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Abstract:
Strong black liquor from the Hoerner-Waldorf Paper Products Company was oxidized with oxygen in a
diffusion cell at 90°C. The oxygen at atmospheric pressure was allowed to pass over the liquor in the
cell, thereby diffusing into and simultaneously reacting with sodium sulfide in the black liquor.
Periodically, samples were taken at different distances from the liquid interface and analyzed for
sulfide.
Experimental results were correlated to a mathematical model describing the diffusion and
simultaneous rapid reaction of oxygen with the sulfide in the black liquor. Constants used in the
mathe-matical expression were determined for the black liquor system.
Generally the experimental results agreed well with the theoretical predicted results from the diffusion
model. This gives evidence in support of the theory that the oxidation mechanism in the black liquor is
diffusion controlled and can be described by a mathematical expression for diffusion with simultaneous
rapid (essentially instantaneous) reaction.
The effect of increasing the thiosulfate concentration in black liquor seemed to slow the rate of
conversion of sodium sulfide.
Increasing the sulfide concentration in black liquor had neg-ligible effect on the rate of conversion of
sodium sulfide to thio-sulfate.
An artificial solution of sodium sulfide was oxidized in the same manner as were the black liquor
samples. Results showed the sodium sulfide solution to react very slowly, indicating that the sulfide in
black liquor may be catalyzed to react very rapidly.
There was evidence of convection in the diffusion cell caused by external disturbances. This seemed to
increase the values of diffusivity of sulfide in the black liquor, which would have been lower in a
perfectly undisturbed cell apparatus.
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'ABSTRACT
Strong "black liquor,.from the Hoerner-Waldorf Paper Products
Company was oxidized wit h ,oxygen in a diffusion cell at 90°C. The
oxygen at atmospheric pressure was allowed to pass over the liquor
in the cell, thereby diffusing into and simultaneously reacting with
sodium sulfide in the black liquor. Periodically, samples were taken
at different"distances"from the liquid interface and analyzed for
sulfide.
Experimental results were ,correlated to a mathematical model
describing the diffusion and .simultaneous rapid reaction of oxygen
with the sulfide in the black liquor. Constants used in the mathe
matical expression were determined for the black liquor system.
Generally the experimental results agreed well with the
theoretical predicted results from the diffusion model. This gives
evidence in support of the"theory that the oxidation mechanism in
the black liquor is diffusion controlled and can be described by a
mathematical expression for diffusion with simultaneous rapid
(essentially instantaneous) reaction. •
The effect of increasing the thiosulfate concentration in
black liquor seemed to slow the rate of. conversion of sodium sulfide.
Increasing the sulfide concentration in black liquor had neg
ligible effect on the rate of conversion of sodium sulfide to thio
sulfate.
An artificial solution of sodium sulfide was oxidized in the
same manner as were the.black liquor samples. Results showed the
sodium sulfide solution to react very slowly, indicating that the
sulfide in black liquor may be catalyzed to react very rapidly.
There was evidence of convection in the diffusion cell caused
by external disturbances. This seemed to increase the values of
diffusivity of sulfide in the black liquor, which would have been
lower in a perfectly undisturbed cell, apparatus.

INTRODUCTION
The Kraft sulfate pulp process accounts for over half of the
pulp produced in the United'States.

Odors'from these plants are of

growing concern to many communities.

These odors, both organic and

inorganic in nature, are given off at various units in a Kraft pulp
4
■mill.

One major source of odor is the escape of hydrogen sulfide

from the direct contact evaporators and the recovery furnace used to
concentrate and regenerate black'liquor in the Kraft process.
The Kraft process starts with the digesting of wood chips.by a
cooking liquor which is a mixture of sodium sulfide, sodium hydroxide,
and sodium carbonate.

The purpose of the digestion is to dissolve the

noncellulosic material in the chins, leaving the cellulose fibers un~

-

dissolve!.

In this step lignins are hydrolyzed to alcohols and,acids.

After the digestion, the pulp fibers are free from lignins and are sep
arated from the cocking liquor.

This liquor is the weak black liquor

which contains appreciable amounts of organic sulfur compounds and the
spent reagents of the original cooking liquor.
Also present are the unreacted inorganic compounds originally
present.

This weak black liquor is then concentrated by direct contact

evaporators in series to concentrate the liquor to about forty percent
solids.. The concentrated black liquor is called strong black liquor.
The strong liquor is then sprayed into a recovery furnace to regenerate
the liquor by breaking 'down organic compounds and melting the inorganic

11

chemicals.

-2In order to reduce the odor released in the evaporators and
recovery furnace, the black liquor (either weak or strong) can be
oxidized.

Here the main reaction is the oxidation.of sodium sulfide

to sodium thiosulfate and other secondary products.

This -reduces the

amount of hydrogen sulfide given off by the evaporators and recovery
furnace and also saves adding increased make-up reagents upon re
generation .
Most oxidation studies with black liquor have been concerned
with oxidizing the weak black liquor.

The Hoerner-Waldorf plant at

Missoula, Montana presently oxidizes strong black liquor.
The mechanism of black liquor oxidation has not been well under
stood.

This study is concerned with the oxygen oxidation of strong

black liquor in a diffusion cell in which the oxygen is passed over
the liquid interface, diffusing through and reacting with the black
liquor.' It was hoped that this model would give some information on
the mechanism of the oxidation.

SURVEY OF PREVIOUS WORK
Some previous- oxidation studies with "black liquor have been
concerned with direct contact methods such as packed columns and batch
reactors in which the liquor was continuously agitated.

Conclusions

drawn from these studies have given- little information on the basic
mechanism of the oxidation.

