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Abstract:
Black liquor oxidation was investigated at different conditions to determine the importance of certain
variables.

Strong black liquor was obtained from Waldorf-Roerner Paper Products Company and was oxidized in
a continuous, stainless Steel, backmix reactor of 0.425 cubic feet volume by bubbling air through the
black liquor. .The oxidation was carried out at atmospheric pressure and at temperatures Of 180°, 190°
, 200° and 210°F. The air flow rate was' 0.25, 0.50 and 0.75 cubic feet per minute. Samples were
analysed for sodium sulfide and' sodium thiosulfate.

The rate expression was derived using the two-film model for the oxidation reaction of sodium sulfide.
The rate constants were determined graphically. It was found that the reaction rate depends on oxygen
absorption and sodium sulfide,concentration. - More conversion of sodium sulfide was obtained at a
lower space time. By increasing the air flow rate at a constant temperature, more conversion was
obtained. The most effective oxidation occurred at a temperature of 200°F. It was observed that the use
of the mixer improved the conversion of sodium sulfide.

One run was made for the oxidation of previously oxidized liquor.

It was observed that a two stage oxidation process could oxidize strong black liquor containing about
25 grams per liter of sodium sulfide to 1.5 grams per liter of sodium sulfide.

A material balance on sulfur suggested that a large amount of converted sulfur was present in
compounds other than sodium thiosulfate.

This unaccounted sulfur might be present in the form of polysulfides and sodium sulfate. A thin layer
of elemental sulfur was observed for the oxidation run at l80°F. 
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ABSTRACT

Black liquor oxidation was investigate^ at different conditions to 
determine the importance of certain variable's.

Strong black liquor was obtained from Waldorf-Roerner Paper Products 
Company and was oxidized in a continuous, stainless Steel, backmix re
actor of 0.4g5 cubic feet volume by bubbling air through the black liquor. 
.The oxidation was carried out at atmospheric pressure and at temperatures 
Of l80°, 1909 , 200° and 210°P. The air flow rate was' 0.25» 0.50 and 
O .75 cubic feet per minute. Samples were analysed for sodium sulfide and' 
sodium thiosulfate.

The rate expression was derived using the two-film model for the 
oxidation reaction of sodium sulfide. The rate constants were determined 
graphically. It was found that the reaction rpte depends on oxygen ab-v 
sorption and sodium sulfide .concentration. -

More conversion of sodqum sulfide was obtained at a lower space 
time. By increasing the air flow rate at a constant temperature, more 
conversion was obtained. The most effective oxidation occurred at a 
temperature of 2000P. It was observed that the use of the•mixer im
proved the conversion of sodium sulfide.

One run was' made for the oxidation of previously ■'oxidized liquor..
It was observed that a two stage oxidation process could oxidize strong 
black liquor containing about 25 grams per liter of sodium sulfide to 
1.5 grams per liter of sodium sulfide.

A material balance on sulfur suggested that a large amount of con
verted sulfur was present in compounds other than sodium thiosulfate.
This unaccounted sulfur might be present in the form of polysulfides and 
sodium sulfate. A thin layer of elemental sulfur was observed for the 
oxidation run at l80°P.



INTRODUCTION

The production of pulp in the United States amounted to almost 22 

million tons in 1957• This total was produced by the following proc

esses : sulfate (Kraft), 12 million tons; mechanical, 5 million tons;

sulfite, 2 1 /2 million tons; soda, l/? million tons; all others, 4.
4

million tons. Thus, over one half of the pulp produced in the United 

States comes from' the Kraft process. There ^re about fourteen sulfate 

(Kraft) pulp mills in thp northwest United States

The problem of the .Kraft odor is as old as the Kraft pulping 

process itself. The odors are mainly organic and inorganic sulfur . 

compounds which are released in varying'but substantial amounts at many 

widely separated parts of the process.

Briefly,the process of producing pulp by the sulfate method con

sists of treating wood chips and chemicals in the digester, where a 

reaction takes place which dissolves the noncellulosic part of the 

wood and leaves the cellulose fibers updissolved. (see Figure I). Follow 

ing the digestion period, the pulp fibers are free from lignins and are 

ready for separation from the spent cooking liquor. This liquid, to

gether with the wash water, is known as weak black liquor and contains 

the spent reagents. The weak black liquor is passed to a series of 

evaporators where water is progressively removed to a point where the 

residue can be burned .in a furnace to generate steam and.regenerate 

cooking chemicals'. The mill shown in Figure I has no provision for
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Figure I. The Kraft Pulping Process
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odor control, so that there are substantial amounts’ of odoriferous 

gases released from the digester, the evaporators, and the chemical 

recovery furnace.

The most well-known operation to reduce organic and inorganic 

sulfur compounds is the black liquor oxidation process. The hot 

black liquor is contacted with air and the sodium sulfide is oxidized 

to sodium thiosulfate and other oxidation products. This operation 

reduces the amount of hydrogen sulfide which escapes in the direct 

contact evaporator and the recovery furnace.

A large amount of research work has been done for the weak, black 

liquor oxidation. At Waldorf-Hoerner Paper Products Company, the 

strong black liquor is oxidized instead of the weak black liquor.

This study is concerned with the oxidation of strong black liquor 

at various conditions in order to determine the effect of certain 

variables on the oxidation process.



SURVEY OF PREVIOUS WORK

Literature Survey

The concept of stabilization of some of the sulfur compounds in

sulfate black liquor by oxidation was first suggested by M . .G. Schmitt 

in 1938. Schmitt found that in the recovery furnace operation, 12 per

cent of the sodium and 46 percent of the sulfur were lost. When samples 

of black liquor, were air dried on filter papers, and then heated, it was 

found that the unoxidized sulfur compounds decreased and the oxidized 

sulfur compounds increased. Schmitt proposed the oxidation of black 

liquor by aeration.

In the period between 1939 and 1942, Bergstroem and Trobeck^ made 

a fundamental study of the causes for the changing of the sulfide con

tent of black liquor on storage and found that pt elevated temperatures 

in the presence of air, the sulfide content of the liquor rapidly de

creases. On. the basis of their oxidation studies, they made the first 

installation of the oxidation unit of Norrsundet mill in 1952. They 

found that oxidation, reduced the sulfur loss from the liquor going through 

the vacuum evaporators from 26 percent for unoxidized liquor to an average 

of 10 percent for oxidized liquor. In the Norrsundet mill in Sweden, re

duction in the corrosion in the strong effect of the vacuum evaporators 

■was observed due to the black liquor oxidation. Trobeck also reported 

an appreciable lime saving per ton of pulp due to the higher sulfidity 

of white liquor resulting from oxidation of the blqck liquor; A number 

of patents have been obtained in Sweden, Canada and the United States

I



-5-

on the design and operation of the Bergstroem-Trobeck System.

A Bergstroem-Trobeck type oxidation unit was installed in the 

.Kraft pulp mill of Lareto and Pepa Pobre near Mexico City. This plant 

was studied by Trobeck, Lenz and Tirado. In 1 9 6 1 Tirado^^ conducted 

small scale oxidation studies. He diffused air into a column of blapk 

liquor held at various pressures. Tirado reported that the oxidation 

of black liquor by air at 28 to 75 psig showed definite gains specifi

cally regarding the conversion of mercaptans, which are difficult to 

oxidize in the conventional processes. At 50 psig and 65°C, an air 

rate of about 2 .3 times the theoretical amount was required to oxidize 

the liquor.

