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ABSTRACT

The ox{dationgof sodium thiosulfate in weak kra&t
black liquor (?btained f;gm a hardwood pulping mill) was
investigated in an oxygen-sparged semibatch reactor which
operated between 90°C and 100°C and at one atmosphere total
pressure. It was found that sodium trithionate (Na,;S;0¢) is
a dominant product &f the oxidation of thiosulfate in weak
.kraft black liquors. For the first time closure of the mass
balance on inorganic sulfur was demonstrated after black
liquor oxidation, based on trithionate as an intermediate.

_Trithionate (83062') accounts for 25%, - 35% of the total
inorganic sulfur product-after quantitative conversion of
thiosulfate. The remainder (65% - 75%) is in sulfate form.
An original ana1§tica1 method for the chemical determination
of trithionate in bliack liquor was developed.

A nickel aluminum alloy (50% nickel, 50% aluminum)
was identified as having a catalytic effect on the oxidation
of *thiosulfate. The rates of thiosulfate oxidation and
trithionate production increased with catalyst concentration
(1 - 10 grams per liter) and liquor turbulence (800 - 4000
rpm), but decreased with the concentration of sodium

\

hydroxide (12 - 40 grams per liter).

1

The thermal,value of the black ligquor decreases by
about 10% for the noncatalytic oxidation and 18% for

~catalytic oxidation with the nickel arﬂminum "alloy. A

fraction of the liquor organics is partially oxidized to
form CO,, some of which is reabsorbed to form sodium
carbonate in the alkaline black liiuor. Oxidation .reactions
.reduce the liquor pH from Yfzto about 9.7.
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RESUME

'L ‘oxydation de thiosulfate de sod@ium dans la liqueur
noire kraft faible (obtenue d ‘un moulin de pate a papier de> .
bois dur) fut examin€e dans un réacteur a semllot aspergé
d‘oxygine qui fonctionnait entre 90°C et 100°C, % pression
totale de une atmosphére. On decouvrit que le trithionate de
sodium (Na,S30g) est un prgddit dominant dé lgoxydation de
thiosulfate dans les 1i§ueurs‘poires kraft faibles. Pour la
premiére fois la ~ fermeture de 1la balance de masse sur le
soufre inorganique, aprés l'oxydation de la 11queur noire
basee sur le trithionate comme 1ntermed1a1re, fut demontree.
Le trithionate (S3062 ) compte pour 25% - 35% du produit
total de soufre inorganique aprés conversion quantitative de
thiosulfate. Le reste (65% - 75%) est en forme de sulfate.
On dé@eloppa une- méthode analytique .initiale pour la
determlnatlon chimique de trithionate dans la liqueur ‘noire.

- Un alliage de nickel et d aluminium (50% nickel, 50%
aluminiym) fut identifie comme ayant une action catalytique
sur 1’'dxydation thiosulfate. Les taux d ‘oxydation de
thiohul ate ef de production de trithionate augmenférent
avec la concentration de caﬁalyseur (1 -10 grammes par
litre):et la turbulence de la liqueur (800 - 4000 rpm) mais
diminu;rement avec la concentration d hydrate de sodium (12
- 40 grammes par litre).

h K |

La valeur thermique de la 1ligqueur noire diminue
d’environ 10% pour 1 ’oxydation non catalytique et de 18% si
on emploie l'alliage de n1cke1 et d’aluminium comme
cnfalyseur Une frattion des organlques de la 11queur est en
partie oxydee au CO,, un certain nombre est réabsorbé pour
former du carbonate de sodium dans 1la llqueur\ noire
alcaline. Les reactions d ‘oxydation redulsent le pH de 1la
liqueur de 13 a 9.7.
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1. LITERATURE REVIEW AND BACKGROUND

1.1 Introduction to the Kraft Recovery Process

* ’ i
\ The kraft pulping process is the ﬂQQinant chemicai
pulping technology at the present time. Chemical pulping
accounts for two-thirds of the annual world wood pulp

production, and the Kraft proéess repéesented 88% of the

world chemical pulp production 1in 1983. The widespread use

of this process is attributable to the facts that:

i) the wood fibres are degraded much 1less in kraft
puiping than any other process;

11) the technology can handle any type of wood; '

iii) 1t is possible to recover and utilize the by-product

\

materials from this process.

This last p01nt; Qnigh refers to the chemical/energy
recovery cycle, is particularly important given today’s
stringent environmental regulations for indu;trlal waste
discharges. Although the problem of stream pollutants has
been minimized with efficient chemical/energy recovery, the
production of large quantities of sulfur gases from the
cycle remains a source of cdncern. ' '

The process of kraft pulping corisists of cooking wood
chips in. an alkaline solution called "white liquor™". This isw
typically made up of sodium hydroxide (NaOH), sodium sulfide
(N¥3S), and sodium carbonate (Na;CO3). These substances
total 12.5 weight per cent of the liquor. The active cooking
chemicals are sodium hydrox%de and ‘sodium hydrosulfide.
Sodium hydrosulfide is formed in ;he white liquor through
equation (1). '

4

Na,S + HyO—+ NaOH + NaSH (-



These white liquor chemicals promote the cleavage of bonds
in the basic 1lignin structure within the woodchip, and
renders the lignin extractable and soluble in the liquor.
The woodchips are typically dissolved in. the white 1liquor
for one to three hours at a process temperature of 160°cC.
The cooking 1liquor promotes the hydrolysis of 1lignin to
alcohols and acids. Mercaptans are also’ formed as a

4

by-product.

The spent cooking solution from the digestér, which
contains about 50% of the raw wood substance, is °common1y
referred to as ‘weak black ligquor . The total quantity of
all of the various dissolved substances ranges from bet@een
14% and 18% by weight. The exact percentage 1s a function of
wood species, type, and amount of chemicals used in

digestion, and quantity of wash water used.

Black liguor- is a complex colloidal solution
consisting of residual white liquor chemiéa} components,
lignin, and other decomposition products from the wood.
These are dissolved 1in the liquor during pulping.
Approximately 60% of the ligquor organics are present as
lignin. The remainder is mainly in the form of .a wide
variety o§ carbohydrate derived acid forms. The black liquor

‘also contains the cooking chemicals NaOH and NaHS. Sodium
- -hydrosulfide (NaHS) is partially transformed into organic

forms including thiolignin and mercaptans in the complex
digestion reactions. These organic sulfurous forms.. may.
account for up to 30% of the total sulfur in -the black

liquor.

The weak black liquor from the digesters is pumped. to
an oxidation unit via a blow tank. There the 1liquor is
contacted with air (Fig. I, Appendix 1). Sodium hydrosulfide

<3
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is oxidizeq to sodium thiosulfate; mercaptans and organic
*sulfides are oxidized to . dimethyl disulfide. The purpose of
oxidation is " to reduce the sulfur gas emission in the
subseqllent evaporation stage. Weak black ligquor (14%-17%
solids) from the oxidation unit is concentrated‘.to ‘strong
liquor  in a series of nmultiple effect evaporators. The
strong liquor (45% - 50% solids) is further concentrated to
about 65% to 70% solids in the Direct Contact Evaporator
(DCE). It is subsequently sprayed into a specially designed
boiler known as a recovery furnace. In this react&r the
organics - are burned to recover their energy value The
inorganics {sodium carbonate and sodium sulfide), form a
liquid smelt 1in the char bed. Sulfur oxyanions 1including
thiosulfate @nd sulfate, are reduced in ‘the char bed. The
bed is continuously formed from pyrolysed liquor organics in

the lower furnace area.
- }

The smelt is continuously withdrawn from the boiler.
It flows from there into the dissolving tanks from which the
"green ‘liquor" is formed. The green liquor from. ‘the
dissolver is treated with burned lime to convert sodium

carbonate to sodium hydro'xid% (equation 3),

Ca0 + H,0 —> Ca(OUH), ’ : (2) -

Na2C03 + Ca(OH)Z—Ar CaCO3 + 2NaOH ‘ {3)
and thus A regenerate the white ligquor constituents. "The
precipitated CaCO; is removed by filtration and is seny to a
lime kiln to be calcined to CaO (equation 4).