Experimental -results that have been re

ported contain information on the rates of oxidation for various tem
perature ranges, air rates, etc. , for specific plant conditions.
Murray.reported the oxidation rate to follow an empirical equa
tion of the nature

V In (c / bp) = K9 / B
where
V = volume of reactor
B = integration, constant
b = parameter in oxidation rate equation, .
grams per liter atmosphere
p = partial pressure of oxygen, atmospheres
9 = time, hours
c = concentration of sod.ium sulfide in black
liquor, grams per liter
K = parameter in oxidation rate equation,
" liter per hour square foot

'Murray determined values of K, B, and b.

Shah reported that the reaction rate depends on oxygen absorp
tion and sodium sulfide concentration and could be expressed by

- r a
where

=

Ka(C

Tz d' P

)

Ka -

parameter in oxidation rate equation,
liter per hour cubic foot

d' =

parameter in oxidation rate- equation,
moles per liter atmosphere

-r a =

C

=

oxidation rate of sodium sulfide,
moles per hour cubic foot
concentration of sodium sulfide,
moles per liter

The value of Ka calculated by Shaii was close to the experimental
value, but the calculated value of d' was considerably lower than the
experimental-value, suggesting that .a mechanism other than the two film 'diffusional model used by Shah would best represent the reaction.
Fones and Sapp found the rate of oxidation of black liquor to
be quite rapid".

Their oxidation study showed that.the concentration

of sulfide decreased with time and the concentration of thiosulfate
and sulfate increased with time'.

After most of the sulfide had been

3
oxidized, the thiosulfate was apparently further oxidized to sulfate.

THEOEY
Black Liquor Oxidation

'

The following are generally accepted to explain the main re
actions in the oxidation of black liquor:

(1)

SMagS / 20g / HgO = MagSgO " / .SMaOH

(2)

MagSgO

/ SMaOH / SOg = SMagSO^ / HgO

The oxidation is basically the reaction of oxygen with sodium
sulfide .to make more stable inorganic sulfur compounds, of which sodium
thiosulfate is the major product.

D

The reaction of thiosulfate

with sodium hydroxide and oxygen has been reported to occur in greatest
proportion after the sod-ium sulfide has been nearly depleted by- oxidation.

3

Many other reactions have been hypothesized (involving various
oxidation states of sulfur) including formation of elemental sulfur.
These reactions, however, would be of minor significance in this
study.^ 5^
Since the oxygen is in the gaseous state and the black liquor is
a liquid, the oxygen must contact the liquor before any reaction can
take place.

.

Mass transfer is assumed to control the reaction since

previous work indicates that the reaction is essentially instantaneous.
Thus, the mass transfer model used to describe the diffusion of oxygen
is based on the very rapid reaction between oxygen and sulfide.

r-6 r

Theory on Simultaneous' Diffusion and Reaction.
There are two basic theories concerning diffusion with simul
taneous reaction.

The first is called the two-film theory,, based on

the assumption that the resistance to diffusion is concentrated within
a thin film next to the gas-liquid interface.

This ,film is assumed to

have negligible capacity for holding the dissolved.solute.

In the two-

film theory there are two such films actually, one in the gas and one
in the liquid.
The other theory is that of unsteady state molecular diffusion
of the solute into the whole mass of liquid, the amount of solute
dissolving being.restricted by the time of exposure of the liquid sur
face.

It is not possible to say which theory is more correct in indus

trial equipment, due to lack of experimental evidence.
In the two-film theory, as used by Shah in his study of black
liquor oxidation, the solute gas A reacts instantaneously with liquid
B according fo A / B = AB.

As the solution first meets the gas, the

two substances react immediately at the phase boundary.
AB will start to diffuse toward the main body of liquid.

The product
The liquid

near the surface soon runs out of B, and more B starts to diffuse up- .
ward from the main body of liquid.

Because B is rapidly removed from

the region near the surface, the A coming in must diffuse through part
of the liquid film in order to meet B diffusing upward.

Thus, the re

action zone for A and B moves away from the gas-liquid interface and
takes up a stationary position (within a few seconds time) such that

&

-7-;
the rate of diffusion of A from the gas phase is equal, mole for mole,
to the-rate of diffusion of B from the main "body of liquid.

in

The unsteady state diffusion theory used in this study also assumes
a rapid reaction between gas A and substance B in the liquid.

As A is

absorbed, the B molecules1
-near the interface are consumed in the re
action and are replaced by diffusion of more B molecules from the body
of liquid.

Because the reaction is assumed to take place very rapidly

when A meets B, regardless of .their concentrations in the reaction
zone, the distance at which A and B meet will move farther down from
the interface with'time.
Thus, for the region up to a distance z' from the interface, the
diffusion of A is represented by the diffusion equation

I

S)Ca
3t
also for z >. z’, the diffusion of. B is given by

(4)

B
B

3

where

b t
t = time
Cg - concentration of B
Ca = concentration of A
.Da , Dg = diffusion coefficients of A
and B, respectively, in the
liquid body

-

8

-

Tor the times of exposure of the surface to oxygen- in this'study,
it may bh assumed that the liquid layer is infinitely deep, or
-Z1<

z <oO .

Actually, the concentration of B five inches below the

interface remains at essentially the initial concentration of B dur
ing the period of the run.
Solutions to equations (3)'and (4) are of the form
CA

(5)

= a / a2
'I

erf

o
and
T

(6)

=

/ bg

erf

B_

4 l3B t
where

Cg
o

=

initial concentration of B in the liquid

Ca

=

interfacial liquid phase concentration of A

To solve for all the constants a^, a^, b^, bg, the following

at t

B.C.

at

B.C. ■

at

\ at

B.C.

at

O

cB

z =0

CA = Ca

Z: = Z 1 (t)

Z

=

Z 1 (t)

=

CA
'

-

0B

O

O

O

/o

B.C.

