering that the oxygen of the
air will tend to reverse the reducing action of the
dithionites. For papers of limited use, like newsprint,
groundwood brightening with dithionite gives just adequate
brightness gains [10-12 G.E. brightness points with 1-2%

(by weight) dithionite on fibre]. Since peroxide bleaching
costs are between 5 and 10 times as high as for dithionite

brightening, the latter has gained wide acceptance in the

production of newsprint.
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3. Effects of groundwood brightening

The action of dithionite on groundwood pulps has

two major effects?

(a) The sheet reflects more light, and hence it becomes

brighter.

(b) The colour of the sheet shifts appreciably from yellow-
pink towards a bluer shade, and so it becomes whiter.
This is because dithionite treatment affects particularly
.the substances which absorb strongly the blue components
of light and are responsibie for the yellow-pink

appearance of unbleached pulps.

4., Conditions for groundwood brightening by sodium dithionite

In the chemical action of dithionite during groundwood
brightening, the oxidation state of the sulfur atom changes
from S3+ to S4+, that is, from dithionite to sulfite or bi-
sulfite (62). Depending on pH, the reaction can be written

in two ways. In acid solution, dithionite reacts as follows:

' - - +

2H20 + HSZO4 = 2HSO3 + 3H + 2e
The standard oxidation potential of this reaction at 25°C on
the hydrogen scale is E° = + .08 volts (51). In strongly

alkaline solution the reaction is:
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S..0 >

204 + 2H,O0 + 2e

+ 40H === 250, 2
The standard oxidation potential of this reaction at 25°C on
the hydrogen scale is E° = + 1.12 volts. Thus, dithionite
is a far stronger reducing agent in alkaline than in acidic
solution. |

However, high alkalinity causes degradation and dis-
colouration of wood lignin; so, in practice, it is necessary
to carry out the dithionite treatment at pH levels 1 to 2 units
below neutrality. The instability of dithionite solutions
to acids, oxygen and high temperature has been mentioned
earlier and will be discussed in detail in section II. G.
The mixing of the groundwood pulp with dithionite should be
rapid, intimate and uniform; and the pulp should be as free
of air as possible.

Ranges for permissible and preferred conditions (62)
for brightening groundwood from most species are shown in

Table 1.
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TABLE 1

5,0

CONDITIONS FOR BRIGHTENING GROUNDWOOD BY Na2 204

Process Variable | Permissible Conditions | Preferred Conditions

Temperature 32 to 82°C 50 to 74°C
Reaction Time ‘ 1/2 to 8 hrs 1l to 2 hrs
pH 5 to 7.5 5 to 5.6
Consistency 3 to 18% 3 to 6%

Dithionite Treatment
% (by weight) of .
Fibre ' .2 to 2% .2 to 1.5%
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E. Sodium-mercury Amalgam

For the proposed continuous manufacture of sodium
dithionite, it would be necessary to use liquid sodium-
mercury amalgam. It has been reported in the literature
(35, 36) that the solubility of sodium in mercury, at 25°C,
is about 0.6% by weight. If the sodium dithionite manufactur-
ing unit was to work in conjunction with a mercury cell,‘
sodium in mercury would be available at a certain composition,
and that would, without the use of some special equipment,
put an upper limit on the concentration that could be used.
Normally, the maximum concentration of sodium in the amalgam
produced in the mercury cell is about .05 to .15% by weight
(2, 28). In the proposed process, the maximum concen-
tration of sodium in the inlet-amalgam would be about
0.15% by~weight. The following infofmation available in the
literature on some of the important properties of liquid

sodium-mercury amalgam is pertinent.

1. Molecular structure of sodium-mercury amalgam

According to Vanstone (107-109) and Schuller (92),
the discontinuities in the freezing point diagram and in the
specific volume versus weight per cent curve, as well as
the micrographic study of mixtures of sodium and mercury,

indicate that there are six compounds of the two elements
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in solid sodium-mercury amalgam. However, the molecular
structure of liquid sodium—mercﬁfy amalgam remains uncertain.
Vanstone (107, 109) and Bent (7) determined the specific
volume, electrical conductivity, oxidation potential, depres-
sion of freezing point, lowering of vapour'pressure and heat
of formation of liquid sodium—mercury amalgams. On the
basis of their results, it can be assumed that liquid sodium-
mercury amalgams are monoatomic, true solutions of sodium in

mercury. -

2. Surface tension of sodium-mercury amalgam

The surface tension of pure mercury has been deter-
mined against air and vacuum at different temperatures (16).
Schmidt (90) determined the surface tension of mercury
against air at 20°C and reported a value of 435.5 dynes/cm.
According to Hohn (35) the surface tension of mercury is

lowered when sodium is dissolved in it.

3. Sensitivity to oxidation of sodium-mercury amalgam

Liqguid sodium mercury amalgam is highly sensitive to
oxidation by atmospheric oxygen. According to Hohn (35),
when the liquid sodium amalgam is exposed to air it is
immediétely coated with a grey film of oxide. A thin layer

of paraffin oil has been recommended to avoid oxidation.
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4. Density of sodium-mercury amalgam

Copious data on the specific volume of sodium-
mercury amalgam, in liquid as well as solid state, has been
reported in the literature (4, 58, 79, 107-109, 112). Maey's
(58) data can be used to plot density of the liquid amalgam
at a temperature of 17°C against weight per cent of sodium
in the amalgam upto a concentration of 0.3% sodium. A

regression fit on his data gives the following expression.
Density of sodium amalgam at 17°C
= 13.55 - .9986 x weight per cent of sodium in amalgam

It can be seen from this expression that the density of liquid
sodium-mercury amalgam decreases with increasing concentration

of sodium in the above-mentioned range.

F. Sulfur Dioxide Solution in Water

1. Principal equilibria

On the basis of numerous investigations (5, 24, 25,
29, 31, 42, 96, 99-101, 115) it can be concluded that when
sulfur dioxide is dissolved in water, the following

equilibria exist.
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- + = +
SO (qy+ Hp0 === 80, HyO0 === HSO; + H SO; + 2H

It is interesting to note that at very low pH's, an agqueous
solution of sulfur dioxide does not contain stO3 molecules;
sulfur dioxide exists in the molecular state. Simon and
Waldmann (100), working with Raman spectra and aqueous solu-
tions of sulfur dioxide of concentration greater than 1 molar,
detected lines attributed to SZOE, suggesting that another
ionic equilibrium exists in the system, namely

2HSO ,—_—:SO§+HO

3 2

Not much is known about this equilibrium, hence, the presence

of szoz ions has been ignored in the present investigation.

Thus, the principal equilibria may be written as follows:

Khs

+ H,0 .
2(q) ,0 === 80, * H,0

SO

Ky
+ -
S0,* H,0 T=—== H' + HSOj

HSO. ———= H' + SO

3 ~~ 3

where,

Kpg = Thermodynamic equilibrium constant for SO,-H,0

system
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a L]
_ 780,°H0 _ [S0,+H,0] . 0
*hs B a.. x a P 50, H0 ST :
SO2 HZO 802
Ky = Thermodynamic ionization constant for the first
dissociation of S0,* H,0
ag+ ¥ Aggor tuty[mso7]  Fmt ¥ fmsol
= 3 _ 3 3
= = . . . * . (2)
350, +H.,0 [s0,+H,0]  fso,+H,0
2 72 2 72 2 72
K2 _ Thermodynamic ionization constant for the second

dissociation of SO2 . H20

agt X aso§ [H+][SO§] Ey+ X fsog

= = . ---.(3)

pso; . [H8%sl fuso3

In the equations (1), (2) and (3) 'a' is the activity of the
indicated species. [ ] is the concentration in gram ions
or gram moles per liter of the énclosed species.

'f' is the activity coefficient of the indicated species.

P., 1is the pressure of sulfur dioxide gas in atm.
2

The values of K K, and K s have been reported by

LT T2 h ‘
several investigators (93, 111, 118). According to Scott
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i

(93), at 25°C, Ky = .0127; K, = 6.28 x 10™°; and K,_ = 1.233
gm moles/liter atm.

In the proposed investigation the concentration of
total\sulfur dioxide (SO2 + HSOS + sog) in the aqueous
solutions used was in the range 0.4 molar to 1.3 molar. No
data is available to-date on the molar activity coefficients
of the sulfur dioxide molecules dissolved in water and mean
molar activity coefficients of hydrogen and sulfite ions.
Mean molar activity coefficients of hydrogen and bisulfite
ions have been reported (34, 77) for very dilute solutions
of sulfur dioxide in water (3.27 x 1073 to 12.6 x 107>
molar) .

In the absence of any reasonable data, for the purposes
of this in§estigation, the activi£y coefficients were assumed

to be unity. Hence, the principal equilibria, at 25°C, could

be written as follows:

[sO., *H.,0]

2 27 _ 1.233 : . e oo o (4)
Pso2

(1] (HS03]

= ,0127 e o » +(5)

[sO,*H,0]

[H][s07]

3 - 6.28 x 10'8 e o« o« +(6)

[HSO3]
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The concentration of total sulfur dioxide in the aqueous

solution could be written as follows:

(50,1 + [HSOJ] + [S03] = [SO,]n a1 C e D)
If the concentration of total sulfur dioxide in the

agueous solution and the pH were known, the concentrations

of all the ionic species and the dissolved sulfur dioxide in

molecular state could be calculated using the equations (5),

(6) and (7). A computer program was written using these

equations and for a typical [SO,] .399 molar, the
2

Total
concentrations of different species of sulfur dioxide in the
aqueous solution were calculated. These concentrations
are plotted against pH (.1 to 9) in Figure 1; It can be
observed from this figure that at very low pH (pH = 1),
most of the sulfur dioxide in the aqueous solution is avail-
able as molecular sulfur dioxide; the remainder is present
‘as bisulfite ions. As the pH increases, the proportion of
bisulfite ions increases and reaches a maximum at a pH of
about 4.5. With further increase in the pH the concentration
of sulfite ions starts building up and above a pH of 9, most
of the sulfur dioxide is available as sulfite ions.

The conclusions arrived at by the author, aéree with
the following comments made by Eriksen (22), despite the

latters usage of slightly different ionization constants
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(K, = 1.54 x 1072, k. = 6.9 x 107/

2

cent of the sulfur atoms in the SOIutions were contained as

). "More than 97 per

sulfur dioxide molecules in a solution of pH 0.3 and more

than 99 per cent as bisulfite ions at pH 4.5 and as sulfite
ions at pH 9.0. This selection of different pH values seems
to be the closest one could come to achieving pure solutions

of these molecules or ions."

2. Diffusion of sulfur dioxide in water

Eriksen (22, 23) investigated the self-diffusion of
sulfur dioxide in aqueous solutions using 358 as a tracer.
He used Anderson and Saddington's (1) assumption that there
was no interaction between the three diffusing species,
namely, SO,, HSOE and SO?. 'He calculated the composition
of a saturated solution of sulfur dioxide in water at 20°C
and atmospheric pressure, finding 1.6 molar S0, and 0.15
molar HSO., i.e. about 11 per cent was ionized. Therefore,
he concluded that the diffusion coefficient of sulfur
dioxide in water could not be ascribed to any one diffusing
species but might be treated as an "effective diffusion
coefficient." He reported the integral concentration
weighted (effective) diffusion coefficient of sulfur dioxide
in a saturated aqueous solution at 20°C to be 1.45 x 10_5
cm2/sec. This value of effective diffusivify is comparable

to the values obtained by several other investigators (33,

48, 55, 72, 105, 113).
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According to Eriksen the diffusivities of the differ-
ent species of sulfur dioxide in water are unequal, and the

relative amounts of molecular SOZ' HSO3 and SO3

with pH for a fixed concentration of total sulfur dioxide in

will vary

the system. Hence, the "effective diffusion coefficient”
will be a variable with pH. The effective diffusion coeffic-
ient for sulfur dioxide, in aqueous (NH4)ZSO3, as a function
of pH is shown in Figure 2 (22). It can be seen from
Figure 2 that the effective diffusivity of sulfur dioxide
decreases with increasing pH of the solution.

The effeét of temperature, fotal ionic concentration
and type of cations on the effective diffusiop coefficient
of sulfur dioxide in aqueous solutions were also investigated

by Eriksen.

G. Important Reactions in the Proposed Process

After carefully studying different manufacturing
processes for sodium dithionite (including the patent
literature), it was possible to outline some of the major
reactions that may take place if a dilute aqueous solution
of sodium dithionite were to be produced by contacting
sodium-mercury amalgam and a solution of sulfur dioxide in

water (proposed process). These reactions are:



TEMP.
36°c
22°¢c

D ><_1O5 (cm¥ sec)

4 8 12
Figure 2 Effective diffusion coefficients for sulfur

dioxide in aqueous (NH4),S03. 'Total'sulfur
dioxide concentration = L gm mole/liter
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1. The sodium dithionite formation reaction
2. The water reaction
3. The sodium dithionite decomposition reactions

4. The sodium dithionite oxidation reaction.

Unfortunately, very little information has been reported about
the kinetics and mechanisms of these reactions. The avail-

able information is as follows:

l. The sodium dithionite formation reaction

Although the mechanism of dithionite formation on
sodium—mercury amalgam is not exactly known, it can be postu-
lated (44) that the atomic sodium in the amalgam reduces
bisulfite ion to give sodium dithionite according to the
reaction: |

+

2Na + 2HSO3 + 2Na + 8204

+ 20H"

The mechanism of the formation'reaction has been in-
vestigated by several workers (32, 44, 48) using polaro-
graphic techniques. They studied the reduction of sulfur
dioxide in aqueous solutions at a dropping mercury electrdde.
None of thé investigators found reduction waves at dropping
mercury electrodes with neutral or alkaline sulfite solutions,
but well-defined waves were observed in acid medium. In

other words, aqueous solutions of sulfur dioxide were reduced
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in strong as well as weakly acidic media.

In strongly acidic medium (pH 0 to 2), the reduction
of aqueous sulfur dioxide to dithionite takes place in one
step at a half-wave potentiél, El/2 = =0,37 volts (reduction
potential, at pH = 1 and temperature = 25°C, measured against
a saturated calomel electrode) (32, 48). The reaction

could be written as follows:

ZSO2 + 2e > S

'

In weakiy acidic medium (pH 6), the polarograph shows
two waves (32, 44, 48), one at El/2 = -0.67 volt and the other

at E /2v= -1.23 volts (reduction potentials, at pH = 6 and

1
temperature = 25°C, measured against a saturated calomel
electrode). According to Ketelaar (44), at both of these
half-wave potentials, dithionite is formed exclusively. This
is contradictory to the explanation of Kolthoff and Miller

(48) , who reported that the step at -1.23 volt is connected

with the formation of thiosulfate according to the empirical

equation:
— +4 =
2HSO3 + 4H + de - 8203 + 3H20
or
2HSO, + H.O + de - szog' + 40H"

3 2

Ketelaar concluded that thiosulfate is formed at still more
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negative potentials, and hydrogen is liberated at the same
time (El/2 = -1.4 volts). At more negative potentials,
further reductions occur, which lead to the formation of
sulfide ions and‘other products. The sulfite ions are not
reducible at these potentials. Ketelaar postulated that the

reduction reaction at E = -0.67 volt may be written

1/2
as:
2HSO3 + 2e d 8204 + 20H .« o« +(8)
However, the reaction based on the step at E1/2 = ~1,23 volt

is uncertain. According to Ketelaar, this reaction could

be written as follows:

+ SO + 3H.O + 4e - 2HSO. + 50H

HS0, 3 2 2

HSO2 + HSO -+ 8204 + 2H

3 (o)

2

The total reduction at El/2 ==1.23 volts could be written:

+ 8O- + H.O + 4e —+ 28

3HSO3 3 2

204 + 50H . ° . .(9)
When the formation reaction (9) is combined with the equilib-

rium between HSOS and SO? ions in the aqueous medium,

HSO3 + OH ——= SO3 + HZO
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the resultant formation reaction is equivalent.to equation
(8).

Previous investigators (30, 44) assumed that when
sodium-mercury amalgam is brought in contact with an aqueous
solution of sulfur dioxide, - the dithionite formation probably
takes place at the interface of the two phases. The author
has attempted to explain this assumption as follows:

According to information available in the literature,
sodium cannot exist in aqueous solutions in atomic form.
Sodium, from the amalgam getsAionized at the interface to

give an electron:
Na - Na+ + e

Free electrons or hydrated electrons (95) have not been known
to exist in aqueous solutions for any measurable length of
time. They would feact with bisulfite ions and hydrogen ions
rapidly. This may be taken as a justification of the
assumption that the reduction by sodium-mercury amalgam
probably does not take place inside the aqueous medium.

No data has been reported on the solubility of
aqueous sulfur dioxide in sodium-mercury amalgam or pure
mercury. It is believed thatAthe aqueous solution of sulfur
dioxide is insoluble in the amalgam. Hence, the reduction
reactions would not take place inside the amalgam phase.

Having accepted the assumption that the dithionite
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formation takes place at the interface of the two phases,
attention was directed to determine if the reaction is
reversible or irreversible.
The equilibrium constant for the reaction
- +

2Na + 2HSO -+ 2Na + szo

3 + 20H ,

4
at 25°C, was calculated by using the standard free energy of
formation values (51) of different atomic and ionic species
for the ieaction at 25°C. The value of the equilibrium
constant, at that temperature was approximately 1067. Such
a high value of the equilibrium constant implies that the
reaction can be considered an irreversible reaction at 25°C.
No data is available in the literature on the rate
of the sodium dithionite formation reaction. ‘However, it has
been suggested by previous investigators (30, 44) that the
rate of the dithionite formationmon the amalgam surface is
exclusiVely dependent on the mass-transfer . rate of
bisulfite ions on the aqueous side and the supply of
sodium from the amalgam to the interface. This implies

that compared to the mass-transfer rate in the two phases,

the chemical reaction rate is infinitely fast.

2. The water reaction

Avedikian (125), in.1956, was granted a patent for

the manufacture of sodium dithionite by the sodium amalgam
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process. He reported that, in his process when the con-
centration of sodium in the amalgam was greater than .04%
(by weight), some of the sodium was consumed in what he
called the water reaction. This is an unproductive reaction
compared to dithionite formation, and produces sodium
hydroxide and gaseous hydrogen thus lowering the yield of
sodium dithionite. According to him the water reaction may

be written as follows:

2Na + 2H20 > 2NaOH + H2
The evolution of hydrogen has also been reported by Ketelaar
(44) in his investigations.

It was felt necessary to investigate this reaction
at different pH values, for it.would compete with the sodium
dithionite formation reaction. The reactions of sodium-
mercury amalgam with different acids, buffer solutions, water
and sodium hydroxide have been studied by several investi-
gators (12, 20, 45). - Unfortunately, none'of the investigators
studied the rate of the water reaction from‘the point of
view of the modern approach to mass-transfer with chemical
vreaction as outlined by Astarita (3). Different investigators
experimented under entirely different conditions, hence, it
is difficult from the information available in thelliterature,
to formulate a mathematical model which would predict the

rate of the water reaction under a given set of conditions.
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The most reliable work has been done by Dunning and Kilpatrick
(20) and their conclusions are as follows: |
The rate of the water reaction is proportional to

the square root of concentration of sodium in the amalgam,

independent of hydrogen ion concentration in the range 10_4
to 10_10 moles/liter, and proportional to the area of the
interface. Thus, the empirical equation could be written
as follows:
dCNa
- = kwater A /FE—_ - . .- (10)
dt ' Na
where,
CNa = Concentration of sodium in the amalgam, gm
moles/liter
" A = Surface area of the sodium-mercury amalgam
in contact with water, cm2
kwater = Reaction rate constant
dCNa
—————— = Rate of dissolution of sodium from the amalgam
dt :

into water, gm moles/liter sec

Presence of certain electrolytes in the aqueous phase also
affects the rate of the water reaction; however, no

quantitative relationship has been proposed. /



42

Dunning and Kilpatrick (20) and Fletcher and Kil-
patrick (27) also showed that the rate of dissolution of
sodium (or lithium) from the amalgam into water increased
vefy sharbly when the concentration of hydrogen ions
increased above 10 % moles/liter.

The nature of the empirical rate equation (10)
implies that, in the pH range 4 to 10, the rate of the water
reaction is not controlled by the mass-transfer rate of sodium
to the interface. Dunning and Kilpatrick suggested that the
rate is probably controlled by the rate of chemical reaction
at the interface.

Like the sodium dithionite formation reaction, the
water reaction probably also takes place at the interface of
the amalgam and aqueous phases. The equilibrium constant

for the water reaction,

Na + H,0 =~ Na"'+OH-+l/2H2 ,

at 25°C, was calculated by using the standard free energy
of formation values (51) of the different atomic and ionic
species in the reaction. The equilibrium constant, for
the water reaction, at 25°C is approximately 1032. This

high value of the equilibrium constant indicates that the

water reaction is essentially irreversible.
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3. The sodium dithionite decomposition reactions

Two types of decomposition reactions should be con-
sidered. The homogeneous decomposition reaction takes place
in all parts of the aqueous phase. Heterogeneous decomposition
takes place at the interface of the amalgam and aqueous phases

where dithionite is reduced by sodium of the amalgam.

(a) Homogeneous decomposition of sodium dithionite

Studies (40, 43, 53, 54, 59, 60, 70, 82, 116) of the
decomposition of sodium dithionite in various aqueous solu-
tions, in the absence of oxygen, have shown that at a pH of

about 7, the main overall reaction is:

2Na28204 + HZO -+ 2NaHSO

3 + Na28203

Several side reactions occur, however, and there has been
little agreement on their importance or products. The kinetics
have been in dispute and different mechénisms have been
suggested.

Spencer (102), in 1967, revie wed mostbof the previous
work and pointed out that the kinetic studies by earlier
workers had been in dispute because the rate of decomposition
is a function of solution pH and the concentrations of bi-
sulfite, thiosulfate and dithionite ions; all of which change

during the decomposition reaction. By the use of buffered
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solutions containing high bisulfite concentrations, he avoided
the kinetic irregularities of the earlier work. He was also
able to elucidate some features of the decomposition reaction
meéhanism;

Sodium dithionite decomposition was followed in
standard solutions over a range of concentrations (.0l15 to
.20 moles/liter) and temperature (15 to 40°C). In most of
his experiments, the pH of the aqueous buffer containing
NaHSO3 and NaZSO3 was aboﬁt 5.2, According to Spencer, two
sets of stable products} (Na23203 + NaHSO3) and NaZSBOG are
obtained. It was also found that about 10% of the overall
decomposition reaction gives trithionite ions, even when
the concentrations of NaHSO3 and Na2803 are low. Ketelaar
(113) also reported the formation of trithionite ions in the
homogeneous decomposition reaction. According to Spencer,
the decémposition reactions could be written as follows:

+ H.,,O > 2NaHSO., + Na.,S,0 . (11)

2Na,S,0 3 25504 o e e

27274 2

NaZSZO4 + 2NaHSO3 - Na28306 + Na2803+ HZO o oo . (12)
He also postulated that the initial, rate-determining steps
are common to both reactions (11) and (12), with the final
product distribution being determined by subsequent altern-
ative routes. The mechanism of the rate determining step

was -also suggested.
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It was found that the rate of decomposition is first
order in [SZOZ] and, of various solution components, bisulfite
ion has the strongest influence on the decomposition rate.
The effects of pH, [HSOE] and [SO?] can not be separated
rigorously, but it seems probable that the decomposition
rate is first order in [HSOS], variable fractional order in

[H+] and zero order in [sog]. The presence of 520 ions

w

accelerates the rate of decomposition.

In most of the investigations (24, 121-129) on the
rate of decomposition of sodium dithionite in aqueous solutions,
it was found that an increase in temperature increases the
rate of decomposition. Thus, the rate of decomposition of
sodium dithionite in aqueous solutions can be given by the

following expression.

_ =1 w11 pen=10 % y
where,
kc = Reaction rate constant; increases with an in-
crease in the temperature. No data has been
reported on its value by Spencer.
X = Variable,
y = Not determined by Spencer

- Some idea about the rate of decomposition may be
obtained from Spencer's experiments. In concentrated buffer

solutions of bisulfite and sulfite (2.38 moles NaHSO3/liter;
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0.25 moles Na2803/1iter) at a pH of 5.2 and a temperature
of 20°C, sodium dithionite decomposed from a concentration of
0.135 to .02 moles/liter in approximately 350 minutes.
Decomposition of sodium dithionite in the solutions
at very low pH levels was investigated by Scholder and Denk
(91) . According to them, auto-decomposition of sodium
dithionite is very rapid in strongly acidic solutions énd

eventually elemental sulfur is precipitated. The reaction

can be written as follows:

+ S + 2H.,O e o o . (4)

> 3SO2 2

2H28204
Decomposition of sodium dithionite in highly alkaline
aqueous solutions has also been investigated (10, 60). It

was suggested that the reaction can be written as follows:

3Na28204 + 6NaOH = 5Na2803 + NaZS + 3H20
. Hence, for a sodium dithionite manufacturing process,
the conditions of extreme acidity or alkalinity and high
temperatures must be avoided to obtain reasonable yields of

the desired product.

(b) Heterogeneous decomposition of sodium dithionite

(X3

Chassain and Ostertag (14) reported that when sodium

dithionite was prepared by bubbling gaseous sulfur dioxide
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through sodium-mercury amalgam in the presence of traces of
water, some of the dithionite was further reduced by sodium

dissolved in mercury according to the following reaction:

S.0, + 2Na

3Na,S$,0, + 2Na -+ 2Na2 203 2

25204 S0

3

Kolthoff and Miller (48) and Ketelaar (44), from the polaro-
graphic investigation of aqueous sulfur dioxide solutions,
also concluded that the dithionite ions can be further reduced

according to the equation:

+ 20" + 26 + 5.0° + H,0

5,0 2 2

.
Ketelaar also observed that at stronger reduction potentials,
szoz ion in the aqueous solution was reduced to S~ ion. Thus,
when sodium-mercury amalgam is cdntacted with an aqueous
solution of sulfur dioxide,the heteroggneous decomposition

of the dithionite ions formed at the interface can be written

schematically as follows:

Reduction by Reduction by Reduction by
= Na = Na = Na =
—_— > >
8204 ; 8203 S S

. « « «(15)

No data has been reported, in the literature, on the
rates or mechanisms of these reactions. Like the sodium

dithionite formation and the water reaction, the heterogeneous
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decomposition reaction probably also take place at the inter-

face of the amalgam and agqueous phases.

4. The sodium dithionite oxidation reaction

Since sodium dithionite is a strong reducing agent,
it is rapidly attacked in solution and more slowly as a
hydrated solid, by common oxidants such as atmospheric oxygen
(13, 30, 38, 83).

Many investigations (6, 43, 54, 63, 80, 81) have been
done on the kinetics and mechanism of air oxidation of the
dithionite ions in équeous solutions. According to Jouan (43),
the oxidation of sodium dithionite by oxygen in aqueous
solutions involves two reactions, and sulfite and sulfate
ions are the products excluéively. The first reaction is
very rapid and involves 82.4 per cent of the dithionite in

solution:

H28204 + O2 + HZO > H20'502 + HZSO4
Simultaneously, the remaining 17.6 per cent of the dithionite
is converted into an unidentified compound of similar reducing
power, presumably sulfoxylic acid, which then oxidizes more

slowly to sulfite:

1
(H2802) + 3 02 > H20°SO2
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According to Rinker et al. (8l), the rate of oxidation
of sodium dithionite in aqueous solutions by atmospheric
oxygen under the conditions where diffusion of air was not
the rate controlling step, could be givén by the following
expression:

1/2

Toxidation ko[8204] [02]

A correlation of the rate constants with temperature was made
by use of the Arrhenius equation. A value of 9.3 Kcal/mole
was obtained for the activation energy and the frequency

5 ~1/2 -1
(moles/liter) (sec) .

factor was found to be 7.2 x 10
In view of the ‘information mentioned above, an inert
atmosphere should be provided in an apparatus which is used

to manufacture sodium dithionite.
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CHAPTER III

THEORETICAL MODELS

As outlined in the Section II.G., when sodium-mercury
amalgam is contacted with an aqueous solution of sulfur
dioxide to produce sodium dithionite, the following reactions

should be considered:

A. The Sodium Dithionite Formation Reaction

B. The WaEer Reaction

C. The Heterogeneous Decomposition of Sodium Dithionite
D. The Homogeneous Decomposition 6f Sodium Dithionite

E. The Oxidation of Sodium Dithionite.

The literature cited in the Section II.A.5.b.iii. shows
that, although several investigators have tried to develop

the sodium amalgam: 80, - NaHSO3/NaZSO buffer process from

3
the point of view of obtaining good yields of the solid salt,
none considered all of the reactions mentioned above. 1In
most of the studies only the sodium dithionite formation
reaction, the homogeneous decomposition reaction and the
oxidation reaction were considered. Even for such a
simplified case, in the absence of kinetic daté on the .

reactions considered, no mathematical models have been

suggested which would predict the yields of sodium dithionite
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on sulfur dioxide and on sodium consumed as a function of
the process variables.
| Ketelaar (44) suggested a mathematical model for the
rate of sodium dithionite formation reaction on the basis
of the diffusion rates of the reactants in the amalgam and
the aqueous phases. He also discussed the importance of
homogeneous decomposition of the dithionite briefly.