Tomlinson and cor-workers^ placed great emphasis on the fact that . 

hydrogen sulfide is lost from' the concentrated black liquor in the 

direct contact evaporators due to its release from the residual sodium 

sulfide in the .liquor by reaction, with the sulfur dioxide, sulfur triox

ide, and carbon dioxide in the stack gases. They found that when a 

completely oxidized black liquor was evaporated in a cyclone scrubber, 

the effluent gas contained only five to eight milligrams of hydrogen 

sulfide per 100 cubic feet of dry gas at S.T.P.- In their laboratory 

pilot plant work for design purposes, they calculated absorption co

efficients using coke and Rasching ring packing and found that the 

optimum temperature for oxidation of the black liquor to be 70°C. Full 

scale units have been installed in Windsor and Marathon, Canada.
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The study by Bergstroem and Trobeck in Sweden and by Tomlinson 

in Canada .led to a black liquor oxidation process. The weak black 

liquor from.the digesters is an alkaline solution containing various 

organic and inorganic substances including sodium sulfide and methyl 

mercaptan.^  pf the hot liquor is brought in contact with air, the 

sodium sulfide.is oxidized to sodium thiosulfate;

SNagS + HgO + SOg ~~ NegSgO^ + SNhOH 

and the methyl mercaptan is oxidized to dipiethyl disulfide.

4CH5SH + Og = S(CH5)2S2 + ZHgO

In 1959 Murray? published the results of a batch reactor on the 

kinetics of weak black liquor oxidation. The author studied the re

action rates over a temperature range of ISS0F to 196°F and sodium 

sulfide concentrations up to 16 grams per.liter. (g.p.l.) The data 

obtained from the experiments in a batch reactor were taken into 

account by the following empirical equation:
■ i

^  = K(C + bP)
de -

where K = parameter in the oxidation rate 
equation, liter per hr-sq/.. ft.

C =, concentration of sodium sulfide in 
black liquor, grams per liter

b =■ parameter in oxidation rate -equation, . 
grams per liter atmosphere

P = partial pressure of oxygen, atifi

© = time, hr.
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w = total weight of sodium sulfide- In the 
reaction vessel at any time, g.'

dw = oxidation rate for sodium sulfide in 
d© - black liquor, g. per hr-sq. ft.

For a constant volume reactor, the equation can be transformed to;

dc
de

I  (C + bP)

After integration, the equation becomes:

Vln (C + bP) = K6 + -B

where B = the integration constant

Using graphical techniques, Murray determined bhe values of the constants 

K , B and b.

Murray reported that the maximum rate in- the same sulfide concentra

tion range occurred at l60°F when pure oxygen vjas used as the gas feed t° 

the.reaction vessel.. Although the maximum rates occurred at the indi

cated temperature, the change in rate with temperature was actually very

Slight.

Ricca^P reported that the soluble materials in black liquor catalyze 

oxidation. He prepared a synthetic liquor containing''the same concen

tration of the principal inorganic compounds, found in the black liquor.

He reported that in a static contact system at 75°C, the synthetic liquor 

oxidized much more slowly than did the black-liquor.'

Conclusions Based on Previous Work

On the basis of the literature survey, certain conclusions can be
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drawn from the work done on black liquor oxidation:

(1) Although the black liquor oxidation process hag been known for at 

least 25 years, only a smqli amount of theoretical information Is 

available on the basic mechanism of the process.

(2) The principal reason for the installation, of a black liquor oxida

tion system is to reduce chemical losses in the recpvery furnace 

and corrosion in the evaporators.

(3) The basic reaction mechanism of the sodium sulfide with Oxygen is 

reported to be first order, yielding as products, sodium thiosulfate 

and sodium hydroxide.

(4) Very little work has been .done on the oxidation of strong black

liquor.



THEORY

Black Liquor Oxidation

The black liquor oxidation process is a chemical combination of ' 

oxygen with sodium sulfide to form the more stable inorganic sulfur 

compounds. The transfer of oxygen from the air to the sodium sulfide 

occurs by a diffusion mechanism.

15 3.Reactions I and 2 have been suggested to explain the formation 

of stable inorganic sulfur compqunds from sodium sulfide.

(1) SNa^S + SO-J- + — Na^S^O^ T 2NaOH

(2) Na2S2O5 + 2NaOH + 202 = 2Na2S0J+ + H2O

Murray^ reported that he observed the formation of elemental sulfur at 

low temperatures during the oxidation of black liquor. The reactions 3 

and 4 can explain the formation of elemental sulfur from sodium sulfide.

(3) N a S  + H2O + 1/2 O2 = 2NaOH + S

(4) 2Na2S + Na2S2O5 + 3H20 = 4s + 6NaOH

Mechanism of Oxidation

In general, the reaction for the oxidation of sodium sulfide can 

be written as:
>

Na2S (I) + O2 (g) = Products 

A (I) + B (g) = Products

Since the materials in the two separate phases must contact each other 

before the reaction can occur, the over-all rate expression must account 

for the resistances provided by the mass transfer step and the chemical
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reaction step. The relative magnitudes of these processes can vary 

greatly. However, since the oxidation reaction of sodium sulfide is 

an infinitely fast reaction, mass transfer will control the reaction 

mechanism.

In order to derive the rate expression, we used a two-film 

diffusion model with an infinitely fast chemical reaction of A (I) +

Products.
Liquid
Pijlm

Gas
Film

Figure 2. Concentration profile of reactants in 
films between phases for an infinitely 

' fast irreversible reaction.

Let pB = partial pressure of oxygen, atm

and Ca = concentration of sodium sulfide, moles per liter.

The rate of disappearance of A and B is given by

(5) -rA = -r.g = Kgg (P5-Pgi) = Kb1 (Cb 1-O) =

kAI (Ca -O) J[0 
Xn-X
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Kgg, Kgi, and Kftl are the mass transfer coefficients in the gas and liquid 

phases.

At the interface the relationship between Pg and Cy is given by 

the Henry's Law constant. This assumption is valid for gases which are 

only slightly soluble in a liquid; since oxygen is only slightly soluble 

in an aqueous solution, it can.be related by Henry's Law.

Also the movement of material within a film is visualized to occur
\

by diffusion alone; then for A and B moving through the same section of 

film we have

where and Dy are the diffusivities of A and B respectively.

Eliminating the unknown values, X, Xq , Pyi» Cy^ in Equations 5» 6 

and 7 and also assuming H ^  S= Hy we obtain

-v-B
+' I

V B g
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Let

then

or

( 8 ) '

I
^akbs

= Dn

B

-?A = KftCa + dpg)

-rA = K(CA + d'pB )

where -r^ = oxidation rate for podium sulfide in black liquor,-

moles per.hr. - sq. ft.

K = parameter in the oxidation rate equation, liter per 

hr. - sq. ft.

d 1 =■ parameter in oxidation rate equation, moles per liter

atm.

Let a surface area per unit volume, .sq. ft. per cu. ft.