=

O^

I.C.

Il

initial and boundary conditions are given:

Z = Z 1 (t)

-Da
A -

=
b

Z

n ..scB '
^

Z

'

-9•The last boundary condition comes from the fact that one mole
-

of A reacts stoichiometrically with one. mole of B. .
At the reaction surface, equation ($) must reduce to

(7)

(z',t)

= 0

Then, from the perfect differential
a ^
(8 )

dCA

=

0 ■= , ^

A ^
,3 z’
t

dz'

^
"3 t

the following solution can be obtained:
;
(9)

dz_L

=

-

__

;(d.cA \
3 t

dt
3 z'
Substituting equation (5) into equation (9 ) .-gives

(10 )

.dz^_
dt

Integrating (lO) gives the following equation showing dependence
of z’ on t:

z'

=

NpToTt

where c< =

I - erf \ O C
\ iiB

may be solved indirectly from
.

°B0

I

The constant

integration constant

y

(I )

x

=B erf \ -x. exp
-dA

\DA

o<

c<
__^

1T- ' db

-10It is assumed that

to simplify calculations of

o<
B

This assumption is approximately true, since orders of magnitude
of the values of the diffusivities will not vary by more than a factor
of two, usually.

This will not appreciably change the value of.

C<

Y

B

(See the Calculation Section in the Appendix.)
The constants determined are:

(13)

a1 = Ca

(l4)

a? =

(15)

I1 =

-I

c<

\
I -

I I - erf
N

(16)

b,

db .

c=<

I - erf

B

\

c<'

First, equation (12) must be solved for
C

B.

ing given values of

and

B

\

-I

\

by insert-

Then we can get a^, b^, and b^

The average rate of absorption of A up to time t is

(17)

N.
avg

I

DLdt = 2'
<=<

erf

\

\

TTt

RESEARCH OBJECTIVES

This study was undertaken to investigate the mechanism of the
oxidation of strong black liquor with oxygen. A diffusion cell was
used which allowed oxygen to simultaneously diffuse and react with
the black liquor.

Experimental data were fit to a mathematical dif

fusion-controlled model to describe the oxidation mechanism.
was carried out at about 90°C.

All work

It is hoped that the information pre

sented in this study, will contribute to further progress in oxidation
'of black liquor in pulp mills.

■

EQUIPMENT
The heart of the equipment was a plexiglass diffusion cell.con
sisting of a one centimeter diameter cylindrical hole bored concen
trically through a 5§-inch long piece of two-inch diameter plexiglass
rod.

Ten sample holes just large enough for a 22-gauge syringe were

drilled down the length of the rod to enable sampling of the material
In the one centimeter diameter hole.

The first sample hole was 5/8-

inch from the top of the cell and the next four sample holes were .
spaced l/4-inch apart.

The sixth hole was 3/8-inch down from the

fifth hole and the remaining four holes were l/4-inch apart.

See

Figure I for a view of the diffusion cell.
The sample holes were covered by gum rubber septums to enable
sampling by a syringe.

The whole cell unit was mounted on one face

of a cubical (one cu. ft. in volume) plastic tank with the.rubber
septums (covering the sample holes) exposed to the outside through a
cutaway in the face of the tank.

Thus the whole cell could be immersed

in a constant temperature bath while the liquor to be oxidized could
be sampled from the outside by a syringe.
Oxygen was introduced through., a small tube above the liquid
interface of the black liquor.

The oxygen was first bubbled through

water at the same'temperature as the water bath before being sent
through a liquid trap and finally to the diffusion cell.

This sat

urated the oxygen with water vapor and prevented evaporation of any

-13-
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Figure I.

Front View of Diffusion Cell.

M etal
cap

screw -

on

-l4water in the liquor.

The water vapor and the unused oxygen exited-'

through a tube from the top of the diffusion cell.

See Figures I

and 2 for a view of the top inlet and exit passages in the cell.
Other auxiliary equipment consisted of.immersion heaters, in
sulation (around all sides of the tank except the exposed top), a small bellows, pump to replenish water which had evaporated from the.
temperature bath, oxygen pressure regulators and valves to control
the flow of inlet;’oxygen.
experiment.

See Figure 3 "for a schematic flow of the
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Top View of Diffusion Cell.
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Figure 3.

Flow Scheme of Experiment.

unit

EXPERIMENTAL
Black liquor (about 9-10 cc) was introduced into the cell through
the top to the desired liquid level.
fitted on the top of the cell.

Then the oxygen inlet tube was

Hot water was introduced into the tank

to cover up the entire cell unit and all inlet and exit gas tubing.
The water was quickly heated to about ^0°C.

While the water bath was

heating up, oxygen was bypassed from the cell.

As soon as the correct

temperature of the bath was' reached, the oxygen was directed to the cell
being introduced above the interface of the black liquor (about onehalf inch separated the end of the oxygen inlet tube from the liquor
interface).
The oxygen flow rate was about 11 liters per minute at standard
conditions.

The pressure of the oxygen was just great enough to enable

the oxygen to be bubbled through the saturating water flask, travel
through all the tubing and finally exit from the cell.

An auxiliary

bellows pump furnished water to the temperature bath tank to replenish
water lost by surface evaporation.

This was important because the

water level in the tank had to be above the cell and all inlet and
exit tubing to prevent condensation.
Sample sizes of .03 ml were taken every few hours from the sample

12
holes and analyzed for sodium sulfide by a colorimetric method.
Usually only the first three holes below the interface were analyzed
because the liquor below these holes was not appreciably oxidized dur
ing the length of a run, which was about nine hours.