CacO3 + heat —» Ca0 + CO, . ’ (4)

L)
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1.2 Black Liquor Oxidat‘ion‘ Theory & Practice

.

1 . .
Since the early pioneering work of Bérgstrom and

Trobeck (1939), black liquor oxidation (BLOX) has become an
integral part of the kraft chemical/energy recovery. cycle.
BLOX is ‘c;urrentlly used to oxidize sodium sulfide to sodium
thiosulfate. This practice prevents volatilization of éhe
sulfur as Hz"s (equations 5, 6) in the Direct . Contact

_Evaporator. . \

[

NapS + SO, + HyO==+ Na,S03 + HyS ' ‘ (6),
N g ~ . .

Th:e_ zhot 'flue gases from the recovery furnace ~\cont%in
sulfur dioxide (SO,) and carbon dioxide (CO?_)‘. These are
used to - concentrate the liquor to 65% solids.. Oxidation
increases the valency of inorgahic sul fur froin -2 (s?7) to
+2 (82032") theréby preventing these reactions. If inorganic
sulfur is present as thiosulfate, rather than sulfide, TRS
emissions can be reduced from 800 ppm to less than 15 ppm in
the DCE according to Clark (1976). ‘

.In the pulp and paper _‘litaerature, the oxidation of
sodium sulfide usually infers 'oxidation to sodium
thiosulfate. However, oxidation of sodlam thiosul fate to
sodium sulfate under the conventional BLOX condltlons, has
never been discussed in the literature. That is the - subiect

of the present research endeavour.

7
!

The terms "stabilization™ . or "fixation" are often

o

. used J.nterchangeably with black llquor ox1dat10n because the

black liquor is not combusted, as the term "oxldatlon" can
imply. Rather, oxidation in this sense. refers to a low
temperature aqueous phase reaction which transforms- sulfide
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into a varie_ty of less volatile sulfur oxyanion forms. Most
of this is in the form of thiosulfate. The . organic
constituents of black liquor are also affectéd by the
‘oxidation reactions. However, they are never completely
oxidized in commercial BLOX even under the most strenuous of
. process conditions. Typical pracess conditions utilized in
industrial BLOX include temperatures ranging from 8‘0°C to
100°C, and a total air pressure of one atmosphere. ‘

A frequently encountered term in the literature is

"oxidation efficiency". This refers to the per cent -

conversion of sulfide in the liquor. It is defined by

———

equation (7).

mass Na,S feed - mass Nazs out

$ efficiency = (7)
mass Nazs feed -

Cooper (1973) notes that oxidation efficiency is a function
of both chemical and physical parameters. Chemical
parameters*'i‘nclude oxygen ratio, liéuor temperature, liquor
pH,,iand wood species. Wood species is particularly important
becjause‘ the quinone structures in the liquor which are
derived from the wood, have been found to be effective
catalysts for - the sulfide oxidation. Physical paraméters
known tdh affect oxidation éffi,ciencies are liquor Reynolds
'number and liquor solids content. In general, the BLOX
efficiency is proportional to increases in. the pH, oxygen
ratio (actual' O, supplied for BLOX divided by stoichiometric

05), oxyéen partial pressure, and liquor Reynolds number.

\

" "BLOX. It 1is a function of the chemicals added to. the

digesters, sulfidity content of cooking liquor, -and the®

«

N

The pH of black.liquor is a critical parameter in -



nature of wood extractives. The pH of wéak black liquor is
typically in the range of 11 to 13. Conventional oxidation
lowers the liquor pH from between 0.1 and 0.3 because of
acids generated from organic and inorganic oxidation

reactions.

Tsuchiya a?ﬁ Johanson (1972) .studied the effects of
liquor pH and oxlda ion efficiency on TRS emissions from thé
recovery cycle. They\ found that TRS emissions throughout the
entire recovery cycle\decrease with increases of oxidation
efficiency and liquor\, pH {Figs. IT & III, Appendix 1).
Morgan ét al. (1970) elplain the role of oxidation by noting
that the concentration of sulfide is reduced to essentially
zero. This causes the equilibrium vapor pressure of the
hydrogen sulfide “above the liquor to also approach zero ‘as

indicated by equation (8).

'H,S(g) = H,S(1) = HS™ = §2~ 3 (8)

Liquor alkalinity or pH is a major factor in determining the
ultimate TRS emission from the cycle. This is understood by
considering. the full reaction stoichiometry of‘equafion (8)
which is given by Ueno. (1976) in equation (9).

HyS + 20H” = HS™ + H,0 + OH™ = S27 + 2H,0 S L (9)

Clearly, a decrease of liquor pH causes the equilibrium of
equation (9) to shift to the left. This causes an increase
in the amount of hydrogen sulfide liberated from aqueous

solution.

BLOX is an exothermic reaction that results in a
decrease of the heating value of the liquor. Liquor heating
value, or thermal value, refers to the amount of heat energy



"which is dissipated'When the liquor organics are combusted.
BLOX decreases the heating value of the black liquor through
the partial oxidation of the lignaceous organic compounds.
~Thermal value is also lost in the oxidation of inorganic
sulfur constituents. Grace (1977) states that this is 5.39
_kJ/(g Na,S) when the sulfide is oxidized to thiosulfate, and
12.9 kJ/(g Na,S)_ if the sulfide is further oxXidized to

sulfate.

r

1.3 Advantages & Disadvantages of BLOX

Some of the advantages that black liquor oxidation
offers a 'pulp and paper mill were summarized by Collins
(1950) and are listed below.

1) Increased liquor sulfidity after BLOX because more
sulfur is retained in the recovery cycle. Tomlinson
and Fergﬂson (1956), noted a 15% to 20% increase after
installing BLOX at Domtar Fine Papers in Cornwall;

ii) - Reduction in the amount of lime required in the .
causticizer because of the higher sulfidity of the
liquor; ) '

iii) Partial elimination of odor from the evaporators, DCE,
and recovery furnace including a 90% reduction of TRS

in evaporators;

iv) Permits a decrease of saltcake makeup if the maximum
. attainable sulfidity obtained with BLOX is not
desired; C ) - ]
v) Reduced corrosion in the evaporators and scrubbers.



L
! Some of the disadvantages of BLOX have been

summarized by Sarkanen et al. (1970). They include:

i) Elemental sulfur or polysulflde ions may be formed due
to 1ncomp1ete oxidation defeatlng the original purpose
of BLOX; )

ii) Loss of liquor heating value and loss of process heat
from heating of oxidation air;

iii) Foaming and soap production problems associated kK with
BLOX of resinous wood species. ,

‘ Another underlying drawback of oOxidation which
Sarkanen et al. failed to mention, is the problem of
"burkeite scaling". Burkeite is a double salt composed of
sodium carbonate and sodium sulfate, Depending on the wood
species being pulped and white liquor chemical charge,
burkeite precipitates from the black liquor at 40% to 50'%

sdl ids content.

1.4 The Impaét of BLOX on the Chemical Reéovery Cycle

X

Thoen et al. (1968) have . found that BLOX does not
" reduce sulfur gas emissions in the recovery b011er. Landry
(1963) has stated that thiosulfate, under the conditions
found in the boiler,. decomposes to sul fur dioxide and not
hydrogen sulfide. This is shown in equation (10).

2NapS,03 + CO—p 2MapS + 250, + CO, ©(10)

‘This results in a smaller volatile emission of st but a
proportionally larger liberation of 805 .