Then rewriting the rate equation:

(9) "rAa = Ka(Ca + dlPs1

where -rAa = oxidation rate for sodium sulfide in black liquor,

moles- per hr. - cu. ft.

.Ka = parameter-in the oxidation rate equation, liter per

hr. - cu. ft.

d' = parameter in oxidation rate equation, moles per liter

atm.
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Figure 3 shows a material balance on a Backmix Reactor.

FAo

CA0

XAo

input

O output

O input

output

Let

Figure 3.

F

X

V

Aq

A

V
CA

Variables for a Backmix Flow Reactor 

= feed rate of sodium sulfide, moles per hr.

= fraction of sodium sulfide converted 

= volume of reactor occupied by reacting fluid, cu. ft. 

= volumetric flow rate, liters per hour 

= concentration of A, moles per liter.

Therefore,

Input of A = ,

Output of A = Fa = FAq (I-Xa ) > 

Disappearance of A by reaction = (-r^a)(V)

Hence, equating terms

FAo - (I"**) = (-^a)(?) ,
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and (1 0) F6 X6 »CAo X6 _ Oio Xa
"rAa - V = V 0

where

space time h = Volume of the reactor = V 
r volumetric flow rate v

At the same reaction temperature, one should obtain different conver

sion values at different space time which will enable one to calculate 

reaction rates (-r^a).



RESEARCH OBJECTIVES

The purpose. of this Eftudy was to investigate the oxidation of 

strong .black liquor with air. A thermodynamic and kinetic study was 

made for the oxidation reactions of sodium sulfide. The oxidation was 

studied in ordep to determine the factors controlling the reaction 

mechanism. .The strong black liquor oxidation was studied at several 

temperatures arid several air flow rates in order to determine the effect 

of these variables' on-the oxidation rate. It is hoped that this study 

will assist the Waldorf-Roerner Paper Products Company to carry out their 

strong black liquor oxidation successfully.



EQUIPMENT

A schematic diagram of the laboratory oxidation system ig shown in 

Figure 4. A stainless steel'oxidation reactor, one foot high and one 

foot in diameter, was provided with a leakproof seal. A constant height 

of 6 1 /2 inches of black liquor was maintained at all times in this 

oxidation reactor by means of ap overflow tube (5). Nichrome heating 

coils were wrapped around the -reactor•to maintain the black liquor in 

the reactor at q constant temperature. Three powerstat transformers 

controlled the heat supplied to the reactor.

The air used in all. the experimental work was dry. The air flow 

rate was controlled by a needle valve- and was measured by an orifice 

meter (6).

The orifice meter consisted of a Incite plate, drilled with a 3/32 

inch hole and mounted between two flanges on the air line. Pressure taps, 

one above and one below the orif ice plate, were installed and were con

nected to a water manometer.

The air was preheated by a Nichrome heating coil around the inlet 

air line. The air was distributed, by means‘.'of a circular air header (4) 

in the bottom of the reactor. The air outlet was located on the top of 

the oxidation-reactor. .

A gear pump (2) was used to pump the black liquor from the feed tank 

to the reaptor. The feed header'was located two inches above the black
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liquor level in the oxidation reactor and introduced the unoxidized hot 

black; liquor into the reactor. The black liquor flow rate was determined 

by collecting a specified amount of oxidized black liquor in a given 

period of time. This rate was varifled by observing the change in the 

level of the uqoxidized black liquor in the feed, tank.

Three thermocouples were used to measure the temperatures of the 

black liquor feed, the black liquor in the reactor and the inlet air. 

EMF's of the irop-conptantan thermocouples were measured by a Minneapolis 

Honeywell Brown Electronik Model No. 155X 15 P ■ The temperatures were 

controlled by adjustment of the. Powerstat"transformers..

The feed tank, black liquor feed line, air line and reactor were 

insulated in order to minimize the heat losses.

A mixer (9) was also installed in the reactor.



Liquor
Out

Black
Liquor
Preheater

El Thermocouples

Figure 4. Laboratory Oxidation System
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EXPERIMENTAL PROCEDURE

The strong bl&qk liquor used in this- study was obtained from the 

Waldorf-Hoerner Paper Produats Company at Missoula, Montana,

The operating procedure and the methods of analysis of the black 

liquor samples are given below.

Operating Procedure

Initiallythe reactor was filled with strong black liquor to a 

level of 6 l/2". The black liquor in the reactor was then heated to 

the.desired temperature. When the desired temperature was reached, the 

preheated feed black liquor was pumped into the reactor at the desired 

flow rate. At tfre game time the desired quantity of air was allowed to 

bubble through the black liquor in the -reactor. The black liquor in the 

reactor was maintained at constant temperature by manual adjustment of 

the Powerstat transformers, - The feed samples were analysed for both 

sodium sulfide and sodium thiosulfate. .The oxidized black liquor samples 

were also analysed for both sodium sulfide and sodium thiosulfate. These 

analyses were continued until two samples at an interval of one half hour 

gave the same concentration of sodium sulfide. After this, the black 

liquor feed rate was changed and the oxidized liquor samples again were 

analysed until equilibrium was again attained. : For each complete run, 

the black liquor flow rate was changed at least three times. The same 

procedure was repeated for all the runs.
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Analytical Methods
: —  nA colorimetric method suggested by Strickland and Risk was

used for the determination of sodium sulfide in bleck liquor. The 

dissolved sulfide reacts- quantitatively with p -Phenylenediamine di- 

hydrochlorlde in the presence of ferric chloride forming a deep color. 

The color was formed in-a fixed-volume of aqueous solution containing 

dye, oxidizing agent- (ferric chloride) and wetting agent, (alkyl 

dimethyl benzyl ammonium chlqride). The sample was diluted and 

the optical- density measured at a wave length of 600 millimicrons,*

For calibration purposes, the -optical density was also measured for 

a standard solution of sodium sulfide.

A clock reaction reported by Risk and Strickland"1'2 was used for 

the determination of sodium thiosulfate in the black liquor. The 

oxidation -qf p-Phenylenediamine by ferric- chloride is inhibited by 

the presence of thiosulfate. A well-marked induction period results 

which is proportional to the amount of thiosulfate present. A 

calibration curve of the induction time versus the milligrams of 

thiosulfate was prepared.

, ■ Detailed particulars covering the analytical methods described

aboye are presented :in Appendix I.

*BausCh and Lamb Spectronic 20



DISCUSSION OP RESULTS

Black liquor oxidation was investigated at different conditions 

to determine tjhe importance of certain variables on the oxidation pro

cess. Since, at Waldorf-Hoerner Paper Products Plant, the oxidation 

is carried out at a temperature near the boiling point of the black 

liquor, the temperatures selected for this study were l80°P, IgO°F,

200°F .and 210°F. Oxidation was carried out at atmospheric pressure 

with air.

A thermodynamic study was made in order to determine the thermo

dynamic feasibility of the oxidation of sodium sulfide. The free 

energy changes of several possible reactions are shown in Table I . The 

reaction 4'has.a positive free energy change which indicates that it is 

thermodynamically not; favorable. -.The values of free energy change for 

reactions I, 2 and 5 indicate that they are thermodynamically favorable. 

It can be seen that if sodium sulfide, oxygen and water are present in 

the stoichiometric amounti the conversion of sodium sulfide could be very 

high. However, the solubility of oxygen in black liquor is very small; 

and, therefore, the oxidation of black'liquor will not be complete.