-18Much of the time involved in the experimental'work involved
■making repairs and modifications in the equipment and changes in
experimental procedure.

Once the cell was finally modified and the •

operational technique developed more fully, reproducible data was
obtained from the runs.

"

DISCUSSION OF RESULTS
Black liquor-samples in the cell were contacted with the saturated
oxygen at temperatures of from 90°C t o '91°C.

Sample sizes of .03 ml

each were periodically taken at various distances from the liquor-oxygen
interface and analyzed for sodium sulfide by a colorimetric method.
(See Appendix l).

Thus, the fraction of initial sulfide concentra

tion' was determined at each- time and distance from the interface.
These values of percent of initial sulfide concentration were compared
with values obtained from the mathematical model using various values'
for the diffusivity of the sulfide.
Early runs showed'that if the liquor interface was too close to
the end of the oxygen inlet tube, visible pulsation of the interface
occurred.

This disturbance was amplified if the gas outlet tube was

partially blocked by condensation of water vapor in it.

This problem

was corrected in later runs. Also, the height of the interface was
kept low enough in later runs so that no visible signs of disturbance
from the oxygen inlet flow were evident.
In general, results indicate that the mathematical model

CB
CB

=

- .005 / 1.005

O

erf

% \| 4Dt
v

describes .the mechanism of the oxidation, showing that it is a diffu
sion-controlled reaction.

20Experirnental results showed that values of the apparent diffusivities were largest at regions closest to the gas-liquid inter
face.

To illustrate this point, Figure 4 shows the actual and.

theoretical curves in one run for the fraction of initial sulfide
concentration•versus time at a distance of 0.187 inches from the
interface.

2

The theoretical curve using a value of D = 0.15 in /hr

-Lj2
■
(or 2.68 x 10 . cm /sec) agrees well with the experimental curve
obtained. 'Figure 4 also shows a similar comparison of actual and
theoretical curves for a distance of 0.437 inches from the interface.

2,
-5
The apparent diffusivity here is about 0.04 in /hr (or 7.19 x 10
2
era /sec) for the theoretical curve best fitting the actual data.

Also,

in Figure 4, the farthest distance from the interface, O .687 inches,
shows the lowest apparent value of diffusivity, which is 0.03 in /hr
(or 5.37 x 10 5 cm^/sec).

Similar trends in the magnitudes of observed

diffusivities can be seen in the curves of Figures $, 6 , and 8 .
Normal values of diffusivities given in reference literature
would lie in the range of from 1.0 x 10 ^ cm^/sec to 4.0 x 10 ^
cm^/sec at 25°C for diffusion in l i q u i d s ^
liquids is proportional (approximately) to
perature and /A

t /m

Since diffusivity in
(where- T is the tem

is the viscosity)^, the values of diffusivity for

sulfide in black liquor can be approximated at 90°C, knowing the vis
cosities of black liquor at 25°C and 90°C.

Black liquor has a vis

cosity at 25°C of about four to five times the viscosity at 90°C.

Fraction o f In itia l S u lfid e C oncentration
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Figure 4.

Concentration vs. Time Curves for Experimental
and Theoretical Cases for z Distances of .187,
.437, and .687 Inches.

F ra ctio n o f In itia l S ulfide Concentration
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Concentration vs. Time Curves for Experimental
and Theoretical Cases for z Distances of .208
and .458 Inches.
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Figure 6.

Concentration vs. Time Curves for Experimental
and Theoretical Cases for z Distances of .281
and .531 Inches.

Fraction of initia l Sulfide Concentration
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Concentration vs. Time Curves for Experimental
and Theoretical Cases for z Distance of .281
Inches.

Fraction of initio! Suifide Concentration
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Figure 8.

Concentration vs. Time Curves for Experimental
and Theoretical Cases for z Distances of .166
and .4l6 Inches.
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Thus, at a temperature of 90°C, viscosity and temperature•corrections
.should bring the diffusivity to a value of about five or six times
the commonly listed.values of diffusivities for diffusion in liquids
at 25°C.

This would bring the expected values of diffusivity in

black liquor to a .range of from 5 x 10 ^ cm^/sec to 2.4 x IO-^+

2,

cm /sec.
Thus, assuming that the oxidation of the sulfide in black
liquor is essentially instantaneous, the apparent high values observed
for sulfide diffusivities are accounted for.

If the reaction between'

oxygen and sulfide were not rapid, then the apparent values of diffusi
vities obtained experimentally would be rather hard to explain.
It was noted, as mentioned before, that the liquid interface',
was observed to pulsate from being too close to the oxygen inlet tube.
In later runs some pulsation may have occurred, or at least some dis
turbance due to the inlet oxygen, but it was not visible.'
Knowing that internal convection and external disturbances will
increase the rate of molecular diffusion, diffusivity values of up to

20 times the values of normal diffusivities could be experimentally
observed.

This would depend, of course, on the magnitude of the dis

turbance of the liquid in the diffusion cell.
Experimental results seem to support the hypothesis that the
region near the interface is disturbed, as well as the main body of
the liquid in the cell.

The curves drawn- from actual data show that

-27the levels closer to the interface had higher observed values of diffusivities than did the regions farther down from' the interface.

This

could be justified by the fact that the interface and regions immediate
to the interface were disturbed most by the inlet oxygen, since the
interface was close to the inlet oxygen stream.
Evidence exists that supports the hypothesis that interfaces
closer to the inlet oxygen are disturbed more than interfaces farther
away from the inlet oxygen.