Gerritsen (30) attempted to correlate some process
variables to the yield of sodium dithionite on sodium
consumed for a theoretically ideal reactor (the amalgam and
aqueous phases perfectly mixed separately). He assumed no
loss of dithionite due to oxidatién and considered, primarily,
the sodium dithionite formation reaction and the homogeneous
decomposition of dithionite along with the mass-transfer of
the reactants in the two phases. 1In the absence of mass-
transfer coefficients and kinetic data, he arrived at the
following general conclusions. According to Gerritsen,
yields of sodium dithionite on sodium consumed could be
improved by using large interfacial-area/aqueous-volume
ratios, large mass-transfer rates of sulfur dioxide, high
concentrations of sulfur dioxide in the aqueous phase and
low rates of homogeneous decomposition of the dithionite.

For the present investigation, where dilute aqueous
solutions of sodium dithionite were produced, mass-transfer

of the different reacting species in the amalgam and aqueous
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phases along with all of the major reactions mentioned above
should be considered to formulate a theoretical model. The
oxidation of sodium dithionite in the aqueous solution could
beiavoidea by providing an inert atmosphere of nitrogen in
the entire apparatus used to manufacture sodium dithionite
and by using fresh, oxygen-free distilled water to prepare
the sulfur dioxide solution. Already, a lot of information
has been developed on the homogeneous decomposition of
sodium dithionite in acidic, aqueous solution, and a
quantitative relationship may be obtained by studying this
reaction in the samples taken from the experimental reactor.
Although some information (II.G.2.) is available on the
rate of the water reaction, it is not known how this rate is
quantitatively affected by the electrolytes present in the
experimental reactor. It would be very difficult to isolate
the water reaction, the sodium dithionite formation reaction
and the heterogeneous decomposition of dithionite for kinetic
investigation separately because they are parallel-series
reactions.

Other than lack of reliable kinetic data on the major
reactions, the formulation of a theoretical model is

further complicated by the following:

1. The diffusion of ionic species in the aqueous
phase (50) may not be treated as molecular

diffusion.
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2. The mass-transfer of sodium in the amalgam may
increase due to the Marangoni effect.
3. Some products may get adsorbed at the mercury

surface.

Thus, it was difficult to suggest a theoretical model
for the proposed process from the information available.
However, a qualitative model has been postulated on the
basis of the information in the literature and the
experiments carried out by the author. This model will be

discussed in Chapter VI,
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CHAPTER IV

EXPERIMENTAL

A. Experimental Materials
l. Sodium-mercury amalgam

A known quantity of distilled mercury was taken in a
stainless-steel container and covered with a thin layer of
paraffin oil. Sodium metal was cut under paraffin oil and
cleaned to remove the layer of oxide formed on its surface.The
desired amount of clean sodium metal was slowly added to the
mercury with constant agitation, and was allowed to
amalgamate. (The layer of paraffin oil prevents oxidation
of the sodium amalgam by the atmospheric oxygen) .

The purity of the chemicalé and some problems involved

in the preparation of amalgam are presented in Appendix C.

2. Aqueous sulfur dioxide solution

Solutions of sulfur dioxide gas in freshly distilled
water were made by using an absorption column (2 1/2" x 30")
filled with 1/2" Raschig Rings. This solution was always

kept under an atmosphere of nitrogen to avoid oxidation .

The absorption column could prepare solutions up to 1.4

molar sulfur dioxide in water.
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When pH of the S0, solution required adjustment, a
concentrated aqueous solution of sodium hydroxide was added.
The purity of chemicals used in the preparation of

aqueous sulfur dioxide solutions is given in Appendix D.

B. Experimental Apparatus

The experimental apparatus used in this study is
described schematically in Figure 3. Legend for Figure 3 has
been enclosed in the following pages. For the sake of
clarity, the types of valves used in the apparatus have not been
described in the flow-sheet or the legend. For precise con-
trol of flow rate (e.g. the flow rate of the aqueous sulfur
dioxide solution), a needle valve made of stainless-steel-
316 was uséd. For less accurate control of flow rates, vee
valves made of stainless-steel-316 were utilized. When an
on-off control of flow rates was requirgd, toggle-operated
valves made of stainless-steel-316 were employed. Some
important features of the experimental apparatus are pre-

sented below.

l. Reactor

To obtain the desired information, a continuous-flow-

stirred-tank reactor (CFSTR) was designed with aqueous and
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LEGEND FOR FIGURE 3

A. Amalgam and Product Cycle:

ll.
12.

13.

14.
15.
16.

17.

Fresh amalgam storage, 8 liter polyethylene bottle
Moyno pump (Type 3Ml, SSQ). Positive displacement
punmp for pumping amalgam to the reactor (0-730 ml/
min)’

Graham transmission; variable speed drive for Moyno
pump (0-450 rpm)

Amalgam cooling heat-exchanger

Variable speed stirrer in the amalgam heat-exchanger
(200-1400 rpm)

Plexiglass connector

Fresh amalgam sampling place

Stainless-steel-sheathed iron-constantan thermocouple
Pyrex CFSTR

Propeller mixer (1 1/2" dia) mounted on 5/16" stainless-
steel shaft

Heller motor; va;iable speed drive (0-3000 rpm)
Thyratron controller for Heller motor

Plexiglass level controller for amalgam layer in the’
reactor

Spent amalgam sampling place

Stainless-steel-sheathed jron-constantan thermocouple
Spent amalgam reservoir (1" x 12" glass)

Plexiglass level controller for spent amalgam in the

reservoir
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Legend for Figure 3 (continued) -

18. Spent amalgam storage, 8 liter polyethyléne bottle
19. Plexiglass connector

20. Product sampling place

21. Stainless-steel-sheathed iron-constantan thermocouple
22, Burette filled with the product

23. Erlenmeyer flask with Rubine-R solution

24, N, gas cylinder

25, Combination pH electrode

26 ., Thermocompensator

S0, Cycle:

27. Diétilled water storage tank, 10 gallon polyethylene
bottle

28. Absorption column.(2.1/2" x 30") packed with Raschig
Rings

29. 802 solution storage tank, 20 gallon polyethylene bottle

30. Centrifugal pump; Eastern type D-1l

31. Rotameter (0-400 ml/min)

32, Plexiglass connector

33. SO, solution sampling place

2
34. stainless-steel~sheathed iron-constantan thermocouple

35. 8O, solution cooling heat-exchanger

2
36. Variable speed stirrer in S0, solution heat-exchanger
(200-1400 rpm)

37. SO2 gas cylinder



Legend for Figure 3 (continued)

38. N2 gas cylinder

Cooling Water Cycle

39. Cooling water storage tank, 10 gallon enamelled
container
40. Centrifugal pump, Eastern type E-1

41. Rotameter (0-3920 ml/min)

59
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amalgam phases forming an interface. This was selected
rather than a packed, spray or a tubular reactor because
all of the variables could be investigated independently
and conveniently. This reactor might not be the ideal
commercial reactor, but it was convenient to provide
information on the proposed process. One of the require-
ments for the present investigation.was to design a
CFSTR that could be scaled-up, if necessary, for a future
semi-commercial or full-scale plant.

The reactor consisted of a 4" x 6" Pyrex pipe section.
The amalgam/aqueous solution interface was about 4 inches
in diameter. The reactor assembly.is shown in Figure 4
along with the applicable legend. The major parts of the
reactor are described in the following paragraphs.

Initially it was planned to stir the two phases in
the reactor perfectly but independently. This would have
required separate stirrers and baffles for each phase.

To simplify the reactor design for the present investigation,
no stirrer or baffles were provided in the amalgam phase.
Mixing in the amalgam phase was due to flow of the amalgam.

The part of the reactor which contained the aqueous
phase was designed for perfect mixing using the recommended
dimensions given by Sterbacek and Tausk (103).

It was decided to use a centrally-located marine
pfopeller (part 2), fixed to a rotaﬁing vertical shaft

(Part 3) and driven by a variable speed drive (Heller
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13
14
15
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LEGEND FOR FIGURE 4

4" x 6" Pyrex pipe section

1l 1/2" diameter 3 blade stainless-steel marine
propeller; angle of tilt= 42° from verticle

5/16" stainless-steel shaft

nylon bushing

stainless-steel packing gland

teflon washer

stainless-steel collar for the teflon washer
stainless collar

four baffles (stainless-steel)
stainless-steel slab

1/5" thick stainless-steel disc mounted on
part 10

1/5“ thick stainless~steel disc mounted on
part 11

stainless~steel bottom flange
polyethylene weir
stainless-steel top flange

combination pH electrode
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motor), in the aéueous phase. The advantages of the
propeller mixer were its high speed, axial flow pattern
and great pumping effect, which permits short mixing times.
The aqueous sulfur dioxide solution was introduced just
above the propeller. The flow patterns were such that
the solution was forced to the interface primarily by axial
flow, and then mixed with the rest of the aqueous medium
by radial flow, axial flow and tangential flow.

The shaft of the propeller entered the reactor
through a nylon bushing (Part 4) in a stainless-steel
packing gland (Part 5). The lower end of the bushing was
sealed by a teflon washer (Part 6), held in place by a
stainless-steel collar (Part 7) which, in turn, rested on
a circlip. Another stainless-steel coliar (Part 8) was
mounted on the propeller shaft above the bushing, such
that the distance between its lower face and the top end
of the bushing was approximately 1/16". Distilled water
was injected into this gap periodically to lubricate the
shaft in the bushing. This collar also restricted any
movement of the bushing in the packing gland.

Four baffles (Part 9) were provided in the aqueous'
phase to promote perfect mixing conditions. To ensure
that stirring in the aqueous phase did not agitate the
amalgam phase significantly, the baffles in the aqueous

phase extended only to the interface.
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The sodium~mercury amalgam entered at the bottom of
the reactor centrally and then it flowed outward radially
over. a stainless-steel slab (Part 10). The hold-up of
the amalgam in the reactor could be changed, without
changing the interfacial area, by using 1/5 inch thick
stainless-steel discs (Parts 11 and 12).

The surface area of the interface could be changed by
opening the bottom flange (Part 13) of the reactor and
introducing thin stainless-steel discs with annular holes
of various diameters. These discs were pressed against
the bottom of'the baffles.

The product stream containing sodium dithionite flowed
over a polyethylene weir (Part 145, thus fixing the height
of the aqueous medium. The weir rested on top of the
Pyrex pipe section and it was kept in its position by the
top flange (Part 15) made of stainless-steel.

Holes were provided in the top flange for inserting
a pH electrode, the sulfur dioxide inlet tube, and the
nitrogen inlet and outlet tubes. Holes were provided in
the bottom flange for introducing fresh sodium-mercury

amalgam and removing the spent amalgam.

2. pH measurement of the aqueou$ phase

The combination pH electrode was located in the
reactor and the thermocompensator placed in the product

stream. The pH output was recorded continuously. The
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specifications of the instruments used are presented in
Appendix A.

When the combination pH electrode was placed in the
reactor, it became contaminated repeatedly. This was prob-
ably caused by entry of the agqueous solution resulting from
the greater pressure exerted on the reference-electrode liquid
junction by the équeous phase in the reactor than the hydro-
static pressure of KCl-solution inside the reference electrode.
However, the combination pH electrode worked satisfactorily
when the reference electrode was pressurized by about 15 psig

N, through the refill aperture.

3. Temperature measurement of different streams

The temperatures of the inlet sulfur dioxide solution,
product stream, fresh amalgam and spent amalgam were
measured by stainless-steel-sheathed iron-constantan thermo-
couples. These temperatures were recorded digitally with
the aid of electronic instruments including a digital
clock, digital millivolt meter, scanner, multiplexer and
a printer system (printer and printer controller). The
system used to measure the temperatures digitally is out-
lined schematically in Figure 5. The specifications of
the different temperature measuring instruments used are

given in Appendix A.
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4. 1Insulation of the equipment

The heat of formation of the sodium dithionite
at 25°C was calculated. A value of
AH® = -88.29 Kcal/gm mole implies that the dithionite
formation reaction is highly exothermic. To maintain low
temperatures in the reactor, the inlet streams were cooled

and most of the equipment was insulated with glass-wool.

5. Electrical wiring diagram

A schematic wiring diagram for the experimental

apparatus is shown in Figure 6.

C. Calibration Curves

The following calibrations were done and the cali-

bration curves have been attached in Appendix A:

1, Flow rate of mercury pumped by the Moyno pump
against micrometer setting on the Graham
transmission.

2. Flow rate of aqueous sulfur dioxide against
reading on the rotameter scale.

3. Flow rate of cooling water against reading on

the rotameter.
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4., Millivolt output of iron-constantan thermocouples
against temperature (°C).
5. RPM of the propeller against micrometer setting on

the thyratron controller for the variable speed

drive (Heller motor).

D. An Experimental Run

Sodium-mercury amalgam, the sodium content of which was
known approximately, was prepared and stored in the fresh
amalgam storage bottle under a thin layer of paraffin oii.

A concentrated aqueous solution of sulfur dioxide was prepared
in fhe absorption column and stored, under N2, in the sulfur
dioxide storage bottle. The concentration of total sulfur
dioxide in the solution was determined and then it was

diluted with distilled water, so that it was slightly above
the desired concentration. The pHvof this solution was
adjusted in the desired range, by the addition of concentrated
sodium hydroxide solution.

The amalgam and sulfur dioxide solution streams were
then circulated through the heat-exchangers (closing the
inlets to the reactor) and cooled by water. Samples were
taken from the amalgam and sulfur dioxide-solution streams

for analysis and their concentrations were determined.
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The reactor was flushed with N2 and kept under a
slight pressure of nitrogen gas. The cooled amalgam was
sent through the heat-exchanger to the reactor and the
height of the amalgam layer in the reactor (slightly above
the bottom of the baffles) waé adjusted by the mechanical
level controller. The flow rate of the amalgam was adjusted
by the micrometef screw on the Graham transmission which
was driving the Moyno pump. The propeller in the reactor,
driven by the variable.speed drive (Heller motor), was
started énd its rpm was fixed at the desired level with the
help of a thyratfon controller. The combination pH electrode
was then introduced into the reactor and the pH meter was
kept in the Ystandby" position. The cooled sulfur dioxide
solution entered the reactor at a very high flow rate until
the reactor was filled and then the flowlrate was reduced
and adjusted to the desired level, using a needle valve and
a rotameter. Generally, the amalgam level controller had to
be re-adjusted so that the amalgam just touched the bottom
of the baffles. The pH meter was turned on and pH of the
'~ aqueous phase'in the reactor was recorded continuously.

The desired temperature of the aqueous éhase in the
reactor was obtained by controlling the temperatures of the
reactant streams. The temperatures of the reactant streams
were controlled by the flow rate of the cooling water.

The temperatures of the fresh amalgam, spent amalgam, inlet

sulfur dioxide solution and the product stream were recorded

periodically.
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Outlet amalgam samples were taken periodically during
the run from a sample point on the level controller. From
time to time, the product stream was taken from the top of
the reactor to the burette (under a N, atmosphere) and -
titrated against Rubine-R dye for its dithionite content.

The experimental run was continued until the process
attained steady-state. A steady-state was attained when
successive titrations with Rubine-R dye gave the same

concentration of sodium dithionite in the product stream.

E. Analytical Procedures and Errors
1. Sodium-mercury amalgam

(a) Analysis of sodium-mercury amalgam

The analytical procedure used was similar to that
employed by‘Rinker and Lynn (83). The sodium-mercury amalgam
sample was taken using a hypodermic‘syringe and injected under
distilled water (to avoid oxidation by air) in an Erlenmeyer
flask. A known volume of standard H2804 was pipetted inté
it and the Erlenmeyer flask was agitated thoroughly. The
sodium dissolved in mercury completely reacted with H,80, to
give H, provided there was an excess of H2804. Excess of
was back-titrated with a standard solution of NaOH

H,SO

2774
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using phenolphthalein as an indicator. A sample calculation
to determine the concentration of sodium in amalgam is

presented in Appendix C.
(b) Accuracy and precision of the analytical procedure

The theory behind the estimation of uncertainty in
the results obtained by an analytical method is discussed in
Appendix B.

The most efficient way to test the accuracy and
précision of the proposed analytical method in our laboratory,
would have been to make an amalgam of known sodium concen-
tration and check its sodium content several times by the
analytical method.

Unfortunately, it was found difficult to prepare an
amalgam of known sodium concentration starting with known
quantities of mercury and sodium metal (Appendix C). Hence,
it was hot possible to calculate the accuracy of the analytical
method by the above-mentioned approach. However, it was
evident from the information available in the literature
(52, 97, 104, 110) that the chemical reactions involved in
the analytical procedure were irreversible and went to
completion in a very short time. Precautions were taken
to avoid any systematic errors in various steps of the
procedure. Based on the above arguments, it was assumed

that the analytical procedure, as applied in the present
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investigation, provided accurate estimates of sodium content
in the amalgam.

The precision of the analytical procedure was
esfimated.by the method of "propagation of random error"
(Appendix B). In short, the precision of measurement of
directly measured quantities, in various steps of the ana-
'lytical procedure, was known. From this knowledge, the 95
per cent confidence limits (precision of the analytical
procedure) of the weiéht per cent of sodium in the amalgam
were estimated (Appendix C).

In the instances where fairly dilute (= 0.lN)
standard solutions of H,80, and NaOH wére used and sufficiently
large samples (= 30 gms) of the amalgam wére taken, the
analytical procedure was precise enough for the present in-
vestigation, To illustrate this, three amalgams of different
sodium contept were analysed by the proposed analytical method.
The sodium concéntrations of these amalgams, covered the
range of sodium content in the amalgams used in the present
work. The precision of the method, at 95 pef cent confidence
level, for determining the concentration of sodium in these
three amalgams was estimated (Appendix C) and the results

are given in Table 2.
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PRECISION OF THE AMALGAM ANALYTICAL PROCEDURE

Amalgam gm of Na/ Precision Percentage
Sample 100 gm of (95% Confi- Precision
No. Amalgam dence limits)
I .0015 +,.0005 =t 33
II .0383 +,0005 =x 1.3
IIT .1533 +,0005 =+ ,33

impreci

It has been shown in Appendix F that the iarge

sion in determining very small concentrations of sodium

in the amalgam (e.g. amalgam no. I) did not cause appreciable

error in the desired yields and conversions.

To verify the estimated precision mentioned above,

several samples of spent amalgam were taken

after steady-state had been attained during

run. These samples were analyzed for their

by the analytical method used. The scatter

caused

by:

from the reactor
an experimental
sodium content

in the data was

(i) random errors involved in various steps of the

analytical procedure, and

(ii) the change of sodium content in the spent amalgam

depending on the reactor dynamics.
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The variance was estimated from the experimental data using
the equation (B-2).

| In almost all of the experimental runs, it could be
said with 95 per cent confidence that there was no significant
difference between the experimentally estimated variance

and the variance estimated by the method of propagation of
random error. The variances were compared by the 'F'
test. This conclpsion also implied that the fluctuations

of sodium content in the spent amalgam caused by reactor
dynamics were insignificant compared to the imprecision

caused by the analytical method.

2. Aqueous sulfur dioxide solution

~ (a) Analysis of aqueous sulfur dioxide solution

The total-sulfur dio#ide (SO2 + HSO3 + SO§) in aqueous
solution was determined by iodometric analysis as outlined
by Vogel (110) and Kolthoff and Belcher (47).

A liquid sample of the aqueous sulfur dioxide solution
was injected, using a hypédermic syringe, into an excess of
standard iodine solution. The excess of iodine in'the
solution was back-titrated with a standard solution of
sodium thiosulfate using a starch-solution as an indicator.

The method used to calculate the concentration of

total sulfur dioxide in water is presénted in Appendix D.
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(b) Accuracy and precision of the analytical prOcedure

The iodpmetric method to determine total sulfur
dioxide in aqueous solution is a standard text-book method
(47, 110) and is considered to give acéurate results by
several investigators (22, 93).

Three differeﬁt concentrations of sulfur dioxide in
aqueous solutions were used in the present investigation;
0.40 molar, 0.655 molar and 1.30 molar. The method used
to estimate the precision of the analytical procedure, at
95 per cent confidence level, in determiniﬁg the concen-
tration of total sulfur dioxide in these three solutions
has been outlined in Appendix D. The results are presented

in Table 3.

TABLE 3

PRECISION OF THE SULFUR DIOXIDE ANALYTICAL PROCEDURE

Aqueous sulfur Moles of Total | Precision (95% |Percentage
dioxide solution | sulfur dioxide/| Confidence Precision
No. liter _ limits) :
I 0.400 *0,002 =+ 0,5
II 0.655 +0.004 =+ 0,6
III 1.300 +0,007 =+ 0.5
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3. Aqueous sodium dithionite solution

When air oxidation was avoided, the product stream

from the CFSTR contained mainly SZOZ, SZO§ and HSO§ (or SO3

or SO

2 depending. on pH) ions.

(a) Analysis of sodium dithionite in the product stream

- The assay of sodium dithionite has been thoroughly
studied by a committee and their findings have been published
(114). In its attempt to determine the most suitable method
for sodium dithionite analysis, the committee reviewed about
fourteen different methods. This committee concluded that
it is possible to obtain precise and comparable results by

faithful application of the following three methods.

(i) The iodine-formaldehyde method
(ii) The Rubine-R method

(iii) The ammonical-copper method.

The iodine-formaldehyde (47) and the Rubine-R (114,
119) methods were modified and then used in the_present
investigation. A detailed description of these analytical
procedures along with sample calculations are presented in
Appendix E.
The general principle of the iodine-formaldehyde
method is as follows. The dithionite ions are oxidized

quantitatively to sulfate ions by iodine according to the
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following reaction:

+ 31, + 4H,0 > 250, + 61  + su’

520 2 4

However, the direct titration is of no practical value since
sulfite ions (or bisulfite ions), which are always present
with the dithionite ions, also react. This interference can

be eliminated by the addition of an excess of formaldehyde
which reacts with the dithionite to form formaldehyde-bisulfite

and formaldehyde-sulfoxylate according to the reaction:

$,0, + 2HCHO + H,0 > HCHO*HSO; + HCHO*HSO,

2

Formaldehyde-bisulfite is inert to iodine, whereas the sul-

foxylate reacts readily according to:

N + 2H.0O + SO + HCHO + 41~ + su'

+ 212 2 4

HCHO *HSO

Rubine-R is a bright red dye. A solution of Rubine-R

is reduced instantaneously by the dithionite ions, to an

3 and 8203 ions also

reduce Rubine-R, the rate of reaction is very slow and it

amber coloured liquid. Although, HSO

takes them weeks to reduce a small quantity of the dye
solution. Thus, Rubine-R can be considered specific for
determination of dithionite ions.

In the present investigation, the iodine-formaldehyde

and the Rubine-R methods gave comparable results. The Rubine-R
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method was used most of the time because of its simplicity
and better precision. The disadvantage of the Rubine-R
method was that it gave only szoz in the product stream

while S,0,, SZO§ and HSO; (or so?) could be determined by

the iodine-formaldehyde method.
(b) Accuracy and precision of the analytical procedures

The most efficient way to test the accuracy and
precision of the two analytical methods used in the present
investigation wéuld have been to make aqueous sodium
dithionite solufion of a known concentration and check its
sodium dithionite content several times by both methods.

It was found impr&ctical to prepare a solution of
kﬁown Na25204 content as a primary standard because reagent
grade sodium dithionite purchased from the market contains
an unknown amount of Na,S,0,. Fresh stock obtained from
the market may contain as high as 90% Na28204 while old
stock may have less than 60% Na,5,0, due to the decomposition
of Na25204 to NaHSO3 and Na28203.

As mentioned in the last section, the iodine-
formaldehyde and the Rubine-R methods have been accepted
as the most accurate and precise methods for determining
the concentration of Nazszo4 in a solution. After steady-
state conditions had been obtained in an experimental run,

samples of the product stream were taken from the reactor,

and were analyzed by both methods. The mean concentration
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(gm Na28204/100 ml) of Na28204, determined by the Rubine=-R
method, was about 5 per cent higher than the mean concen-
tration determined by the iodine-formaldehyde method.
' The scatter in the data for an analytical method

was caused by:

(i) random errors involved in various steps of the

analytiéal procedure, and

(ii) the change of Na,5,0, content in the product

;stream depending on the reactor dynamics.

From the.experimental data, the precision of the two analytical
methods at the 95 per cent éonfidence level, for determining
£he concentration of Nazszo4 in the product stream was
estimated.

In most of the cases, the precision of the Rubine-R
method derived from experimental data was within * 1% and
the precision of the iodine-formaldehyde method was about
t 5%, |

The precision of the Rubine-R method was also
estimated by the method of propagation of random error.
Various steps involved in the Rubine-R method for
precisiqn calculations have beenvoutlined in Appendix E.
Using this approach, the estimated precision of the Rubine-R
method was also found to be within approximately * 1% for
the concentrations of sodium dithionite analyzed in the

present investigation.



The observation that, at 95 per cent confidence
interval, there was no significant difference between the
experimentally estimated précision and. the precision
estimated by the method ofvpropagation of random error,
implied that the fluctuations of Na,s8,0, concentration in
the product stream caused by the reactor dynamics were
insignificant compared to the imprecision caused by the

analytical method.
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CHAPTER V

EXPERIMENTAL RESULTS

A. Batch Experiments

On the basis of information available in the litera-
ture, five poésible reactions were outlined in Section II. G
that may take place in the proposed process. Some batch
experimehts showed that, under the experimental conditions of
the present investigation, almost all of these reactions

would take place.

l. Presence of the sodium dithionite formation reaction

Four 50 ml samples of an approximately 0.22%
sodium-mérdury amalgam (0.22 gms Na/100 gms of amalgam) were
taken in four separate beakers. An approximately 2.2 molar
solution of sodium bisulfite in water was prepared and the
solution was divided into four parts. The pH of the four

portions of the NaHSO, solution was adjusted to 0.8, 1.7, 4.0

3

and 9.0 respectively by the addition of concentrated H,SO

2774

or NaOH. Four 50 ml samples of the NaHSO, solutions at the

3
different pH's were added to the four amalgam samples
respectively and the contents in the beaker were stirred

with a glass rod. An approximately 1 ml solution of dilute
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Rubine-R dye was added to each of the beakers.

The bright red colour of the Rubine-R dye disappeared
almost immediately in the beakers where NaHSO3 solutions at
pH's 0.8, 1.7 and 4.0 were added. 1In all of the three
cases, immediately after the Rubine-R was discoloured, the
pH of the aqueous phase was below 7. In the fourth beaker,
where the pH of the NaHSO3 solution sample was 9, the
Rubine-R dye was not discoloured.

| These experiments demonstrated that when sodium-
mercury amalgam is brought in contact with an aqueous solution
of sodium bisulfite, sodium dithionite is produced
at a rapid rate. The results also agree with the
literéture information presented in section II.G.l that the
sodium dithionite formation reaction can take place only
'when the pH of the aqueous solution is in the acidic range.
This reaction can be written as follows:

- ' o+

2Na + 2HSO3 > 2Na + 8204

+ 20H « « . o{(16)

2. Presence of homogeneous decomposition of sodium dithionite

in an acidic solution

Approximately 20 gms of the anhydrous sodium dithionite
(reagent grade salt) was dissolved in a liter of oxygen-free
distilled water (this is the maximum concentration of

Na,5,0, expected in the present investigation) and the solu-
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tion was stored under an inert atmosphere of N2'gas. The
concentration of sodium dithionite in the solution was
determined by the Rubine-R method. The solution was then
divided into three parts and their pH was adjusted to 0.8,
1.7 and 5.5 respectively. All these solutions were kept
at'room temperature (20°C) and under a N2 blanket to avoid
oxidation of sodium dithionite.

By taking samples from these solutions at different
intervals of time and analyzing them for their sodium dithion-
ite content by the Rubine-R method, it was concluded that
the rate of homogeneous decomposition of sodium dithionite
increased with decreasing pH. By varying the temperature of
a sodium dithionite solution at a fixed pH, it was observed
that the rate of homogeneous decomposition of sodium
dithionite increased with increasing temperature. These
conclusions agree with the information available in the
literature (Section IX.G.3.a). These experiments were not
exhaustive enough to determine a quantitative expression
for the rate of decomposition.

The following observation of some special significance
was obtained from the above-mentioned experiments. No elemen-
tal sulfur was observed in any of the sodium dithionite
solutions kept at 20°C and pH's of 0.8, 1.7 and 5.5 even
after 48 hours. This implies that the rate of auto-

decomposition of sodium dithionite according to the eguation,
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2H,5,0, > 380, + 5 + 2H,0 ,
in the pH range 0.8 to 5.5 is negligibly small.
It was thought that, in the propbsed investigation,
the pH of the aqueous medium would not be less than 0.8 and
the residence time of the product in the aqueous medium
would not be more than an hour, hence, the auto-decomposition
of dithionite could be neglected. Thus, only the following
homogeneous decomposition reactions, outlined by Spencer (102),

were considered to occur.