All the black liquor samples were analyzed for sodium sulfide and 

sodium thiosulfate. A material balance was' made in order to determine 

the oxidation product distribution. Table II shows the complete material 

balance on sulfur. The amount of sulfur present as moles per liter of 

sulfur in sodium thiosulfate and ih unknown compounds was calculated and
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The Free Energy Changes .'for the Oxidation 
Reactions- of Sodium Sulfide

Table I

Reaction
Free Energy 
Change at SO0C 
K cal per g 
Mole

1. SNa^S + 20̂  + HgO = Na^SgO^ + 2HeOR

2. Na2S20J + ZNaOH + ZO2 = 2Na2S0̂  + HgO

J. Na2S + H2O + .1/2 O2 = 2NaOH + S

ZNa2S + Na2SgO5 + JHgO = 4S + 6NaOH

-l87.)6

-23I.5O

-34.60

4. +46.50
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Material .Balance of Known 
and Unknown Compounds

Table II

Oxidation 
per min,

at 200°P and O.5O cu.ft. 
, air rate using mixer

Space
Time
Hr.

Sodium Sulfide 
Converted Ex
pressed as Moles 
per Liter of Sul
fur

Thiosulfate formed 
Expressed as Moles 
per Liter of Sul- - 
fur

•Unaccounted for 
Compounds Ex
pressed as Moles 
per Liter of 
Sulfur

0 . 9 7 5 0.165 0 .0 7 2 0 .0 9 3  -

1.620 0:199 0.094 0.105

2 .1 6 0 0 .221 0 .110 0.111

3 .5 5 0 . 0 .2 6 0 : 0.140 ■ 0.118

Analysis for Sodium Sulfate*

Sample .■ Grams per liter 
of Sodium Sulfate

Moles per liter 
of Sodium Sulfate

Unoxidized 3 .8 8  . 0 .0 2 7 4
Black Liquor

Oxidized 5 .7 2 0.0404
Black Liquor

*TAPPI Standard T 625'm-48



-24-

plotted In Figure 5 for the black liquor oxidation at 200°F and 0.5 

cu. ft. per minute of air flow rate. It can be seen that at lower 

space times, more converted sulfur was present as unknown compounds 

than as thiosulfate. But at higher space times, the sulfur in sodium 

sulfide was converted more to thiosulfate than to unknown compounds.

As space time increases > the amount of sulfur present as moles per 

liter of sulfur in sodium thiosulfate increases at a faster rate than 

in unknown compounds. For this particular run at a space time of 

2 .1 6 hrs., the product distribution was equally distributed between 

thiosulfate and unknown compounds.

At the beginning of this study, it was believed that the main 

products of oxidation woul# be sodium thiosulfate and sodium sulfate.

A pair of' unoxidized an4 oxidized blaclf liquor samples were analyzed 

for sodium' sulfate and are reported in fable II. It was found that the 

oxidized sample contained 0.0404 moles per liter of sulfur as sodium 

sulfate while the unoxidized sample contained 0.0274 moles per liter 

of sulfur as sodium sulfate. This indicates that small amounts- of 

the sulfide were oxidized completely to sulfate. This, however, does 

not completely account for the overall conversion of sulfide.

It is, therefore, believed that the unaccounted sulfur might be 

present in oxidation states in between the sulfide and thiosulfate form. 

The stable oxidation states in between the sulfide and thiosulfate are
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elemental sulfur and the polysulfides. The elemental sulfur Is 

visible in aqueous solution .since it is insoluble. During the ex

periment , a small layer of elemental sulfur was observed while ' cleanr

ing the reactor at the low temperature runs of ISd0F , but no elemental 

sulfur was observed in the oxidized liquor at higher temperatures. It, 

therefore, appears that the elemental sulfur was not a major part of 

the unaccounted sulfur. The polysulfides are stable in alkaline solu

tion and are possible oxidation products of sulfide. During the ex

periments, analyses were not made for polysulfides and so the exact 

amount of polysulfides produced were not known.

Table. Ill shows the conversion of sodium sulfide at 200°]? and an 

air pate of 0-. 5 cu. ft. per minute with and without the aid of a mixer. 

The mixer was maintained at a very slow stirring rate; and, hence, 

the difference in conversion was not appreciable. However, a mixer 

operating at a higher stirring rate would definitely help the conver

sion of sodium sulfide.

During the experimental runs, a slight foam problem occurred at 

the higher air rates. Since this foam problem was not too critical, 

a cyclone separator would easily separate the foam and a foam breaker 

would not be essential in actual industrial operation.

The oxidation of previously oxidized liquor was made in order to 

study the feasibility of a two stage oxidation process. Table -IV
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Comparison of Conversion of Sodium Sulfide at 2000F and 0.5 Cubic 

Feet Per Minute Air Rate With and Without the Aid of a Mixer.

TABLE III

Space Time Without Mixer With Mixer
Percentage Conversion Percentage Conversion

Hr. of Sodium Sulfide of Sodium Sulfide

0.9) 49

0.975 52

1.50 59

1.62 63

2 .16 68 70

3.55 82

3.90 7 9 A
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Comparison of Oxidation of Unoxidized 
and Oxidized Black Liquor at 200°F 

and 0.5 Cubic Feet Per Minute Air Rate

TABLE IV

Oxidized Black Liquor

Space Time 

Hr.

Feyd
Concentration 
Grams Per 
Liter Sodium 
Sulfide

Equilibrium 
Concentration 
Grams Per 
Liter Sodium 
Sulfide

Percentage
Conversion
Sodium
Sulfide

0.975 6.3 3.28 48

1.650 6.3 2.71 57

3.900 6.3 1.51 76

Unoxidized Black Liquor

0.930 25.2 12.8 49.0

1.500 25.2 10.3 59.0

2.170 25.2 8 .0 5 68.0

3.900 25.2 5.20 7 9 A
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shows the conversion data for a feed of both unoxidized and oxidized 

black liquor. The conversions are almost the same for the oxidized 

and unoxidized black liquor oxidation. Hence, in a two stage strong 

black liquor oxidation process operating at 200°F, 25 grams per liter 

of sodium sulfide could be oxidized to as low as I.5 grams per liter 

of sodium sulfide.

A plot of percentage conversion versus space time of sodium 

sulfide at l80°, 190°, 200° and 2100F and at an air flow rate of O .75 

cu. ft. per minute is shown in Figure 6 . Xt can be seen that in the 

temperature range l8 0°-200° F , the conversion of sodium sulfide in

creases with the temperature. However, the conversion of sodium 

sulfide at 210°F is significantly lower than that at 200°F. Figure 6 

also suggests that at the same temperature and air flow rate, the 

amount of sodium sulfide converted increases with an increase in 

space time.

Figure 7 is a plot of percentage conversion of sodium sulfide 

versus temperature at a space time of I . 5 hrs. for the oxidation runs 

at 180°, 190°, 200° and 210° F and an air flow rate of 0 .75 cu. ft. 

per minute. Figure 7 suggests that the most effective oxidation 

occurs.at a temperature of.approximately ..200°F...'