In Figure 8, the first sample hole below

the interface (0.166 inches below the interface) had an apparent
diffusivity of 0.01 in^/hr (or 1.79 x 10 ^ cm^/sec).

In Figure 6 ,

where the same sample hole was 0.281 inches below the interface, the
apparent:diffusivity was 0.15 in^/hr (or 2.68 x 10

cm^/sec).

Thus,

the observed diffusivity in .the region near the interface in Figure 6
was 15 times greater than that value of diffusivity observed for the
region near the interface in Figure 8 in which the interface was not
as close to the oxygen inlet as the interface in Figure 6.

Also, in

Figure 4, where the same sample hole was O .187 inches from the inter
face, a diffusivity of 0.15 in^/hr (or 2.68 x 10 ^ cm^/sec) was ob
served.
Thus far, experimental data seem to show that the diffusion con
trolled model describes the oxidation mechanism of the black liquor.
Also, evidence has been given to support the hypothesis that regions
nearer the interface (and interfaces nearer the oxygen inlet stream)

-28have higher values of diffusivity than do regions farther from the
interface.
The effect of increasing the concentrations of sulfide and
thiosulfate in the black liquor was studied.

In Figure 9, a run was

made on black liquor to which an additional 10 grams per liter of
sodium thiosulfate was added.

At a distance of 0.218 inches from

the interface, the curve for the thiosulfate-enriched liquor had a
lower apparent diffusivity than did the curve with unadulterated black
liquor at the same distance from the interface.

The value of observed
p

_li

diffusivity for the thiosulfate curve was 0.01 in /hr (or 1.2 x 10~

2/
\
cm /sec).

-

Possibly the added thiosulfate in some way hinders the

diffusion of sulfide molecules in the liquor.

Also, the thiosulfate

might act to slow down the rapid kinetics of the reaction.
In Figure 10 an additional five grams per liter of sodium sul
fide was added to the black liquor.

The control run, with regular

black liquor, gave a curve very close to that for the sulfide-enriched
liquor.

The sample level was 0.166 inches from the interface for

both curves.
• A run was made with an artificial solution of sodium sulfide
(9 grams per liter, pH of 9.2).

Figure 11 shows the curve of this

run to exhibit an apparent diffusivity which is about 100 times lower
than any values observed for the black liquor runs.

This indicates

that the pure sodium sulfide probably doesn't react rapidly with

Fraction o f Initial S u lfide Concentration
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Figure 9«

Concentration vs. Time Curves for ThiosulfateEnriched and Regular Black Liquor for z Distance
of .218 Inches.

Fraction of Initial S ulfide Concentration
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Figure 10.

Concentration vs. Time Curves for SulfideEnriched and Regular Black Liquor for z Distance
of .166 Inches.

Fraction of initial Sulfide Concentration
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Tim e, Mr.

Figure 11.

Concentration vs. Time Curve of Artificial
Sulfide Solution.

-32oxygen .

This has been'confirmed by Ricca, who used a contactor type

of .apparatus to oxidize an artificial solution of sodium sulfide.^
Assuming that there was as-much, disturbance and convection in
the artificial sulfide as in the black liquor runs, the actual diffusivity in the artificial sulfide would be even less than the ex
tremely small value observed in the run of Figure 11.
Similarly, if there were no disturbances and convection in
the black liquor runs, the observed diffusivities at all distances
from the interface would probably be smaller and thus closer to the
experimental values of liquid diffusivities listed for various
systems in the literature.

CONCLUSIONS
'I.

The mechanism of the oxidation of strong black liquor by oxygen
is a diffusion controlled mechanism which can be represented by
a mathematical expression for diffusion with simultaneous rapid
reaction.

The expression determined in this study was

C.
B
C.
'B
o

■005 / 1.005

erf

z

where
C,
'B

is the fraction of initial sulfide concentration

o
z
Dg
t

2.

Is distance below the liquid interface
is sulfide diffusivity, and
is time

Convection caused by disturbances to the cell apparatus increased
the apparent values of sulfide diffusivity.

In regions of the

cell where disturbances were greatest, the diffusivity values
were greatest.

3.

A solution of sodium sulfide will not react nearly as rapidly as
will the sulfide in black liquor.

This indicates that something

present in black liquor makes the oxidation of sulfide very rapid.

—34—
4.

Increasing the thiosulfate concentration in the black liquor con
centration seemed to slow the mechanism of conversion of sodium
sulfide.

5.

Increasing the sulfide concentration in the black liquor had
negligible effect on the mechanism of the conversion of sodium
■sulfide.

-35-

appendices

-3&Appendix I -- Method of Analysis
I.

12

Sodium Sulfide in Black Liquor:
A.

Reagents:
. Base Electrolyte -- Dissolve 0.8 grams of FeClg• 6e ^0 in a

little water containing 20 milliliters, of concentrated hydro
chloric acid.

Add 10 milliliters of 50% "Roccal" wetting

agent (alkyl dimethyl, ."benzyl ammonium chloride) and dilute
to one liter.with water.' :
P-Phenylenediamine Hydrochloride Solution -- Dissolve 2.5
grams of recrystallized p-phenylenediamine in a little water.
Add 10 milliliters of concentrated hydrochloric acid and dilute
to 250 milliliters.

This solution may be kept for two weeks in

a brown stoppered bottle.

'

Starch Solution -- Dissolve 2 or 3 grams of starch in a liter
■ of freshly boiled water.
0.1 W Sodium Thiosulfate Solution -- Dissolve 25 grams of
HagSgOg • 5K20 and 0.1 grams of sodium carbonate in water and
dilute to one liter.