Collins (1962) and Menzies (1968) stated that the
sequential oxidation of thiosulfate‘toesulfate is necessary
to bring about a high percentage retention of sulfur in the
dried l'i;:;uor when it is smelted. More recently, Strohbeen
and.Grace (1982) investigated the effect of oxidation of
sulfur compounds on sulfurr emission. This was done in a
pyrolysis study with black liguor model compounds sodium
gluconate and vanillic acid "(Fig. IV, Appendix 1). The
_pertinent results were that: b

i) between 85% to 100% sulfur ‘volatilized as Na,S;
ii) between 20% to 45% sulfur volatilized as Na5S,04;
iii) between 0% to 10% sulfur volatilized as Na,S05;
iv) between 0% to 4% sulfur volatilized as Na,;SO,.

IThese results indicate that the volatilization of inorganic
sulfur decreases with an intrease of sulfur valence. Hence,
a minimal sulfur loss is associated with the highest sulfur
valency state - sulfate. The stability of inorganic sulfur

_as sulfate in the recovery boiler can be attributed to
equation (11). In this reaction the inorganic sulfur is not

wolatilized.
Na,S0; + 2C°——p Na,S *'2CO, (11)

Hence, if all the inorganic sulfur could be gquantitatively

oxidized to the sulfate form, sulfur gas emissions could be

reduced in the recévery boiler. .-
«
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1,5 Kinetics of Sulfide Oxidation in Black Liquor

'Murray (1971) has shown that there are two processes
which i#nfluence the rate of oxidation of black liquor.- These

are: \

i

i) T“rate at which O, is absorbed into solution;
ii) rate at which sulfide and oxygen react chemically \i’n

solution.

Shaw and Christie (1984) have stated that when the
concentration of sulfide is high (above 2 gpl), the kinetics
of oxidation are pseudo-zero order. :Below 2 gpl s?~, the
kinetics are pseudo-first order in - the sulfide
concentration. The term "pseudo order" indicates that the
concentration of oxygen does not enter into the kinetic rate
equation. Murray and Morgan (1971) found that the o¥idation
rate of sulfide in kraft black liquors is adeqflately .

represented by equation (12).

= a(si”) Kpkg P(0,) (527) r
= — ' , (12)
at kg(S%7) + K H
where:  'S27 is sulfide concentration
. K, is mass transfer constant .
k., is kinetic rate constant )

s
P(0,;) is oxygen partial pressure

.- ‘ H is Henry's Law constant of 0, in
black liquor.:

10 \



When the concentration of sﬁlfide is high (above 2 gpl),
equation (12) can be simplified as equation (13).

-d(s27) :

—2%2 = KyP (05) “ : e — (E3)
©de ' '

For low sulfide concentrations K&H >> ks(Szf), so that .
equation (14) is applicable. ‘

-d(s27) kg P(0y)(S27) - -
— = - - (14)
dat ’ H

Murray and Prakash (1980) have found that the rates
of sulfide oxidation in black liquor are much higher than
those found in pure salt solutions of sodium sulfide. They
-concluded that the best catalysé for the oxidation of
agueous suliégzs is black liquor.

Lindkerg and Nordstrom (1959) found ihat it is -the
phenolic compgunds in the black liquor 'which cafalyze the
oxidation of sulfides. They Observed that phenols such as
catechol and py;ogallol, catalyze the uptake of oxygen by

alkaline solutions to yield thiosulfate.
, Cooper (1974) mentioned that the catalytic effect
" exhibited by black liquor is a very strong function of wood
speciés employed, and that this catalysis is greater for
hardwoods‘than for softwoods; This 1is due to the increased
'aroha?iq ring structures of hardwoods. The catalytic effect
INcreases with temperature and pH. Hermans (1984) explained
the pH behavior by noting that the quinone structures, which

7
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are partly the cause of the catalysis, are stabilized at
lower pH thus reducing their effectiveness.

”

Murray (1959) reported that temperatures below 71°C
result in the partial formation of elemental sulfur. The
formation of free sulfur in-the liquor as the predominant

_oxidation product of sulfide is undesirable because it

subsequently degenerates back to the sulfide form (equation
15). This is known as the reversion reaction and is-given by
equation (15). ’ "
Reversion can be prevented if the process temperature of the
liguor is maintained above 90°C. In a survey of ten mills
across North America, Christie (1972) noted that increases
of the -sulfide concentration from'/}eversion reactions
totalled between 2% and 4% after weak liquor oxidation.

/

Morgan et al. (1970) postulated a reaction pathway
for the reaction pathway of the inorgénicﬂsulfur oxidation

in black liguor.

1£3(2' + 70, + 14H,0 ==b 25527 + 280H" . . (16)
2552~ + 2H,0 + 0, =% 2S5 + 40H™ ' Looan
2532~ + 90, + 120H"=985,032” + 6H,0 . . .  (18)
25,042 + 50, = 450,2" o ‘ (19)

According to this reaction scheme the sulfide is initially
oxidized to polysulfide (Sez') through equation - (16).
Polysulfide oxidation reactions can ‘proceed‘ through
equations (17) or (187 to produce freeﬁsulfur or thiosulfate
respectively. Reversion occurs as a result of ‘polysulfide

. -

‘12
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reacting through equation (17). Thiosulfate can be further
oxidized to sulfate through equation (19).

1.6 Industrial Practice'

Black liquor oxidation techﬁology can be roughiy
classified into three different 'eras. The first of these
(1940-1965), was one in whlch the oxidation of weak liquors .
was practised with a varlety of plate and packed- type towers
(Fig. V, Appendix 1). The first generation oxidation

\ technology featu;;d high air flow rates and short contact

times. Implementation of oxidation-equipment in the recovery
cycle was primarily aimed at easing the growing public
outcry over the foul smells surrounding kraft pulp and paper
mills. ' '

The ‘distinguishing feature of :the second Véra
(1965-1975) was the _ concept of strong black liquor
oxidation. Strong black liquor (45% 55% solids) was
oxidized to reduce the. foaminé probléms of weak liquors.
Weak liquor oxidation was not practlcal, particularly in the
south, due to the need of large reactor vessels to handle
the large quantities of foam. . .

Foams are caused by fatty acid salts or surfactants

present in the 1liquor. When air is bubbled through, it

becomes entrapped in the liquor and results in a frothy foam
formation. Tgf, higher surface tension and viscosities of
strong liquo¥s prevents such excessive foam formation.
However, the liquor organics are more severely oxidized and
degraded in this process. |

-



The = dominant technology of the second era was the
air-sparged back*ﬁﬁxed tank reactors (Fig. V). This design
featured the oxidation of sodium sulfide by sparging air
from near the bottom of the vessel through a high head of
ligquor (2.5 - 4 'meters). Reactor heights were usually
designed 2 to 3 times the depth of the ligquor head to
compensate for the expansion of the liquor at the high
superficial gas velocity. Usually 2-stage designs were
employed, with an average liquqi residence time of 2-3

hours.

*

A number of innovative oxidation schemes came of age
in the third era (1975- present). The most promingnt of
these is the the combined weak and strong BLOX strategy. In

‘ this process weak liquor oxidation is used to prevent TRS

emissions in the multiple effect evaporator. Strong
oxidation is practised to oxidize any remaining sulfide
present from incomplete weak ligquor oxidation and reversion
reactions. In this process a 1008 oxidation efficiency of
sulfide is achieved before the liquor is fed to the Direct

Contact Evaporator.