Figure 8' is a plot of percentage conversion of sodium sulfide ver

sus space time: at a temperature of 200°F and air flow rates of 0.25,
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190 20 
Temperature, °F

Figure 7. Percentage Conversion of Sodium Sulfide 
Versus Temperature at a Space Time of 
1.5 Hour For the Black Liquor Oxidation 
Run 180°, 190°, 200° and 210°F and an 
Air Rate of 0 .75 Cu. Ft. Per Minute.



O Air flow rate 0.75 cu. ft. 
per minute

O  Air flow rate 0.50 cu. ft. 
per minute

O  Air flow rate 0.25 cu. ft. 
per minute

Space Time, Hr.
Figure 8 . Percentage Conversion of Sodium Sulfide versus 

Space Time at Air Flow Rates of 0.25, 0.50 and 
0.75 Cu. Ft. Per Minute and Temperature of 2000F
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0.50 and 0.75 cu. ft. per minute. The data indicates that more conver

sion of sodium sulfide is obtained at a higher air flow rate. This is 

to be expected since the increase in air flow increases the turbulence 

in the reactor.

The rate equation (9), derived in the theory section, was correlated 

with the experimental data in order -to verify the proposed mechanism and 

the constants Ka and d'. The details for the determination of rate con

stants are described in Appendix II. The values of Ka and d 1 at various 

temperatures and air flow rates are given in Table V. - The value of Ka 

is contained in the range of 20 to 50 liters per hr. cu. ft. There 

appears to be some effect of air flow rate and temperature, but this 

effect is probably contained within the.experimental errors.•

An, attempt was made to calculate the constants Ka and d 1 by assum

ing that air was bubbled through black liquor. It has been reported in 

the literature^ that Higbie1s equation can be used to estimatq the 

liquid phase mass transfer coefficient for air bubbling through a 

liquid. The equation is:

where D = diffusivity of oxygen, sq. cm. per second

t'e = life of transient film, second

k^ = liquid-phase mass transfer coefficient, cm. per 
becond
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TABLE V

Values of Rate Constants Ka and d 1 
at Various Temperatures 

and Air Flow Rates

Run

Number

Temperature
°F

Air Rate 
Cu. Ft. Per 
Minute

Ka
Liter Per 
Hr.Cu.Ft.

d 1 Moles Per 
Liter-atmosphere

7 180 0.25 21 .0 0.191

10 180 0.75 31.3 0.251

8 190 0.25 21 .2 0.171

I 190 0.50 29.8 0.171

2 190 0.75 31.2 0.110

9 200 0.25 27.2 0.323

4 200 0.50 2 5 .6 0.025

*5 200 0.50 25 .0 0.114

ll 200 0.75 29.0 0.070

#12 200 0.50 28 .2 0.030

13 210 0.75 31.0 0.238

*Runs made with a mixer

#Runs made for oxidized black liquor

Calculated Values of Rate Constants:

Ka = 48 liter per hr. cu. ft. 

d 1 = 0.0004 moles per liter-atmosphere



Por gas bubbles In liquids, Hlgble suggested that t might be 

roughly approximated as the time required for the bubble to rise 

through a distance equal to its diameter. The average value of t 

has been reported by Higbie as 0.05 seconds. The calculation of Ka 

is shown in Appendix XII. The calculated values of d 1 and Ka are 

reported in Table V. The calculated value of Ka is higher than that 

obtained during the experiments. However, the value of Ka depends 

largely oh the bubble diameter and the time required for the bubble 

to rise to the surface. An error in these values will cause an error 

in the constant Ka. It is out of the scope of this thesis to obtain 

the exact bubble diameter and the time required for the bubble to 

rise.

The calculated value of d ' is very small in comparison to the 

experimental values of d'. According to the theory, d' depends on the • 

diffusivities of oxygen and sodium sulfide in black liquor and on 

Henry's Law constant', Since the ratio of the :dif fus ivities of oxygen and 

sodium sulfide in black liquor will remain relatively cpnstant, the 

only thing which can change the calculated value of d' is Henry's. Law 

constant. Th,e black, liquor contains sodium hydroxide which will alter 

the value, of Henry's Law constant and hence is a possible explanation 

of the large difference. ■

The details of calculation of constants d' and Ka are given in

-3 5-

Appendix III.
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If the oxidation depends only on sulfide concentration, then 

oxygen absorption will not affect the rate and the. term d 1 will be 

zero. The experimental results indicate that the. oxidation of black 

liquor depends both on oxygen absorption and sulfide concentration.



CONCLUSIONS

Strong black liquor can be oxidized with high yield at a tempera

ture of 2000F and an air rate of 0 .50 to 0.75 cu. ft. per minute in a 

backmix reactop of 0.425 cu. ft. volume. The oxidation reaction occurs 

in the liquid phase and the mass transfer rate controls the rate of the 

reaction. The reaction rate which depends on oxygen absorption and 

sodium sulfide concentration can be expressed in the following form:

-rs=a = Ka (Cs= + d' p ^ ) .

The calculated value of Ka is in good agreement with the experimental 

value of Ka. The experimental value of constant d' is considerably 

higher than the calculated value of d'. This suggests that a mechanism 

other than the two film diffusional model controls the black liquor 

oxidation.

During all the experimental work foam generation was not too 

excessive. This suggests that a foam breaker is not essential in an 

industrial strong black liquor oxidation process.

A mixer will increase the conversion of sodium sulfide in an 

industrial oxidation process.

Some of the' 'sulfide is converted to compounds other than sodium 

thiosulfate. These compounds are probably polysulfides and sodium

sulfate.
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app endi ces



APPENDIX I

Methods of Analysis 

Sodium Sulfide in Black Liquor:

A, Reagents:

Base Electrolyte -- Dissolve 0„8 grams of FeCl3 • 6 H2O in 

a little water containing 20 milliliters of concentrated hydro

chloric acid. ' Add 10 milliliters of ^Of0 "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 2 to 3 weeks in a 

stoppered bottle.

Starch Solution -- Dissolve 2 to 3 grams of starch in one liter 

of water.

0.1 N Sodium Thiosulfate Solution -- Dissolve 25 grams of 

Na2S2O3 • 5 H2O and 0.1 grams of sodium carbonate in water and dilute 

to I liter. The thiosulfate solution is standardized against a 

standard potassium iodate solution.

0.1 N 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 water. Stir at intervals to hasten solution 

of the iodine, and when all has dissolved, dilute to approximately 

*0nyx- Oil and Chemical Company



-40-

one liter with water. The iodine is standardized against a standard 

thiosulfate solution.

Standard Sodium Sulfide Solution r- Dissolve 5 grams of NagS •

9 HgO in 500 milliliters water.

B. Procedure:

(a) Standardization of the Sodium Sulfide Solution -.

1. Add 10 milliliters of the Na2S • 9 H2O solution 

to a flask containing 25 milliliters of 0.1 N 

iodine solution. The sodium sulfide reacts with 

iodine to form sodium iodide.

2. Titrate the excess of iodine with a 0.1 N sodium 

thiosulfate solution to a starch end point.

5. The normality of the. sodium sulfide can be calculated 

as follows:

& a 2S : 9 HgO
(2 5) (0.1) - (x)(0.1) 

10

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 as follows:

(b)

Grams per liter.of Na2S = .x ( % a 2s' • 9 H2O)-

Determination of Sodium Sulfide in Black Liquor.