The thiosulfate is standardized against

a standard potassium iodate solution.
0.1 H Iodine Solution -- Place 12.7 grams of iodine in a
250-milliliter beaker.

Add 40 grams of iodate-free potassium

iodide and 25 milliliters of wa/ber.

Stir often, and when all

-37crystals are dissolved, dilute to one liter with water. ■ The
iodine is standardized against a standard thiosulfate solution
Standard Sodium Sulfide Solution —

Dissolve 5 grams of

NagS • 9HgO in 500 milliliters of water.

B.

Procedure:
(a)

Standardization of the Sodium Sulfide Solution
1.

Add 10 milliliters of the Na^S * 9Hg0
solution to a flask containing 25 milli
liters of .1 N iodine solution.

The

sodium sulfide reacts with the iodine
to form sodium iodide.
2.

Titrate the excess iodine with a 0.1 N
sodium thiosulfate solution to a starch
end point.

3.

The normality of the sodium sulfide can
be calculated as follows:
w

-

(25)(0.1) - (x)(O.l)________

^NagS - SKgO
where

x = milliliters of 0.1 N sodium
thiosulfate solution required
for the titration of the excess
iodine.

The grams per liter of

sodium sulfide can be calculated by

' • -38Grams per liter of Ka^S

•(b)

= 78Z2 x (1V s

Determination of Sodium Sulfide in ElacX- Liquor
. I.

Add 0.03 milliliters of sample black
liquor from a micrometer syringe to 4$
milliliters of base electrolyte in a
stoppered 50-milliliter flask.'

2.
.

....

3.

Swirl the tube gently to mix.
■
Let the sample stand not less than one
minute, no more than two minutes.

4.

Add 2 milliliters of p -phenylenediamine solution, stopper, and mix.

5.

Allow blue color to form not less than
10 minutes nor more than 15 minutes.

6.

Dilute the contents of the flask to 500
milliliters with water and mix thoroughly.

7.

Measure the optical density at a wave
length of 600 millimicrons against a
similarly prepared and diluted blank. •

8.

Determine the apparent sulfide concen
tration from previously determined optical
density values of standard sodium sulfide

9h 2o )

-39- '
solutions.

(Plot a graph of optical

density v s . concentration of sodium
sulfide solutions.

Four or five dif

ferent concentrations are sufficient
to make the plot. )
9-

See-Figure' 12.

Multiply the apparent sulfide concen
tration, by the recovery factor to obtain
■ the actual sulfide concentration.

■ -

Calibration of Colorimeter
(a)

Calibration —

Add 0.l4 milliliters of

standard sulfide solution to 4-5 milliliters
of base electrolyte and generate the blue
color as described in Steps 2 through 5 of
the above procedure. . Dilute the standard
•and blank to the same volume and measure
■ the optical density at a.wave length of

600 millimicrons.
(b)

Correct sample size to remain within Beer's
Law.

It ha.s been determined that a sample

■size of from .01 ml to .03 ml of the strong
black liquor used at the Hoerner-Waldorf ■
plant in Missoula will remain within Beer's

Percent Transm ittance

-40-

Grams per lite r of Sodium S ulfide
Figure 12.

Calibration Curve of Percent Transmittance
vs. Grams per Liter of Sodium Sulfide.

-41Law and will give a.recovery factor of

1.02 (which means that the colorimetric
value is 98$ of the actual value 'deter
mined potentiometrically).

-42Appendix II —

Calculations

A. .Solving for Constants c=< , Td , Td2 .
At 90°Cj Henry's Law constant for oxygen is about ^
atm/mole fraction oxygen in liquor.

6.9 x IO^

Henry's Law states that (for

low concentrations):
Il

P^k '

where

XA
x^

=

mole fraction of oxygen

=

partial pressure of oxygen in atmosphere

=

Henry's Law constant

' ' PA
H

Since the oxygen was saturated with water vapor, the partial
pressure of water vapor must be found.
At 90°C, Py

q

=

525 mm Hg.

Then, at a barometric pressure of

2
636 mm Hg, the partial pressure of oxygen is
Hg, which is 0.175 atm.

1 636 - 525 - 111 mm

It is convenient to change the units

to atm-moles of oxygen per liter.

The following relationships hold

for Henry's Law constant in the units needed:

H •
where

XA

=

x^

C

H - C

a

=

of H

H

- C - X

a

=

mole fraction of oxygen

-

concentration of oxygen in
moles per liter

=

total concentration, moles per
liter

-43' Then,

H

=

h

’/C

Because the black liquor is about 42$, solids, G can be found as
follows:

580 gms water

^

liter of liquor

gm mole

18 gms water

32 .'2 gm mole water per liter
Then

6.9 x 10 '

H

2.1 x ICr atm-moles of oxygen per liter

32.2
Thus

-x.

_____ .175 atm

=

2.1 x IOj atm-moles of oxygen per liter
'r

x.

Then

" =

=

8.'35 x 10 5 mole fraction of oxygen in liquor

C » X^

32.2 x 8 .35 'x 10 ™5

=

2.68 x 10 moles oxygen per liter

0

Thus

is the inteffacial liquid phase concentration of the oxygen

0
in the black liquor.
In different units

becomes

0

-

0

8.59 x 10

—2

grams oxygen per liter

•

To find the constants
the theory.

c < > b^, and bp recall equation (12) from

\

B
(12 )

oC

I - erf

—

N

M D1
B
Assuming that

erf.