The dominant technologies of the present—-day era are
the air-sparged tank reactors and plug-flow pipeline
reactors. Some of, the plug-flow reactors (PFRs) now employ
the:Total Heat Recovery boncept (THR). In THR, a PFR is
found ahead of the first effect of the multiple effect
evaporator. Zecchini (1986) has found that ' this location
maximizes the heat recoveiy from the exothermic BLOX
reactions. THR can recover nearly 1008 of the heat of
oxidation. '

4
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2. OBJECTIVES, SCOPE, AND RATIONXLE FOR CURRENT RESEARCH

2.1 Objectives

1. To carry out a preliminary screening to determine a
suitable catalyst for the oxidation of the inorganic
sul fur fraction of kraft black 1liquor with molecular
oxygen gas (90°C - 100°C, 1 atm. 0,);

]

2. To study the effects of liquor, residence time®, rpm,

and catalyst concentration on the rate of thiosulfate

oxidation, and'sulfate yield;

3. To investigate the effect of incremental caustic soda
addition (NaOH) on the thiosulfate oxidation rate,

sulfate yield, and post-oxidation liquor pH;

4. . To measure the extent of organic oxidation by
'~ correlating with the thermal value and with the total

organic carbon;

5. To determine kinetic rate models for thiosulfate and
sulfate in weak kraft black liquors for noncatalytic
oxidation (94° +/- 2°C, 1 atm. 0,); /

6. To evaluate the feasibility of convegéion of
thiosulfate in kraft black liquors with the current

industrial practice.

———

-_,,~7///r‘

a. Within the ¢@ontext of this thesis the term "residence
time" is used to denote the reaction time of the bulk black
liquor, and in specific references, to the reaction time of

- chemical constituents in the black ligquor.

. 15
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2.2 Scope:

At the present time there is no fundamental study on
the oxidation of sodium thiosulfate in kraft liquors; all
published studies to date have dealt exclusively with the
oxidation of sodium sulfide. It is widely assumed in the
pulp and paper literature that the only product of <&he

oxidation of thiosulfate is sulfate.

i,
IR
W

Thiosulfate oxidation, as it pertains to kraft black
liquors, is an important aspect of the overall inorganic
sulfur reaction pathgey.-ﬂ sizable fraction of the sulfide
is further oxidized to sulfate through the thiosulfate-"
intermediate in conventional oxidation process strategies,
particularly in weak 1liquor oxidation. Consequently, the
intent of the present research endeavour is to investigate
the oxidation of sodium thiosulfate in weak kraft “black
liquorsﬂ(IS% - 17% solids). Furthermore, it is necessary to
examine the feasibility of guantitative thiosulfate
conversion with the current industrial practice.

The experimental process conditions employed were
chosen to simulate the current industrial practice as
closely as possible. All experiments were conducted in an
agitated bottom-sparged .semibatch reactor at temperatures
between 90°C and 100°C, and a total O, pressure of one
atmesphere. This approach was taken so that a qualitative

assessment of the commercial viability of thiosulfate «

oxidation could be established.



¢ The experimental prograh consisted of seven major
parts. These were:

i) Construction and commissioﬁing of the apparatué
required for the experimental program;

ii) Screening experimeénts to identify a-suitable catalyst
for the oxidation of sodium thiosulfate in weak kraft
black liquors; )

iii) Experiments to elucidate the roles of residence time,
rpm, O, flowrate, catalyst concentration, and
characteristics of the liquor on the yield of sulfate.
and the rate of oxidation of thiosulfate;

iv) Development of a method for the chemical detection of
trithionate in oxidized kraft black liquors;

v) Use of the method described in iv to close the overall

inorganic sulfur mass balance for both noncatalytic

and catalytic oxidation; . .

vi) Investigation of the effectg of NaOH addition and
residence time on, the pH of the liquor and the rate of
oxidation of thiosulfate; . ' )

vii) Experiments to quantify the extent of organic
oxidation after thiosulfate conversion.

Both noncatalytic and catalytic oxidation of
thiosulfate have been addressed in the present study. The
subjects of catalyst ’deectivation, regeneration, and
recoverability were considered to be beyond the scope of the

present work, however.

17
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2.3 Rationale For Currgﬁt Research :
o - .
Weak black liquor oxidation in the kraft pulp and
paper industry is presently practised to control sulfur gas
emissions. This is done by stabilizing-sodium sulfide in the
less volatile form of sodium thiosulfate. 'This practice
prevents sulfur emission from the multiple effect and direct i
contaet evaporators. Sulfur losses in the follow-up— —
pyrolysis and gasification operapign§“id the recovery boiler
are not significanily affected, however. A process _étréfégy
which could increase the présent sulfur recovery from the
© - recovery boiler, and heﬁce reduce makeup saltcake
requiréments, could be a valuable asset to the industry.

Fallavollita (1984) has stated in a related project

report that a possible drawback to the Fluid Bed Recovéry

Concept f£&6r the gasification .of kraft black liquor lies in

the degree of volatile sulfur compounds produced during

0 * pyrolysis. Strohbeen and Grace (1981) studied the pyrolysis
of black liquor model compounds at temperatures similar to

the recdvery boiler operation. They showed that if all the

ihorganic sulfur is‘present as sulfate, then less than 4% of

the total sulfur is volatilized. Hence, gases associated

— with pyrolysis and éasification in the fluid bed could be
o minimized if most of the inorganic sulfide could be oxidized’

~ to the sulfate form. This basic principle is the motivation

~ behind the present work.

The oxidation of inorganic sulfur is studied in weak
black liquor (15% - 17% solids)- throughout the course of
.this study. The rationale for this is based on éooggr’s
fihding (1973) that the sulfate yield is maximized in weak
black liquors above 80°C. Production' of {sodium sulfate in

thick liquors (45% - 50%) is not practical because of
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competing organic oxidation side reactions. Hermans (1983)
demonstrated that "high intensity ox1datlon"'_of strong
liquors results in poor rheological properties. The liquors
become so viscous that they do. not flow w1thout alkali
addition.

The most common objection to the production of
sulfate from oxidizing weak liquors .is with the problem. of
evaporator scaling (from the sodium salts of carbonate and
sulfate). In a comprehen51ve ftudy by the Instltute of Paper
Chemistry (1977), it was deéemonstrated that both sodium
carbonate (Na;CO3) and sodium sulfate (Na;SO4) precipitate
on the- evaporator heat transfer surfaces' when their bulk
eolubilities are exceeded at approximately 45% liquor
solids. The double salt "burkeite", has a molar makeup which
is typically 2Na,50,*Na,CO3. It has Dbeen found to have a
greater scaling tendency than either of the salts in the
absence of the other. This soluble scale formation decreases
the evaporator heat transfer capacity. Moreover, it forms a
tough surface on 'which additional suspended liquor solids
are readily deposited. ’ '

@
Almond Jr. and Hedrick (1985) have'ﬁecently'develcped
a new technology which makes the sodium salts of sulfate and
carbonate crystallize in the bulk nlack liquor, rather than

" on the heat transfer surfaces. They 'have’ shown that' a

properly designed falling film type’ evaporator system cam-
produce a liquor solids concentration above 80% without

-appreciable sodium salt fouling. This technology has been
,implemented in two commercial installations with favorable

results. It has clearly diminished the importance of the
sodium salt precipitation problem on heat transfer surfaces.

-



MacMillan 'Bloedel Resee}ch (1977) has found that
there is no 11nkage between high efficiency BLOX and scaling
and/or plugglng\tendenc1es in the Direct Contact Evaporator
(DCE). They observed that of the mills employing high
efficiency oxidation of black liquor, about half reported an
increase in the rate of plugging in their DCE, but half did
not‘experfence any such effect. Moreover, some degree of
precipitation of black 1liquor solids in direct contact
evaporators was reported both by mills. prq?tlslng BLOX, and
by mills not practising BLOX.

The less of black liguor thermal value with oxidation
is not quite as critical any more since the successful
implementation of the Total Heat Recovery Concept (THR). THR
can harness nearly 100% of the heat liberated in oxidation.~”
When this heating resource is wused for the drying of the
weak liquor, a §ubstentia1 saving in the evaporator steam

requirements is realized.