I. Add 0.03 milliliters of sample black liquor from a

micrometer syringe to 45 milliliters of base electrolyte
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In a stoppered $0 milliliter flask.

2. Swirl the tube gently to mix,

3. Let the sample stand not less than I minute nor more 

than 2 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 the desired volume 

(500 milliliters) with water,

7 . Measure the optical density at a wave length of 600 

millimicrons against a similarly prepared and diluted 

blank.

8. Determine the apparent sulfide concentration from a 

previously determined optical density value of a 

standard sodium sulfide solution.

9- Multiply the apparent sulfide concentration by the 

recovery factor to obtain the actual sulfide concen

tration.

C.- Calibration of Colorimeter:

.(a) Calibration - Add 0.14 milliliters of standard sulfide

solution to 45 milliliters of base electrolyte and

generate the blue color as described in Steps 2 through

5 of the procedure for the determination of sodium
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sulfide in black liquor. Dilute the standard and blank 

to the appropriate volume and measure the optical density 

at a wave length of 600 millimicrons.

(b) Determination of the maximum amount of S- in order to remain 

within Beer's Law. During the calibration of sodium sulfide 

by the colorimetric method as suggested by Strickland and 

Risk"1""*", it was found that Beer's Law held for concentrations 

up to six grams per liter of sodium sulfide when the sample 

size was 0.15 ml. For black liquor s'amples containing more 

than 6 grams per liter of sodium sulfide, not all the :- ■ ..." 

sulfide reacted to form the blue color as described in the 

previously procedure. Since our samples were strong black 

liquor, we expected very high concentrations of sulfide. 

Therefore, we used a smaller sample size and thereby re

duced the amount of sulfide present. Table VI shows the 

effect of sample size on the concentration of sodium 

sulfide in the black liquor. It can be seen that any 

sample size from 0.01 to 0.03 milliliters gives the same 

result as obtained by the pdtentiometric method. A sample 

size of 0.03 milliliters was. selected for all the analysis 

work of sodium sulfide by the colorimetric method.

(c) Effect of Black Liquor Solids and the Determination of the 

Recovery Factor - Black Liquor samples of various sizes
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TABLE VI

Sample Size of Black Liquor Versus Concentration 
of Sodium Sulfide Determined by 

Colorimetric Method

Concentration of Sodium Sulfide 

Grams per Liter of Sodium
= 22.40

Sulfide by Potentiometric Method*

Sample Size 
Milliliter

Concentration Gram Per 
Liter of Sodium Sulfide 
by Colorimetric Method

0 .06 16.50

0 .05 17.70

0.04 18.05

0 .03 22.42

0.02 22.50

0 .01 22.48

*Potentiometric Method involves the titration with silver nitrate 
in an alkaline ammonia cal solution using a potentiometric end point 
(silver-silver sulfide//glass electrode cell).
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were analyzed. The apparent grams per liter of sodium

sulfide versus sample size is plotted in Figure 9. The

apparent amount of sodium sulfide decreases as the sample

size increases. A sample size of 0.03 milliliter gives a

value which 'is 98$ of the extrapolated value (no solids)
Iof I .276 grams per liter. The recovery factor = —  .q—  _

1 .02.

2. Sodium Thiosulfate in Black Liquor:

A. Reagents:

Base Electrolyte -- Dissolve 40 grams of sodium chloride in 

water. Add 30 milliliters of concentrated hydrochloric acid and 

dilute to one liter.

p -Phepylenediamine Solution -- Dissolve 2.5 grams of p-phenyl - 

enediamine in 6 milliliters of concentrated hydrochloric acid.

Dilute to 100 milliliters with water.

Ferric Chloride Solution -- A 4$ solution of FeCl3 • 6H2O in 

water.

0. 002 M Sodium Thiosulfate Solution —  Dissolve 2.5 grams of 

Na2SgO3 • 5 H2O in water and dilute to 200 milliliters. Standardize 

the thiosulfate solution against a standard potassium iodate solu-. 

tion.

B. Procedure:

1. Add 0.1 milliliters of black liquor to a beaker containing 

25 milliliters of base electrolyte.
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2. Add.I milliliter of the p-phenylenediamine solution and 

26 milliliters of water;

J. Add I milliliter of ferric chloride solution and record 

the time it takes for the solution to turn violet.

4. Determine the -milligrams of thiosulfate in the black liquor 

sample from a previously.prepared standard curve of the 

induction time versus milligrams of sodium thiosulfate.

C . Calibration:

A Standard curve of the induction time versus milligrams of 

thiosulfate is prepared by adding various quantities of a standard 

thiosulfate solution in place of the black liquor sample and re

cording induction time.as described in the preceding procedure.

/

I
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APPENDIX II

Determination of Reaction Constants

The following rate expression has been derived in the theory 

section:

(9) -rAa = Ka (CA + d'Pg)

(11) but Ca = Ca (I-Xa) 

substituting ( u ) in (9 ) we get

- V  "  K a  < %  -  = A0 X A +  I ' P b I

(12) _r^a - Ka (CA + d'Pg) - Ka Ca^ Xa .

Knowing the reaction rates for different conversions, constants Ka and 

d ' can be easily obtained. For an oxidation run at 200°F and 0.5 cubic 

feet per minute of air flow rate, the reaction rates at different con

versions are reported in Table VII.

A plot of -rAa versus Xa is shown in Figure 11.

Slope of the line = 7900 x 10"^ moles per liter cu. ft.

Ka = 25 liter per hr. cu. ft.

Intercept = 8 $00 x 10"5 moles per liter cu. ft. 

d 1 = 0.114 moles per liter-atm.
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TABLE VII

Reaction Rates Versus Percentage Conversion of Sodium 
Sulfide for the Oxidation Run at EOO0F and 0.5 Cubic 
Feet per Minute Air Flow Rate with Mixer.

Reaction Rates 

Moles Per Liter 

Cubic Feet

Percent Conversion 

of Sodium Sulfide

4650 x 10-3 52

3370 x 10-3 63

2820 x IQ" 5 70

2010 x 10-3 82
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Figure 11. Reaction Rate Versus Conversion of Sodium Sulfide 
at a Temperature of 2000F and an Air Flow Rate of 
0 .5 Cu. Ft. Per Minute



APPENDIX III

Theoretical Determination of Reaction Constants 

Determination of Constant d 1:

In all the calculations it has been assumed that air is bubbling 

through water.

From the theory section the constant d 1 = [_i\W
The reported values of diffusivities and Henry's Law constant at

are as follows:

Hb '15 = 6.8 x IO4 atm per mole fraction

Db i15 = 1.8 x io-5 2cm per second

V 5 = 1.5 x io-5 2cm per second

In the derived equation, Henry's Law constant has been expressed 

as atm-moles of oxygen per liter. The following relationship shows 

Henry's Law constant in the desired units.

B

where X

IL' % HB C0. %B C X,

%

2 - "2 " "02 

molefraction of oxygen

C = concentration of oxygen, moles per liter.
°2

C = total concentration, moles per liter.