=

o<_
D—

c^- - C< t
eXp

V

which is approximately true, the above

equation reduces to

(l8 )

Oi-

c<.
IT

I - erf

Using a value of C

erf

N

"

A •
o

of 20 grams per liter for the sulfide concentration,

o
equation (l8 ) becomes

I - erf

\

erf

.0859
o<L

Solving for
Then

b-j

=

2

-

=XL \-l
n /

I - (l - erf

bi
.b,

, the value is

N

:O05

=

(l - erf

\

oA .j-1'
D

I ;005

.

Thus, equation (6 ) which is
CL

(6)

=

bf

/

b2

eff
\| 4nt

becomes
XB

=

“-005

/

1.005

erf
\|4Dt

\

\
.00432

-45Because the analytical accuracy is around - 1%

on readings

from the colorimeter and ± 2% on translating colorimeter readings
from a graph of percent transmittance vs. grams per liter of sodium
sulfide, for all practical purposes equation (S) can he represented
hy
erf

(Sa)
o

Z

.xftot

-46Appendix III
Sample Program Used in the' Calculations of the Error ^Function of

:

/

..

Sample Program Used in the Calculations of the Error Function of
10

z/

. DIM Z (20)

20
30
50
55

LET Q6 = 0
LET Dl = 5.0000E - 03
PRINT Zl, Tl, P, ERROR FINC
FOR I = I T6 20

56

READ Z(I)

60
70
80

85

NEXT I
LET Tl = .1
GOSUB-500
LET Tl = .5

90

GGSUD 500

95

FOR Tl = I T6 10

'100

G6SUB 500

HO

NEXT Tl

DATA

.
’

.281, .531, .781, 1.156, .218, .468, .718, 1.093; .166, .416, ;666

505
510
515
518
521
522
523
525

DATA l.o4i, .208, .458, .708, 1 .083, .187, .437, .687,-1.062 •
END
'
. :,
FOR I = I Te 20
LET Zl = Z(I)
LET Pl = Z1/(SQR(4*D1*T1))
GOSUB 5100
PRINT Z l , Tl, PI, Ql
NEXT I
PRINT
PRINT
RETURN

530

END

125
500

5100
5101
5102

-5103
5104
5105

IF P l - O THEN 5116
LET Q3 = l/Pl
LET Ql = Q3
LET Q4 = I
FOR Q5 = 2 TO 100
LET Q4 = Q4*(2*Q5 - 3)

-47-

120 '
121

4ct

I

Sample Program (continued)
5106
LET Q2 = ( -I) J (Q5 -l)*Q4/(2 | (Q5 - l)*Pl I (2*Q5- l))
5107
IF A B S (Q2) < I .0000E - 04 THEN 5113
5108
IF ABS (Q2) ABS (Q1) THEN 5116
5109
• LET 03 = 03 f 02
5110
LET Ql = 02
5111 • NEXT Q 5
5112
G0T0 5116
5113
LET Q2 = EXP( -Pl I 2)/SQR(3.l4l6)*(Q3 / Q2)
5114
LET Ql = I
- Q2
5115
G0T© 5126
.
.
5116
LET Q3 = Pl
5117
LET Q4 = I
5118
FOR Q5 = I
TG 100
5119
LET Q4 =
Q4*Q5 '
.
5120
LET Ql = 03 / (-1)1 Q5*P1 I (2*Q5 / I)/((2*05 /l)*Q4)
5121
IF ABS(Ql-QS)C I.OOOOE - 04 THEN 5124
5122
LET 03 = Ql
5123
NEXT Q5
5124
LET Ql = Ql*2/SQR(3.l4l6)
5125
LET Q2 = I
- Ql
5126 ‘ IF Q6 = 0
THEN 5134
5127
. LET Q(I) = EXP(-Pl I 2)/SQR(3.l4l6)-Pl*Q2
5128 '
IF 06 = I THEN 5135 '
5129
LET Q(2) =
(Q2-2*P1*Q(l))/4
5130
IF Q6 = 2
THEN 5134
5131
F6R Q5 = 3
T6 Q6
5132
LET Q(Q5) = (Q(Q5-2) -2*P1*Q(Q5-1))/(2*Q5)
5133
NEXT Q5
5134
RETURN
9999
END
■
. .
READY
RUN

Appendix IV -- Summary of Experimental Data
The data for the oxidation of strong black liquor with pure
oxygen is presented in tables on the following pages.
/

appears .on the.figures in the body of this thesis.

This data

Table I.

Temperature of Black Liquor

Experimental and Calculated Results for
Black Liquor Runs Ros. I, 2, and 4.

90°C.

Run
No.

Distance from
Interface,
Inches

Time, Hr.

I

0.531

6

2

0.281

4

0.218

Experimental Value of
Fraction of Initial
Sulfide Concentration

_

Calculated' Value,
Fraction of In
itial Sulfide
Concentration

Diffusivity
of Sulfide
Used in Calc.
Value, cm2/
sec x 105

. 0.65

0.623

• 5.37

6

0.22

0.213

16.1

8

0.077

0.108

26.8

oi

i

Table II.

Experimental and Calculated Results for
Black Liquor Run No. 5*

Temperature of Black Liquor = 91 C.

Run
Distance from
No. . Interface,
Inches

Time, Hr.

Experimental Value of
. Calculated Value,
Fraction of Initial
Fraction of In
Sulfide Concentration . itial Sulfide ■
Concentration

.Diffusivity
of Sulfide
Used in Calc
Value, cm^/
sec x IO^

3

0.15

0.16

26.8

5

0.12

0.12 :

26.8

0.187

8 '

0.03

O .

5

0.437

3

0.62

0.62

7.17

5

0.437

5

O.56

. 0.51

7.17

5

0.437

8

o.4o

o.4i

• 7.17

5

0.687

3

0.82

0.89

5.37

5

0.687

5

0.80

0.79 -

5.37

5

0.687

' 8

0.72

0.67

5.37

5

0.187

5

0.187

5

'

■

For whole oxidized sample, overall fraction of initial sulfide concentration
was O .83 at end of run.