2Na28204 + H20 - 2NaHSO3 + Na28203, and (11)

Nazszo4 + 2NaHSO3 -+ Na28306 + Na2803 + H20 (12)

3. Presence of the heterogeneous decomposition of sodium

dithionite

Approximately 50 ml of a 0.22% sodium-mercury amalgam
was taken in a beaker. Arl approximately 5 ml sample of a
1% sodium dithionite solution in water was added to the
amalgam sample and the contents in the beaker were stirred
with a glass rod. After a short time H,S gas was detected
as one of the products by its distinctive smell. The gas
was confirmed to be H,8 when it turned lead acetate paper

black. The experiment was repeated with approximately 1 ml
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of the 0.22% amalgam and a iarge excess (approximately 200

ml) of the 1% Na25204 solution; no HZS was detected. These
results qualitatively agree with the reported (Section II.G.S.b)
heterogeneousdecdmposition of sodium dithionite by sodium-

mercury amalgam:

Reduced by Reduced by Reduced by
= Na = Na = Na =
——re— Sy () c———————— Sy ct————————
8204 8203 S S « « +(15)

When the Na/NaZS ratio was very high, the reduc-

294
tion of szoz took place progressively and eventually S~ ions
were obtained which reacted with the H' ions present in the
aqueous medium to give HZS' On the other hand, when the
Na/Na28204 ratio was very small, the reduction probably
stopped after the first or the second step and, therefore,

no S~ ions were formed to produce HZS'

4, Presence of the water reaction

In the batch experiments, at low Na/NaHSO3 ratios
and low pH's of the solution (pH 0.8 and 1.7), a gas evolving
from the interface could be seen. This gas was not H,S.
Most probably it was hydrogen generated due to the water

reaction (Section II.G.2)

2Na + 2H,O > 2NaOH + H

2 2 e e oo o (17)
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At high Na/NaHSO, ratios, the water reaction probably also

3

takes place.

5. Presence of the sodium dithionite oxidation reaction

in an aqueous solution

Approximately 10 gms of reagent grade sodium dithion-
ite salt was dissolved in 1 liter of oxygen~-free distilled
water and the solution was neutralized by sodium hydroxide
to avoid acidic decomposition. This solution was stored
under N2 gas at 20°C. The Na28204 content of this solution
was accurately determined by the Rubine-R method. A sample
of the standard solution was taken in a beaker; the beaker
was exposed to air and its contents were stirred with a glass
rod. The concentration of Na28204 in the sample decreased
with increasing time as has beeh reported in the literature

(section I1I.G.4).

B. Introduction to Experiments in the CFSTR

Nine process variables were identified for considera-
tion. They were:
1. the concentration of sodium in the fresh amalgam,
2. the concentration of total sulfur dioxide in the

aqueous feed solution,
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3. the agitation in the aqueousvphase,
4., the agitation in the améigam phase,
5. the flow rate of the aqueous sulfur dioxide solution

(residence time in the aqueous phase),

6. the flow rate of the sodium-mercury amalgam (resi-
| dence time in the amalgam phése),

7. the interfacial-area/aqueous-volume ratio,

8. the temperature of the agueous phase, and

9. the pH of the aqueous phase.

The éffect of different process variables and their
interactions on yields of sodium dithionite, based on total
sulfur dioxide entering the reactor and on sodium consumed
in the reactor could possibly be determined if a factorial
design of experiments were done at least at five levels of
each variable. This would amount to doing (5)9‘= 1953125
experimental runs. Since considerable time was required for
preparing reagenté and analyzing products for an experimental
run, it was difficult to do more than four to five experi-
mental runs a week. Doing all possible experiments Qould
have taken an exceptionally long time, and many would not
have produced reasonable dithionite yields or dithionite
concentrations from the point of view of economics and use
respectively. Therefore, the effects of process variables
considered of primary importance and their interactions on
the yields of sodium dithionite were investigated.

For all the experimental runs the depth of the
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amalgam and the volume of the aqueous layer in the CFSTR
were kept fixed. As a result of this arrangement, for the
reactor of a specified geometry (Section IV.B.l), the
voiume of.the aqueous layer was approximately 980 ml and
the volume of the amalgam layer was about 96 ml.

It was mentioned in Section II.G. that probably none
.of the process reactions take place inside the amalgam
phase. The sodium metal dissolved in mercury is transferred
to the mercury/aqueous interface where the sodium dithionite
formation reaction, the water reaction and the hetrogeneous
decomposition of sodium dithionite take place. A critical
look at the list of the process variables showed that the
effect of variables (4), (6) and (1) should have a similar
effect on the rate of mass-transfer of sodium in the amalgam.
In other words, an increase in the level of agitation in
the amalgam phase by introducing a mechanical stirrer and
baffles in that phase, at a fixed concentration of sodium
in the freéh amalgam entering the reactor, should increase
the rate of mass-transfer of sodium to the interface.
Similarly, an increase in the volumetric flow rate of the
fresh amalgam at a fixed concentration of sodium in fresh
amalgam ér an increase in the concentration of sodium in
fresh amalgam at a fixed flow rate of fresh amalgam should
also increase the rate of mass-transfer of sodium to the
interface. Therefore, an increase in the level of any

of these three variables should affect the yields of sodium
dithionite in the same manner.
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In the present investigation, the effect of the rate
of mass-transfer of sodium to the interface on ﬁhe yields of
sodium dithionite was investigated primarily by changing
the concentration of sodium in fresh amalgam and keeping
the volumetric flow rate of the amalgam fixed. As mentioned
in Section IV.B.l, to simplify the reactor design, no
stirrer or baffles were provided in the aﬁalgam phase. Due
to a limited supply of mercury available for the experiments,
the volumetric flow rate of the amalgam could not be changed
significantly. In any case, it was hoped that by a systematic
investiéation of the other process variables, one could pre-
dict the effect of a variation in the level of agitation in
the amalgam phase or the Volumeﬁric flow rate of the amalgam.
The effects of the remaining process variables on

the yields of sodium dithionite are discussed in the follow-

4

ing sections.

C. Definitions of Some Important Quantities which are Used

for the Interpretation of Data

These quantities have been defined below. The mathe-
matical expressions to calculate them and sample calculations

" have been presented in Appendix F.

1. Concentration of sodium dithionite in the product stream,

(gms of sodium dithionite)
5,0 =

(100 ml of the product stream)



2. Yield of sodium dithionite on total sulfur dioxide

entering the reactor (%),

(gm molar conc. of Na,5,0, in product) x 2 x 100

Y =
S0, (gm molar conc. of total S0, in aqueous feed)

3. Yield of sodium dithionite on sodium entering the

reactor with the fresh amalgam (%),

(gm moles of Na,5,0, in product/min) x 2 x 100

Y =
Na (gm moles of Na entering with fresh amalgam/min)

4.Yield of sodium dithionite on sodium consumed in the

reactor (%),

(gm moles of Na,5,0, in product/min) x 2 x 100
CONNA :

gm moles of Na entering with fresh amalgam/min
-gm moles of Na leaving with spent amalgam/min

91
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5. Conversion of sodium from the amalgam to different

products in the reactor (%),

gm moles of Na entering with fresh amalgam/min % 100
-gm moles of Na leaving with spent amalgam/min

XNa =

(gm moles of Na entering with fresh amalgam/min)

6. Na/SO2 ratio entering the reactor,

(gm moles of Na entering with fresh amalgam/min)

(gm moles of total SO, entering with aqueous feed/min)

7. Rate of sodium consumption in the reactor,

= (gm moles of Na entering with fresh amalgam/min)

-(gm moles of Na leaving with spent amalgam/min)

For brevity, symbols were used for the different
process variables in the following sections. These symbols

along with their units have been described in Table 4.



TABLE 4

PROCESS VARIABLES AND THEIR UNITS

SYMBOLS DESCRIPTION UNITS
CHGF Concentration of sodium in the fresh amalgam gm of Na/100 gm of the fresh
amalgam
STSO, Concentration of total sulfur dioxide in the gm mole/liter
aqueous feed solution
(RPM)Aq Speed of the marine propeller in aqueous phase revolutions/min
FLSO, Flow rate of the aqueous sulfur dioxide solu- liter/min
tion '
FLHG Flow rate of the sodium-mercury amalgam ml/min
(A/V)Aq The interfacial-area/aqueous-volume ratio cmz/cm3
TEMP Temperature of the aqueous phase degree centigrade -
pH pH of the agueous phase -log gm iong of Y )
“liter

€6
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D. Reproducibility of Experimental Runs in the CFSTR

Before a detailed experimental investigation could be
started, it was decided to check the reproducibility of the
experimental runs in the CFSTR. Unforﬁunately, the following
problems made the task somewhat difficult.

The sodium-mercury amalgam for the experimental runs
was prepared in a batch. It is explained in Appendix C
why it was difficult to make an amalgam of a specified
sodium-concentration starting with known quantities of mercury
and sodium. : /

Generally, it took over an hour to obtain steady-state
conditions during an experimental run. The supply of mercury
was limited (= 7.5 liters), therefore, it was not convenient
to do more than two experimental ruhs, at the flow rate of
the fresh amalgam considered, under identical amalgam concen-
trations.b The results obtained from only two experimental
runs under identical levels of different proéess variables
would not offer a very powerful statistical test for re-
producibility. Hence, the following scheme was used.

A set of seven experimental runs (set: 47-57,
expts. 47, 50, 52, 53, 54, 55 and 57) was performed under:
almost identical levels of different process variables except
the concentration df sodium in the fresh amalgam which was
varied in the range .0403% to .0932%. The experimental

conditions for the set: 47-57 have been presented in Table 5.



95

From the observations made, the steady-state CS 0.*
274

, Y and their 95 per cent confidence

50, 'Na Na
limits were calculated for each experimental run. Sample

, CONNA and X

calculations for these quantities in the experimental run 54
are shown in Appendix F.
For all the experimental runs in the set: 47-57, the

steady-state C Y ’ YNa’ CONNA and XNa were plotted

’
5204 SO2

against the Na/SO2 ratio entering the reactor in each run.
Thus, five smooth curves were drawn as shown in Figure 7.
The 95 per cent confidence limits are not shown on the graphs.
It is important to point out that the nature of the curves

r X , Y. , CONNA
§,0, SO, Na

and XNa against the concentrations of sodium in fresh amalgam

would be similar because the molarity of the sulfur dioxide

obtained by plotting steady-state C

solution entering the reactor, STSOz) during all of the
experimental runs in this set was approximately the same.
However, plotting these quantities against Na/SO2 ratios
offered certain advantages in the interpretation of data as
discussed in later sections. |

At a later date, another set of seven experimental
runs (get: 65-77, expts. 65, 67, 69, 71, 73, 75 and 77) was
performed using different batches of reagents for the analytical
work. The levels of the process variables were nearly the
same as for the set: 47-57, except that the concentration of
sodium in fresh amalgam was varied in the range .0392 ¥ to

.1010 %. The experimental conditions for the set: 65-77 have



TABLE 5

LEVELS OF THE PROCESS VARIABLES IN SET: 47 - 57

Range of the

Changed Variable

VALUES OF THE FIXED VARIABLES

CHGF STSO2 (RPM)Aq FLSO2p FLHG (A/V)Aq TEMP pH
.0403 - .0932 .639 673 .096 47.5 .0784 17 5.6 - 6.0
-.656
TABLE 6
LEVELS OF THE PROCESS VARIABLES IN SET: 65 - 77
Range of the
Changed Variable VALUES OF THE FIXED VARIABLES
CHGF STSO2 (RPM) FLSO> FLHG (A/V) pq TEMP pH
.03%92 - ,1010 .650 673 .09¢6 47.5 .0784 17 5.4 - 6.0
-.658

96
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been presented in Table 6. Once again, the steady-state

, CONNA and X calculated from the obser-

c ’ Y ’ Y r.
5204 SO2 Na Na

vations made for each experimental run, were plotted against -
their respective Na/SO2 ratios and are shown in Figure 7.
Figure 7 shows that, within the 95 per cent confidence
limits there is no significant difference between the steady-
state C

, CONNA and X curves for the two

8204’ YSOZ' YNa Na

sets: 47-57 and 65-77. Furthermore, for two experimental runs,
run 55 and 73, which were performed under almost identical
conditions, it can be said with 95 per cent confidence that
there is no significant difference between their respective

steady-state C ’ YNa’ CONNA and XNa values.

Y
’
3204 502

Further confirmation of the reproducibility of the
experimental runs was provided by the results obtained from
the set: 66-76 (expts. 66, 68, 70, 72, 74 and 76), set: 62-63
(expts. 62 and 63) and set: 87-91 (expts. 87, 89 and 91).
These sets used different batches of the reagents for the
analytical work but they basically differed from the sets:
47-57 and 65-77 in that the rpm of the propeller in the aqueous
phase was decreased froﬁ 673 to 225. The experimental con-
ditions for the sets: 66-76, 62-63 and 87-91 are presented
in the Tables 7, 8 and 9 respectively and the results are

shown in Figure 8.



TABLE 7

LEVELS OF THE PROCESS VARIABLES IN SET: 66 - 76

Range of the
Changed Variable

VALUES OF THE FIXED VARIABLES

CHGF ST802 (RPM)Aq FL802 FLHG (A/V)Aq TEMP pH
.0392 - ,0892 .650 225 .096 47.5 .0784 17 5.35-5.95
-.658
TABLE 8
LEVELS OF THE PROCESS VARIABLES IN SET: 62 - 63
Range of the . VALUES OF THE FIXED VARIABLES
Changed Variable STSO» (RPM)Aq FLSO, FLHG (A/V)Aq TEMP pH
CHGF . '
.0635 - 1012 .639 225 .09¢ 47.5 .0784 17. 5.7-6.15
' -.646 '
TABLE 9
LEVELS OF THE PROCESS VARIABLES IN SET: 87 - 91
Range of the
Changed Variable VALUES OF THE FIXED VARIABLES
CHGF STS02 (RPM) o FLSO> FLHG (A/V)aq TEMP pH
.0372 - .0986 .655 225 .096 47.5 .0784 17 5.35-5.85
-.658

66
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E. Data from CFSTR Experiments
1. Concentration of sodium in fresh amalgam

The general plan of the work involved a set of experi-
mental runs at various concentrations of sodium in fresh
amalgam, and at chosen fixed levels of the other process
variables. The effects of the concentration of sodium in

fresh amalgam on the steady-state values of C Y p

14
8204 802

YNa’ CONNA and XNa were determined at different levels of
each variable. Generally, these calculated quantities were
plotted against the Na/SO2 ratios entering the reactor. These
quantities were also plotted against the concentration of.
sodium in the fresh amalgam to obtain additional information.
The nature of the curves obtained by plotting the steady-state
C

, Y CONNA and X against the Na/802 ratios

¢ X ’
8204 SO2 Na

(or the concentration of sodium in the fresh amalgam) was
found to be similar for different sets of the experimental
runs.

During an experimental run, the unsteady-state
concentration prdfiles‘of sodium dithionite in the product
stream and sodium in the spent amalgam, as wellias the pH
of the aqueous phase, were also investigated. The effect
of varying the concentration of sodium in fresh amalgam on

the nature of these unsteady-state curves was also determined.
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(a) The variation of steady-state values of CS2O4’ Ysoz, YNa’
CONNA and X with change in the Na/SO2 ratios entering

the reactor

The experimental set: 65-77 may be considered a typical
set of experimental runs where, as mentioned in Section V.D.,
the concentration of sodium in fresh amalgam was varied in
the range .0392 % to .1010 %. The experimental conditions
for this set are presented in Table 6.

Steady-state values of C YNa’ CONNA and X

| $,0,° Ys0,’ 'N Na
were plotted against Na/SO2 ratios in Figure 9 and against
the concentration of sodium in fresh amalgam in Figure 10.
The curves in Figure 9 and 10 were similar because the molarity
of sulfur dioxide solution entering the reactor during all
of the experimental runs in this set was approximately the
same.
(1) The variation of steady-stéte sodium dithionite concen-

tration in the product stream, CSZO4' with change in

Na/SO2 ratios entering the reactor

Steady-state concentrations of sodium dithionite in

the product stream are of considerable importance if this
product stream is to be used for groundwood brightening.
Figure 9 shows the effect on values of steady-state C5204
caused by changing Na/SO2 ratios. The concentration of

sodium dithionite in the product stream increases with

increasing Na/SO2 ratios to a value of Na/SO2 equal to 0.29-
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At this point, steady-state C reaches its maximum value

S04

of 0.9%. At values of the Na/SOZ ratio greater than 0.29,
the concentration of dithionite drops sharply; then levels .off
to decrease slowly with further increase in the Na/SOz
ratio.

For the set: 65-77, a Na/SO2 ratio of about 0.29
corresponds to a sodium concentration in fresh amalgam of
.064% (molarity of sulfur dioxide in the aqueous solution was

fixed at about 0.65 molar).

(ii) The variation of steady-state yield of sodium dithionite

on total sulfur dioxide entering the reactor, YSO R
2 .

with change in Na/SO2 ratios entering the reactor
Figure 9 shows the effect of Na/SOz.ratios on the yield
of sodium dithionite calculated on sulfur dioxide, The

values of steady-state Y respond in a way similar to the

SO

2
steady-state concentration of sodium dithionite when the
Na/SO2 ratio is changed. Yield on sulfur dioxide reaches a

maximum of 15.6% at the Na/SO2 ratio of 0.29.

(iii) The variation of steady-state conversion of sodium
(from the amalgam) to different products in the
reactor, XNa' with change in Na/SO2 ratios entering

the reactor

As shown in Figure 9, when the steady-state values

of Xna are plotted against the Na/SO2 ratios entering the
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reactor, a curve is obtained shoWing a maximum. A maximum .
conversion of 94% is obtained at a Na/SO2 ratio of 0.25.

For the set: 65-77, the rate of sodium consumption
by‘the aqﬁeous phase (gm moles of sodium entering the
reactor with fresh amalgam minus gm moles of sodium leaving
the reactor with spent amalgam per minute) is plotted against
‘the,Na/Soz ratios in Figure 11 and against the éoncentration
of sodium in fresh amalgam in Figure 12. These curves

demonstrate that when the Na/SO, ratio entering the reactor

2
or the concentration of sodium in fresh amalgam is increased,
keeping the levels of all of the other‘process variables
fixed, the rate of sodium removal from the amalgam phase
increases. Figures 1l and 12 also show that at Na/SO2 ratios
below 0.29 corresponding to sodium coﬁcentration in fresh
amalgam of less than .064%, the rate of sodium consumption
is linearly related to the Na/SO2 fatio entering the reactor
or the concentration of sodium in fresh amalgam. However,
at Na/SO2 ratios above 0.29 the rate of sodium consumption
is not linearly proportional to the Na/SO2 ratios entering
the reactor (Figure 1ll). A similar result is obtained at
CHGF above .064% when the rate of sodium consumption is
plotted‘against the concentration of sodium in fresh
amalgam (Figure 12).

In Figure 12, when the curve is extrapolated to zero

rate of sodium consumption, the line does not go through

the origin. For the set: 65-77, it appears that upto
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approximately 0.0035% sodium in fresh amalgam, no sodium is
consumed by any reaction. A few statistical calculations
(95 per cent confidence limits) show that this deviation from
the origin can be attributed neither to the errors in the
analytical method nor to the calculation techniqﬁe.

To further verify the above-mentioned phenomena, the
‘"rate of sodium consumption is plotted against the concentration
of sodium in fresh amalgam for different sets of the experi-
mental runs. For the sets: 95-105 (expts. 95,97,99,103 and
105), 23-28 (expts. 23,24,25,26,27 and 28), 65-77 (expts.
65,67,69,71,73,75 and 77) and 42-46 (expts. 42,43,44,45 and
46), the plots are shown in Figure 13 and the experimental
conditions have been presented in Tables 10,11,6 and 12
respectively. Figure 13 shows ﬁhat for each experimental
set at values of EHGF below the steady-state sodium dithionite
concentration maximum, the rate of sodium consumption is
linearly relatéd to the concentration of sodium in the fresh
amalgam (CHGF). But at values of CHGF above the steady-state
Na25204 concentration maximum, the rate of sodium consumption
is not linearly proportional to the values of CHGF. Further,
for none of the sets does the extrapolated line pass through

the origin.

(iv) The variation of steady-state yield of sodium dithionite
on sodium consumed in the reactor, CONNA, with change

in Na/SO2 ratios entering the reactor



TABLE 10

LEVELS OF THE PROCESS VARIABLES IN SET: 95-105

Range of the
Changed Variable

VALUES OF THE FIXED VARIABLES

CHGF STSO, (RPM) 5 FLSO, FLHG (B/V) pq TEMP pH
.0439 - .0912 © .653 673 .198 47.5 .0784 17 5.20 - 5.65
-.660
TABLE 11
LEVELS OF THE PROCESS VARIABLES IN SET: 23-28
Range of the
Changed Variable VALUES OF THE FIXED VARIABLES
CHGF STSOo (RPM)Aq FLSO, FLHG (A/V)Aq TEMP PH
.0173 - .0544 «397 673 .096 47.5 .0784 17 5.2 - 5.9
-.403
TABLE 12
LEVELS OF THE PROCESS VARIABLES IN SET: 42-46
Range of the
Changed Variable VALUES OF THE FIXED VARIABLES
CHGF STSO2 (RPM)Aq FL802 FLHG (A/V)Aq TEMP pH
.0656 - .2127 1.270 673 .096 47.5 .0784 17 5.0 - 5.75
-1.310

OTT
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When thé steady-state CONNA values were plotted against
the Na/SO2 ratios for the set: 65-77, the curve shown in
Figure 9 was obtained. This curve shows no maximum. The
steady-state yield of sodium dithionite on sodium consumed
in the reactor is about 71% at a Na/SO2 ratio of .176 (small-
est Na/SO2 ratio for the experimental set: 65-77). The
steady-state value of CONNA decreases gradually with increas-
ing Na/SO2 ratios to a value of Na/SO2 equal to 0.29. At
values of the Na/SO2 ratio greater than 0.29, the yield of
sodiﬁm dithionite on sodium consumed in the reactor drops
sharply then levels off to decrease slowly with further

increase in the Na/sO, ratio.

2

(v) The variation of steady-state yield of sodium dithionite
on sodium entering the reactor with the fresh amalgam,

Yya? with change in Na/SO2 ratios entering the reactor

Figure 9 shows that the form of the curves obtained by

plotting steady-state Y 5 versus Na/SO2 ratios and steady-

N
state CONNA versus Na/SO2 ratios is similar; the latter having
been discussed in the last section. However, at a fixed
Na/SO2 ratio entering the reactor the steady-state yield of
sodium dithionite on sodium consumed in the reactor (CONNA)

is always greater than the steady-state yield of sodium

dithionite on sodium entering the reactor with fresh

amalgam, YNa'
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(b) The variation of unsteady-state concentration profiles

with change in Na/So2 ratios entering the reactor
(i) Concentration of H+ions in the aqueous phase

For an experimental run, starting with sulfur dioxide

in water at pH = 3 to 3.5 and the system in unsteady-state,

the pH of the équeous phase in the CFSTR increases and

then attains a steady-state value in the range 5 to 6.
Starting with an aqueous sulfur dioxide solution of

a fixed concentration and pH, when.the Na/SO2 ratio entering

the reactor is increased (or the concentration of sodium in

fresh amalgam is increased), the steady-state pH of: the

aqueous phase in the reactor also increases.

(ii) Concentration of sodium dithionite in the product

stream and concentration of sodium in spent amalgam

For the following presentation 'M' has been defined
as the Na/SO2 ratio, for a set of experimental runs, at which
maximum steady-state concentration of sodium dithionite is
obtained in the product stream.

The concentration of sodium dithionite in the product
stream versus time curves for two typical sets, sets: 42-46
and 23-28, at various Na/SO2 ratios entering the reactor

are shown in Figures 14 and 16 respectively. The concen-

tration of sodium in spent amalgam versus time curves for
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these sets are shown in Figures 15 and 17 respectively. The
levels of the different process variables, under steady-
state conditions, for these sets (42-46, 23-28) have been
presented in Tables 12 and 11 respectively.

At Na/SO2 ratios less than M, for the experimental
runs in various sets including the sets: 42-46 and 23-28
(Figures 14 and 16), the concentration of sodium dithionite
in the product stream from the reactor increases with time
and then attains a steady-state value. Figures 15 and 17
show that the concentration of sodium in the spent amalgam
decreases and also attains a steady-state value. At Na/SO2
ratios above M, as can be seen from Figures 14 to 17, transient
maxima (for sodium dithionite) and minima (for sodium in
spent amalgam) are observed in the unsteady-state concentra-
tion profiles. However, no such maximum in pH is observed
on the pH versus time curves in this region.

A better understanding of this phenomenon is obtained
by examining the curve for concentration of sodium dithionite
in the product stream versus time (Figure 18) and the concen-
tration of sodium in séent amalgam versus time curve (Figure
19) for the experimental runs in the set: 65-77. The
steady-state experimental conditions for this set have been
presented in Table 6. As mentioned earlier, for this set,
M= 0.29,

The experimental run 69 was done at a Na/SO2 ratio <0.29,

The pH of the aqueous phase increased from 3.35 to 5.65 and as
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shown in Figures 18 and 19 no maximum nor minimum is observed
in the unsteady-state curves. The experimentai run 73 was
also done at a Na/SO2 ratio <0.29, however, the pH of the
aqueous phase was fixed at about 5.8 during the unsteady-state
as well as the steady-state periods. Again, no maximum nor
minimum is observed in the unsteady-state concentratién
profiles (Figures 18 and 19).

The experimental run 65 was done at a Na/SO2 ratio
>0.29 and the pH of the agqueous phase increased from 3.53 to
6.0 at the steady-state. Figures 18 and 19 show that for
this experimental run maximum and minimum are observed in
the unsteady-state curves. The experimental runs 71 and 77

were also done at Na/SO, ratios >0.29, however, the pH of

2
the aqueous phase was fixed at about 5.9 under the unsteady-
state and the steady-state conditions. 1In these experimental

runs, no maxima nor minima are observed in the unsteady-state

concentration profiles (Figures 18 and 19).

2. Concentration of ' total sulfur dioxide in the aqueous

feed solution

To investigate the effect of variation in the concen-
tration of total sulfur dioxide in the aqueous feed solution

Y

’ ’ ’
8204 SO2 Na

different Na/SO2 ratios entering the reactor, sets: 23-28,

on the steady-state C Y CONNA and XNa at

65-77 and 42-46 were performed. The concentration of total
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sul fur dioxide in these sets was about 0.4 molar, 0.65 molar
and 1.30 molar respectively. The levels of the other process
variables for these sets, under steady-state conditions,
aré preseﬁted in Tables 11, 6 and 12 réspectively. The

steady-state C ;s Y CONNA and X

5,0, ¥80,’ 'Na’ Na’
23-28, 65-77 and 42-46, are plotted against the Na/SO2 ratios

for the sets:

entering the reactor in Figures 20, 9 and 21 respectively.

(a) The variation of steady-state sodium dithionite concen-

tration in the product stream, C , with change in

5,0,

the concentration of sulfur dioxide in the aqueous feed

solution

Figure 22 shows that the nature of the curQes obtained
by plotting the steady-state concentration of sodium dithionite
in the product stream against the Na/SO2 ratios éntering
the reactor for sets: 23-28 and 42-46 was the same as for
the set: 65-77, which has been discussed in Section V.E.l.a.i.

Figure 22 also shows that at a fixed Na/SO2 ratio,
when all of the other process variables are kept constant,
an increase in the concentration of total sulfur dioxide in
the aqueous feed solution increases the steady-state
concentration of sodium dithionite in the product stream.

As the concentration of sulfur dioxide in the aqueous
feed for all of the experimental runs in each set was fixed,
the steady-state CS204 is plotted against the concentration

of sodium in fresh amalgam, CHGF, for the sets: 23-28, 65-77
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Figure 22 Steady-state sodium dithionite concentrations
versus Na/SO2 ratios entering the CFSTR at
different coficentrations of sulfur dioxide in
the aqueous feed. See Tables 6, 11 and 12 for
the levels of the process variables
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and 42-46. These curves are shown in Figure 23. For the sets:
23-28, 65-77 and 42-46, the maximum steady—stafe concentration
of sodium dithionite in the product stream is 0.385%,

0.89% and 2.3% at the CHGF values of 0.0303%, 0.064% and
0.1439% 1respectively. For the following presentation, the
concentration of sodium in fresh amalgam at which the maximum
steady-state concentration of sodium dithionite was produced
for a set of experimental runs, is called CHGF

critical’

Therefore, the CHGF for the sets: 23-28, 65-77 and

critical
42-46 are 0.0303%, 0.064% and 0.1439% respectively.