) Grace (1982) has noted that a loss of liquor thermal
value upstream from the recoxery boiler can sometimes be a
beneficial characteristic of black liquor oxidation.  When a
boiler is "overloaded" for instance the mill is  -prevented
from practieing incremental pulp production. This is because
the black liquer throughpuf exceeds the design capacity
which causes an increased heat release from the ‘exothermic
pyrolysis reactions. Under these conditions the temperature
in the upper oxidizing zone increases from the combustion
reactions of liquor organics. This results in a loss of
sodium through volatlllzatlon If the thermal value of the
liquor is decreased by intense black  1iquor oxidation
upstream of the recovery boiler, the heat release at the
bpilef is lower per uni% mass ‘of black liguor solids
supplied. This means: that the liquor throughput can be
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increased. proportionally without incurring additional sodium .
losses. The incremental boiler throughput capacity permits
an incjease in the overall production rate.

) In summary, stron§ oxidation‘QOf weak black ligquor
. yielding sulfate, as tpe only end'product ¢f inorganic sulfur
oxidation is juétifiable om three accounts. These are:

i) ‘increased chemical recovery of sulfur and decreased

_ TRS emission at ‘the recovery boiler; ’

ii)  potential ‘application to the fluidized bed reactor
conceﬁt; N ;

iii)‘ increased boiler throughput capability, resulting in
incremental pulping capacity for a mill.
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3. EXPERIMENTAL METHO :

3.1 Design of Reactor System . ' 4

4
¥

One of the goals of t;is research program was to
build an experimental setup dynamicélly similar with the
current industrial practice. The results generated from this
study could then be exﬁected to provide some insight into
the nature of the oxidation reactions which take place in a
commercial oxidation plant. With this objective in mind,

-

oxidation experiments were carried out in a bottom-sparged

agitated semi-batch reactor using molecular oxygen gas as
the oxidant (Fig.l1). The sparging design is. the most
widespread form of oxidation technology curréntly employed
by the industry. '

Pure oxygen, rather <than air, was used as the
oxidizing medium to reduce the d;ffﬁsional limitations
associated with the ‘oxygen mass transfer. In addition, the
use of O, minimizes the stable foam formation which is
produced when inert nitrogen gas is bubbled through weak
black liquor. .

-

In all experiments the process temperature of the
liquor was maintained between 90°¢ and 100°C and the total
pressure at one atmosphere. Condensed water was not refluxed
back to the reactor. These conditions were adopted primarily
to match the current industrial trends. The temperature
range that could be used was quite limited because of the
stfgng'tendency'of sulfide reversion below 90°, a sizable
fraction of the sulfide oxidation product below 90°C is
»elémentgl sulfuf«'and not thiosulfate. Temperatures above
100°C are not suitablé be;anse the liquor approaches  its
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atmospheric boiling point. This results in a high rate of:
evaporation from the liguor during an experiment.

o

3.2 Equipment

.

A process flowsheet of the experimental apparatus is

_given in Fig.l. The reactor system configuration consists of

the reaction vessel for black 1liquor oxidation, and
ancillary flow and electrical equipment. The system was
designed to handle a continuous flow of gas. .It had the
capability of measuring the %0, in the reactor off-gas
continuously by an 0, analyzer. The relative oxidation
extent of inorganic sulfur species was measured via the
Paprican BLOX sensor. The oxygen analyzer (Taylor Servomex
model OA 272), used the paramagnetic principle of detection -
for the continueus measurement of oxygen in the reactor
off-gas. High precision readings of the %0, were obtained by
connecting electrical leads from the analyzer to a
digital-readout multimeter.

—

The reactor used for all experiments was an Autoélave
Engineers 1Inc., one U.S. galion bolted-closure vessel,
gquipped with a variable-speed motor-driven impeller. ‘A
tachometer Qas used to prepare a calibration chart for the
agitator rpm. This was consulted for setting agitation
levels in all ensuing oxidation experiments. The temperature
of the liquor was measured by a TYPE~K thermocouple inserted
into a thermowell, whic¢h extended inté the body of the
reactor. ' '

The -vessel was electrically heated by a series of
three heaters evenly placed along the body of the reactor

‘heating jacket. The jacket temperature was measured by a

second k-type thermocouple and was recorded by a
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multi-channel temperature indicator. Valves for --the’
sparging, vent, and sampling lines were on the body of the

réactor .

The autpclave’s internals featured a cooling coil,
gas sparging line, gas vent line, sample withdrawing tube,
motor-driven impeller, and a thermocouple well. The sparger
was located befow.the impeller to‘provide good dispersion of
oxygen into the 1liguor. 3 second foam-breaking impeller
(Fig. 2) was secured near the top of the shaft. The British
Disintegraﬁor type design of this impeller caused a rapid
foam breakdown by taking advantage of the high centrifugal
force developed at the 2500 rpm agitation rate.’

1)

The cooling coil was reméved "so that the Paprican
BLOX sensor could be -put in its'place. The BLOX sensor,
developed by Mortimer and Fleming (1985), consisted of' two,
one-quarter inch diameter roulon i;sulated electrodes. ?he
millivolt output, which was known to be inversely
propdrtional to the inorganic sulfur oxidation extent, was
recorded continuously by q'high input impedance multimeter.

Oxygen or nitrogen was supplied to the vessel from
* pressurized cylinders through a pressure regulator, a series
of flowmeters, and check valves at the desired flowiate (1 -
2 1lpm). Check valves were connected on line, before the
oxygen and nitrogen flowmeters. This was done to ensure that
no mixing of gases was possible. A third check valve was
connected immediately ahead of the sparger valye inlet. This
prevented the flow of liquor - due to liquor foaming V-
fhrough the sparging line and into the flow eqdipment.
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After contacting the liquor, th aturated ‘gas
was .discharged through a gas vent at the top of the reactor.
The gas then passed through” a steam trap and_ = was
subseduently sent to a water-cooled condenser. Following(
condensation the resulting cool dry gas "was directed to a
flowmeter. for instantaneous flow measurement. It was then

sent to a wet test meter which was used to keep a running

record of the accumulated gas flow. The outflowing gaslifrom—,

the wet test meter was split into two streams; 150 cc./min.
was bled to the oxygen analyzer and the remainder was pur@ed
to the fume hood. To prevent damage to the oxygen analyzer
cell from excessive flowrates, flowmeters were installed
before and after the analyzer. A peristaltic pump was
required to push the gas through the silica-gel packed
impinger. The analyzer was calibrated with pure O, and N,

gases before an experiment.

3.3 Experimental Procedure - -

q

The autoclave was charged with two liters of weak

kraft black 1liquor (15% - 17% solids) obtained from the

Domtar hardwood pulping mill in Cornwall. For catalytic
oxidation experiments an appropriate amount of the chemical.
was added to the liquor before the reactor was sealed. The
three electrical heaters situated on the body of the reﬁctor

. were then switched on and the impeller agitation rate was’

set. The temperature of the liquor was allowed to rise to
betw§en 90°C - 100°C. To prevent oxidation of the liquor
prior td the start of an experiment, the reactor was purged
" with nitrogen gas until the oxygen analyzer digital readout
displayed 0.0%. At that point the nitrogen flow valve was
shut. This practice ensured that no oxygen was trapped in
either the gas space above the liquor, or in the. éopper
tubing leading up to the reactor.
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. When a steady-étate temperature was atfained the
experiment was initiat?d by opgping the valve on the oxygen
cylinder. At the same time a stopwatch was Qprned on which
kept a running record of residence time. The temperature of
the liquor was maintained constant by switching the heaters
on and off as the need arose during an experiment:

5 and 20 samp were taken periodically

‘during an eXp€riment which was typically run for about two

hours. During the first 15 minutes where the rate- of
inorganic sulfur oxidation is 'fast, a. relatively large
number of samples were taken. The residence time, BLOX
sensor millivolt output, liquor temperature, accumulated gas
flow, and %0, in the off-gas were recorded at the sample
withdrawl times. The oxygen inlet flow was closely monitored
throughout the experiment and was adjusted when necessary.