Hb  = V
C

Then



Since the strong black liquor contains approximately 42% solids,

the value of C can be calculated as follows:

580 gms of water _______ gm mole_______
liter 18 gms of water

C = 52.2 gm mole per liter.
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Therefore H_ Jj
6.8 x IO4

32.2

= 2.1 x ICp atm - moles of oxygen per liter

Now d' can be calculated using the equation

1 (1.5) (10-5)
(2.1) (10)) (1.8) (io-5)

d 1 = 0.0004 atm-moles of oxygen per liter

Determination of constant K :

Assuming a bubble diameter of one centimeter, the constant 

can be obtained from the article by as 0.04 centimeter per second.

where

(PO?) (G)

= partial pressure of oxygen, atm.

= 1.0 x 10 moles of oxygen per liter.

Therefore



-53-
Let n = oxygen transferred, moles of oxygen per square foot hour. 

Then

n = kT C
L Q2

= (135) (10 moles of oxygen per square feet hour.

If we assume that the gradient of oxygen is only Cfi , then
°2

n = K Cn .u2
Hence

.K = 135 liter per square feet hour.

Calculation of a

Let f = flow rate of oxygen, cubic feet per minute

t = time required for the bubble to rise to surface, minute 

N = number of bubbles

r = radius of a bubble

We know that

' ft = (N) (| TT r5)

Where the number of bubbles N = .Area 0 .̂.Area of one bubble

Substituting, we obtain
(Area of bubbles) (I 77"r^) 

ft = ___,__________  3
4 Tf r2

or (Area of bubbles) = (3)(f)(t)
(r)



The factor

(area of bubbles) 
(volume of reactor)

a =

or a = 3 f t  
r V

Assuming that it takes 0.5 second for the bubble to rise, the constant 

a can be calculated as follows:

(3) (0.1) (0.5)(2.54) (12) _sq. ft. r
(6') (0.425) (0.5) cu. ft.

0.}60 sq.CU. ft.

Calculation of Ka:

Ka 48 liter per cu. ft. hr.



APPENDIX IV

Summary of Experimental Data

All the experimental runs are summarized on the following pages. 

The summary includes material balance on sulfur and indicates the con 

centration of sodium sulfide and sodium thiosulfate in gram moles per

liter.



Run Number I

Temperature of' Black Liquor in the Reactor = 190°F

Air flow rate = 0 .5 Cubic Feet Per Minute

Black Liquor 
Plow Rate 
c.c. Per 
Minute

Space
Time
Hr.

Feed Concentration 
Moles Per Moles Per
Liter Liter
Sodium Sodium
Sulfide Thiosulfate

Final Concentration 
Moles Per Moles Per
Liter Liter
Sodium Sodium
Sulfide Thiosulfate

% Conversion 
Sodium Sulfide

50 5.9 0.145 0.0565 - 61

95 2.05 0.145 0.0720 - 51

155 1.26 0.145 0.0812 - 45.5

210 0.93 0.145 0.0935 - 57



Run Number 2

Temperature of Black Liquor in the Reactor = 190 °F

Air Flow Rate = 0 .75 Cu. Ft. Per Minute

Black Liquor Space Feed Concentration Final Concentration % Conversion
Flow Rate Time Moles Per Moles Per Moles Per Moles Per Sodium Sulfide
cc. Per Hr. Liter Liter Liter Liter
Minute Sodium Sodium Sodium Sodium

Sulfide Thiosulfate Sulfide Thiosulfate

210 0.93 0.308 0.163 0.014 0.0480 47

150 1.30 0.308 0.138 0.014 0.0635 55

50 3.90 0.308 O.O77 0.014 0.0745 75
IVn

—

Material Balance 1

Space Time Sodium Sulfide Converted Thiosulfate Formed Unaccounted for Compounds
Hr. Expressed As Moles Per Expressed As Moles Per Expressed As Moles Per

Liter of Sulfur Liter of Sulfur Liter of Sulfur

0.93 0.145

1.30 0.170

0.070 O.O75

O.O89 0 .08l

3.90 0.231 0.121 0.110



Run Number 4

Temperature of Black Liquor in the Reactor = 200°F

Air Flow Rate = 0.50 Cubic Feet Per Minute

Black Liquor Space 
Flow Rate Time
c.c. Per Hr.
Minute

Feed Concentration 
Moles Per Moles Per
Liter Liter
Sodium Sodium
Sulfide Thiosulfate

Final Concentration 
Moles Per Moles Per
Liter Liter
Sodium Sodium
Sulfide Thiosulfate

% Conversion 
Sodium Sulfide

210 0.93 0.323 0.0095 0.164 0.041 49

130 1.50 0.323 0.0095 0.132 0.054 59

90 2.17 0.323 0.0095 0.103 0.063 68

50 3.90 0.323 0.0095 0.067 0.082 79-4

Material Balance

Space Time 
Hr.

Sodium Sulfide Converted Thiosulfate Formed 
Expressed As Moles Per Expressed As Moles 
Liter of Sulfur Liter of Sulfur

Unaccounted For Compounds 
Per Expressed As Moles Per 

Liter of Sulfur

0.93 0.159 0.062 0.097

1.50 0.191 0.088 0.103

2.17 0.220 0.106 0.114

3.90 0.256 0.145 0.111
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Run Number 5

Temperature of Black Liquor in the Reactor = 200 0F

Air Plow Rate = 0. 5 Cubic Feet Per Minute with Mixer

Black Liquor 
Plow Rate 
c.c. Per 
Minute

Space
Time
Hr.

Feed Concentration 
Moles Per Moles Per
Liter Liter
Sodium Sodium
Sulfide Thiosulfate

Final Concentration 
Moles Per Moles Per
Liter Liter
Sodium Sodium
Sulfide Thiosulfate

% Conversion 
Sodium Sulfide

200 0.975 0.516 0.014 0.151 0.0505 52

120 1.62 0.516 0.014 0.117 0.0614 65

90 2 .1 6 0.516 0.014 0.095 0.0695 70

55 3.55 0.516 0.014 0.0565 0.0855 82

Material Balance

Space Time 
Hr.

Sodium Sulfide Converted Thiosulfate Formed 
Expressed As Moles Per Expressed As Moles 
Liter of Sulfur Liter of Sulfur

Unaccounted For Compounds 
Per Expressed As Moles Per 

Liter of Sulfur

0.975 0.165 0.072 0.095

1.62 0.199 0.094 0 .105

2 .16 0 .221 0.110 0.111

).55 0.260 0.140 0.118

-
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Run Number 7

Temperature of Black Liquor in the Reactor = i8 o °f

Air Flow Rcte = 0 . C25 Cubic Feet Per Minute

Black Liquor Space Feed Concentration Final Concentration % Conversion
Flow Rate Time Moles Per Moles Per Moles Per Moles Per Sodium Sulfide
c.c. Per Hr. Liter Liter Liter Liter
Minute Sodium Sodium Sodium Sodium

Sulfide Thiosulfate Sulfide Thiosulfate

200 0.975 0.340 0.00825 0.210 0.038 38

165 1.18 0.340 0.00825 0.190 0.044 44

75 2 .60 0.340 0.00825 0.142 0.055 58

20 9.75 0.340 0.00825 0.068 0.0748 80

Material Balance

Space Time Sodium Sulfide Converted Thiosulfate Formed Unaccounted For Compounds
Hr. Expressed As Moles Per Expressed As Moles Per Expressed As Moles Per