The CHGF is found to be linearly related to

critical
the molarity of sulfur dioxide in the aqueous feed as shown
in Figure 24, The correlation shown in Figure 24 could be
very useful from the practical point of view. If the con-
centration of sulfur dioxide in the aqueous feed solution is
known, the concentration of sodium in the fresh amalgam at

which the maximum concentration of sodium dithionite would

be obtained, can be determined.

(b) The variation of steady-state values of Y r Y

S0, Na’
CONNA and Xya with change in the concentration of sulfur

dioxide in the aqueous feed solution

The trend of the steady-state Y_. versus Na/SO

SO
2
Y versus Na/SOz, CONNA versus Na/SO2 and XNa versus

2!
Na
Na/SO2 curves for the sets: 23-28 and 42-46 is the same as

that of the corresponding curves for the set: 65-77. These
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Tables 6, 11 and 12 for the levels of the process

variables
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Critical concentrations of sodium in amalgam

entering the CFSTR versus molarity of sulfur
dioxide in the aqueous solutions entering the
CFSTR. = See Tables 6, 11 and 12 for the levels
of the process variables



129

31 STSO2 =
O -1.30 MOLAR
A -0.65 "

27— 0-040 -

19 -

Yso, (%)

Na/802

Figure 25 Steady-state yields of sodium dithionite on
sulfur dioxide in the aqueous feed versus Na/SO
ratios entering the CFSTR at different concen-
trations of sulfur dioxide in the aqueous feed.
See Tables 6, 11 and 12 for the levels of the
process variables
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Figure 26 Steady-state yields of sodium dithionite on
sodium in the amalgam entering the CFSTR versus
Na/Soz ratios entering the CFSTR at different
concefitrations of sulfur dioxide in the aqueous
feed. See Tables 6, 11 and 12 for the levels of
the process variables
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Steady-state yields of sodium dithionite on
sodium consumed in the CFSTR versus Na/SO

ratios entering the CFSTR at different concen-
trations of sulfur dioxide in the aqueous feed.

See Tables 6,
process variables

1l and 12 for the levels of the
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Figure 28 Steady-state conversions of sodium to different
products in the CFSTR versus Na/SO., ratios
entering the CFSTR at different coficentrations
of sulfur dioxide in the aqueous feed. See Tables
6, 11 and 12 for the levels of the process
variables
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curves for the sets under consideration are shown in Figures
25 to 28 respectively.

Figures 25 to 27 show that at a fixed Na/SO2 ratio
entering the reactor, when all of the other process variables
are kept constant, an increase in the concentration of sulfur
dioxide in the feed solution increased the steady-state
yield of sodium dithionite on total sulfur dioxide entering

the reactor (Y the steady-state yield of sodium dithionite

)
sO,,

on sodium entering the reactor with fresh amalgam (YNa) and
the steady-state yield of sodium dithionite on sodium consumed
in the reactor (CONNA).

Figure 28 shows that at relatively low values of
Na/SO2 ratio entering the reactor, én increase in the concen-
tration of sulfur dioxide in the feed solution does not
affect the steady-state conversion of sodium to different
products in the reactor, Xya’ appreciably (considering the
95% error limits). However, at relatively high values of
Na/SO2 ratio enteringlthe reactor, an increase in the concen-
tration of sulfur dioxide in the feed solution increases the

steady-state values of Xya significantly.

3. 'Agitation in the aqueous phase

Before describing the experimental work in detail it
should be pointed out that there were some difficulties

which influenced the choice of lower and upper limits on
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degree of agitation in the aqueoué phase. Below a stirrer
Reynolds No.= 10,000 (corresponding to the propeller rpm of
376) ,the results obtained from the laboratory investigation
could not be used in making estimations using scale-up
methods (84-88, 103). On the other hand when the rpm of the
propeller was well above 700, a substantial agitation was
imparted to the amalgam phase causing ripples.

Some preliminary experiments were éerformed to assess
the effects of agitation but they did not yield any useful
information. A short account of these experiments follows.
The reéctor was filled up to the lower end of the baffles
with an amalgam of a known sodium concentration. Then,
known volumes of a sulfur dioxide solution of a known
concentration and a Rubine-R solution of a known normality
were added to the reactor and the agitation in the aqueous
phase was started. The rpm of the propeller was varied
through the range of 110 to 700 for the different experi-
ments and the times taken for the Rubine-R colour to disappear
were compared. These experiments did not provide very useful
data, since even for large volumes of Rubine-~R (the dye
solution available was very dilute), the colour disappeared
almost immediately.

Informative results were obtained when the effect of
agitation in the aqueous phase of the CFSTR, on the steady-

state C was investigated.

5.0,' ¥s0.’ ¥Na

Y.. , CONNA and X
294 2 ~ Na
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During the sets: 65-77 and 47-57, the rpm of the propeller
in the aqueous phase was kept fixed at 673. The levels of
the other prdcess variables, under steady-state conditions,
afe presehted in Tables 6 and 5 respectively and the steady-

state CS 0 versus Na/SOZ, Y versus Na/SOz, Y versus

294 S0,
Na/SOZ, CONNA versus Na/SO2 and X

Na
Na Versus Na/SO2 curves are
shown in Figure 7. The experimental sets: 66-76, 62-63 and
87-91 were performed at an rpm of 225 and the steady-state

C versus Na/sO,, Y versus Na/sSO,, Y versus

2 502 Na
Na/SOz, CONNA versus Na/SO2 and XNa versus Na/SO2 curves
are shown in Figure 8. For these sets, the levels of all of
the other process variables were the same as for the sets:
65-77 and 45-57 as shown in Table 7 to 9. Similarly, the
experimental set: 86-90 (expts. 86, 88 and 90) was performed

at an rpm of 110. The steady-state CS ’ YNa’ CONNA

204" 50,
and XNa were calculated at the three Na/SO2 ratios and the
results are shown in Figure 29. As there were only three
points for each calculated quantity, only broken line curves
are drawn. The levels of the proéess variables, under the
steady-state conditions for the set: 86-90 are presented in
Table 13.

Prior to presenting the results, it should be mentioned

that a few experiments were carried out in the experimental



TABLE 13

LEVELS OF THE PROCESS VARIABLES IN SET: 86-90

Range of the ‘
Changed Variable ' : VALUES OF THE FIXED VARIABLES
CHGF STSO2 .(RPM)Aq FLSO2 FLHG (A/V)Aq' TEMP pH
.0372 - .0986 .655 110 .096 47.5 .0784 17 5.35 - 5.8
-.658
TABLE 14

LEVELS OF THE PRCCESS VARIABLES IN SET: 94-104

Range of the
Changed Variable VALUES OF THE FIXED VARIABLES
CHGF STSO5 ‘ (RPM) Agq FLSO» FLHG (A/V) Aq TEMP pH
.0280 - .0912 .652 673 .066 47.5 .0784 17 5.75 - 6.1
-.660 : :

9¢T
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reactor to ensure that the conditions of perfect mixing
existed at the different levels of agitation. Johnson (41)
carried out tracer studies in the experimental reactor under
the conditions used in the present investigation. Using

the Cholette and Cloutier model (15).forlthe CFSTR his
results showed that, under the specified experimental
'conditions, perfect mixing occurred in the reactor.

The curves obtained by plotting the steady-state

C8204 versus Na/SOz, Y

versus Na/SO2 and X

S02versus Na/SOZ, YNaversus Na/SOz,CONNA

NaVErsus Na/SO2 at three different levels of

agitation in the aqueous phase are shown Figures 30 to 34
respectively. Figures 30 to 33 show that at a fixed Na/SO2
ratio entering the reactor, when the level of agitation in

thé aqueous phase was increased, the steady-state concentration
of sodium dithionite in the product stream (Cszo4), the yield

of sodium.dithionite on total sulfur dioxide entering the

.reactor (Y the yield of sodium dithionite on sodium

),
802
entering the reactor with the fresh amalgam (Y,_) and the

yield of sodium dithionite on sodium consumed in the reactor
(CONNA) also increased. However, the percentage increase in

S 0.’ YSO ' YNa and CONNA at values of
24 2

Na/so2 ratio below the steady-state Na,5,0, concentration

the steady-state C

maximum (i.e. at the Na/SO2 ratios <0.29) is less than the
percentage increase in these values at Na/SO2 ratio above
the steady-state sodium dithionite concentration maximum

(i.e., at the Na/SO2 ratios >0.29). Figure 34 shows that at
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Figure 31 Steady-state yields of sodium dithionite on sulfur
dioxide in the aqueous feed versus Na/SO., ratios
entering the CFSTR at different levels o% agitation
in the aqueous feed. See Tables 5-9 and 13 for
the levels of the process variables
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Steady-state yields of sodium dithionite on sodium
in the amalgam entering the CFSTR versus Na/SOj
ratios entering the CFSTR at different levels of
agitation in the aqueous feed. See Tables 5-9 and
13 for the levels of the process variables
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Steady-state yields of sodium dithionite on
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entering the CFSTR at different levels of agitation
in the aqueous feed. See Tables 5-9 and 13 for

the levels of the process variables
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Figure 34 Steady-state conversions of sodium to different
products in the CFSTR versus Na/SO; ratios
entering the CFSTR at different levels of agitation
in the aqueous feed. See Tables 5-9 and 13 for
the levels of the process variables
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Na/SOzratios <0.29, the steady-state conversion of sodium
to different products in the reactor (XNa) does not change
appreciably, however, at Na/SO2 ratios >0.29, the steady-

state X values increase significantly with increase in

the level of agitation.

4, Flow rate ofiaqueous sulfur dioxide solution, i.e.

residence time in the aqueous phase

The effect of variation in the flow rate of the aqueous

sulfur dioxide solution on the steady-state C r X

’
5204 802

Y... , CONNA and X at various Na/SO2 ratios entering the

Na Na’
reactor, was investigated in the experimental sets: 94-104

(expts. 94, 96, 98, 100, 102 and 104), 65-77 and 95-105. The
flow rates of the agueous solution in these sets were 66
ml/min, 96 ml/min and 198 ml/min respectively. The levels
of the othér process variables, under the Steady—state
conditions, have been reported in Tables 14, 6 and 10

respectively. The steady-state CSZO4’ Ysoz, YNa’ CONNA and
Xyar fOT the sets: 94-104, 65-77 and 95-105, are plotted

against the Na/SO2 ratios entering the reactor in Figures
35, 9 and 36 respectively. |
The curves obtained by plotting the steady-state

C8204 versus Na/SOz, YS02 versus Na/soz, Y versus Na/SOz,

CONNA versus Na/SO2 and XNa versus Na/SO

Na

2 at the three

different flow rates of the aqueous sulfur dioxide solution

are shown in Figures 37 to 41 respectively.
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Steady-state values of sodium dithionite concen-
tration and various yields versus Na/SO, ratios
entering the CFSTR for the experimental”™set: 94-
104. See Table 14 for the levels of the process
variables
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tration and various yields versus Na/SO,; ratios
entering the CFSTR for the experimental set: 95-
105. See Table 10 for the levels of the process
variables




147 .

® - .066 LIT/ MIN
1'8 . o - .096 ” —
' A - .198 ”»
—

Na/802

Steady-state sodium dithionite concentrations
versus Na/SO; ratios entering the CFSTR at
different flow rates of the aqueous feed. See
Tables 6, 10 and 14 for the levels of the process

variables

Figure 37
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Steady-state yields of sodium dithionite on
sulfur dioxide in the aqueous feed versus
Na/SO3 ratios entering the CFSTR at different
flow rates of the aqueous feed. See Tables 6,

10 and 14 for the levels of the process
variables
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Steady-state yields of sodium dithionite on
sodium in the amalgam entering the CFSTR versus
Na/SO, ratios entering the CFSTR at different
flow rates of the aqueous feed. See Tables 6,
10 and 14 for the levels of the process
variables
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Figure 40 Steady-state yields of sodium dithionite on

sodium consumed in the CFSTR versus Na/SOj
ratios entering the CFSTR at different flow
rates of the aqueous feed. See Tables 6, 10
and 14 for the levels of the process variables
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Figure 41 Steady-state conversions of sodium to different
products in the CFSTR versus Na/SO., ratios
entering the CFSTR at different fldw rates of
the aqueous feed. See Tables 6, 10 and 14 for
the levels of the process variables
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Figure 37 shows that at all of the values of Na/SO2
ratio considered, the steady-state concentration of sodium

dithionite in the product stream, C increases when the

5204"
flow rate of the aqueous sulfur dioxide solution is decreased
(i.e., when the residence time in the agqueous phase is
increased). Similar behaviour is observed when the steady-
state values of YSO2

sulfur dioxide entering the reactor) are plotted against

(yields of sodium dithionite on total

the Na/SO2 ratios entering the reactor at the three levels
of thé flow rate (Figure 38). -

Figure 39 shows that at low as well as high Na/SO2
ratios, the percentage of sodium that is converted to sodium
dithionite under steady-state conditions, CONNA, increases
when the flow rate of the agueous feed solution is decreased.
The trend of the curves obtained by plotting the steady-state
yields of sodium dithionite on sodium entering the reactor
(YNa) against the Na/SO2 ratios at the three levels of the
flow rate was similar.

Figure 41 shows that at values of the Na/SO2 ratio
below the steady-state sodium dithionite concentration
maximum (i.e., at the Na/SO2 ratios <0.29), the steady-state
conversion of sodium to different products in the reactor
(XNa) decreased when the flow rate of the aqueous sulfur
dioxide feed was reduced. But at Na/SO2 ratios >0.29

the steady-state values of X did not change appreciably

Na
with change in flow rate.
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The geometry of the réactor was such that the aqueous
sulfur dioxide solution entered the reactor through a 1/4
inch stainless-~steel tube, the mouth of which was situated
approximately 2 inches above the amalgam surface. Therefore,
it was suspected that an increase in the flow rate of the
aqueous solution would impart greater turbulence to the
amalgam phase. To investigate this a colour tracer was
introduced in the inlet aqueous solution. Despite the fact
that the propeller was placed directly below the mouth of
the tube which brought the aqueous solution to the reactor,
it was observed that, at the rpm under consideration, the
stream of the inlet aqueous solution did not break completely

by the mixer and it impinged on the amalgam surface.

5. Interfacial-area/aqueous-volume ratio

To investigate this process variable, the volume of
the aqueous phase was not éhanged from 980 ml. The inter-
facial area was changed, as mentioned in Section IV.B.l, by
opening the bottom flange of the reactor and introducing
thin stainless-steel discs with variable diameter annular
holes.

In the experimental sets: 65-77, 122-134 (expts. 122,
125,128,131 and 134) and 123-135 (expts. 123,129,132 and

2

135) the area of the interface was 76.8 cm“, 24.2 cm2 and

9.35 cm2 respectively. These areas corresponded to inter-
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facial-area/aqueous-volume ratios of .0784 cmz/cm3, . 0247
cm2/cm3 and .0095 cmz/cm3 respectively. The levels of the
other process variables, under the steady-state conditions
are presented in Tables 6, 15 and 16. The steady-state

C ;7 Y

8204 802 Na

134 and 123-135, are plotted against the Na/SO2 ratios

’ YNa' CONNA and X for the sets: 65-77, 122~

entering the reactor in Figures 9, 42 and 43 respectively.

The curves obtained by plotting the steady-state

C versus Na/SO,, Y
8204 2 802

CONNA versus Na/SO2 and X

versus Na/SOz, Y versus Na/SOZ,

Na

Na Versus Na/SO2 at the three

interfacial-area/aqueocus-volume ratios are shown in
Figures 44 to 48 respectively.

Figures 44 to 48 show that, at a fixed Na/SO2 ratio
entering the reactor, when the interfacial~area/aqueous-

volume ratio increases, the values of steady-state C 0.’

5204

2
Y , Y. , CONNA and XNa also increase.

802 Na

Figure 49 shows that when the values of steady-state
concentration of sodium dithionite in the product stream
(CSZO4) or the yield of sodium dithionite on sulfur dioxide
entering the reactor (Ysoz) are plotted against the inter-
facial-area/aqueous-volume ratios, at different Na/SO2
ratios, straight line relationships are not obtained.

One of the major problems in investigating the
process variable under consideration was the following.

Every time a stainless-steel disc was forced into position

to change the interfacial-area/aqueous-volume ratio, it



TABLE 15

LEVELS OF THE PROCESS VARIABLES IN SET: 122-134

Range of the
Changed Variable

VALUES OF THE FIXED VARIABLES

CHGF STSO, (RPM) Aq FLSO, FLHG (A/v) Aq TEMP pPH
.0488 -~ ,1238 .658 673 .096 47 .5 .0247 17 5.7 - 5.95
-.664
TABLE 16
LEVELS OF THE PROCESS VARIABLES IN SET: 123-135
Range of the
Changed Variable VALUES OF THE FIXED VARIABLES
CHGF STSO (RPM) Ag FLSO» FLHG (a/V) Aq TEMP pH
.0488 -~ .0879 .658 673 .096 47.5 .0095 17 5.65 - 5.8
-.664

GST
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Steady-state values of sodium dithionite concen-
tration and various yields versus Na/SO, ratios
entering the CFSTR for the experimental set: 122-
134. See Table 15 for the levels of the process
variables
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volume ratio. See Tables 6, 15 and 16 for the
levels of the process variables
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Steady-state yields of sodium dithionite on sulfur
dioxide in the aqueous feed versus Na/SO, ratios
entering the CFSTR at different values o% inter-
facial-area/aqueous-volume ratio. See Tables 6,
15 and 16 for the levels of the process variables
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Figure 46 Steady-state yields of sodium dithionite on sodium
in the amalgam entering the CFSTR versus Na/SOjp
ratios entering the CFSTR at different values
of interfacial-area/aqueous-volume ratio. See
Tables 6, 15 and 16 for the levels of the process
variables



80

20

Figure 47

-161

[A7V)rq
e - .0784 cmZ/cm3
o — .0247 ”
Neo A — .0095 »

-2 3 . ‘4 ‘5
Na/SO»

Steady-state yields of sodium dithionite on
sodium consumed in the CFSTR versus Na/S0Oj

ratios entering the CFSTR at different values

of interfacial-area/aquecus-volume ratio. See
Tables 6, 15 and 16 for the levels of the process
variables '
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6, 15 and 16 for the levels of the process
variables
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_(A/V)Aq

Figure 49 Steady-state values of sodium dithionite concen-
tration and yield of sodium dithionite on sulfur
dioxide in the aqueous feed versus interfacial-
area/aqueous-volume ratios at different Na/S0O5
ratios entering the CFSTR. See Tables 6, 15 and
16 for the levels of the process variables
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was found difficult to position it exactly horizontal. 1In
other words, the interfacial-area/aqueous-volume ratio
reported may have been less than the actual interfacial-area/
aqueous-volume ratio. This problem could be avoided by
using separate reactors with different interfacial-area/
‘aqueous—volume ratios. However, this was not done in the

present investigation.

6. Temperature of the aqueous phase

The experimental sets: 106-118 (expts. 106, 109, 112,
115 and 118), 65-77 and 110-113 (expté. 110 and 113) were
performed to investigate the effect of variation in the
temperature of the agqueous phase on the steady-state yields
of sodium dithionite based on the sulfur dioxide entering

the reactor (Y and on the sodium consumed in the

)
SO,

reactor (CONNA).

The steady-state temperature of the agueous phase in
the reactor, for the sets: 106-118, 65-77 and 110-113,
was 13°C, 17°C and 27°C respectively. Lower temperatures could
not be obtained due to the exothermic nature of the reactions.
The levels of the process variables, under the steady-state
coﬁditions are presented in Tables 17, 6 and 18.

The steady-state Y and CONNA values are plotted

SO
2
against the Na/SO2 ratios entering the reactor at the three

temperatures of the aqueous phase. These curves are shown



TABLE 17

LEVELS OF THE PROCESS VARIABLES IN SET: 106-118

Range of the
Changed Variable VALUES OF THE FIXED VARIABLES
CHGF STSO2 (RPM)Aq FLSO2 FLHG (A/V)Aq TEMP pH
.0372 - ,0951 .653 673 .096 47 .5 .0784 13 5.55 - 6.0
~.660
TABLE 18
LEVELS OF THE PROCESS VARIABLES IN SET: 110-113
Range of the
Changed Variable VALUES OF THE FIXED VARIABLES
CHGF STSO, (RPM)Aq FLSO» FLHG (A/V)Aq TEMP pH
.0372 - ,0646 .653 673 .096 47 .5 .0784 27 5.7 - 5.9
-.654 '

S9T
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Figure 50 Steady-state yields of sodium dithionite on sulfur
dioxide in the aqueous feed versus Na/SO, ratios
entering the CFSTR at different steady-state
temperatures of the aqueous phase. See Tables
6, 17 and 18 for the levels of the process variables
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Figure 51 Steady-state yields of sodium dithionite on
sodium consumed in the CFSTR versus Na/SOj
ratios entering the CFSTR at different steady-
state temperatures of the aqueous phase. See
Tables 6, 17 and 18 for the levels of the
process variables
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in Figures 50 and 51 respectively. No curves are drawn for
the set: 110-113 because there are only two exéerimental
.runs in this set.

Figure 50 shows that for different experimental sets
(carried out at different temperatures), the maximum in the

steady-state Y versus Na/SO2 curves is obtained at a

SO

_ 2

Na/SO2 ratio of 0.29. This figure also shows that there may

be an optimum temperature at every Na/SO2 ratio entering

the reactor, above which the steady-state YSO would decrease.
2

7. pH of the aqueous phase

For all experimental runs discussed in the previous
sections, the steady-state pH of the agqueous phase was in
the recommended range (Section II.B.) of 5 to 6. To investi-
gate the effect of a variation in the pH, some exploratory
experimental runs (expts. 1 to 1ll) were performed where the
pH of the aqueous phase was in the range 0.8 to 2.0. Various
combinations of the other process variables were used in
these experimental runs. 1In all these cases, the yields of
sodium dithionite on sulfur dioxide entering the reactor

were very small,
8. Flow rate of fresh amalgam, i.e. residence time in the
amalgam phase

This process variable was not investigated

systematically for the reasons outlined in the Section V.B.



169

However, a few experimental runs (expts. 5 to 1ll) were
performed which gave interesting results.
~When the flow rate of the fresh amalgam was increased

such that the Na/SO, ratio entering the reactor was very

2
high (greater than 1), a white precipitate of sulfur was
obtained. It was noted that for none of the experiments

was the pH of the aqueous phase less than 0.8.
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CHAPTER VI

DISCUSSION

A. Model for the Reacting System in the Proposed Process

1. Development of the model

It was mentioned in Chapter III that Ketelaar (44)
and Gerritsen (30) proposed models for the reacting system
sodium-mercury amalgam and agueous sulfur dioxide. According
to Ketelaar's model, the overall rate of sodium dithionite
formation is controlled by ‘the rate of sodium mass-transfer
to the amalgam-aqueous solution interface. Gerritsen's model
does not take into consideration the heterogeneous decomposition
of the dithionite formed at the interface and assumes a very
simplified expression for the rate of the homogeneous de-
composition of dithionite (i.e. rate is a function of the
concentration of sodium dithionite in the bulk). Both these
models were found inadequate to describe the results presented
(Chapter V).
| A model for the reacting system at a steady-state pH
of 5 to 6 is developed on the basis of the experimental
results obtained in this work and the information available
in the literature. 1In the formulation of this model it was

found necessary to consider the mass-transfer of different
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reacting species in the amalgam and aqueous phases along

with the following chemical reactions:

The sodium dithionite formation reaction

2 Na + 2 HSO; > 2 Nat + §,05 + 2 OH~ . . . . (16)

- The water reaction

2 Na+ 2H,0 - 2 NaOH + H .(17)

2 2 ] . .

- The heterogeneous decomposition of sodium dithionite

Na Na Na

> szo§ > sz > s- ... . (19)

5,04

- The homogeneous decomposition of sodium dithionite

o} > 2 NaHSO., + Na,S.0 . (11)

2 Na28204 + H 2 2 3 L L] L] .

2 3

Na,S 04 + 2 NaHSO + Na

253 + H,0

3 2

e o . . (12)

The oxidation of sodium dithionite was eliminated by provid-
ing an inert atmosphere of N, in the reactor system.

The experimental results indicate that the production
of sodium dithionite in the amalgam process depends primarily
upon the Na/SO2 ratio entering the reactor which is related
to the Na/SO2 ratio in the reacting system. The former was
controlled in the present investigation and will be called

'Na/SO2 ratio' henceforth.
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In all CFSTR experimental sets, where the concen-
tration of sulfur dioxide in the feed solution was about
0.65 molar, the steady-state concentration of sodium
dithionite (CS o ), yield of sodium dithionite on sulfur

274

dioxide entering the reactor (Y ) and conversion of sodium

SO

to different products in the reacior (XNa) show a maximum at
a Na/SO2 ratio of about 0.29. However, this ratio changes
when the concentration of sulfur dioxide in the feed solution
changes as shown in Figures 22,v25 and 28. The shift in
maximé is.probably due to the fact ﬁhat these gquantities

are plotted against the Na/SO2 ratios entering the reactor
and not against the Na/SO2 ratios in the bulk of the two
phases. In any event, Figure 24 shows that if the mblarity
of sulfur dioxide in the aqueous feed solution is known,

the concentration of sodium in the amalgam entering the
reactor (therefore the Na/SO2 ratio entering the reactor)

at which maximum steady-state CS 0.7 Y and X are obtained,

2% SO2 Na
can be estimated. Further, the Na/SO2 ratio of about 0.29
is not a magic number and it will change, for instance,
if the level of turbulence in the amalgam phase is changed.

At values of the Na/SO2 ratio below the steady-state

CS 0 maximum, for all experimental sets, the consumption
274

rate of sodium to produce sodium dithionite and other products
is directly proportional to the Na/SO2 ratio or to the

concentration of sodium in fresh amalgam. For a typical set
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this is shown in Figures 1l and 12 respectively. This

result implies that the overall rate of S,0, formation is

274
limited by sodium mass-transfer rate to the interface in the
range ,of Na/SO, ratios under consideration.

- At values of the Na/SO2 ratio above the steady-state
sodium dithionite concentration maximum, for all experimental
sets, the rate of sodium consumption is no longer a linear
function of the Na/SO2 ratio (Figure l1ll) or concentration
of sodium in amalgam (Figure 12). This observation indicates
that the.mass—transfer of sodium to the interface is no
longer the limiting step in the dithioﬁite formation process
in this Na/SO2 ratio range.

The conclusions reached ébove are supported by evidence

presented below Which, in some cases, also indicates that at

values of Na/SO2 ratio above the steady-state C maximum,

5204

the mass-transfer rate of bisulfite ions in the aqueous phase

controls the rate of dithionite formation.

(a) Figure 34 shows that the steady-state conversion
of sodium to different products in the reactor (XNa) above
a Na/SO2 ratio of 0.29 is increased significantly by in-
creased stirring in the aqueous phase while at Na/SO2 ratios
below 0.29 the change is insignificant. Figure 30 shows
that the rate of dithionite production above a Na/SO2 ratio
of 0.29 increased to a greater extent by increased agitation

in the aqueous phase than at values of the Na/SO2 ratio
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below 0.29. These results would be expected if the sodium
mass—-transfer rate controlled the dithionite formation at
valuesg of Na/SO2 ratio below 0.29 and if mass-transfer rate
ofibisulfite ions controlled at Na/SO2 ratios greater than

0.29.

(b) Figures 14 to 17 show that at values of Na/SO2 ratio

above the steady-state C maxima, the unsteady-state

5204

concentration profiles of sodium dithionite in the product
stream and sodium in the outlet-amalgam (spent amalgam) show
maxima and minima respectively. However such maxima and

minima are not observed at Na/SO., ratios below the steady-

2

state C maxima.
S04

It was discussed in Section II.F. that when sulfur
dioxide gas is dissolved in water, depending on the pH of
the solution, it can exist in the form of molecular sulfur
dioxide, bisulfite ions or sulfite ions. Assuming unit
activity coefficients for the different ionic and molecular
species tha£ exist when sulfur dioxide gas is dissolved
in water, it was shown that most of the sulfur dioxide is
available as bisulfite ions at a pH of about 4.5. Above
this pH the concentration of sulfite ions increéses and the
concentration of bisulfite ions decreases. Sulfite ions,
as mentioned in the previous sections, can not be reduced

by sodium dissolved in mercury to give dithionite.
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When an experimental run starts, the rate of sodium
dithionite formation increases, thus increasing the con-
centration of dithionite in the product stream. Starting
with the aqueous feed solution at pH = 3'to 3.5 and the
system at unsteady-state the pH of the aqueous phase in the
CFSTR increases and then attains a steady-state value in
the range 5 to 6. At Na/SO2 ratios above the steady-state

CS o maximum, as the pH of the agqueous phase increases
274

above 4.5, the bulk cqncentration of the bisulfite ions in
the reactor decreases. This decreases the rate of sodium
dithionite formation, thus lowering the concentration of
sodium dithionite in the product stream. As the same bulk
concentration of the bisulfite ions is not available for
dithionite formation, the concentration of sodium in the
spent amalgam increases and then attains a steady-state
value. These maxima and minima are not seen at Na/SO2

ratios below the steady-state Cs o maxima because the rate
274

of the sodium dithionite formation is controlled by the

rate of mass-transfer of sodium from the bulk of the amalgam

to the interface and at all times there are sufficient

bisulfite ions present at the interface for the reaction.
Further confirmation of the explanation given above

is obtained from Figures 18 and 19. These figures show that

for the experimental run 65 a maximum and a minimum are

observed in the curves obtained by plotting the concentration
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of sodium dithionite in the product stream against time and
the concentration of sodium in spent amalgam against time
respectively. This experiment was done at a Na/SO2 ratio
above 0.29 and the pH of the aqgueous phése increased from
3.53 to 6.0. On the other hand the unsteady—state concen-
tration profiles for the experimental runs 71 and 77 do not
show any maxima or minima. These experiments were also done
at values of Na/SO2 ratio above 0.29, but the pH of the

aqueous phase was fixed at about 5.9 under the unsteady-

state and steady-state conditions.