»

Folloding the completion of an experiment the amount

|of condensed water in the steam trap was noted. The oxidized

liquor product was drained and the reactor was cleaned and

prepared for the next trial.
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Samples taken during aﬁ'experiment were collected and '
the chemical analyses that are listed below were performed:

i) All samples weré analysed for inorganic sulfur species
by ion chromatography within 24 hours of‘ the
experiment; ' )

ii) all samples were analzséd for weight % solids Coﬁtent;\

iii) ‘Some samples were analysed for total sulfur and
thermal value; _ i .

iv) Some samples’' were analysed for trithionate by

potentiometric titration;

. ' a ¥ . . i :
v) Analyses for carbonate, sodium, calcium, sodium

hydroxide, and total organic carbon were done for some

experiments.

3.4 Ion Chromatography Analysis

-

3.4.1 Commissioning of the = High Pressure Ion

Chromatbgraph

All analy;es for the aqueous phase inorganic sulfur
sbecigs (s2-, "SO32', SO42ﬁ, 82032') except trithionate
(53062'), were performed using a Dionex Model 2000i High
Pressure 1Ion Chromatog;aph, in accordance withl Tapﬁi

-Standard T699 pm-83. In some cases the concentrations of

éEtbonate_(CO32') and oxalate (C2042') were also measured by
the ion chromatography (IC) technique. At the time this

_project was initiated the IC was not calibrated for the ions

of'lnterestf. » p



Consequently, a commissioning study was initiated to

- investigate the following: . R

i) dbhcen;ration ranges over which each of the inorganic
sulfur species (5032f, 5042', 82032-) was linear;

ii) linéar‘ranges for these species fTor a variety of IC

output sensitivity ranges (3, 10, 30 microsiemens);

iii) précision of the method for each of the ¥measured

' constituents;

iv) reproducibility of the concentration data after 4 and
24 hours (since 24 hours was the estimated time lag
between experiment and analysis);

v) ‘evaluation if a multircomponent standagd containing
sulfite, thiosulfate, and sulfate could be prepared
without affecting changes on the equilibrium
concentrations of each of the individual species;

~vi) determination of the most appropriate dilution factor,

IC output sensitivity range, and integrator commands

for black liquor chemical analysis.

The pertinent results from this study (Tables I, II, and
II1I, Appendix 2), were used in the estimation of error for
black liquor chemical analyses by the IC method.

| ¢

"~ Table I shows that the precision for the sulfate and
thiosulfate concentration data is better than 3% up to 24
hours after the preparation of the standard aqueous
solutions. Sulfite,. however, is the most unstable of the
measured constituents. It is partially oxidized within four

”
‘hours after preparation. Fortunately, the concentration of

sulfite in kraft liquors is small (<0.2 gpl). Any error from
this source does not significantly affect the mass balance
on inorganic sulfur. These results indicate that no
significant error is introduced with the data collection if

-



———

] . . .
the chemical analyses are per{ormed within 24 hours after
the completion of ‘an experimen .

There was no evidence of interaction effects between
individual components in solution. The equilibrium ionic
concentrations of sulfite, thiosulfate, and sulfate were not
affected by the presence of the other two. This result
demonstrated that standard solutions containing all three
inorganic species could be prepared and calibrated
simultaneously with a Eingle sample injection.

3.4.2 Black Liquor Chemical Analysis By IC

It was found that the most appropriate range for the
chemical analysis of oxidized kraft black liquors is at 10
microsiemens for sulfite and sulfate, and 3 or 10
microsiemens for thiosulfate (Table 1II, Appendix 2).
Depending upon the concentration of the sample, the oxidized
liquor . samples could be classified into three general
categories for progressively stronger oxidation (Table TIII,
Appendix 2). Typical concentration ranges of the three
measured ‘species are listed in each category. The
corresponding dilution factor and IC output ranges.
recommended for best detection and quantification are shown.
In the last category where the oxidation 1is virtually
ébmple;e, the concentration of thiosulfate }s below 0.5 gpl
and,alﬁost out of the range of accurate chemical detection,
Only the concentration of sulfate is measured in this case,
but at high dilution so that.any interference from trace
thiosulfate concentrations between successive  sample
injections is eliminated. - ,

The black liquor samples were brought to the required
concentration range by a series of two dilutions {n 100 ml

/
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volumetric flasks. In the first flask 1 ml black ligquor was
o pipetted using a standard volumetric pipette and diluted
' with distilled deionized water. After mixing vigorously, a
predetermined amount of the diluted liquor (depending 'on
dilution factor as given in Table III) was pipetted into -a
second flask and further diluted. A well rinsed syringe was
used to inject five to ten ml of the sample 1n the second
flask for chemical analysis. The average retention time 'per
sample was about 15 minutes. Any samples that were observed
‘to be affected by temporary baseline drifts, or out of the
range of reasonable experimental error at the time of. the

i

analysis were repeated.

3,

3.4.3 Preparation of Standards

All standards were carefully prepared by weighigg
reagent crystals with a Mettler model AE 166 Analytiéal
Balance. The reagent salts were diluted with distilled water .
0 to appropriate volumes with Pyrex laboratory volumetric

flasks. Stock standard solutions containing 100 ppm of’.the“
ioﬁic-constituents were reprepared every two days. Purity of
the crystals was taken into account in the calculation® of
*  the weights required for the standard solutions. Standard
calibration solutions were prepared by pipetting appropriate
amouhts of the 100 ppm stock solutions into volumetric
flasks. They were diluted to obtain the desired
concentration range which is specified in Table II, Appendix
2. Three calibration solutions, containing 1, 2, and 5 ppm
of sulfite, sulfate, and thiosulfate, were used to calibrate
the IC on a daily basis. When a large number of samples were
being processed, all the calibrations were repeated after a’

o

few hours of continuous use.

uy
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3.5 Determination of Trithionate in Kraft Black Liquors

3.5.1 Introduction
A method has been developed to detect and
quantitatively estimate the conceq;ratlon of trithionate
(8306 ") in oxidized kraft black liquor. The method is based
on the Noranda mercuric, chloride potentiometric * titration

method. Originally developed by Jay (1953), it was modified,

in this work for the determination of trithionate in
oxidized kraft black liquors. There is no other method
presently available for the chemical detection = of
trithionate in kraft black liquors.

3.5.2 Theory
P 9 ‘.‘ . )
Polythionates containing-®3,4, and 35 sulfur atoms
react quantltatlvely with mercuric chloride (HgCl,y) ., to

- release acid 1n solution. The stoichiometric equatlon is:

L

" 2550627 + 3HgCl, + 4azo-mgc12-zngs

28 0¢2™ + 3HgCl, + 4H,0 > HgCl,2Hgs + 8H' + hc;‘ + 450,%"

& (2n-6) S

e e 8 0 o 0080 e a .-o.;o.----ooo..n-c;o-p-oou-..o-n-o".oi'.‘(-00-0(20)

Hence for tri;hionate, ‘ <

-

J

sut + 4C1” ¥ 43’042'»

0.'0-.o-.doooo-.OQto.bcuooltootnoaﬁuuwbhl.lu.o.‘c)...-000(21)

L ¥
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Similar equations . can. be deduced for tetrathionate and

pentathionate. Mercuric .chloride also reacts with

thiosulfate.
25,05%7 + 3HgCl, + 2HpOw=p HgCly"2HgS + 4H" + 4C17 + 250,%"

Ceeeeeean et P U ¢ 73

v

In both cases the acid generated may be titrated with
standardized NaOH solution to determine the concentration of
the four sulfur anionic species: 82032°, 53062_' 54062-'
550627. Wasserlauf and Dutrizac {(1982) have stated that “the

‘only polythionate that is stable in hot alkaline solutions,

such as the case for the presenf black 1liguor oxidation
study, is érithionate. It follows thql -any acid produced
from the mercuric chloride addition C&o the liquor after
quantitative conversion of thiosulfate, must be generated

from the trithionate reaction. _

\

The: method described below is not applicable when
sulfide is present. This is because sulfide also reacts with
mercuric chloride ta liberate acid in solution. If sulfide

'is present its interference must be eliminated by acidifying

to pH 4.0. 'Vacuum must then be applied f¢r ap roxihately 30
minutes to remove the sulfide as hydrogen sul/fide gas (HyS).