Liter of Sulfur Liter of‘ Sulfur Liter of Sulfur

0.975 0.130 0.060 0.070

1.18 0.150 0.072 O.O78

2 .60 0.198 0.094 0.104

0.1J89 . 7 5 0.272 0.134

-60-



Run Number 8

Temperature of

Air Plow Rate

Black Liquor 
Plow Rate 
c.c. Per 
Minute

’ Black Liquor in the Reactor =

= 0.25 Cubic Peet Per Minute

Space Feed Concentration
Time Moles Per Moles Per
Hr. Liter Liter

Sodium Sodium
Sulfide Thiosulfate

190 °F

Final Concentration 
Moles Per Moles Per
Liter Liter
Sodium Sodium
Sulfide Thiosulfate

% Conversion 
Sodium Sulfide

210 0.93 0.336 0 .0095 0.212 0.0348 37

170 1.15 0.336 0.0095 0.188 0.0412 44.5

80 2.45 0.336 0.0095 0.168 0.0475 50

40 4.90 0.336 0.0095 0.104 0.0632 69

Material Balance

Space Time Sodium Sulfide Converted
Hr. Expressed As Moles Per

Liter of Sulfur

Thiosulfate Formed 
Expressed As Moles Per 
Liter of Sulfur

Unaccounted For Compounds 
Expressed As Moles Per 
Liter of Sulfur

0.93 0.124 

1.15 0.148 

2.45 0.168 

4.90

0.050

0.064

0 .076

0.074

0.084

0.092

0.232 0.108 0.124

-T
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Run Number 9

Temperature of Black Liquor in the Reactor = 200 0F

Air Plow Rate = 0.25 Cubic Feet Per Minute

Black Liquor 
Plow Rate 
c .c . Per 
Minute

Space
Time
Hr.

Feed Concentration 
Moles Per Moles Per
Liter Liter
Sodium Sodium
Sulfide Thiosulfate

Final Concentration 
Moles Per Moles Per
Liter Liter
Sodium Sodium
Sulfide Thiosulfate

% Conversion 
Sodium Sulfide

200 0.975 0.320 0.0107 0.195 0.0410 39

160 1.22 0.320 0.0107 0.175 0.0455 46

90 2 .16 0.520 0.0107 0.155 0.0518 52

50 3.90 0.520 0.0107 0.118 0.0614 63

Material Balance

Space Time 
Hr.

Sodium Sulfide Converted Thiosulfate Formed 
Expressed As Moles Per Expressed 'As Moles 
Liter of Sulfur Liter of Sulfur

Unaccounted For Compounds 
Per Expressed As Moles Per 

Liter of Sulfur

0.975 0.125 0.062 0.063

1.22 0.147 0.070 O .077

2 .16 0.167 0.082 0 .085

).90 0.202 0.102 0.100

— 62 -



Run Number 10

Temperature of1 Black Liquor in the Reactor = 180 0F

Air Flow Rate = 0 .75 Cubic Feet Per Minute

Black Liquor Space Feed Concentration Final Concentration % Conversion
Flow Rate Time Moles Per Moles Per Moles Per Moles Per Sodium Sulfide
cc. Per Hr. Liter Liter Liter Liter
Minute Sodium Sodium Sodium Sodium

Sulfide Thiosulfate Sulfide Thiosulfate

180 1.08 0.332 0.0095 0.180 0.0443 46

H O 1 .62 0.332 0.0095 0.146 O.O555 56

30 6.50 0.332 0.0095 0.093 0.0750 72

Material Balance

Space Time 
Hr.

Sodium Sulfide Converted 
Expressed As Moles Per 
Liter of Sulfur

Thiosulfate Formed 
Expressed As Moles Per 
Liter of Sulfur

Unaccounted For Compounds 
Expressed As Moles Per 
Xiter of Sulfur

1.08 0.152 0.069 0.083

1 .62 0 .186 0.092 0.094

6.50 0.240 0.132 0.108

-63-



Run Number 11

Temperature of Black Liquor in the Reactor = 200°F

Air Flow Rate = 0.75 Cubic Feet Per Minute

Black Liquor Space Feed Concentration Final Concentration % Conversion
Flow Rate Time Moles Per Moles Per Moles Per Moles Per Sodium Sulfide
cc. Per Hr. Liter Liter Liter Liter
Minute Sodium Sodium Sodium Sodium

Sulfide Thiosulfate Sulfide Thiosulfate

210 0.93 0.315 0.013 0.154 0.048 51

130 1 .50 0.315 0.013 0.120 0.0595 62

50 3.90 0.315 0.013 0.051 0.087 84

Material Balance

Space Time Sodium Sulfide Converted
Hr. Expressed As Moles Per

Liter of Sulfur

Thiosulfate Formed 
Expressed As Moles Per 
Liter of Sulfur

Unaccounted For Compounds 
Expressed As Moles Per 
Liter of Sulfur

0.93 0 .161 0.072 0 .089

1.50 0.195 0.094 0.101

3.90 0.264 0.148 0.116

-64-



Run Number 12

Temperature of Black Liquor in the Reactor = 200°F

Air Flow Rate = 0.5 Cubic Feet Per Minute
Oxidized Black Liquor

Black Liquor Space Feed Concentration Final Concentration $ Conversion
Flow Rate Time Moles Per Moles Per Moles Per Moles Per Sodium Sulfide
cc. Per Hr. Liter Liter Liter Liter
Minute Sodium Sodium Sodium Sodium

Sulfide Thiosulfate Sulfide Thiosulfate

200 0.975 0.081 0.075 0.042 0.0555 48

120 1.63 0 .08l O.O75 0.035 0.0880 57

50 3.90 0.081 0.075 0.020 0.0920 76

Material Balance

Space Time 
Hr.

Sodium Sulfide Converted 
Expressed As Moles Per 
Liter of Sulfur

Thiosulfate Formed 
Expressed As Moles Per 
Liter of Sulfur

Unaccounted For Compounds 
Expressed As Moles Per 
Liter of Sulfur

0.975

1.6)
0.039

0.046

0.021
0 .026

0.018

0.020
3.90 0.061 0.034 0 .02?

-6
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Run Number IJ

Temperature of Black Liquor in the Reactor = 210°F

Air Flow Rate = 0 . ' 75 Cu. Ft. Per Minute

Black Liquor Space Feed Concentration Final Concentration % Conversion
Flow Rate Time Moles Per Moles Per Moles Per Moles Per Sodium Sulfide
c.c. Per Hr. Liter Liter Liter Liter
Minute Sodium Sodium Sodium Sodium

Sulfide Thiosulfate Sulfide Thiosulfate

155 1.25 0 .J16 0.014 0.139 0.0540

V
DLfV

75 2.60 0.316 0.014 0.095 0.0710 70

Material Balance

Space Time 
Hr.

Sodium Sulfide Converted 
Expressed As Moles Per 
Liter of Sulfur

Thiosulfate Formed 
Expressed As Moles Per 
Liter of Sulfur

Unaccounted For Compounds 
Expressed As Moles Per 
Liter of Sulfur

1.25 0.177 0.080 0.097

2.60 0.221 0.114 0.107

-66
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