(c) Figure 22 shows that throughout the range of Na/SO2
ratios investigated, when the concentration of sulfur
dioxide in the feed solution increases at a fixed Na/SO2
ratio, the rate of sodium dithionite.formation increases.
Figure 28 shows that in the range of relatively low Na/SO2
ratios, when the concentration of sulfur dioxide is increased
at a fixed Na/SO2 ratio, the steady-state conversion of
sodium to different products in the reactor (XNa) does not
change significantly. However, in the range of high Na/SO2

ratios, the steady-state X increases with molarity of

Na
sulfur dioxide at a fixed Na/SO2 ratio. This indicates
that at low Na/SO2 ratios although the chemical reaction
rates of the sodium consuming reactions may increase, the
rate of sodium consumption is still limited by the rate

of mass-transfer of sodium to the interface. This is not

true at high Na/SO2 ratios.
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(d) Figure 41 shows that the steady-state. conversion
of sodium to different products in the reactor (XNa) above
a Na/SO2 ratio of 0.29 is not changed sigﬂificantly by
increasing the flow rate of the aqueous feed solution
(shortening the residence time in the aqueous phase).
Similar behaviour is expected at Na/SO2 ratios below 0.29
if the rate of sodium mass-transfer to the interface limits
the rate of sodium consumption. However, Figure 41 shows

that the steady-state X a increases with increase in the

N
flow rate of the aqueous solution in this range of Na/SO2
ratios. This observation is consistent with the above-
mentioned conclusions as éxplained below.

During the experiments outlined in Section V.E.4.,
it was observed that an increase in the flow rate of the
aqueous solution increases the level of turbulence in the
amalgam phase. At low Na/SO2 ratios, where the rate of
sodium consumption is limited by the rate of mass-transfer
of sodium from the bulk of the amalgam phase to the
interface, increased turbulence in the amalgam phase would
increase the rate of mass-transfer of sodium. At a fixed

Na/SOé-ratio (for values of Na/SO., ratio below 0.29), this

2

increased sodium mass-transfer increases the steady-state
XNa value. At values of Na/SO2 ratios above 0.29, the
steady—-state conversion of sodium to different products

in the reactor (XNa) does not increase because the rate of
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sodium consumption is not controlled by the rate of mass-
transfer of sodium to the interface.

.The nature of the response curves obtained during the
stﬁdy and.shown in Chapter V is not only affected by the
sodium mass-transfer and bisulfite mass-transfer but is
also strongly influenced by the chemical reactions taking
place. ©Some of these reactions are listed at the start of
this chapter (equations 16, 17, 15, 11 and 12). The relative
importance of these reactions at different Na/SO2 ratios

is discussed below.

(i) Na/SOz ratios below the steady-state Cq 0 maximumn
: 274

Figures 12 and 13 show that at very low concentrations
of sodium in mercury (or the Na/SO2 ratios) no sodium is
consumed. However, as the Na/SO2 ratio entering the reactor
is increased, the rate of sodium consumption ihcreases
linearly. This is understandable because for all reactions
of sodium-mercury amalgam with aqueous solutions, the
oxidation potential of sodium at the mercury/water interface
determines whether the reaction will take place. At very
small concentrations of sodium in mercury, the oxidation
potential of sodium is not sufficient to initiate a reaction.
As the Na/SO2 ratio is increased, the concentration of
sodium in amalgam required to initiate different sodium-

consuming reactions is reached.
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It was concluded above that, in the region under con-
sideration, the rate of sodium consumption is limited by
the sodium mass-transfer rate to the interface. If it is
assumed that only the sodium dithionite formation reaction
takes place in this region then all of the sodium consumed
by the agueous phase would be used to give sodium dithionite.
Under those conditions, the rate of sodium dithionite for-
mation would increase proportionately with an increase in
the rate of sodium consumption (therefore, with an increase
in the Na/SO2 ratio). If the above assumption were true
and the values of steady-state yield of sodium dithionite
on sodium consumed in the reactor (CONNA) were plotted
against the Na/SO2 ratios, a straight line with zero slope
(CONNA = 100) would be expected.

However, this is not the case as shown in Figure 9.
This figure shows the steady-state yield of sodium dithionite
on sodium consumed (CONNA) for a typical set of experimental
runs. It is proposed that the steady-state CONNA is less
than 100 per cent due tp the homogeneous decomposition of
the dithionite in the bulk of the aqueous phase and the
heterogeneous decomposition of the dithionite, produced at
vthe interface, by the sodium transferred there. The rate
of sodium consumption by the water reaction, under steady-
state conditions, is expected to be negligible in the range

of Na/SO2 ratios below the steady-state C maximum. The

S,0

274



180

information available in the literature (Section II.G.2.)
shows that the water reaction takes place at the interface
but its rate, in the pH range 4 to 10, is not limited by
the mass-transfer rate of sodium to the interface; this
réte is controlled by the rate of chemical reaction at

the interface.

On the basis of the batch experiments and the infor-
mation available in the literature (Section II.G.3.a.)
homogeneous decomposition of sodium dithionite takes place
as given by equations (11) and (l12). The empirical expression
for the rate of this decomposition has been‘outlined by

Spencer (102).

1 1 0 4. X

romo = Ko [8,0,1 [HSOZ] [s03] [H] [szo§]y e .. . (13)
Frém the experimental results it is concluded that,

in the range of Na/SO2 ratios under consideration, essentially

all of the sodium transferred to the interface is consumed

by the sodium dithionite formation reaction and the hefero-

geneous decomposition of dithionite. The results discussed

below (o and B8) imply that although the rate of sodium

consumption by these two reactions is limited by the sodium

mass-transfer rate to the interface, the product distribution

depends on their relative reaction rates.
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(o) Figures 25 and 27 show that in the region under considera-
‘tion, when the concentration_of sulfur dioxide in the aqueous
feed solution is increaséd at a fixed Na/SO2 ratio, the
steady-state yields of sodium dithionite on sulfur dioxide
(Ysoz) and on sodium consumed in the reactor (CONNA) increase,
but the steady-state conversion of sodium in the reactor

(XNa) does not change significantly as shown in Figure 29.
These results indicate that at a fixed Na/SO2 ratio, an
increase in the concentration of sulfur dioxide in the aqueous
feed causes a greater increase in the rate of the sodium
dithionite formation reaction than in the rate of the hetero-

geneous decomposition of the dithionite.

(B) Figures 31 and 33 show that below a Na/SO, of about 0.29,

the steady-state Y and CONNA increase at a fixed Na/SO2

SO

ratio with an increaie in the level of agitation in the

aqueous phase. However, the increase in the steady-state

XNa at that Na/SO2 ratio is negligible as shown in Figure 35.
These results indicate that in the region under consideration,
an increase in the level of agitation in the aqueous phase

at a fixed Na/SO2 ratio increases the rate of sodium dithionite

formation more than the rate of the heterogeneous decomposition

of the dithionite.

(y) For a typical experimental set the rate of the sodium
dithionite formation reaction increases with increasing

Na/SO2 ratios because in the region under consideration
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the rate depends on the sodium mass-transfer rate to the
interface. The rate of the homogeneous decomposition of
dithionite also increases because the concentrations of the
Szoz ions and the szoz ions increase. However, it is doubt-
ful that the homogeneous decomposition of the dithionite

alone would cause such a decrease in the steady-state CONNA

with increasing Na/SO2 ratio as shown in Figure 9.

(ii) Na/SO2 ratios above the steady-state Cs o " maximum
274

It was concluded earlier that in this region, the
rate of sodium consumption is not limited by the sodium
mass~transfer rate to the interface. Further, it was con-
cluded that the rate of the sodium dithionite formation
reaction is limited by bisulfite mass-~transfer to the inter-
face. In other words, for an experimental set where the
concentration of sulfur dioxide in the aqueous feed is fixed,
the rate of the sodium dithionite formation reaction in-

creases to a maximum value with increasing Na/SO, ratios.

2
An equation for the rate of homogeneous decomposition

of the dithionite was éiven by Spencer (equation 13). This
rate probably increases as the Na/SO2 ratio is increased above
the value corresponding to a maximum steady-state concen-
tration of sodium dithionite in the product stream. The
increase in the rate would be due to increase in the con-
centration of SZO§ ions which are a product of the homogeneous

and heterogeneous decomposition reactions. As the Na/SO2
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ratio is further increased the rate of homogeneous decom-
position is expected to attain its maximum valﬁe because the
concentration of dithionite in the bulk of the aqueous
phase decreases. This is indicated by the gradual levelling

off of the steady-state C versus Na/SO2 curves at high

S50
values of the Na/SO2 ratiozfgr all of the experimental sets.
The occurrence of the heterogeneous decomposition of
the dithionite, at least at very high values of'the Na/SO2
ratio, is indicated by the results presented in Sections
V.A.3. and V.E.8. (in conjunction with Section V.A.2.).
For none of the experimental runs outlined in Section V.E.8.
was the pH of the agqueous phase less than 0.8, so the
sulfur could not have formed due to the auto-decomposition
of sodium dithionite (see Section V.A.2.). Most probably,
the'sulfur was formed by the oxidation of the sulfide ions
by the sulfur dioxide present in the aqueous phase. These
sulfide ions were formed by the heterogeneous decomposition
of sodium dithionite at the interface (equatibn 3). In
view of the occurrence of this reaction at Na/SO2 ratios

below the steady-state C maximum and at very high Na/SO2

5,04

ratios, it is logical to assume its presence in the
intermediate range of Na/SO2 ratios. The experimental
results tend to support this. For a typical experimental

set, Figure 9 shows that the steady—sﬁate C decreases

3204

sharply when the Na/SO2 ratio is increased above 0.29 and

then tends to level off. It is unlikely that the sharp fall
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in the steady-state concentration of sodium dithionite in

the product stream (C ) is caused by the homogeneous

5704

decomposition of the dithionite alone. These results also
imply that the rate of heterogeneous decomposition of the
dithionite, immediately above Na/SO2 ratio of about 0.29,
increases with an increase in the Na/SO2 ratio. This can
happen if the rate of this reaction is limited by the rate
of chemical reaction at the interface. However, at very

high Na/SO2 ratios the steady-state C versus Na/SO

8204 2

ratio curve tends to level off implying that the rate of the
heterogeneous decomposition also attains its maximum value.
This suggests that the rate of this reaction at very high
Na/SO2 ratios is controlled by the removal rate of the
szoz ions from the interface.

The following discussion indicates that at values of

Na/SO2 ratios above the steady-state C maximum, the

5204

interfacial concentration of sodium in mercury required to

initiate the water reaction is reached.

(a) Figure 9 shows that the steady-state yield of sodium
dithionite on sodium consumed in the reactor (CONNA) falls_
very sharply at Na/SO2 ratios above 0.29; the fall is
gradual at very high Na/SO2 ratios. The sharp fall in the
steady-state CONNA is observed because the rate of the
sodium dithionite formation reaction does not change with

an increase in the Na/SO2 ratio but the rate of the water
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reaction and the rates of theheterogeneous and homogeneous
decomposition of the dithionite increase. Thus, an increas-
iﬁg proportion of the sodium transferred to the interface
is used up by the water reaction and the heterogeneous
decomposition of the dithionite. The decrease in the éteady-
state CONNA is more gradual at very high Na/SO2 ratios
because the rates of the heterogeneous and homogeneous
0]

decomposition reactions depend upon S concentration and

|

2

hence do not increase indefinitely.

(B) The curve obtained by plotting the rate of sodium con-
sumption against the concentration of sodium in the fresh
amalgam (CHGF) for an experimental set shows that at very
high values of CHGF (or Na/SO2 ratio) the rate of sodium
consumption increases gradually with an increase in CHGF.
The general nature of this curve, in the region under
consideration, is similar to that expected for the water
 reaction as outlined by Dunning and Kilpatrick (20)

[Section II.G.2.].

2. The model

At fixed levels of all the other process variables,
when the concentration of sodium in the amalgam entering
the reactor increases (the Na/SO2 ratio increases at a fixed
conc..of SO2 in the feed), the steady-state concentration

of sodium dithionite in the reactor passes through a
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maximum. The processes occurring in the reactor, at a
steady-state pH of 5 to 6 and in the inert atmosphere of

N,, may be described as follows:

(a) Na/SO2 ratios below the steady-state CS o maximum
274

At very small concentrations of sodium in mercury
(or low Na/SO2 ratios), the oxidation potential of sodium
is not sufficient to initiate any reaction. As the Na/SO2
ratio entering the reactor is increased, the threshold
concentration of sodium in mercury required to initiate
the sodium dithionite formation reaction is reached. Once
the dithionite ions start formihg at the interface, their
heterogeneous and homogeneéus decomposition also start.

In the region under consideration the sodium dithion-
ite formation reaction and the heterogeneous decomposition
of the dithionite are the important sodium consuming reactions.
The rate of sodium consumption by these reactions is limited
by the sodium mass-transfer rate to the interface, however,
the product distribution depends on their relative reaction
rates.

As the Na/SO2 ratio increases towards the value
corresponding to maximum steady-state sodium dithionite

concentration (C the rate of mass-transfer of sodium

),
5204
to the interface increases which in turn increases the rates

of the sodium dithionite formation reaction and the hetero-
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geneous decomposition of the dithionite. The rate of homo-
geneous decomposition of dithionite also increases [see
equation 13 by Spencer (102)]. However, the increase in
thé rate of sodium dithionite formation is greater than the

increase in the rate of its decomposition.

(b) Na/SOz'ratios above the steady-state C maximum

8204

When the Na/SO2 ratio is increased above the value

corresponding to the steady-state C maximum, +the con-

5,94

centratibn of sodium in the amalgam interface increases and
the threshold concentration of sodium in the mercury required
to initiate the water reaction is reached. Therefore, the
sodium transferred to the interface is consumed by the sodium
~dithionite formation reaction; theheterogeneous<iecohposition
of the dithionite and the water reaction. However, in the
region under consideration the rate of sodium consumption
by these reactions is not limited by the sodium mass-transfer
rate to the interface.

The rate of the sodium dithionite formation reaction
is limited by the rate of mass-transfer of bisulfite ions
to the interface. This rate does not change with increasing
Na/SO2 ratio.

The rate of the heterogeneous decomposition of sodium
dithionite is controlled by the rate of chemical reaction
at the interface and this rate increases with increaéing

Na/sO, ratio. At very high values of Na/SO2 ratio the rate
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of this reaction becomes controlled by the removal rate of
the szoz ions from the interface and ténds to attain its
maximum value.

The rate of sodium consumption by the water reaction
is controlled by the rate of chemical reaction at the
interface. This rate can be given by the empirical
expression (equation 10) derived by Dunning and Kilpatrick

(20) . The rate increases with increasing Na/SO, ratio.

2
The rate of homogeneous decomposition of the dithionite
may be given by Spencer's (102) expression shown in equation
13. This rate increases with increasing Na/SO2 ratio.
Howevér, at very high values of the Na/SO2 ratio the rate

of homogeneous decomposition tends to attain a maximum

value.

B. Conditions for Improving The Yields of Sodium Dithionite

In The Proposed Process

It was mentioned in Chapter I that for the proposed
process the steady-state yields of sodium dithionite on
soz) and on sodium

consumed in a single pass (CONNA) must be economical. The

sulfur dioxide entering the reactor (Y

experimental results show that the conditions for the

highest yield on sulfur dioxide are different from the
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conditions for the highest yield on sodium consumed. There-
fore, the relative costs of the feacting chemicals must be
considered.

Figure 10 shows the variation of.steady—state CONNA
and YSOZ as a function of the concentration of sodium in
fresh amalgam for a typical set of experimental runs where
all the other process variables were kept fixed. This
figure demonstrates that, for such an experimental set,

the highest steady-state CONNA is obtained at a concentration

is
2

of sodium in the amalgam where the steady-state YSO
relatively small.

Figures 25 and 27 show that at a fixed Na/SO2 ratio
entering the reactor, the steady-state yields on sulfur
dioxide in the feed and on sodium consumed in a single
pass increase with an increase in the concentration of sulfur
dioxide in the feed. At a fixed Na/SO2 ratio, there may,
however, be an optimum concentra£ion of sulfur dioxide in
the aqueous feed solution above which the steady-state YSO2
would decrease. There may be such an optimum concentration
of sulfur dioxide for the steady-state CONNA also. These
concentrations could not be determined in the present in-
vestigation because an aqueous sulfur dioxide solution
whose concentration is substantially greater than 1.30
molar would require pressurization of the reactor system.

Figure 24 shows that when the concentration of sulfur

dioxide in the aqueous feed is increased, the concentration
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of sodium in the fresh amalgam at which maximum_steady—state
Ys02 is obtained in a set of experimental runs (critical
CHGF) also increases. The éritical concentration of sodium
in fresh amalgam for the experimental set performed at 1.30
molar sulfur dioxide in the feed was about 0.1439 per cent.
The results show that the steady-state YSoz and CONNA under
these conditions are higher than the steady-state values of
these quantities, under critical conditions, at 0.65 molar
ar0.4 molar sulfur dioxide. The critical CHGF would increase
with a further increase in the molarity of sulfur dioxide

in the aqueous feed and the steady-state Y and CONNA may

SO

also increase. These concentrations of sodiim in fresh
amalgam are well outside the limits recommended for the
sodium amalgam: SO0, - NaHSO3/NaZSO3 buffer process (Section
II.B.) by previous investigators. This is understandable,
because the previous workers were primarily interested in
the yield of sodium dithionite on sodium consumed.

' Figures 31 and 33 show that an increase in the level
of agitation in the aqueous phase increases the desired
yields. The increase in the steady-state YSO2 was found to
be greater at values of Na/SO2 ratio above the steady-state
YSO2 maximum. For the reasons given in Section V.E.3.
the effect of agitation in the aqueous phase could not be

investigated exclusively at propeller speeds above 700

rpm.
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Figures 38 and 40 show the variation in the values

of steady-state YSO and CONNA as a function of the flow
2

rates of the agqueous solution. The recommendation by pre-
vious investigators that the residence time of the aqueous
solution in the reactor should be as short as possible
(Section II.B) does not seem to be correct. The model
based on the experimental results suggests that there would
be an optimum residence time in the aqueous phase at different
Na/SO2 ratios below which the steady-state YSO2 and CONNA
may decrease.

Figures 45 and 47 show that at a fixed Na/SO2 ratio
entering the reactor, the steady-state yields of sodium
Soz) and on

sodium consumed in the reactor (CONNA) increase with an

dithionite on sulfur dioxide in the feed (Y

increase in the interfacial-area/aqueous-volume ratio.

Figure 49 shows that at different Na/SO2 ratios investigated
this relationship is nonlinear. The decrease in the steady-
state CONNA values with a decfease in the interfacial-area/
aqueous-volume ratio, at a fixed Na/SO2 ratio was unexpected.
This was probably caused by the manner in which the experi-
ments were conducted. The discs which were introduced to
decrease the interfacial—areé/aqueous—volume ratio were of

a finite thickness. When they were introduced, the level

of turbulence in the aqueous phase at the interface, where

the sodium consuming reactions take place, decreased. That
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probably decreased the rate of sodium dithionite formation/
rate of the heterogeneous decomposition ratio.

Figures 50 and 51 shows that at certain Na/SO2
ratios entering the reactor an increase in temperature
increases the steady—stape YSO2 and CONNA. The experimental
results suggest that there may be optimum temperatures at
every Na/SO2 ratio above which the steady-state YSO2 and
CONNA will decrease.

For most of the experimental runs done in this in-
vestigation, the steady-state pH of the agqueous phase was
in the range 5 to 6. This range has been recommended by
previous investigators (Section II.B). Few experimental
runs that were done at very low pH values (0.8 to 2.0) gave
very poor yeilds. When the pH is lowered, the rates of
the homogeneous decomposition of the dithionite and the
water reaction increase. The rate of the sodium dithionite
formation reaction is also expected to increase with limited
. PH decrease because the effective diffusivity of sulfur
dioxide solutions in the aqueous phase would increase as
would the concentration of bisulfite ions.

The model for the reacting system based on the
experimental results suggests that at values of the Na/SO2
ratio where the rate of sodium consumption is limited by
the sodium mass-transfer rate, the steady-state YSO2 and
CONNA would increase_with an increase in the agitation

in the amalgam phase. This information may be of a special



193

interest from the point of view of selecting the operating
conditions for the proposed process. It was mentioned
earlier that at relatively low Na/SO2 ratios, in the region
under consideration, the steady-state CONNA is high but
the steady-state YSOZ is low. Considering the fact that
both of these yields affect the cost of the product, it may
be advantageous to increase the level of agitation in the
amalgam phase at relatively low Na/SO2 ratios.

At fixed levels of all the other process variables
if the flow rate of the amalgam is increased, the effect

on the yields would be the same as if the Na/SO2 ratio and

the agitation in the amalgam phase had been increased.
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C. Economic Feasibility of the Proposed Process

Experimental run 44 was chosen for costing. For

this run, under the steady-state conditions, the concentra-

tion of sodium dithionite in the product stream,

C

5,0
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the yield of

entering the

Y
SO2

the yield of
the reactor,

CONNA
. the yield of

with the fres

YNa =

the conversio

= 2.3 gms Na25204/100 ml

sodium dithionite on

reactor,

= 20.4%
sodium dithionite on
= 67%

sodium dithionite on

h amalgam

n of sodiqm from the

products in the reactor,

xNa =

95.1 &

the total sulfur dioxide

the sodium consumed in

sodium entering the reactor

amalgam to different

The levels of the process variables are presented in

the Table 19.



- LEVELS OF THE PROCESS VARIABLES FOR THE RUN 44

TABLE 19

CHGF StSO2 (RPM) Ag FLSO2 FLHG (a/V) Agq TEMP pH
(%) moles (rpm) lit) ml cm (oc)
lit min min| cm®
.1439 '1.297 673 .096 47.5 .0784 17 5.75

S6T



196
BASIS: 100 1lb moles of total sulfur dioxide in the aqueous
feed.

The overall sodium dithionite formation is:

2 Na + 2 502 -> Na28204

For every 100 lb moles of the total sulfur dioxide in the
feed, 20.4 1lb moles are converted to give sodium dithionite.
By stoichiometry, 20.4 1lb moles of the sulfur dioxide give
=1/2 x 20.4 = 10.2 lb moles of Na28204.
1b moles of Na28204 contains = 2 x 10.2 = 20.4 1lb atoms

Further 10.2

of sodium. The yield of sodium dithionite on sodium consumed

= 67 per cent.

«'+ Total sodium consumed to give 10.2 1b moles of sodium
20.4
dithionite = —— = 30.45 1lb atoms.
0.67
It was shown in Chapter I that, the cost of sodium in the

amalgam = 5¢/1b, and the cost of 502 gas = 1.5¢/1b

«"+ The chemical cost of sodium dithionite

100 x 64 x 1.5 + 30.45 x 23 x 5

10.2 x 174

7.4¢/1b of sodium dithionite

The chemical cost of the dithionite ions produced by the

174

proposed process = 7.4 x 138

[t}

10¢/1b 5204
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A small correction could be méde for the cost of caustic
soda used to adjust the pH of thé aqueous sulfur dioxide
solution.

The actual cost of sodium dithionite produced by the
proposed process would be higher because it would.also include
the capital and operating costs. Howéver, this cost can be
reduced by increasing the yields of Na28204 on sulfur dioxide
entering the reactor and on sodium consumed in the reactor
which can be accomplished by changing the levels of certain
process variables as discussed in the last section.

By comparison, zinc dithionite produced from zinc
dust at 19¢/1lb and sulfur dioxide at 1.5¢/lb, assuming 100%
yields on both zinc and sulfur dioxide, gives dithionite at
0, ions for chemicals alone. The

274
actual cost of Zns,0, produced in pulp mills, considering

a cost of about 11l¢/1lb of S

lower yields, capital and operating costs, is approximately
16¢/1b of §,0, ions.

Thus, it seems-economically feasible for a pulp mill
to change from zinc dithionite produced in situ to sodium
dithionite produced by the proposed process without involving
extra cost. Additional advantages of the proposed process
are that it can run in conjunction with Castner-Kellner type
cells and does not discharge zinc ions to the effluent

receiving waters.
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D. Reactor for the Proposed Process

The bench-scale experiments provide information on
the.tyPé of reactor which would be suitable for the pro-
poséd process. The chosen reactor should be such that it
would be possible to have large interfacial-area/aqueous-
volume ratio, high level of agitation_in the agqueous and
amalgam phases and high concentration of sulfur dioxide in
the aqueous feed solution.

The reactor used in the present investigation (CFSTR)
has the advantages that it does not allow much entrainment
of mercury in the product stream and permits fairly good
control of the variables such as concentration of sodium in
the feed-amalgam, flow rates of the sulfur dioxide solution
and the amalgam, temperature and pH. It can be improved
by redesigning it so that it has larger interfacial-area/
agqueous-volume ratio. The level of agitation in the amalgam
phase can be increased by providing a stirrer and baffles in
that phase and the concentration of sulfur dioxide in the
aqueous feed can be increased by pressurizing the reactor

system.
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CHAPTER VII

CONCLUSIONS

It is possible to produce sodium dithionite as a rel-
atively dilute (approximately 1-2%) water solution
from sddium—mercury amalgam and sulfur dioxide in a
simple "once-through" reactor [proposed process]. This
solution could be used directly for the brightening

of groundwood pulp.

The proposed process to produce sodium dithionite can
economically compete with the manufacture of zinc

dithionite 1in situ.

The reactor chosen for the proposed process should be
such that it would be possible to have large interfacial-
area/aqueous-volume ratio, high level of agitation in ‘
the aqueous and amalgam phases and high concentration of
sulfur dioxide in the aqueous feed solution. Further,

it should permit good control of the variables such as
concentration of sodium in the feed-amalgam, the flow
rates of the sulfur dioxide solution and the amalgam,

temperature and pH.

The models suggested by Ketelaar (44) and Gerritsen

(30) are inadequate to explain the experimental results
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obﬁained in this investigation. To formulate a model
for the reacting system sodium-mercury amalgam and

aqueous sulfur dioxide, at a steady—state pH of about
5 to 6 and in the inert atmosphere of N2’ it is
necessary to consider mass-transfer of the reacting
species in the emalgam and aqueous phases along with
the chemical reactions such as the sodium dithionite

formation reaction, the homogeneous and heterogeneous

decomposition of the dithionite and the water reaction.

The production of sodium dithionite in the proposed
sodium amalgam process depends primarily upon the
Na/SO2 ratios entering the reactor. At fixed levels of
all the other process wvariables, when the concentration
of sodium in the amalgam entering the reactor increases
(the Na/SO2 ratio entering the reactor inc;eases at a
fixed eoncentration of sulfur dioxide in the aqueous
feed solution), the steady-state values of the concen-
tration of sodium dithionite in the reactor, the yield
of sodium dithionite on sulfur dioxide in the aqueous
feed and the conversion of sodium to different products
in the reactor pass through a maximum. The steedy—state
values of the yield of sodium dithionite on sodium
entering with the mercury and on sodium consumed in the

reactor decrease with increasing Na/SO2 ratio.
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At Na/SO2 ratios below the steady—-state sodium dithionite

concentration maximum, the rate of sodium consumption

is limited by the sodium mass-transfer rate to the inter-

‘face. At Na/SO2 ratios above the steady-state sodium

dithionite concentration maximum, the rate of sodium
consumption is not limited by the sodium mass-transfer

rate to the interface.

At Na/SO2 ratios below the steady-state sodium dithionite
concentration maximum, the rate of the sodium dithionite
formation reaction is controlled by the rate of sodium
mass-transfer to the interface, but at Na/SO2 ratios
above the steady-state sodium dithionite concentration
maximum, the rate of the sodium dithionite formation
reaction is controlled by the mass-transfer rate of bi-

sulfite ions to the interface.