. . . - ——
- ~ 3.5.3 Apparatys ’ | ‘
o L

The apparatus required for the chemical detection of
trithionate is listed helow.
\

-

- pPH meter preferably with a combination electrode
- magnetic stirrer and stirring bar ‘ )

~ 2, 25ml burettes ' oo \
- sufficient 150 ml beakers for all samples to b3 tested ‘
- hot plate

- pipettes of various sizes

B
A

3.5.4 Method of Analysis

1. Before attempting any trithionate analyses all sulfur

species that can be 'detected by ion chromatography

‘ (Tappi Standard T699 pm-83) must be mé&asured ie. 52-'
o 50527, 85,0427, 50,27. | ‘

- 2. Pipette a 2 ml aliquot of oxidized liquor intoa 150 ml

beaker and dilute to about 40 ml with distilled water.

From step 1, if the concentration of sulfite is present

T in a proportion greater than 10% ©of the anticipated

trithionate éonéentration, then add'2 ml formaldehyde

per gram of sulfite in solution. In kraft liquors the
concentration of sulfite is psua{}y less' than 0.2 gpl
so the formaldehyde addition can be omitted,

3. With the beaker on a 'stirring mantel insert the
stirring rod and 'glass electrode and dropwise reduce
the pH to 4.30 with 1N H;SO4. In case of acid overshoot
use O:TN NaOH to return the pH to 4.30, and similarly.
use 0.1N H,S04 .when th ﬁH'is only marginally above
'4,30. :

33
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'Remove the pH probe and stirring bar rinsing|l each with
distilled water into the sample but being cayreful not

to over dilute the sample. . .
Pipette 5 ml of 2 weight & HgCl, solution into the

. 'sample and stir vigorously with a g¢glass rod to ensure
‘mixing. Allow the sample to sit for approximately 5 -

10 minutes covered with a watch glass. Repeat steps . 1
through 5 for all the samples to be tested while the
samples are in the ’sitting period’.

Heat the sample solution(s) over a hot plate bringing
just to a boil and being careful not to overheat. If
the hot plate is large enough all the Samﬁles should be

. heated at the same time. This is to ensure reproducible
heating conditions between the set of samples. Cool the

solution with cold running water or in an ice bath to

room temperature.
Pipette 5 ml of a solution of KI (20 weight %), stir to
mix, then insert pH electrode and maintain stirring+

Titrate with standardized 0.01N NaOH to the pH 4.30 .
endpoint. Typically pH values before titration are -

between 4.0 to 4.1 for strongly oxidized liquors. Near
the endpoint add NaOH dropwise. Let the sample stir for

‘a few seconds to ensure that solution homogeneity is
attained. If the pH decreases titrate again with a few
drops' to the endpoint. For best results run thevfsample:

again and average .the titre-values obtained.

K1 Correction \\\ _ _
The KI is used to \complex excess HgCl, but causes a

slight alkalinity of the sample. To account for this
" excess alkalinity in the calculations, repeat steps 3

to 8 using 40 ml distilled water instead of the sample.
Titrate the alkalinity developed with standardized

0.005N H,SO, to pH 4.30.

t
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10:- Convert the titre vélue obtained in step 9 above to the ,

equivalent 0.01N NaOH volume and add this volume to the
titre value of the sample.
11. ggiosulfate Correction

If thiosulfate is known to be present from ion
chromatography analysis, then calculate the volume of

acid that is produced ffom its reaction based on its

measured concentration.value froﬁ stoichiometry given
'in equation 22. _ Convert this acid volume to the
equivalent 0.0lN caustic soda required to neutralize,
and subtract from caustic volume obtained in step 10
above. This difference’ représents the equivalenf acid
liberated from the trithionate reaction only.

12. The Yolume NaOH obtained from step 11 or 10 is the
amount required to neutralize the acid from the
trithionate reaction. Convert this volume to liters and
call it Vp.

13. Calculate the ‘concentration of trithionate. A sample

vcalgulation is presented in Appendix 9.

3.6 Total Sulfur

¢

' Total sulfur, which includes both inorganic and
organic sources, was measured by the Chemical Analysis
Department at the Pulp and Paper Research Institute- of
Canada (Paprican). The procedu}e that was used . for the

chemical detection of total sulfur uses the principle of wefﬁ

combustion, and can be found in CPPA Standard @ethod J.15P
(v). The experimental procedure -involves.a wet wéshing of
the sample with nitric and perchloric acids, followed by a
gravimetric detérminatiqn of the total sulfur as barium

sulfate. Nitric acid is used to okidize and eliminate the
' organic material from the liquor. The use of perchloric acid

]
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is required to oxidize all the sulfur to sulfate form. After
. adding a 10 w/w & aqueous BaCl, solution to a slightly-
acidic sample solution, filtering, ' and -igniting the

 precipitate~formed at 800°C, the sulfur can.be determined
.gravime ically'as'barium sulfate (BaSO4). )
3.7 Total sBdium and Calcium

Sodium and calcium were measured by the Paprican
Chemical Analysis Depar tment by Atomic Absdrption
Spectrophotometry (CPPA Standard Methods J.15P (iv & xiv)
respectively). ‘ ' '

3.8 Sodium Hydroxide

] Sodium hydroxide was measured by Paprican Chemical
Testing by the standard potentiometric titration method
given in CPPA Standard J.15P xii.

3.9 Thermal Value

The thermal value of black I{Quér was determined by
Paprican Chemical Testing Départment using the standard
method of bomb calorimetry (CPPA Standard Method J.15P xv).
Thermal value is defined as- "the quantity of heat liberated
by a unit mass of black liquor solids when combined with

oxygen in an enclosure of constant volume."
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» with a spectrophotometer at 550 nm.

3 ._10 Total Solids

Black liquor, solids content was estimated by Tappi
Standard Method T 625 ts—64. One modification that was made
for this research was that the black liguor samples were
dried for 48 hours, instead of the 24 hours suggested in the
standard method. It was found that a steady-state solids -
concentration could only be obtained by allowing the samples

., to dry for this extended .period of time.- -

3.11 Total Organic Carbon
Total - organic carbon (TOC) was measured by “the
. Paprican Chemical Testing Department using a "Technicon
Auto-Analyzer". A brief description ‘of the method is
included below. L
step 1: An &liguot of black liquor is acidified with
1N H,S804, to which is added potassium persulfate.. The sample
is then treated under uv radiation. Organic carbon is
combusted to CO, in this manner and is dialyzed through a
" silicone  rubber membréne into a weakly * buffered
' pheﬁolpthalein indicator solution. The decrease in color of
the indicator solution, due to formation of carbonic acid,
is proportional to the TOC plus the carbonate carbon in the
‘griginal black ligquor sample. The color decrease is detected

_ stép 2: Step 1 measures both the inorganic carbonate
- carbon (CO32') and the organic carbon. The to’tal inorganic
, carbon can be caleulated by repeating ,step 1, but without
addins the potassium persulf'ate and by eliminating the uv
digeét'ion process. ‘
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step 3: The TOC condentration can be calculated by
btracting the inorganic carbon obtained. .from step 2 from
the total black liquor carbon obtained in step 1.

ie. TOC (gpl) = carbon(step 1) ~ carbon(step 2)

Precision of the method is reportedly +/- 3%. .