. 26.8

-

Table III.

Experimental and Calculated Results for
Black Liquor Run No. 6.

Temperature of Black Liquor = 91°C.

Run
No.

Distance from
Interface,
Inches

'6

0.208

■ .2.5

6'

0.208

6.5

6

0.208

-6

Time, Hr.

Experimental Value of
Fraction of Initial•-y
■Sulfide Concentration •

Calculated Value,
Fraction of In
itial Sulfide
Concentration

Biffusivity
of Sulfide
Used, in Calc.
, Value,. cm2/ .
sec x 105

0.33

0.25

• o.i4

■ o.i4

17.9

8.0

0.06

0.13

17.9

0.458'

2.5

0.82

0.76

-

5-37

..6

0.458

6.5

0.57

0.56

-

- 5.37

■6

0.458

8.0

0.47

0.48

.

Overall oxidized sample had a fraction of initial concentration of
sulfide of O .89 at end of run.
•

17 ..9

. 5.37

Table IV.

Experimental and Calculated Results for
Black Liquor Run No. 7.

Temperature of Black Liquor = 90°C.

Run
No.

Distance from
Interface,
Inches

Time, Hr.

Experimental Value of
. Fraction of Initial
Sulfide Concentration

Calculated Value,
Fraction of In
itial Sulfide
Concentration

r

Diffusivity
of Sulfide
Used in Calc
Value, ..cm^/
sec x 10^

7

0.281

2.75

0.37

0.28

26.8

7

0.281

6.0

0.17

0.15

26.8

7

0.281

8.75

0.08

0.12

26.8

7

0.531

2.75

0.82

0.82

5.37

7

0.531

6.0

0.64

0,64

5.37

7

. 0.531

. 0.48

0.4?

5.37

8.75

Overall oxidized sample had a fraction of initial sulfide
concentration of O.87. ■

-Table V.

Experimental and Calculated Results for
Black Liquor Run No. 8.

Temperature of Black Liquor = 90°C.

Run
No.

Distance from
Interface,
Inches

8

0 .2 8 1

Time, Hr.

2.5

Experimental Value of.
Fraction of Initial
Sulfide Concentration

Calculated Value,
Fraction of In
itial Sulfide
Concentration

0.4?

8
8

'

8
8
8

■

0.281

5.5

0 .3 1

0 .2 8 1

8 .0

0 .1 2

0.531

2.5

0 .9 6

0.531

5.5

0 .7 9

0.531

CO
b

l\

0 .6 2

Mixed overall oxidjzed sample had fraction of initial concentration of 0.88.

; :

Diffusivity
of Sulfide
Used in Calc.
Value, cm^/
sec x 10^

. 0 .3 8 . .
• r
0 .2 6
'
0.20.

1 2 .0
12.0
" ■ . 1 2 .0
'■

w-

Table VI.

Experimental and Calculated Results for
Black Liquor Run No. 9»

Temperature of Black Liquor = 90°C.

Run
No.

Distance from
Interface,
Inches

9

0.166

3

0.48

9

0.166

6

0.31

‘

0.36

■ 1-79

9

0.416

3

0.815 "

0.78

3.58

9

0.416

6

0.67

0.61

' 3.58

Time,. Hr.' • Experimental Value o f .
Fraction of Initial
Sulfide Concentration

Calculated Value,
Fraction of In
itial Sulfide
Concentration

' 0.49

Diffusivity
of Sulfide
Used in Calc.
Value, cm^/
sec x IO^
-

1.79
■■ ,
•XJI
XJI
'

\

Table VII.

Comparison of Results for Thiosulfate-Enriched and Regular Black Liquor.

Temperature of Black Liquor = 90°C.

Run No.

Distance from
Interface, Inches

10

0.218

3.0

0.58

10

0.218

6 .0

0 M

Fraction of Initial '
Sulfide Concehtra-. .
tion for ThiosulfateEnriched Liquor______

Fraction of Initial
Sulfide Cone, for
Regular Black
Liquor_____ ,

0.29
0.15

<.
10

0.218

8.5

Mixed overall, sample had fraction of initial sulfide
concentration of 0.93.

0.35- ..

:

.

...

.

0.08

-95“

Time, Hr,

Table VIII.

Comparison of Results for Sulfide-Enriched and Regular Black Liquor.

Temperature of Black Liquor = 910c,-

Run No.

Distance from
Interface, Inches

Time, Hr.

11

0.166:

3.0

0.44

0.48

11

0.166

6-0

0.29

0.31

11

0.166

8.75

0.16

' .,

■:

I.

Experimental Value of
Fraction of Initial
Sulfide Concentration
for Sulfide-Enriched
Liquor

■
.\

12

0.166

' 3.°

0.51

12

0.166

.7.0

0.23

Experimental Value
of-Fraction of In
itial Sulfide Cone,
for Regular Black
Liquor

0.21 (extra-pointed value)
0.48

0.25 (extra
polated value)

. Table IX.

Experimental Results for Artificial Sulfide Solution.

Temperature of Black Liquor = 91°C.
9 grams per liter,. pH = 9*2

Run No.

Distance from '
Interface, Inches

lb

0.166

3.0

l4

0.166

6.0

Time, Hrs.

Mixed overall sample had a value of 0.95 for the fraction
of initial sulfide concentration.

'

• 'Experimental Value,
Fraction of Initial
Sulfide Concentration
0.87
...

'

0.78

-59-
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