When the steady-state pH of the aqueous phase in the
reactor is between 5 to 6, the proportion of sodium
consumed by the water reaction is small at Na/SO2 ratios
below the steady-state sodium dithionite concentration

maximum.

At Na/SO2 ratios below the steady-state sodium dithionite
concentration maximum, the rate of the heterogeneous
decomposition of the dithionite is limited by the sodium

mass—transfer rate to the interface. At Na/SO2 ratios
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above the steady-state sodium dithionite concentration
maximum, this rate is controlled by the chemical reaction
at the interface. However, at very high Na/SO2 ratios
the rate of this reaction is controlled by the removal

rate of the dithionite ions from the interface.

The auto-decomposition of the dithionite according to

the equation,

2 H,S

2 2O e 3 sO

4 + 8+ 2 H,0 ,

2 2

in the pH range 0.8 to 6 is negligibly small under the

conditions of the present investigation.
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CHAPTER VIII

RECOMMENDATIONS FOR FURTHER WORK

Thé reactor used in the present investigation (CFSTR)
should be redesigned or another type of reactor
should be chosen according to the guidelines given
in the discussion (Chapter VI). Then the proposed

process should be optimized at a pilot-scale.

Further studies should be conducted to elucidate the
processes in the reactor at lower values of pH (pH

below 4).

The mercury content of the product stream should be
determined to see if the product meets the pollution
standards. If not, then the process should be modified

along the lines suggested in Chapter 2.

If possible, the kinetics of the sodium dithionite
formation reaction and the heterogeneous decomposition

of the dithionite should be investigated separately.

The effect of variation in the concentration of
electrolytes used in the proposed process on the rate

of the water reaction should be investigated.
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A quantitative expression should be determined for
the rate of homogeneous decomposition of the
dithionite. It would be of special interest to know
how this rate is guantitatively affected by change

in the concentration of 8203 ions.

The mean activity coefficients of the ionic species
and activity coefficients of molecular species pre-

sent in the S0, - HZO system should be determined at

high concentrations of S0, gas in water (.5 to 2 molar).
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B/ 5
CHGF

CHGS

Ey/2

ECONNA

EXNa

EYNa

EY
502

CHAPTER IX

NOMENCLATURE

Explanation

Activity of the indicated species in
equations (1), (2), and (3)

Surface area of interface

Interfacial-area/aqueous-volume
ratio

Concentration of sodium in fresh
amalgam

Concentration of sodium in spent
amalgam

Concentration of sodium in
amalgam

Yield of sodium dithionite on
sodium consumed

Concentration of sodium dithionite
in the product stream

Diffusion coefficient

Standard oxidétion potential on
hydrogen scale at 25°C

Half-wave potential (reduction
potential)

The 95 per cent confidence limits
of CONNA -

The 95 per cent confidence limits
of X

Na
The 95 per cent confidence limits

of YNa

The 95 per cent confidence limits
of Y

SO2
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Typical Units

gm moles/liter
cm?

cmz/cm3

gm Na
100 gm amalgam

gm Na

100 gm amalgam

gm moles
liter

%
gm/100 ml

cm2/sec

volts

volts



Symbol

FLHG
FLSO

AH®

Na/SO2

pH

SO

Explanation

Activity coefficient of the indi-
cated species in equations (1),
(2), and (3)

Flow rate of sodium-mercury
amalgam

Flow rate of aqueous sulfur dioxide
solution

Heat of formation of sodium
dithionite at 25°C

Reaction rate constant for the
oxidation of sodium dithionite

Reaction rate constant for the
homogeneous decomposition of
sodium dithionite in equation (13)

Reaction rate constant for .the
water reaction in equation (10)

Thermodynamic ionization constant
for the first dissociation of
802'H20 in equation (2)

Thermodynamic ionization constant
for the second dissociation of
SOZ-HZO.in equation (3)

Thermodynamic equilibrium constant
for S0,°*H,0 system in equation (1)

The Na/S0O. ratio for a set of
experimen%al runs at which maximum
steady-state C is obtained

S204

Ratio of sodium to sulfur dioxide
entering the reactor

pH of the aqueous phase

Pressure of sulfur dioxide gas

206

Typical Units

ml/min

liter/min

Kcal/gm moles

(g moles)-z(sec)"l

liter

1

gm moles

lit atm

(gm ions of gt

)

-log

atm

liter



Symbol
Thomo

r . .
oxidation

(RPM)Aq

STRUB
STSO

TEMP

VDITHI

Na

Na

1210)

Explanation

Rate of homogeneous decompo-
sition of sodium dithionite

Rate of oxidation of sodium
dithionite

Speed of the marine propeller

Weight of sodium dithionite
which would discolour 5 ml of
a standard Rubine-R solution

Concentration of total sulfur
dioxide in the aqueous feed
solution

Temperature of the aqueous
phase

Volume of the aqueous phase

Volume of the product stream
required to discolour 5 ml of
a standard Rubine-R solution

Variable exponent in the rate
equation (13)

Conversion of sodium from the
amalgam to different products
in the reactor

Exponent in the rate equation
(13) '

Yield of sodium dithionite on
sodium entering the reactor

Yield of sodium dithionite on
sulfur dioxide entering the
reactor

207
Typical Units

m moles

cm” min

gm moles

- liter sec

rev/min

gms

gm moles

liter

°cC

cm

ml

o°
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13.

14.

15.

16.
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APPENDIX A

EQUIPMENT SPECIFICATION

1. pH measurement

The specifications of the instruments used for contin-

"uous pH recording were as follows:

PH electrode; Sargent-Welch S-30072-15
Thermocompensator; Sargent-Welch S-30115-03
PH meter; Sargent-Welch Model PBL S-30009
pH recorder; Sargent-Welch Model SRG

pH recorder chart; Sargent Welch S-72166

2. Digital temperature recording

All electronic instruments used for recording the
temperature of the different streams were purchased from United
Systems Corporation, Dayton, Ohio, U.S.A. Their specifications

were as follows:

_Digital clock - 661

Scanner - 635

Digital millivolt meter - 451

Multiplexer - 642

Printer system - 611/620D

BCD cable connecting digital clock to multiplexer 4378-6

BCD cable connecting scanner to multiplexer 4837-6



A-2

BCD cable connecting digital millivolt meter to printer system
4378-20

BCD cable connecting multiplexer to printer system 9054-20.
3. Calibration curves

The calibration curves mentioned in Section IV.C. are-

shown in Figures A-I to A-V,
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APPENDIX B

STATISTICAﬁ EVALUATION OF ACCURACY AND PRECISION

1. Error of a measurement process

Eisenhart,l Ku2 and Murphy3 have described the meaning
of certain terms such as "precision" and "“accuracy" which
specify the error of a measurement process.3

Strictly speaking, the actual error of a reported
value, that is, the magnitude and sign of its deviation from
the truth, is usually not ascertainable. Limits to this
error, however, can usually be inferred, with some risk of
being incorrect, from the precision of the measurement process
by which the reported value was obtained, and from reasonable
limits to the possible bias (or systematic error) of the
measurement process.

Precision of a measurement process refers to the
closeness of successive.independent measurements of a single
magnitude. The measurements are generated by repeated
applications of the process under specified conditions. The

accuracy is determined by the closeness to the true value

l. Eisenhart, C., Science, Vol. 160, p. 1201, June (1968).

2. Ku, H.H. Measurements and Data, p. 72, July-August
(1968) . 4

3. Murphy, R.B., Material Research and Standards, p. 264,
April (1961).
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of such measurements. Thus, if the bias, or systematic error,
of a measurement process is known, its accuracy can be
specified.

Precision and accuracy are inherent characteristics
of the measurement pfocess employed and not of the particular
end result obtained. It is important to note that a measure-
ment process may be extreﬁely precise and at tbe same time
not very accurate. Precision, in statistical language, is
some times called "imprecision."

‘Since imprecision and systematic error are distinctly
different components of the uncertainty of a reported value,
and are subject to different treatments and interpretation
in uéage, two numerics respectively expressing the imprecision
and bounds to the systematic error of the measurement process
should be given along with the measured quantity, whenever
both of‘these errors are factors requiring consideration.
According to Eisenhartl four distinct cases need to be

recognized, viz.,

(a) both systematic error and imprecision negligible,
in relation to the requirements of the intended
and likely use of results;

(b) systematic error not negligible, imprecision
negligible;

(c) neither systematic error nor imprecision negligible;

and



(d) systematic error negligible, imprecision not

negligible.

Eisenhart discussed and outlined the recommended
practices on the expression of uncertainties in the above-

mentioned cases.

2. Evaluation of accuracy

It has been mentioned in the last section that the
bias or systematic error of a measurement process is a
measure of its accuracy. The systematic error may be due to
uncertainty in constants, uncertainty in calibrated values
or bias in the method of computation.

The following devices may yield some information re-
garding the presence of systematic error in a measurement

process.

(a) Measurement of a quantity whose true value is known.
(b) Comparison with other measurement processes.
(c) Comparison with modifications of the given measure-

ment process.

The evaluation of systematic error of a measurement
process has been discussed in great detail by Youden.4 In
short, |
(i) Systematic error can be estimated experimentally if the

true value of the measured quantity is known.

4. Youden, W.J., Material Research and Standards, p. 268, April
(1961).



(ii) Systematic error can be estimated from experience or
by judgment.
(iii) Systematic error can be estimated by a number of
elemental systematic errors in the measurement process if
they are known.

The mode of specifying limits of systematic error

(or accuracy) has been well-described by Ku2 and Eisenhart%

3. Evaluation of precision (or imprecision)

In any investigation, it is necessary to know how well
the particular measured value is likely to agree with other
values that the same measurement process might have provided
in this instance, or might yield on remeasurement of the
same magnitude on another occasion. Such information is
provided by the estimated standard error of the reported
value, which measures (or is an index of) the characteristic
disagreement of repeated determinations of the same quantity
by the same method and, thus, serves to indicate the
precision of the reported value (more correctly, precision
of the measurement process in reporting the measured value).

In the following example the precision of a measure-
ment process (or test method) "within a laboratory" has been
considered and an expression for its statistical estimate,

standard error, has been derived.



Suppose that a given measurement were repeated 10
times. It is called set 1, and n; = 10. From this set of
10 values, the sample mean, il’ and the sample estimate of

the population variance, si, can be calculated by using

the following equations5

.« + « -(B-1)

t|

I

|
|~
o

,Nu.

n _ 2
oz (xj—x)
g2 = 3=1 . . . .(B-2)
n-1
Therefore,
10
z .
- j=1 le
xl = - 'S . .(B"3)
10 '
10
- 2
sy = ‘ e « & »(B=-4)
(10 - 1)

These quantities are estimates of the population mean, u,
and population variance 02. If a second set of 10 measure-

ments of the same quantity were made, the values of §2 and

5. Mickley, H.S.; Sherwood, T.K. and Reed, C.E., "Applied
Mathematics in Chemical Engineering," 2nd gd.,
McGraw-Hill Book Co. Inc. (New York), 1957.



S calculated from the second set of 10 wvalues, would be
expected to differ from the first set and from the population
values. If it is supposed that a large number of sets, each
of 10 measurements, were obtained, a new set comprising the
sample meaﬁs ii, §2, see, §k cogld be generated. This set
of means would exhibit some very important characteristics.
If the‘grand mean, §m’ is calculated

X,
i

M e

« . .(B-5)

»1
n

m k

(where k represents the number of sets), it will be found
that im is a better estimate of the.population mean, J, than
individual Ei‘s. Further, on the average, the deviation of
ii from §m will be less than the deviation of a single term,
xij,.from the mean of the ith set, Ei; The sample estiméte
of the variance of the set of means

'k 2 N
2 P - )
S = . . . . . (B-G
m k-1

will be smaller than the sample estimate of the population

variance, s? It is also found that the frequency distribution

l.
of the sample means, ii' about the population mean, u, is
essentially normal, even though the population frequency

distribution may be non-normal! When these findings are
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treated analytically, it is found that the sample variance of
the mean, si, may be estimated from the variance calculated

from a single set:

N

« S | no
S n L] . . o(B 7)

In equation (B-7), s2 is the sample estimate of the population
variance calculated from a single set of measurements, n is
the number of measurements in the single set, and si is the
estimated variance of the se£ of means. The square root of
the estimated variance of the set of means, si, is called
standard deviation of the mean or standard error. The
standard error is usually denoted by S *

It is desired to determine the limits within which
the true population mean, p, will fall 95 times out of 100
termed the "95 per cent confidence limits on u" (sufficient
for most engineering investigations), Student's 't' statistics

could be used for small sample sizes. For the case discussed

above

- X-H _ X-u _
tn—l,a=.05 N s, T s + .+ - . (B-8)
Yn

.« 95 per cent confidence limits on u are
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n-1,a=.05 5p * - (B9

T th-l,a=.05 Sp S HEIX*E

4. Propagation of random error

Most often an investigator comes across a situation
where the precisions (more correctly, precisions in the
measurement processes) of several directly measured quantities
are known and it is desired to estimate the precision (pre-
cision in the measurement process) of any function of these
qguantities.

To illustrate propagation of random error, it is
assumed that a quantity z is calculated from directly measured
values of several quantities P, by means of a mathematical

relation which can be represented formally by

z = f (P p P see, P.) « « « +(B=10)

1 =2

In a very general case, each measurement P is made m times
under supposedly identical conditions. The action of random
errors results in a series of values of Pl: Pll' P12' Pl3’ see,

P which form the Pl set and a‘corresponding set forming the

lml

P2 set, etc. It is then desired to estimate the best value

of z, variance of z and standard error of z (standard deviation

of mean of z).



If the errors in the P's are normally distributed

and the variances of P's are small, then the best value of =z

will be given by the following expression:s’6

z = £(P, Py, Py, ***, P,) _ .« .« .(B-11)

where P is the mean of a series of values in the set P,

If the errors in P's are independent and not too large,

the variance of 2 is given by the following expression:s-8

9z
o2 = (=2 oZ + (=% o2 4 v x (=) ol
BPl 1 8P2 2 BPi i

The partial derivative — is evaluated numerically at the

b,
i
mean value of each set: ﬁl' 52, etc. It is important to note

that validity of equation (B-12) is not dependent upon any

6. Parratt, L.G. "Probability and Experimental Errors in
Science," Chapter 3, John Wiley and Sons ,N.Y.(1961).

7. Ratkowsky, D.A. "Notes on Statistical Techniques," ChE
453/81, October 14, 1965, Dept. of Chem. Eng., U.B.C.,
Canada.

8. Bannett, C.A. and Franklin, N.L. "Statistical Analysis in
Chemistry and the Chemical Industry," John Wiley and
Sons, N.Y. (1957).
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assumption concerning a normal error frequency distribution.

Only two conditions are required. First, that no correlation

ex1st'between the APimi terms (lel-—Pl = Alel7P2m2—P2 =
APZmz' etc.), an assumption frequently termed "the assumption
of statistical independence." Secondly, the errors in the

P's must not be too large. On the other hand, the usual
methods of relating variance to probability do involve the
assumption of a normal frequency distribution.

For the mathematical expression (B-10), the standard

deviation of mean of z (standard error of z), o, » can be

written as follows:
2 2 2
o g o
2 P 3z P 3z P,
02 = (=P 2+ (—? 244 (P
m BPl ml 8P2 m2 aPi ml

e » o o (B-l3)

Knowing the standard error of z, the 95 per cent
confidence limits of the population mean of z can be estimated
by using equation (B-9). One major problem involved in the
use of equation (B-9) is that 't' statistics with known
degrees of freedom are used for estimating the confidence
limits. It may seem difficult to estimate the degrees of
freedom of z in the case in point. However, if Pl, Pz, P3,
*cey Py are independent, considering different combinations

of measurements in different sets, z will have very large
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number of degrees of freedom. Under these conditions 't
distribution would approach'the 'N' (normal) distribution.
Hence the 95 per cent confidence limits on the population

mean of z can be estimated by

N1
I
Z

= = 8 -
a—.os Zm CX—.OS zm ° ° [ ° (B 14)
where,
Z = Dbest estimate of population mean, z
s, = estimated standard deviation of the mean of z
m
N.- o5 = 1.96 [From normal probability table].

Practical application of equation (B-12) and (B-13)

for a function like (B-1l) depends upon one's ability to

gl' ogz, ces , og' from expeiimental data, or to
i

make an a priori estimate of them.

determine ¢

If it is experimentally possible to have estimates
(from random samples) of the variances (by equation (B-2)) and
P

variances of the mean (by equation(B-7)) of P se0,P

1r Par P3s i
etc., then 95 per cent confidence limits on the population
mean of 2 can be estimated by equations (B-13) and (B-14)

In the absence of an experimental random sample,
it is possible to get an a priori estimate of the variance

(or its square root, the standard deviation) from a con-

sideration of the maximum range of random error expected

\



using a particular measurement method.’ It is known from
elementary statistics that practically all (actually 99.73

per cent) of the area under the curve of the normal distribution
is contained within *3 standard-deviations of the population

mean of a variable P,. Considering *30 to be synonymous

Py

with the range of the variable Pi' then one merely needs to
know or to be able to estimate the range to obtain a reasonable
estimate of the standard deviation of the variable

P‘i.

Sometimes the value of a particular quantity obtained
from an instrument or measuring device remains very constant,
but the limiting factor to precision of reading is the smallest
scale division available on the instrument. If a temperature
meésurement made with a thermometer is considered in which
the smallest division is 1°C, then it seems reasonable to
assume that the maximum error range obtainable (due to human
reading error alone) is -about 1°C (or *.5°C). Thus an
a priori éstimate of standard deviation of temperature measure-
ment would be 0.5/3 = .167. Of course, the range may be
considerably greater than 1°C, due to large fluctuations or
instabilities in the temperature. In that case, one would
once again require experimentétion in order to obtain an
estimate of the variance. The above discussion only applies
to steady readings where the smallest scale division imposes

a limiting factor on the precision of the reading. Once again



if one considers the problem where
z=1f (P, Pyy Py *°°, Pi) ,

the standard deviation of 2z, s,, can be estimated by equation

(B-12) using a priori estimates of o vee, g

r O ' .
Pl P2 Pi

the 95 per cent confidence limits on the population mean of
7

Also,
Z can be estimated.

s « « « +(B-15)

' <z <
s, <2<z + Na=.05 2

The '95 per cent confidence limits' estimated by equation

(B-15) are broader than those calculated by equation (B-14).



APPENDIX C
SODIUM-MERCURY AMALGAM
1. Purity of the chemicals in preparing amalgam
(a) Mercury

Technical grade mercury, obtained from various sources,
was thoroughly washed and then distilled in a mercury still
available in the laboratory. It was assumed that after

distillation the mercury was 100 per cent pure.
(b) Sodium metal

Reagent grade sodium of the following assay was

purchased from Canlab Supplies Ltd. (Toronto).

Chloride (Cl1) . . . . . . 0.0015%

Nitrogen (N) e o+ o o« + o 0.003%
Phosphate (PO,) .+« « . . 0.0005%
Sulfate (SO4) e « s+ « « » 0.002%
Heavy metals (as Pb) . . . . . . 0.0005%
Iron (Fe) « + « « . . 0.001%

(c) Paraffin oil

White, heavy (Saybolt viscosity 335/350), laboratory
grade paraffin oil was purchased from Fisher Scientific Co.

(Montreal).



2. Problems encountered in preparation of amalgam
(a) Heat of solution

When sodium was dissolved in meréury, a large quantity
of heat was liberated. Therefore, small pieces of sodium
metal were slowly added to the mexrcury to promote controlled

amalgamation.
(b) Black precipitate in amalgam preparation

When sodium was dissolved in mercury (kept under a
thin layer of paraffin oil), a finely divided black precipitate
was obtained which could be easily separated from the amalgam
by mechanical means.

This finely divided black precipitate was identified
as mercury (formed by the reduction of HgO by sodium) which
did not dissolve in the bulk of the amalgam because of a coat-
ing of paraffin oil on the droplets. Due to this problem it
was difficult to make an amalgam of a known sodium-concentration

starting with known quantities of mercury and sodium.
(c) Disposal of small pieces of sodium and its oxide

The layer of oxide, on the surface of sodium metai,
was removed by scraping the surface of the metal with a knife
under a layer of paraffin oil. The most effective way to
dispose of tiny pieces of sodium and scrapings of the oxide
was to dissolve them in a solution of isd—propanol and

benzene (2:3 V/V).



3. Calculation of sodium content in an amalgam sample

(a)
(b)

(c)
(a)

(e)

(£)

(g)

Normality of the standard NaOH solution, Nyaon™ 0.1N

Normality of the standard H,80, solution, = 0.1N

N
H2$O4

Weight of the Erlenmeyer + 100 ml distilled water,

W, = 275.3 gms

Weight of the Frlenmeyer + 100 ml distilled water

+ approximately 2.5 ml amalgam sample, W, = 305.3 gms

Weight of the amalgam sample, Wamg, = WoW; = 30 gms

Volume of N sulfuric acid added to the Er lenmeyer,

H,SO

274
v" = 0,025 liter
H,50,
Volume of Nya0m sodium hydroxide used to titrate the

excess of sulfuric acid, V" = 0,020 liter.

NaOH

Sodium dissolved in mercury reacts with sulfuric

acid according to the following reaction

2 Na + HZSO4 -+ NaZSO4 + H2

By stoichiometry, the weight per cent of sodium in the amalgam

sample, NAPT, can be given by the following expression.

2300
NAPT = 2399 (yn N -y
WaMr, H,S0, H,50,

NaOH NNaOH) - - o (C-1)



For the above-mentioned example,

wapr = 2332 (0.025 x 0.1 - 0.020 x 0.1)

0.03833 gms of sodium/100 gms of the amalgam.

4, Estimation of the precision of the analytical procedure

The following steps were involved in the determination
of weight per cent of sodium in amalgam by the proposed ana-
lytical procedure.

(a) Standardization of an aqueous sodium hydroxide solution

by potassium hydrogen phthalatel’2

VNaOHllters of NNaOH

titrated with WPHP gms of potassium hydrogen phthalate dissolved

sodium hydroxide solution was

in approximately 200 ml of distilled water.

W
. PHP
. . N = . . . . (C"Z)
NaOH 204.22 VNaOH

(b) Standardization of a sulfuric acid solution by the

standardized sodium hydroxide solution

1. Swift, E.H., "A system of chemical analysis (qualitative
and semiqualitative) for the common element." Prentice-
Hall Inc., New York, (1946).

2. Vogel, A.I., "A text-book of qualitative inorganicvanalysis."
3rd Ed. John Wiley and Sons, New York, 1961.
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. .
v H,SO, liters of N sulfuric acid was titrated
2574 HZSO4
. ' . . . .
with V NaOH liters of NNaOH sodium hydroxide solution.
. N v! ,
. e NH2804 = NaOH NaOH . . . . (C=3)
v! o
H80,

(c) Sodium-mercury amalgam sample weighed

WAML gms of an amalgam sample was weighed under a

layer of distilled water using a Mettler balance.

(d) Addition of standard sulfuric acid solution to the

amalgam sample

v" liters of the N sulfuric acid was pipetted
H,SO

250, H,S0,

into the flask containing the amalgam sample.

(e) Excess sulfuric acid back-titrated with the standard

sodium hydroxide solution

Sulfuric acid solution that did not react with sodium

in the amalgam was titrated with V" H liters of N sodium

NaO NaOH

hydroxide solution.

As mentioned in Appendix C.3, the weight per cent of

sodium in the amalgam can be given by the following expression.

2300
NAPT = —— (V" N
Wamr, H)50, "H,80,

-V N ) (C-1)

"
NaOH ~"NaOH
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The measured values of the different quantities involved in
the above mentioned steps ((a) to (e)) and the range of random
erfors associated with them have been presented in Table C-I.
Standard deviations (and hence, the variances) of WAML'

L " .
sto4 and V Naom were estimated from the total range of the

random errors in these quantities by the method outlined in

v

Appendix B.4. The results are shown in the Table C-I.
Standard deviations (and hence, the variances) of the different
measured quantities in the equations (C-2) and (C-3), viz.

W , V! and V' were also estimated from the

PHP’ VNaOH NaOH H2SO4

knowledge of the total range of the random errors in these
quantities (Table C-I). The values and the estimates of

variances of Ny .., and NHZSO4 were calculated as follows:

(i) Value and variance of NNaOH

Using equation (C-2),

W :
N - PHP - 0.6127 = 0.10

NaOH .
204 .22 VNaOH 204.22 x 0.03

Using equation (B-12),

2 _ (BNNaoﬂz 2+ (aNNaOH)Z
o = W ) %y v

Nyaon PHP PHP NaOH NaOH

<N

31.229 x 10 %0



TABLE C-I

MEASURED VALUES, RANGE OF RANDOM ERRORS AND VARIANCES OF DIFFERENT QUANTITIES

Variable Explanation Measured Measured %range 02
Value To O'=-—3——
Wopp Weight of potassium hydrogen .6127 gm +,0001 gm 3.3x107° 1.09x107°
~phthalate taken to standardize
NNaOH
. . ‘) . -5 -10
VNaOH Volume of NNaOH titrated with .030 1lit +.00005 1it 1.67x10 2.79x10
poh.p. .
A Volume of N taken to
NaOH | standardize™® w .025 1it | = #0 lit 0 0
2" 4 (pipetted)
V' e | Volume of N, .., titrated .025 1it | *.00005 1it | 1.67x107° 2.79x107 10
2774 | with v 2401 £ N
wit NaOH volume o NaOH
Wan Weight of amalgam sample 30 gm £.05 gm 1.67x1072 2.79x10 4
taken for analysis
] . N .
\Y H2804 Volume of NH SO4 added to the .025 1it zpioett:d) 0 0
amalgam sampfe p
n 3
\ NaOH Volume of NNaOH used in back
titration of the acid :
Amalgam No I .0248 1it| £.00005 lit | 1.67x1073 2.79x10770
Amalgam No II .0200 1lit +,00005 1lit l.67x10_5 2.79x10_10
Amalgam No III .005 1lit +,00005 1lit 1.67x10 2,79x10
0




(ii) Value and variance of N

H 50,
By equation (C-3),
[ ] .
_ Nyaow V'NaoH _ 0.1 x 0.025 _
Ny oo = = = 0.10
259, V' eo 0.025 :
2504
Using equation (B-12),
aNH SO, 2 _ aNH SO, o 2
2 _ 2590, 2 2504 2 42,
N = Gy—) 9 * G ) "V'Naon
H,SO, NaOH NaOH NaOH
9Ny so
2% ,
+ (a . ) o"’l
v H. SO
H,S0, 250,
= 75,869 x 10 10

Knowing the variances of W , v

1)
amn’ V'H,50," MHys0,¢ ViNaon 274
N in equation (C-1), the variance of NAPT was estimated

NaOH

by equation (B-12). The 95 per cent confidence limits on
population mean éf NAPT were estimated by equation (B-15).
Sample calculations have been presented below, where the
precision of the analytical procedure in determining the con-
centration of sodium in three different amalgams was estimated.

Amalgam No. I (V" = 0.0248 liter)

NaOH
By equation (C-1),



wapT = 2332 (0.025 x 0.1 - 0.0248 x 0.1)

0.00153

Using equation (B-12),

. 2
OﬁAPT - (gSAPT)Z o% + (BNAPT )2 05" + (§NAPT )
AML AMIL av" H,SO IN
H,SO 2574 H.SO
2574 2774
O§ + (BNAPT )2 03" + (3NAPT )2 0§
n
HZSO4 oV NaOH NaOH aNNaOH NaOH
; -8
o= 5.5561 x 10
ONAPT =0,0002357

The 95 per cent confidence limits on the population mean of

NAPT (By equation (B-15))

0.00153 + 1.96 (0.0002357)

0.0015 <+ 0.0005

* * Percentage precision = *33% .
Similar calculations were made for Amalgam No. II and No. III.

Amalgam No II (V" = 0.0200 liter)

NaOH
NAPT = 0.03833
2 _ -8
o] NAPT = 5.2068 x 10
= 0.0002282

NAPT
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The 95 per cent confidence limits on the population
mean of NAPT

0.03833 £ 1.96 (0.0002282)

4+

0.0383 + 0.0005

"~ .'. Percentage precision = *1.3% .,

‘Amalgam No. III (V" = 0.005 liter)

NaOH
NAPT = 0.15333
2 o -8
o] NAPT " 5.2018 x 10
GNAPT = 0.0002281

The 95 per cent confidence limits on the population
mean of NAPT

= 0.15333 £ 1.96 (0.0002281)

= 0.1533 £ 0.0005

.'+« Percentage precision = *0,33%



APPENDIX D
AQUEQUS SOLUTION OF SULFUR DIOXIDE
1. Purity of the chemicals in preparing agueous sulfur
dioxide solution
(a) Sulfur dioxide gas

A C.I.L. sulfur dioxide tank was used as a source of

SO2 gas.
(b) Water

Freshly distilled water was used for making the

agueous solution of sulfur dioxide.
(c) sodium hydroxide

Fisher certified ACS sodium hydroxide pellets were

used for pH adjustment. Their composition was as follows:

Assay (NaOH) : o e e e e e s not less than 97%

Sodium carbonate (Na2C03) c 4 s e 4 o . 0.5%
Chloride (Cl) c e e e e e . 0.005%
Nitrogen compounds (as N) . . « « . . . 0.001%
Phosphate (PO,) e e e e e e 0.001%
Sulfate (SO4) o e e e e e e 0.003%
Ammonium hydroxide ppt e e e s e e . 0.02%

Heavy metals (as Ag) ¢« e e e e e 0.002%



Iron (Fe) - L) . . . l. . ° L) . . . 0-001%
Nickel (Ni) e s e s s s s 8 o o e e 0.001%
Potassium (K) 3 . . . . 3 . . . . Y . ) 0.02%
Copper (CU) « o &« v o« o o o o o o o 0.001%
2. Calculation of the total sulfur dioxide concentration in

an aqueous solution sample

(a) Normality of the standard iodine solution, N. = 0.1N

(b)

(c)

(d)

(e)

I

Normality of the standard sodium thiosulfate solution,

N = 0.1N

8203

Volume of NI iodine solution taken in the Erlenmeyer
flask, Vl = 0.075 liter

Volume of the aqueous sulfur dioxide solution sample,

injected into the iodine solution, Vso = 0.005 liter
2

Volume of the NS 0 sodium thiosulfate solution
273 .

required to titrate unreacted iodine in the Erlen-

meyer flask, vV, = 0.0095 liter.

Molarity of total sulfur dioxide in the aqueous

.1 _
solution = po- (NIVl N8203 V2)
50
2
= —2L (0.1 x 0.075 - 0.1 x 0.0095)
2x0.005

0.655 molar



3. Estimation of the precisibn of the analytical

procedure

The calculation method was similar to that used in
estimating the precision of the analytical procedure for
evaluating the concentration of sodium in the amalgam. The
following steps were involved in determining the concen-
tration of total sulfur dioxide in an aqueous solution by

iodometric analysis as performed in our laboratory.

(a) Preparation of a standard potassium dichromate

solution (primary standard)

WPDC gms of pure anhydrous potassium dichromate was

dissolved in Vwater liter of distilled water.
. W
[ ] L ] NCr 0 = PDC . L) L[] L[] (D—l)
277 49,035 Vwater

(b) Standardization of a sodium thiosulfate solution by

the standard potassium dichromate solution

v! liters of a N sodium thiosulfate solution
5203 5,03
was titrated with VCr207 liters of the NCr207 potassium
dichromate solution.
NCr 0 VCr (0]
. 277 277
o o NS O = *® s e o (D_Z)
273 V'S

203



(c) Standardization of an iodine solution with the

standard sodium thiocsulfate solution

VI liters of NI iodine solution was titrated with

v liters of NS o sodium thiosulfate solution.

273

. . N = | ° . - . (D"3)

(d) Excess of N_ iodine solution taken in an Erlenmeyer

I
flask

vy liters of the NI iodine solution was taken in an
Erlenmeyer flask and was diluted with distilled water to get
a sharp end point. The volume vV, was dependent on the con-

centration of sulfur dioxide in the fixed-volume sample to

be tested.
(é) Injection of the sulfur dioxide sample

VSO liters of the sulfur dioxide solution was taken
2
by a hypodermic syringe and was injected into the contents

in the Erlenmeyer.
(f) Back-titration of excess iodine

The unreacted iodine was titrated with V2 liters of

NS )

293 sodium thiosulfate solution.

On the basis of the steps (a) to (f), the molarity
of total sulfur dioxide could be given by the following

expression:



. _ 1 _ _
2 Vg o 273
273
Substituting the values of Ny and NS 0 from the equations
273
(D-3) and (D-2) respectively,
Wope Ver0 vy Vs,0
]
98.07 Vv 5,0, Vy Vooter Ve

.« « . .(D-5)

Knowing the variances of the different quantities in the
eéuation (D-5), the 95 per cent confidence limits on the

population mean of molarity were estimated.



APPENDIX E

SODIUM DITHIONITE IN THE PRODUCT STREAM

1. Details of the analytical procedures and sample calculations
(a) The iodine formaldehyde method
(i) Detailed description of the iodine-formaldehyde method

Two equal-volume (= 5 ml) samples of the product
stream that contained primarily szo:, szoz and HSOS were
taken using a hypodermic syringe. These samples (Sample I
and Sample II) were analysed by the iodine-formaldehyde
method in the following three parts. It is obvious that the
amount of reagents used in different parts of the analytical -
procedure would depend on the concentrations of szoz, 820§
and HSO, in the sample. Hence, the values given below are

3
only approximate.

Part A - Determination of dithionite + thiosulfate + bisulfite:

[¢] A known volume (= 50 ml) of a standard (= 0.1N) iodine
solution was taken in an Erlenmeyer flask and diluted to

about 200 ml with oxygen-free distilled water.

[B] A 5 ml sample (Sample I) of the product stream was in-

jected under the diluted iodine solution. Iodine oxidizes



S50, szoz and HSOS present in the sample as follows:
szoz +3I, + 4H,0 2sozf61' + sH' .« . . (E-1)
2szo§ + I, = s4oz + 21 e« « . (E-2)
HSO; + I, +HO ~ HSOZ + 2HI e « « «(E=3)

[yl Excess iodine was back-titrated with a standard (= 0.1N)
solution.of sodium fhiosulfaté using starch-solution as an
indicator.

The amount of iodine consumed by the sample in Part A

gave the amount of (szoz + szo§ + HSOJ) in Sample I.

Part B - Determination of dithionite + thiosulfate:

[a] Approximately 25 ml of a formaldehyde solution (35 ml of
37 per cent HCHO: 50 ml of H20) at about pH = 9 was taken

in an Erlenmeyer flask. It was diluted wifh oxygen—-free
distilled water (by bubbling N, through freshly distilled
water). A drop of phenolphthalein was added which turned the

colour of the solution pink.

(B] A 5 ml sample (Sample II) of the product stream was in-
jected under the diluted formaldehyde solution. If the pink
colour of the solution disappeared, some NaOH soclution was
immediately added. The sulfoxylate formation took place

as follows.



Any bisulfite (or sulfite) present in the sample was also tied

down as formaldehyde bisulfite.

[yl The flask was stoppered and allowed to stand for about

20 minutes during which time the reaction (E-4) completed.

[§] The solution was acidified (till the pink colour disappeared)

by 20 per cent acetic acid solution in water.

[e] A known volume of a standard (= 0.1N) iodine solution was
added to the contents in the Erlenmeyer. Provided there was
an excess of iodine, formaldehyde sulfoxylate and thiosulfate

present in the system were oxidized as follows:

HCHO'HSO, + 2I, + 2H,0 ~ SO, + HCHO + 4I  + sut . . (E-5)

25,05 + I, > 5,0  + 21 .« « .(E-6)

Both reactions took place in acidic medium

{z] Excess iodine was back-titrated with a standard (= 0.1N)

solution of thiosulfate using starch-solution as an indicator.

The amount of iodine consumed by



HCHO *HSO, and SZO3 gave the amount of (8204 + 8203) in

Sample II.

Part C - Determination of thiosulfate:

[¢] After the end-point had been reached in Part A, approxi-
mately 30 ml of a 5 per cent sodium sulfite heptahydrate
solution was added to the contents of the Erlenméyer. The

following reaction took place.

5406 +SO3 - s,0. + 8,0 o« «(E=7)

ol
[N}
W Il
L]

[B] The optimum pH range, within which the reaction was
quantitative'in five minutes; was 5.5 to 9.5. So a drop of
phenolphthalein was added and a normal solution of sodium
hydroxide was added until the solution turned pink. It was .

allowed to stand for five minutes.

[vy] Approximately 5 ml of the formaldehyde solution was

added to bind excess sulfite.

[§] The contents in the flask were acidified with 10 ml of

20 per cent acetic acid.

[e] Thiosulfate generated due to reaction (E-7) was titrated
with a standard (= 0.1lN) solution of iodine using a starch-
solution as an indicator.

The iodine consumed in Part C corresponds to 1/2
(thiosulfate present in Sample I + thiosulfate added in

Part A).
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(ii) Sample calculations for the iocdine-formaldehyde method

At steady-state, during experimental run 23, two

samples of 5 ml were taken by a hypodermic syringe.

Normality of sodium thiosulfate solution used for
analysis = 0.1N
Normality of iodine solution used for analysis =

.099N
Data obtained in Part A:

Volume of 0.099N iodine taken =.60.0 ml
Volume of sample = 5 ml

S,0, used in back-titration = 18.9 ml

Volume of 0.lN Na, 203

Data obtained in Part B:

Volume of sample dissolved in formaldehyde = 5 ml
Volume of 0.099N iodine taken = 20,0 ml

Volume of 0.1N Nazszo3 used in back-titration = 16.55 ml

Data obtained in Part C:

After adding 30 ml of 5 per cent sodium sulfite hepta-

hydrate,

Volume of .099N iodine used in the titration = 9.75 ml
On the basis of the above mentioned data,

s

O, + S.,0, + SO. consumed (by oxidation in Part A)

274 2 3



18.9x0.1

399 iml of .099N Iodine

(60.0 -

= 40,91 ml of .099N Iodine

szoj in Sample I + szo§ added in Part A

= 2x 9.75 = 19.50 ml of .099N Iodine

Szog added in Part A

= lﬁ;%g%;l = 19.09 ml of .099N Iodine

Therefore,

SZO§ in a 5 ml sample of product stream

= 19.50 -~ 19.09 = 0.41 ml of .099N Iodine

Na,S O3 in the product stream

252
gm moles Na,S.,0
_ 0.41x.099 _ 00004059 27273
1000 ) S ml
SZOZ + SZO§ in Sample II consumed
_ _ 16.55x0.1
=20 - =555

= 3,283 ml of .099N Iodine

.*. Nay5,0, in the product stream



(3.283 - 0.41) x .099 _ 0000716 9™ moles Na28204

4 x 1000

5 ml

. Concentration of Na,S 0, in the product stream

. 252
.249 gms NaZSZO4
= ,0000716 x 174 x 20 =
100 ml
NaHSO3 in the product stream
(40.91 - 2.893 x ¢ - 0.41) .099
2 x 1000
gm moles NaHSO3
= ,0017899
5 ml sample
o Total SO, in 5 ml of the product streém,
S0, from Na,S$,0, = 2 x .0000716 = .0001432 gm moles

2 27274

S0, from Na28203 = 2 x .00004059 = ,0000812 gm moles

SO, from NaHSO, = .0017899 = +0017899 gm moles

Total .0020143 gm moles

The concentration of 'total' S0, going into the reactor was
checked by iodometry. The concentration of sulfur dioxide
in aqueous solution entering the reactor was .400 molar

«'+ 5 ml of the sulfur dioxide solution entering the reactor
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contained .002 moles of S0, which compares well with the 802

in the product stream.

(b)'The Rubine-R method
(i) Detailed description of the Rubine-R method

A standard solution of Rubine-R dye for dithionite
analytical purposes'was purchased from Virginia Chemicals,

. Portsmouth, Va., U.S.A. This dye solution was re-standar-
dized before use in the laboratory.

Five ml of a standard (NRR) solution of Rubine-R was
pipetted into an Erlenmeyer flask. The dye solution was
diluted with approximately 150 ml of oxygen-free distilled
water. The Erlenmeyer flask with its contents was flushed
with a stream of N, gas and then if was stoppered with a
rubber bung. Samples of product stream were drawn into
a burette from the reactor, periodically, during an experi=-
mental run. These samples were titrated with the bright
red dye solution, with Vigorous agitation, to an amber end-
point. Throughout the titration, the burette and the
Erlenmeyer flask were kept under N2 atmosphere.

'During the course of experiments, it was observed
that at low pH (about pH = 1.0), the colour changed from
bright red to colourless very sharply at the end-point.

Hence, approximately 2 ml of concentrated sulfuric acid
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was added to the diluted Rubine-R before titrating it with
dithionite in the product stream. It was observed that the
addition of sulfuric acid tb the Rubine-R solution did not
have any significant effect on the results.

If VP liters of the prbduct stream were titrated

with VRR liters of N Rubine-R solution.

RR

.. the concentration of Na28204 in the product stream

_ 87.0526 VRR NRR gms Na28204 A (5-8)

10 VP 100 ml

The use of the Rubine-R method depends on accurate standar-
dization of the dye solution. Rubine-R solution was
standardized with a standard solution of Tiz(SO4)3. Pre-

paration and standardization of Tié(so solution and

4)3
standardization of Rubine-R with Ti2(so4)3 solution have been

discussed below.
[o] Preparation of Tiz(SO4)3 solution

A 20 per cent standardized soclution of Ti2(804)3 was
purchased from La Motte Chemical Products CO,.,Chestertown,
Maryland, U.S.A. According to manufacturer's specification,
the solution was prepared for chemical tests and was free
of sulfides (commercial titanous sulfate solution sometimes
contains sulfides which can be eliminated as hydrogen

sulfide on boiling). One hundred ml of the concentrated -
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solution was diluted to one liter by oxygen-free distilled

water. The solution was kept under an atmosphere of oxygen-
free carbon dioxide gas (CO2 was scrubbed through a solution
that contained one part of Na28204, two parts of NaHCO3 and

20 parts HZO)'
[B] Standardization of Tiz(SO4)3 Solution

Tiz(so4)3 solution is unstable at high temperatures,
in presence of oxygen and when exposed to direct sunlight.
The following text-book methods were used to standardize

diluted Tiz(SO4)' solution before its use in the laboratory.

3
- The ferric ammonium sulfate methodl
- The potassium dichromate methodl

- The iron content determinationvmethod2

The results obtained by these three methods were
comparable and reproducible. Only potassium dichromate
. method has been described here, briefly, for it is a very
accurate and precise method. Information on the other

methods can be obtained from the literature cited.

1. Vogel, A.I., "A text-book of qualitative inorganic
analysis," 3rd Ed. John Wiley and Sons, New York,
1961.

2. Pierson, R.H. and Gantz, E. St. Clair., Analytical
Chemistry, 26, No. 11, 1809 (1954).



The potassium dichromate method:

If very accurate results are desired or if the
hormality of ferric ammonium sulfate solution is not
e#actly known, the standardization of Ti2(804)3 solution
can be carried out with 0.1N potassium dichromate solution
using the approximately 0.1N ferric ammonium sulfate
solution as an ihtermediary.

Into a 250 ml flask, 25.0 ml of primary standard
0.1N potassium dichromate and 20 ml of dilute sulfuric acid
(2:5 W/W) were placed, oxygen~-free carbon dioxide was passed
to displace air and the stream of gas was maintained during
the titration. Forty ml of the titanous sulfate solution
was added to the contents in the flask. The liquids were
mixed by swirling the flask gently and the excess titanous
solution was titrated with 0.1N ferric ammonium sulfate
solution. When the dark colour due to the titanous salt
had nearly disappeared, 10 ml of 10 per cent ammonium‘
thiocyanate solution was added and the addition of ferric
ammonium sulfate solution was continued until a red or pink
colouration was obtained which was permanent for at least
one minute. In the same way 40.0 ml of the titanous sulfate
solution was titrated with 0.1N ferric ammonium sulfate
solution but the addition of 0.1N potassium dichromate
solution was omitted. From the results obtained, the exact

normality of the ferric ammonium sulfate solution and the



normality of titanous sulfate solution was calculated.

The method of calculation has been described

below.

If,

Ny, = ~Normality of Tiz(SO4)3 solution

Npo = Normality of ferric ammonium sulfate solution

NCr207 = Normality of potassium dichromate solution

Vo =  Volume of Ti2(SO4)3 solution taken in the flask
during the first titration where potassium
dichromate solution was added

VCr207 = Volume of potaés;um.dichromate solution taken in
the first titration

VFe = Volume.of ferric ;mmonium sulfate solution. used
in the first titration

V% = Volume of Ti2(SO4y3 solution taken in the flask
during the second titration where no potassium
dichromate solution was added

Vée = Volume of ferric ammonium sulfate solution used

in the second titration

. during first titration,

Vo, N, -V N = V N .« « +(E-9)
TT Cr207 Cr207 Fe "Fe

and during second titration,



' = 71 -

From equations (E-9) and (E-10),

Vc::?‘o7 NCr207
N = . ° . . .(E_ll)
T AR '
T Vre
Vp 0
Fe

[Y] standardization of Rubine-R solution by standard Tiz(SO4)3

solution3

Twenty five ml of Rubine-R dye solution was pipetted
into a 300 ml Erlenmeyer flask. To this was added, 25 ml
of distilled water, 5 ml of 10 per cent Na2CO3 solution,
50 ml of methanol and 25 ml of 25 per cent sodiﬁm tartarate
solution. The contents in the Erlenmeyer flask were boiled
'gently for five minutes while sweeping with oxygen-free co,
and were titrated hot with the standard solution of Ti, (S0,) 4.

The colour change at the end-point was from pink to amber

and was quite sharp.

3. Wood, P.J., Am. Dyestuff Reporter, 443, June 17
(1957) .



If,
NRR = Normality of Rubine-R solution
N, = Normality of T12(SQ4)3 solution
VRR = Volume of the Rubine-R solution taken in the
flask
V% c= Volume of Ti2(80'4)3 solution used in the titration
n
V., N
. * . NRR = T T . . ° . (E"'lZ)
VRR

(ii) sample calculations for the Rubine-R method

[a] Standardization of Tiz(SO4)3 solution by potassium

dichromate solution:

The following data was obtained for the parameters

in equation (E-11)

N = 0.10204
Cr207

VT = 0.020 liter

A" _ 0.010 liter
Crzo7 =

VFe = 0.0112 liter

Vé = 0.010 liter
' _ .

VFe = 0.1055 liter

Using equation (E-1l1l),



N
oo F2% 2% 0.010 x 0.10204
T ;
T VaVee 0.020 - 0:010 x 0.0112
T T 0.01055
Fe ’
= 0.10874N

[B] standardization of the Rubine~R solution by Ti2(SO4)3

solution

The following data was obtained for the parameters

in equation (E-12)

NT = 0.10874N
VRR = 0.010 liter
V; = 0.0106 liter

Using equation (V. 12),

v, N
N = T T _ 0.0106 x 0.10874 _ ; 1 0y

RR  Vpr 0.010

[v] Conéentration of sodium dithionite in the product stream

During the experimental run 23, under steady-state
conditions, the values of the parameters in equation (E-8)

were as follows:



VRR = 0.005 11te;
‘NRR = 0.11526N
VP = 0.01828 liter

* * Using equation (E-8),
The concentration of Na,S,0, in the produét stream

87.0526 VRR NRR

10 Vp

87.0526 x 0.005 x 0.11526
10 x 0.01828

gms NaZSZO4
0.2744

100 ml of the product stream

2. Estimation of the precision of the Rubine-R method

In this section various steps involved in determining
the concentration of N$28204 in a sample, from the product
stream of the reactor, by the Rubine-R method have been
outlined. The method of error calculation was indicated in
connection with the analysis of an amalgam sample (Appendix
C). For brevity, the calculations have not been attached.

The different steps were:



(a)
(b)

(c)

(a)

(e)

(£)

Preparation of a sténdard solution of iodine.
Standardization of a sodium thiosulfate solution by
the standard iodine solution.

Standardization of a potassium.dichromate solution
by the standard solution of sodium thioéulfate.
Standardization of a titahous sulfate solution by
the standard solution of the potassium dichromate.
Standardization of a Rubine-R solution by the
standard solution of titanous sulfate.

Titration of a product stream sample, containing

. sodium dithionite, with a known volume of the

standard solution of Rubine-R.



APPENDIX F

DATA PROCESSING

1. Mathematical expressions for calculating C Y ’

’
8204 SO2

Y. , CONNA, X._ , Na/SOz, rate of sodium consumption,

Na Na
and sample calculations.

(a) Mathematical expressions

Mathematical expressions to calculate these quantities
were derived from their definitions and the results have
been included. The symbols used in these expressions have
been explained in Chaptér IX. It was assumed
that the density of an amalgam did not change significantly
in the range of temperatures used for the present investi-
gation. Therefore, the density of amalgam was calculated

by the following expression (Section II.E.4):
Density of the amalgam (gm/ml)
= 13.55 - 0.9986 x (gms of sodium/100 gms of the amalgam)

(i) Concentration of sodium dithionite in the product stream,

(gms of sodium dithionite)
(100 ml of the product stream)

5204

100 x STRUB
VDITHI

e o o e (F-l)



(ii) Yield of sodium dithionite on total sulfur dioxide

entering the reactor (%),

(gm molar conc. of Na25204 in product) x 2 x 100

Y =
S0, (gm molar conc. of total S0, in aqueous feed)
2 X 105 X STRUB
3 L] L] L] L] (F—z)
174.1052 x STSOZ-X VDITHI

(iii) Yield of sodium dithionite on sodium entering the

reactor with the fresh amalgam (%),

(gm moles of Na,5,0, in produét/min) x 2 x 100

Na (gm moles of Na entering with fresh amalgam/min)

46 x lO7 X FLSO, x STRUB

2

174.1052 x VDITHIx FLHG x CHGF x (13.55-0.9986 x CHGF)

(iv) Yield of sodium dithionite on sodium consumed in the

reactor (%),

(gm moles of Na,S,0, in product/min) x 2 x 100

CONNA = gm moles of Na entering with fresh émalgam/mzﬁ

-gm moles of Na leaving with spent amalgam/min



5 « FLSO, x ‘STRUB

174.1052 x VDITHI x FLHG x (CHGF-CHGS)

46 x 10
CONNA =

« o . (F-4)

(100 - CHGS)
X

(13.55 - 0.9986 x CHGF)

(v) Conversion of sodium from the amalgam to different

products in the reactor (%),

gm moles of Na entering with fresh amalgam/min

-gm moles of Na leaving with spent amalgam/min x 100

XNa =

(gm moles of Na entering with fresh amalgam/min)

(100/CHGF - 1)
= 100 x 1 - « « « +(F-5)
(100/CHGS - 1)

- (vi) Nasso, ratio entering the reactor,

(gm moles of Na entering with fresh amalgam/min)
-(gm moles of Na leaving with spent amalgam/min)

FLHG x CHGF x (13.55 - 0.9986 x CHGF)

2300 x STSO, x FLSO, « « .+ .(F-6)



C(vii)

calculations.

following levels:

Rate of sodium consumption in the reactor,

(gm moles of Na entering

with fresh amalgam/min)

- (gm moles of Na leaving with spent amalgam/min)

FLHG x (13.55 - 0.9986 x CHGF)
2300

_ (100 - CHGF)

% ( CHGF {100 = CHGS)

(b) Sample Calculations

x CHGS

. (F=7)

Experimental run 54 was considered for the sample

CHGF
STSO
(RPM)
FLSO
FLHG
(a/v)
PEMP

pH

.04029%

.6425 gm moles/liter

673 rpm

.0955 liters/min

47.5 ml/min

.0784 cm2/cm3

17°C
5.6

The process variables were fixed at the



Under the steady state conditions,

CHGS = ,00407%
 VDITHI = 7.40 ml
STRUB = .049397 gms of Nazszo4

. (1) Steady-state concentration of sodium dithionite in the

product stream

Using equation (F-1),

100 x STRUB 100 x .049397 gms

CS 0 = = = .66753
274 VDITHI 7.40 100 ml

(ii) Steady-state yield of sodium dithionite on total sulfur

dioxide entering the reactor (%)

Using equation (F-2),

2 x 10° x .049397

so = = 11.935%
174.1052 x .6425 x 7.40

(iii) Steady-state yield of sodium dithionite on sodium

entering the reactor with fresh amalgam (%)



Using equation (F-3),

46 x 10’ x .0955 x .049397

Na 174.1052 x 7.40 x 47.5 x .04029 x (13.55-0.9986x.04029)

65.145%

(iv) Steady-state yield of sodium dithionite on sodium consumed

in the reactor (%)

Using the equation (r-4),

( 46 x 10° x .0955 x .049397

CONNA =

174.1052 x 7.40 x 47.5 x (.04029-.00407)

x (100 - .00407)
(13.55 - 0.9986 x .04029)

= 72.462%
(v) Steady-state conversion of sodium from the amalgam to
different products in the reactor (%)

Using equation (F-5),

(100/.04029) - 1)
Xy = 100 x| 1 - = 89.902%
(100/.00407) - 1)




(vi) Na/SO2 ratio entering the reactor

Using equation (F-6),

47.5 x .04029 x (13.55 - 0.9986 x .04029)

Na/SO2
2300 x .6425 x .0955

.18320

(vii) Rate of sodium consumption
Using equation (F-7),

47.5 x (13.55 - 0.9986 x .04029)

I

Rate
2300

(100 - .04029)
- x (.04029 - x .00407
(100 - .00407)

= .010106 gm moles/min

2. The 95 per cent confidence limits of the steady-state

CSZO4' YSOZ’ YNa’ CONNA, xNa’ Na/SO2 and rate of sodium

consumption for an experimental run.

To estimate the 95 per cent confidence limits of the

.steady-state CS 0.’ YSO ’ YNa’ CONNA and X for an experimental

2%4 2 Na
run, it was necessary to know the values and the variances



of the parameters used in equations (F-1) to (F-7). The
data taken during experimental run 54 was used for the

sample calculations.
(a) Value and variance of STRUB

The normality of the Rubine-R solution used for the
analysis of sodium dithionite in the product stream was
determined by the method outlined in the Section E.l.b. The
normality of the Rubine—ﬁ solution used in the experimentél
run 54 was, NRR = ,1134885N.

The variance of the normality of the Rubine-R solution
was estimated by the method 6f propagation of random error.

The steps involved have been outlined in the Appendix E

(steps a to e Section E.2). The variance of the normality

of the Rubine-R solution was estimated to be, og = ,856884
. RR

x 10 7 (+ *« 95 per cent confidence limits of NRR =+ ,0006).

STRUB =

gms of Na28204 which would discolour 5 ml of

.1134885N Rubine-R solution

Il

87.0526 x .005 x .1134885

0

s,0

.0493973 gms of Na,S,0,

Neglecting any error involved in pipetting the 5 ml of

Rubine-R solution, the variance of STRUB was estimated to

2 7
9STRUB

limits of STRUB = + ,0003).

be, = .16236 x 10~/ (+ - 95 per cent confidence



(b) Value and variance of VDITHI

Volume of the product stream, at steady-state,
required to discolour 5 ml of 0.1134885N Rubine-R solution,

VDITHI, was 7.40 ml.

The variance of VDITHI was estimated by knowing the
maximum range of random error expected in using a 50 ml

burette.

. 2 - 005 2 _ _4
O'VDITHI = (—-3—) = 2.7889 x 10

('.° 95 per cent confidence limits of VDITHI = #,03).

(c) Value and wvariance of STSO2

2
The method to calculate STSO2 and USTSO has been out-

2
lined in Appendix D. Knowing the values and the variances
of the parameters in equation (D-5), the value and the

variance of STSO2 were calculated.

STSO, = 0.6425 molar
02 -5
STSO., = .327441 x 10

(°.° 95 per cent confidence limits of STSO2 = +,004).



(d) value and Variance of FLSO2

The flow rate of the'aqueous sulfur dioxide solution,
FLSO,, was determined by measuring the volume of the aqueous
solution that flowed into a graduated cylinder in a fixed
length of time. This procedure was repeated several times

and the mean flow rate, FLSOZ, was found to be .0955 liters/
2

min. The variance of FLSOz, OFLSOZ’ was estimated by
equation (B-2).
2 _ -5
OFLSO = ,11758 x 10

2

(« . 95 per cent confidence limits of FLSO, = +.002).

(e) Value and variance of FLHG

The flow rate of pure mercury, FLHG, was determined
by measuring the volﬁme of the mercury that collected in a
graduated cylinder in a fixed length of time. This pro-
cedure was repeated several times and the following results

were obtained.

FLHG = 47.5 ml/min

02
FLHG = .188695

(+"« 95 per cent confidence limits of FLHG = % 0.8).



(f) Values and varianceé of CHGF and CHGS

The values of CHGF and CHGS were calculated by the
method indicated in Appendix C. Knowing the variances of
différent measured quantities in the mathematical expression
to calculate CHGF or CHGS (equation C-1, Appendix C), the
variances of CHGF and CHGS were calculated by the method of

propagation of random errxor. The following results were

obtained

CHGF = .04029%

2 - -7
O CHGF = .63426 x 10

(-'- 95 per cent confidence limits of CHGF = * .0005).
CHGS = .00407%
02 -7

CHGS = .82510 x 10

(+'+ 95 per cent confidence limits of CHGS = * .0005).

Knowing the values and the variances of the parameters

mentioned above, the variances of C r XY

Y

’

8204 SO2 N
Na/SO2 and rate of sodium consumption were estimated by the

a’ CONNA, xNa'
method of propagation of random error. The 95 per cent
confidence limits of these quantities were estimated by
using equation (B-15) (Appendix B). The results were as

follows: '



C.. = ,668 * ,005 (¢ ° Percentage error = ,75%)
S0
274
Y = 11.9 ¢ .1 (+ "o Percentage error = .84%)
802
Yya = 65 + 2 (+ " Percentage error = 3,1%)
CONNA = 72 * 3 (°'° Percentage error = 4.,2%)
XNa =90 = 1 (-°- Percentage error = 1.1%)
Na/sO,= .183 + ,006 (+ e Percentage error = 3,3%)

Rate of sodium consumption

= .0101 * .0003 (- -« Percentage error = 3%)

It is interesting to note that despite a large error
in determining CHGS (= 12%), the error in CONNA and XNa is

relatively small.
3. Experimental data and results

Tables F-I to F-XIV show the steady-state values of
the process variables and other quantities which were used
to calculate the steady-state values of Na/SOz, rate of

sodium consumption, C » X P YNa' CONNA and XNa' The

SZO4 802
results and the 95 per cent confidence limits of Y y Y

Na
CONNA and xNa are also presented.
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Tables F-XV to F-XXXII show the unsteady-state results

for runs in the experimental sets: 42-46, 23-28 and 65-77.



TABLE F-1

STEADY~-STATE DATA AND RESULTS FOR EXPERIMENTAL SET 47-57 (Expts. 47, 50, 52, 53, 54, 55 and 57)

(RPM)Aq = 673; FL802 = ,0955; FLHEG = 47.5; (A/V)Aq = ,0784; TEMP = 17; STRUB = ,049397

RUN CHGF CHGS STSO2 pH VDITHI Na/so2 CSZO4 YSOZ YNa CONNA xNa
tEY502 tEYNa tECONNA tEXNa
47 .09322 ] .01347 § .65500 5.75 1 7.700 414 642 11.3 27.2 32 85.6
.1 +,.8 tl .5
50 .04573 ] .00383 | .64500 5.80 | 6.650 «207 .743 13.2 64 70 92
t,1 12 : +2 1
52 .04257 ] .00384 | .63950 5.60 ] 7.520 .194 .657 11.8 61 67 91
+.1 2 +2 E3 |
53 .07735 | .00762 | .64775 6.0 7.158 .348 .690 12.2 35 39 90.2
E 3 +1 1l : .7
54 .04029 | .00407 | .64250 5.60 | 7.400 .183 . .668 11.9 65 72 - 90
: .1 12 +3 1
55 .05776 | .00399 | .63900 5.80 | 5.770 .264 .856 15.4 58 63 93.1
. .1 +2 2 .9
57 .06854 | .00391 | .65625 5.95 ] 5.60 .304 .882 15.4 51 54 94.3
2.1 2 2 .7

v1-4



TABLE F-II

STEADY-STATE DATA AND RESULTS FOR EXPERIMENTAL SET 65-77 (Expts. 65, 67, 69, 71, 73, ?5~and 77)

(RPM)Aq = 673; E‘LSO2 = ,0955; FLHG = 47.5; (A/V)Aé = .0784; TEMP = 17; STRUB = ,049397

RUN

CHGF

CHGS

ST802

pH

VDITHI

RATE OF

Na/SO2

Y

CONNA

c Y
Na 5,0, so, Na Na
L ]
CONSUMPTION iEYsoz Y +ECONNA tEX

65 .10104 | .01932 | .65125| 6.00(8.250 .0227 .451 .599 10.56 23.4 28.9 80.9
+.09 £,7 .9 t.5
67 .06626 | .00387 | .65000] 5.95|5.600 .0174 0297 .882 15.6 52 56 94.2
t,1 +2 £2 £.8

69 .04677 | .00374 | .65050| 5.65/6.733 .0120 .210 .734 13.0 62 67 92
t,1 $2 +2 $1
71 .07542 | .00609 | .65800 | 5.95{6.717 .0193 .334 ,735 12.8 38 42 91.9
) +,1 +1 *1 +.5
73 .05914 .00414 | .653001{ 5.8015.700 .0153 .264 .867 15.2 58 62 93.0
t.1 +2 t2 t,9

75 .03921 | .00391 | .65075 [ 5.407.795 .0098 .176 .634 11.2 64 71 90
.1 t2 3 t1
77 .08920 | .01104 | .65550 | 5.70/7.770 .0217 .396 .636 1.1 28.1 32 87.6
.1 +.8 ') 1,6

*
gm moles/min

SI-d



TABLE F-IIIX

STEADY-STATE DATA AND RESULTS FOR EXPERIMENTAL SET 66-76 (Expts. 66, 68, 70, 72, 74 and 76)

(REM) o = 225; FLSO, = .0955; FLEG = 47.5; (A/V), = .0784; TEMP = 17; STRUB = .049397
RUN | CHGF | cCHGS [sTso, | pu [vDITHI | Na/so, °s,0, | Y¥so, Yo CONNA Xya
1EY802 $EYy +ECONNA *EX
66 .06626 | .00421 | .6500 | 5.95 | 6.120 .297 .807 14.3 48 51 93.7
+.1 +1 t2 +,.7
68 .04677 | .00415 | .65050 | 5.65 |7.237 .210 .683 12.1 57 63 91
: .1 2 $2 1l
70 .07542 | .00703 | .65800 | 5.90 {7.450 .334 .663 11.6 35 38 90.7
+.1 1 +1 +*,5
72 .05914 | .00471 | .65300 | 5.75 |6.237 .264 .792 13.9 53 57 92.0
L.l £2 12 .9
74 .03921 | .00361 | .65075 | 5.35 |8.400 .176 .588 10.38 59 65 91
+.09 2 12 £l
76 .08920 | .01437 | .65550 | 5.75 |9.330 .396 .529 9.28 23.4 27.9 83.9
+.08 2.7 +.8 £,5

91-4



(RPM)Aq = 225; FLSO

TABLE F-1IV

STEADY-STATE DATA AND RESULTS FOR EXPERIMENTAL SET 62-63 (Expts. 62 and 63)

2

= ,0955; FLHG = 47.5; (A/V)Aq

= ,0784; TEMP = 17; STRUB = ,049397

RUN CHGF CHGS STSO2 pH VDITHI Na/SO2 C5204 Ysoz YNa CONNA xNa
tEYsoz iEYNa +ECONNA iExNa-

62 .10116 | .02563 | .64550 6.15| 9.750 .456 .507 9.02 15.8 26.5 74.7
t.07 t.6 .8 .5

63 06352 .00413 | .6390 5.70} 6.210 «290 .795 14.3 45 53 93.5
.1 1 2 .7

L1-d



(RPM) ;= 225; FLSO, = .0955; FLHG = 47.5; (A/V),, = .0784; TEMP = 17; STRUB = .047495

TABLE F-V

STEADY~STATE DATA AND RESULTS FOR EXPERIMENTAL SET 87-91 (Expts. 87, 89 and 91)

RUN

CHGS

CHGF | STSO, pH VDITHI Na/SO2 C5204 YSOZ YNa CONNA XNa
iEYsoz iEYNa +ECONNA iEXNa
87 .05605 | .00472 | .65800 5.751 6.172 .249 «770 13.4 54 59 92
' .1 12 12 1l
89 .09863 | .02162 | .65450 5.85| 9.064 .438 .524 9.2 21,0 26.9 78.1
t.1 .6 t.8 .5
91 .03723 | .00360 | .65800 5.35 | 8.38 «165 «567 9.9 60 © 66 90
.1 +2 12 1

g1-d



TABLE F~VI

STEADY-STATE DATA AND RESULTS FOR EXPERIMENTAL SET 95-105 (Expts. 95, 97, 99, 103 and 105)

(RPM)Aq = 673; FLSO2 = ,198; FLHG = 47.5; (A/V)Aq'I= .0784; TEMP = 17; STRUB = .047495

RUN CHGFA CHGS ST802 pPH VDITHI RAgg OF Na/502 Cszo4 YSOZ‘ YNa CONNA XNa
QONSUMPTION* iEYS°2 iEYNa +ECONNA tEXNa
95 .04387 .00533 .65700 | 5.20{14.040 .0108 .094 .338 5.92 63 72 88
t,06 2 %2 3
97 .09119 .00487 .65800 | 5.65{8.010 .0240 .195 .593 10.4 53 56 94.7
.1 tl tl .6
99 .08184 .00467 .65700 | 5.60|8.450 .0215 .175 «562 9.8 56 " 60 94.3
' t.1 £l *1 t.6
lo3 .05460 .00455 .66000 | 5.40(11.267 .0140 .116 .422 7.34 63 69 92
+.08 tl 2 1
105 .07107 .00487 .65300 | 5.65|9.017 .0184 .153 .527 9.3 61 65 93.2
1 12 .8

*am moles/min
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TABLE F-VII

STEADY-STATE DATA AND RESULTS FOR EXPERIMENTAL SET 23-28 (Expts. 23, 24, 25, 26, 27 and 28)

(RPM)Aq = 673; FLSC2 = .0955; FLHG = 47.5; (A/V)Aq = .0784; TEMP = 17; STRUB = .050169

RUN CHGF CHGS S'I‘SO2 pH VDITHI RA;E OF Na/SO2 C8204 Ysoz YNa CONNA xNa
*
CONSUMPTION . :Eyso :EYNa +ECONNA :ExNa
23 .01725 .00176 .39996 | 5.20|/18.283 .0043 .126 .274 7.88 62 70 90
: +.08 %3 24 4
24 .03765 .00376 .40300| 5.70[14.200 .0095 .273 .353 10.1 36.9 41 90
.1 1 31 +1
25 .05444 .01243 .39898 | 5.90[/19.100 .0117 .398 263 7.56 19.0 24,6 77
+,08 t.6 t.9 1
26 .04712 .00688 .39924 | 5.70|17.000 .0112 345 .295 8.49 24.6 29 85
t,09 .8 1l 3
27 .03027 .00268 .39700 ) 5.40}113.100 .0077 .223 .383 .| 11.1 50 55 91
.1 +2 12 +2
28 .02428 .00239 .39949 ] 5.30/14.850 .0061 .178 .338 9.7 55 61 90
x,1 - t2 13 2

*
gm mles/min
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TABLE F-VIII

STEADY-STATE DATA AND RESULTS FOR EXPERIMENTAL SET 42-46 (Expts. 42, 43, 44, 45 and 46)

(RPM)Aq = 673; FLSQ

2 = .0955; FLHG = 47.5; (A/V)Aq = .0784; TEMP = 17; STRUB = .098795

RUN CHGF CHGS ST502 pH VDITHI RA§§ OF Na/SO2 C8204 YSOZ YNa CONNA XNa
CONSUMPTION* iEYso tEYNa +ECONNA iEXNa
42 .06561 .00542 1.3100 | 5.00{7.119 .0168 .146 1.39 12.2 83 91 91.7
t.1 t2 3 .7
43 .10344 .00678 1.3000 | 5.5015.217 .0268 .231 1.89 16.7 72 77 93f5
t.2 £2 £2 *.5
44 .14386 .00708 1.2970 | 5.75{4.300 .0379 .322 2.30 20.4 63 67 95.1
t,2 +2 +2 +.3
45 .21265 .03749 1.2875 | 5.00{6.400 .0483 .476 1.54 13.8 28.9 35 82.4
t.1 t.9 t1 +,2
46 .18438 .01515 1.2638 {5.70[5.600 .0467 .422 1.76 16.0 38 41 91.8
t,2 tl 1 .2

*gm moles/min
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(RPM)Aq = 110; FL502 = .0955; FLHG = 47.5; (A/V)Aq = .0784; TEMP = 17; STRUB = ,047495

TABLE F-IX

STEADY-STATE DATA.AND RESULTS FOR EXPERIMENTAL SET 86-~9%0 (Expts. 86, 88 and 90)

RUN

CHGF

CHGS

VDITHI

STSO, pH Na/802 05204 YSOZ YNa CONNA XNa
tEYso tEYNa +ECONNA *EXNa
86 +05605 ] .00494 |} .65800 5.75| 6,394 «249 .743 13.0 52 57 91
.1 2 2 1
88 .09863 | .02232 | ,65450 5.80{ 9.467 .438 .502 8.81 20.1 26.0 77.4
.09 .6 .8 .5
90 .03723 { .00353 | .65800 5.35] 8,590 .165 .553 9.7 58 64 91
t.l 2 12 1
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TABLE F-X
STEADY-STATE DATA AND RESULTS FOR EXPERIMENTAL SET 94-104 (Expts. 94, 96, 100, 102 and 104)

(RPM)Aq = 673; FL802 = .0656; FLHG = 47.5; (A/V)Aq = .0784; TEMP = 17; STRUB = ,047495

RUN CHGF CHGS STSO2 pH VDITHI Na/SO2 C5204 Y502 YNa CONNA XNa
iEYsoz tEYNa +ECONNA iExNa
.94 .04387 .0035; .65700 5.95 | 4.580 .284 1.037 18.1 64 69 92
+.2 +2 12 +1
96 .09119 | .03275| .65800 6.10 | 7.850 .587 .605 10.6 18.0 28.1 64
t.1 t.5 t.9 t,5
98 .08184 ) .02440} .65700 6.10 | 7.502 .528 .633 11.1 21.0 29.9 70.2
.1 .6 .9 1.6
100 .02801 1 .00324) .65150 5.75 1 6.945 .183 .684 12.1 66 74 88
.1 +2 $3 2
102 .05460 | .00449| .66000 6.10 {5.420 .351 .876 15.3 43 47 92
.2 t1 +2 1
104 .07107 { .01469 ] .65300 6.10 |7.270 .462 .653 11.5 24.9 31 79.3
.1 Cx,.7 tl .8
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TABLE F-XI

STEADY-STATE DATA AND RESULTS FOR EXPERIMENTAL SET 122-134 (Expts. 122, 125, 128, 131 and 134)

(RPM)Aq = 673; FL502 = .0955; FLHG

47.5; (A/V)Aq = ,0247; TEMP = 17; STRUB = ,047495

RUN

CHGF

CHGS

STSO

pH

VDITHI

Na/SO2

CONNA

2 8204 802 Na Na
:EYSO tEYNa + ECONNA :EXNa
122 .06283 ] .00629 | .66000 5.70) 8.930 .278 .532 9.3 33 37 90
.1l 1l *1 +1
125 .12382 | .05016 ] .66064 5.901 12.793 .544 .371 6.46 11.9 19.9 59.5
.07 .4 .6 .4
128 .04884 } .00527 v.65802 5.70} 10.038 .217 .473 8.26 38 43 89
.09 31 1 +1
131 07673 | .00942 | .65628 5.951 9.900 .341 .480 8.40 24.7 28.1 87.7
.09 .8 .9 .7
134 .08789 | .01267 | .66400 5.80]10.160 .385 467 8.09 21.0 24.5 85.6
.08 .6 .7 .6
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TABLE F-XII
STEADY-STATE DATA AND RESULTS FOR EXPERIMENTAL SET 123-135 (Expts. 123, 129, 132 and 135)

K
-

(RPM)Aq = 673; FLSO2 = .0955; FLHG = 47.5; (A/V)Aq.= .0095; TEMP = 17; STRUB = .047495

RUN CHGF CHGS STSO,, pH VDITHI Na/so, c8204 YS°2 Yya CONNA Xga
*EY tEY, 0. +ECONNA tEX .
123 .06283 | .01603 ] .66000 5.651 15.897 .278 .299 5.20 l8.8 25.2 74.5
+.04 Ct.4 +.7 .9
129 .04884 | .01494 | .65802 | 5.65] 19.350 .217 .245 4.29 19.8 28 69
‘ .04 .6 £l £1
132 .07673 | .02303 | .65628 5.80| 17.275 .341 .275 4.81 14.1 '20.2 70.0
+,05 £.4 +,7 +.7
135 .08789 { .03064 | .66400 5.65 17.100 .385 .278 4.81 12.5 19.1 65.2
.08 .4 .6 .6
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STEADY-STATE

’

TABLE F~XIII

DATA AND RESULTS FOR EXPERIMENTAL SET 106-118 (Expts, 106, 109, 112, 115 and 118)

(RPM)Aq = 673; FLSO, = .0955; FLHG =‘47.5; (A/V)Aq = .0784; TEMP = 13; STRUB = .047435
RUN CHGF CHGS STSO2 pH VDITHI Na/802 C8204 YSOZ CONNA
iEYSO2 *ECONNA
106 .0899¢6 .00742 .65300 6.00 7.740 401 . .614 10.8 29.3
.1 .9
109 .06455 | .00421 .65350 5.80 5.198 .288 .803 14.1 52
.2 2
112 .03715 .00344 .65250 5.55 7.947 .166 .598 10.5 70
.1 3
115 .05455 .00431 .65950 5.80 6.073 241 .782 13.6 61
.2 t 2
118 .09505 .00875 «65471 6.00 7.932 .422 «599 10.5 27.4
.1 .9
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TABLE F-XIV

»

STEADY-STATE DATA AND RESULTS EOR EXPERIMENTAL SET 110-113 (Expts. 110 and 113)

(RPM)Aq = 673; FLSO2 = ,0955; FLHG = 47.5; (A/V)Aq .0784; TEMP = 27; STRUB = ,047495
RUN CHGF CHGS STSO2 .pH VDITHI Na/SO2 CS20 YSOZ CONNA
tEYSO +ECONNA
110 .06455 .00354 .65350 5.90 5.037 .288 .943 16.6 61
t.2 2
113 .03715 .00357 .65250 5.70 7.850 .166 .605 10.7 71
t,1 +3
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TABLE XV
UNSTEADY~STATE RESULTS FOR EXPERIMENTAL RUN 42

Initial pH = 3.4; Final pH = 5.0; CHGF = .06561

?;?g) 10.4 14.3 17.5 21.5 24.4 30.0 35.0 39.5 44.0 51.6 54.0 57.5 61.1 63.8 66.6 69.6 71.4 73.8

Cs o .915 1.040 1.116 1.198 1.235 1.283 1,291 1.300 1.309 1.392 1.372 1.411 1.3%2 1,382 1.392 1,353 1.372 1.392
274 :

TIME 4.5 7.5 12.0 19.0 29.0 34.0 41.0 68.0 73.0

(min)

CHGS .00560 .00593 00524 .00545 .00503 .00550 .00558 ,00506 .00449

TABLE XVI
UNSTEADY-STATE RESULTS FOR EXPERIMENTAL RUN 43

Initial pH = 3.3; Final pH = 5,5; CHGF = .10344

TIME

(min) 9.7 13.7 16.9 21.3 27.2 30.8 34.7 37.3 41.8 44.8 49.4 52.0 56.0 58.4

Cs 0 1.176 1.432 1.544 1.689 1.780 1.830 1.864 1.864 1.882 1.918 1.900 1.900 1.882 11.882
274 .

TIME 3.1 8.5 11.5 18.5 23.0 29.0 33.0 46.5 54.0 59.5

{min)

CHGS .00888 .00649 .00630 .00673 .00685 .00634 .00697 .00666 .00702 .00688
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UNSTEADY~STATE RESULTS FOR EXPERIMENTAL RUN 44

TABLE XVIIX

Initial pH = 3.3; Final pH = 5.75; CHGF = .14386

TIME 6.5 9.8 14.3 16.6 22.0 25,0 28.8 | 32.8 37.5 41.4 ' 65.2 67.6 74.5
{min)
C5204 1.326 1.620 1.976 2.058 2.171 2,195 2.245 2.271 2.271 2.298 2.298 2.298 2.258
TIME 4.5 7.8 11.3 18.0 27.0 52.0 57.0 63.0 71.0
(min)
CHGS .00754 .00712 .00707 .00705 .00717 .00720 .00697 .00715 .00689
TABLE XVIII

UNSTEADY-STATE RESULTS FOR EXPERIMENTAL RUN 45

Initial pH = 3.15; Final pH = 5.0; CHGF = .21265
TIME 8.4 11.6 14.9 20.4 23.3 27.9 31.5 35.4 40.9 45.5 49.5 51.9 55.5
(min) .
CS o 1.718 1.918 2.016 1.882 1.813 1.689 1.633 1,620 1.556 1.556 1.544 1.544 1.544 .

274 i

TIME 2.5 7.0 10.5 16.3 22.0 25.3 29.5 33.3 37.5 47.0 61.5
{min)
CHGS .04245 .00802 .00777 ,01504 .02939 ,03519 .03608 .03698 .03735 .03850 .03664
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TABLE XIX

UNSTEADY-STATE RESULTS FOR EXPERIMENTAL RUN 46
Initial pH = 3.0; Final pH = 5.7; CHGF = .18438
TIME 6.2 10.8 15.8 18.3 21.8 25.2 28.7 32.3 36.8 40.1 43.1 46.4 48.9 51.6 54.8 57.3 60.0 62.5 65.3 67.8 70.3
(min)
C: o 1.259 1.900 2.148 2.195 2,245 2.171 2,102 1.976 1.956 1.882 1,882 1.830 1.830 1.813 1.74% 1.796 1.780 1.780 1.749 1.764 11.764
274
TI1ME 3.0 8.5 14.3 20.2 24.0 27.0  33.8 39.0 45.0 53.0 63.5
(=in)
CHGS  .02508 .00776 .00717 .00915 .01070 .01166 .01348 .01384 .01468 .01616 ,01462
TABLE XX
UNSTEADY-STATE RESULTS FOR EXPERIMENTAL RUN 23
Initial pH = 4.0; Final pH 5.2; CUGF = ,01725
TIME 4.5 7.4 13.2 23.6 27.2 30.6 32.7 34.5 41.7 46.6 52,5 S54.7 57,1 60.9 65.5 68.9
{min)
Cs 0 .148 .181 .216 .255 .263 .265 .267 .273 .268 274 .276 .271 .278 271 .276 .274
274
TINE 3.8 13.8 30.0 45.0 S50.0 73.0 74.0
(=in)
CHGS .00174 ,.00176 .00178 .00170 .00200 .00206 .00150
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TABLE XXI
UNSTEADY-STATE RESULTS FOR EXPERIMENTAL RUN 24

Initial pH = 4,2; Final pH = 5,73 CHGF = ,03765

TIME 7.7 11.5 15.7 15.8 32.9 39.5 52.8  57.5 61.1 63.9 '66.7 68.4
{min)
Cs 0 .261 .320 .364 .369 .364 .366 .356 »353 .353 353 .344 .353
274
TIME "10.0 15.4 24.8 35.0 4.0 49.3 60.9
(min) .
CHGS .00220 .00300 .00370 .00370 .00400 .00400 .00376
TABLE XXII
UNSTEADY~STATE RESULTS FOR EXPERIMENTAL RUN 25
Initial pH = 4.1; Final pH = 5.9; CHGF = ,05444
TIME 6.8 10.3 14,2 18.9 22,3 29.0 37.0  72.4 77.0 80.0 84.0
(min)
Cg o .215 .261 .282 282 .280 .267 .263 261 .263 263 263
2¥4
TIME 8.4 11.8 20,2 26.8 59.5 70.2 78.0 84.0
" (min)
CHGS .00487 .00618 .01081 .01157 .01243 .01306 .01243 .01243
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TABLE XXIII

UNSTEADY-STATE RESULTS FOR EXPERIMENTAL RUN 26

Initial pH = 4.1; Final pH = 5.7; CHGF = .04712

TIME 9.7 12.7 16.6 19.9 23.3 28,3 35.0 39.3 42.5 47.9 53.0 55.9 60.5
{min) .
Cs o .282 .326 .330 .330 .328 .318 .302 .299 295 .297 «293 +295 +295
274
TIME 6.5 l6.0 23.0 37.00 45.0 50.0 58.0 63.0 64.0
(min)
CHGS .00334 .00400 .00601 .00718 .00737 .00672 .00668 .00677 .00657
TABLE XXIV
UNSTEADY-STATE RESULTS FOR EXPERIMENTAL RUN 27
Initial pH = 4.0; Final pH = 5.4; CHGF = .03027
T IME 8.0 12.9 16.9 19.8 26.0 29.90 33.2 37.3 41.6 46.9 50.6 55.5
(min) .
s 0 .237 .295 337 .344 .366 .380 .383 .380 .382 .386 .382 .386
274
TIME 5.1 10.8 22,0 35.1 48.4 52,0 56.8
(min) )
CHGS .00325 .00185 ,00234 .00232 ,00292 ,00298 ,00283
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TABLE XXV
UNSTEADY-STATE RESULTS FOR EXPERIMENTAL RUN 28

Initial pH = 3.9; Final pH = 5.3; CHGF = .02428

TINME 9.7 13.7 16.9 21.7 24.9 33.8 40.6 = 45.2 47.9 51.3 54.3 6l.1 64.7 67.5
{min)
CS o .227 .270 .287 .304 .312 .322 .326 .330 .330 .333 .335 .339 <337 .338
274
TIME 7.3 19.0 35.5 49.5 55.8 62.9 66.6
(min)
CEBGS .00248 .00281 .00187 ,00248 ,00232 .00239 ,00238
TABLE XXVI
UNSTEADY~-STATE RESULTS FOR EXPERIMENTAL RUN 65
Initial pH = 3.53; Final pH = 6.0; CHGF = .10104
TIME 9.8 14.0 20.0 27.5 34.7 44.7 54.7 61.3 65.0 68.0 71.0
(min)
Cs o .602 .650 . 642 .602 .599 .595 .606 .606 599 +599 .595
274 .
TIME 6.6 11.6 18.0 33.1 47.0 56.4 68.0
{min) .
CHGS .00869 .00769 .01456 .01945 ,01903 ,01922 .01960
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TABLE XXVII
UNSTEADY-STATE RESULTS FOR EXPERIMENTAL RUN 67

Initial pH = 3,38; Final pH = 5,.95; CHGF = ,06626

TIME 8.3 13.5 19.8 26.3 32,2 41.7 46.7 51.7 55.3
(min)
c .561 .721 .817 .867 .882 .882 .882 .882 .882
529
TIME 6.3 11.8 17.8 24,0 29.0 40.0 44.0 50.2 53.8
(rm in)
CHGS .00436 .00386 .00358 ,00343 .00361 .00377 .00393 .00405 .00374
TABLE XXVIII
UNSTEADY~STATE RESULTS FOR EXPERIMENTAL RUN 69
Initial pH = 3.35; Final pH = 5.65; CHGF = .04677
TIME 8.6 13.7 20.9 27.1 33.1 39.4 45.3 48.5 52.0 57.3 60.8 63.5 66.3
(min)
5,0 .447 .567 .643 .696 .707 716 716 .726 .726 .734 732 1.737 $732
4
TIME 6.7 12,1 18.9 25.1 31.5 36.7 43.3 50.2 55.7 68.4
(min) .
CHGS .00421 .00383 .00348 .00388 .00388 .0039% .00368 .00358 .00373 .00364
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TABLE XXIX
UNSTEADY-STATE RESULTS FOR EXPERIMENTAL RUN 71

Initial pH = 5.88; Final pH = 5.95; CHGF = ,07542

TIME 5.3 8.3 14.0 19.3 25.3 31.8 34.6 38.4 46.0 49.8 53.6

(min)

Cs o .706 .721 .726 721 726 737 .732 .737 737 .732 <737
274

TIME 3.7 10.3 17.1 23.5 30.2 36.8 44.1 51.8

{min)

ChGS .00554 .00615 .00614 .00599 ,.00615 .00610 .00605 .00610

TABLE XXX
UNSTEADY~STATE RESULTS FOR EXPERIMENTAL RUN 73

Initial pH = 5.75; Final pH = 5.8; CHGF = .05914

TIME 9.1 15.3 21.3 30.0 35.4 41.0 45.5 53.0 58.5
(min)

c .844 .849 .867 .867 .867 .867 .867 .867 .867
5294

TIME 5.3 11.9 18.2 23.8 32.3 37.8 42.3

(min)

CHGS .00429 .00454 .00464 .00414 .00422 .00408 .00412
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TABLE XXXI
UNSTEADY~STATE RESULTS FOR EXPERIMENTAL RUN 75

Initial pH = 5.35; Final pH = 5.4; CHGF = ,03921

TIME 4.5 10.3 14.6 20.2 24.7 32.5 37.6 44.0 49.2 51.6

(min)

Cs o w587 .613 .618 .625 .633 .633 .632 .633 .637 .633
274

TIME 7.8 12.9 17.3 27.1 35.2 40.8

(min)

CHGS -00391 .00399 .00394 .00387 .00352 .00386

TABLE XXXII
UNSTEADY-STATE RESULTS FOR EXPERIMENTAL RUN 77

Initial pH = 5.76; Final pH = 5.7; CHGF = ,08920

TIME 8.5 14.3 19.7 24.8 32.8 40.8 44.9 52.3 55.0

{min)

CS o .608 .629 .633 .629° .625 .633 .635 .642 .633
274

TIME 11.1 17.7 22.1 30.7 35.0 43.1 48.8 55.0

{min)

CHGS .00976 .01074 .01094 .01167 .01113 .01094 .01121 .01087
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