3.12 Experimental Uncertainty Estimates

The measured‘black liquor spécies in this work
included the ions of sulfite, sulfate, trithionate, oxalate,
and carbonate. Tge concentrationJ‘of sodium hydroxide was
also measured. In addition, the thermal value, total sulfur
content, calcium, sodiﬁm, total organic carbon (TOC), pH and
total solids of black 1liquor samples were measured. The
methods to measure each of these have been described or
listed in the previous sections. Table IV, Appendix 3
presents the relative % error and standard deviation data in
gpl for each of the ion constituents measured. Errors and
standard deviations associated with all of the other
chemical analyses performed on the 1liquors are shown in
Table V, Appendix 3. All error estimates shown are

-calculated on the basis of at .least three replicate

measurements. They represent the average expected error in

all cases.
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_ Standard deviations for the total sodium and éhe
frequently measured ions (8042", 8032‘, 82932', S3052') were
calculated on the basis of ‘pooled sample variances’. A
pooled sample variance 1is a weighted average of sample
variances of replicate .data from.different experiments. It

is defined by equation (23). .
®
| | ' . C
~ A, i - s
sp2 = z (mj - 1) 542 / z: (mg - 1) . (23)
i=1-- . i=1 . |

A sample calculation for the sulfate data is given in Table
VI, Appendix 3. Standard deviations listed for al/l the other
nonpooled measured constituents are calculated the basis’

-

of one set of three to six replicate data. -

A pooled estimate takes into account the experimental
measuring technique, the degree of reproducibility of the
chemical analysis method emplgyed, and the subtle variations
between day to day experimental conditions. It is a
reflection of the total experimental uncertainty associated
with black 1liquor sampling, analysing, storage time, and
method. A standard deviation from only one set of data on
the Sther hand, does not include an estimate of the
variations between successive experiments of the parameters
specified above.

R
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4. RESULTS AND DISCUSSION

4.1 Design of Experiments

Three different batches of hafdwood kraft black
liquor (taken at approximately :one month' intervals) were
obtained from the Domtar pulp,ﬁiil in Cornwall, Ontario for
the oxidation experiments. All three liguors had similar
chemical properties (Table 1), but had differegt bhysical

.properties. For the sake of <clarity and brevity, the three

liquors used for this thesis will be denoged as Iiquors A,
B, and C. It was decided early in the experimental program
to use actual kraft black liquor from an operating mill
rather tban simulated liquors. .- ;

kY

The experimental feature that was common to all three

liquors was the measurement of the rate of oxidation of

sodium thiosulfate to sodium sulfate between 90°C and 100°C
and at one atmosphere-total pressure. The rate of oxidation
of thiosulfate was studied by performing experiments with
and without catalysis. To détermine‘ where oxygéh mass

" transfer limitations were eliminated, a sequence of

experiments with variable agitation levels and O, flowrates

were'performed with Liquors A and B.

-

The catalyst that is referred to above was obfained

by pefforming series of screening experiments with

" different chemicals. These chemicals included sodium

cupric chloride (Cqélé), activated
educed iron, manganese, cobaltous

hydroxide (NaOH),
charcoal, hydroquinone,
chloride (CoCl,), ‘hanganese dioxide (MnO,), and a nickel
aluminum alloy (NiAl). The chemicals were added to the
unoxidizeé liquor in a concentration of 10 gpl, and their
effects on the rate of thiosulfate oxidation were studied.



~
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If an acceleration of the>rate was found, another experifent
with a lower concentration was performed. ‘

.

Although the oxidation of thiosulfate to sulfate was

the key focus of interest of this research, various other

aspects of black liquor oxidation were also studied. For
example, the . concentration of oxalate (C2042') was
quantified in all exberiments with Liquor A. The thermal
value and total sulfuf were measured in experiments with
Liquor B. The total organic carbon (TOC), and the ions of

hydraoxide, carbonate, and trithionate were measured for _they

experiments with Liquor C. It was not practical to measure
all the properties for the three liquors. Rather, it was
assumed that if a characteristic (such as thermal value
decline) could Se demonstrated for one liguor, then it could'
be assumed to be valid for the other two.

The <concentration of oxalate was measured in
experiments with Liquor A to investiQate whether Qridation
contributes to an increase in its concentration. Franklin
(1982) noted that the presence of oxalate in kraft liquors
"implicates ~“the potential buildup of harmful scale
deposits." Hence, measurement of the concentration of

oxalate might give -an indication of the scaling tendencies’

of strongly oxidized liquors.

The concentration of total sulfur was measured before
and after experiments with Liquor B. This was to determine
if a significgnt amount of sulfur species was volatilized
during an oxidation experiment. Measurement of both total

sulfur and trithionate (measured for Liquor C), were

essential to closerthe overall mass balance on inorganic
sulfur. <3f// 1 ' - .

~ . . R
\ .



The thermal value for Ligquor B samples was measured
after various extents of oxidation. This study was initiated
to evaluate the 1mpact of quant1tat1Ve thiosulfate oxidation
on the extent of organic oxidation. A further indicator of
the extent of organic oxidation is the decline of “total
Srganic carbon (TOC). TOC, carbonate, and sodium hydroxide
were measured in experiments with Liquor C to estimate what

percentage of the organics is oxidized to CO,. It was also
important to determine what proportion 'of the CO, is
reabsorbed by the alkaline liguor to form sodium carbonate.

Concentration/time data for all the measured
constituents were corrected for the evaporation of water
which occurred during the course of an experiment. All:
preésented data is expressed, on the basis of grams
constitueﬁ% per liter of black ligquor charged to égg:reacﬁor
before oxidation {gpl). The concentrations of all chémical
additions (catalyst, screening chemicals, and NaOH) are also '

"expressed on the basis of grams chemical per liter of black

liquor charged charged to the reactor.

AN
v
'
.

The rate of evaporation was quanéified independently .
for each experiment. This was done by noting the amount of
liquid condenhsate in the steam trap (Fig. 1) at the sample
withdrawl times during an experiment. The rate of
evaporation was found to be 2.4 +/- 0.1 ml/min. at the
temperature range used for most of the experiments in this
research (94°C +/- 2°C), and was constant at this value
during an expefiment. All concentration data presented in
this thesxs were corrected (based on this evaporatlon rate)
to grams of constituent per liter of unoxidized black liquor
charged to the reactor. ‘During a typical experiment the-
solids concentration of the liguor increased between 3 - 4%
(from about 16% to 19%) for an Experiment‘tbAt was run. for




, T -~ -
120 minutes. /The uncertainty with the measurement of the
evaporation rate is included in the estimation of
experimental errors for concentration data of all measured
constituents given in Appendix 3. . i

When required replicate éxperiments were performed.
Good reproducibility of the experimental data was obtained

4

in all cases.
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4.2.1 Effect of Impeller rpm, O, Flowrate, and Liquor

o

on Oxidation Rate

. Noncatalytic oxidgtion experiments for Liquor A were
used to determine the effect of impeller rpm, and oxygen
flowrate on the thiosulfate oxidation rate. In addition 1t
was necessary to quantify residence times required for the

-’ conversion of thiosulfate. This information was used to set

sconditions for other experiments with Li?uors B and C.

Figure 3 shows concentration/time data for sulfite

(SO32"), sulfate (5042'); oxalate (C2042'), and thiosulfate

(82032_). The experimental conditions were set at an oxygen

flowrate of 2.4 liters per minute (lpm), a temperature of

‘} " 100°C, .and an impeller agitation rate of 1500 rpm. Estimates

of the experimental errors associated. with those chemical

constituents are given 1n Table V, Appendix 3. The

thiosulfate concentration is initially 2.71 grams per liter

(gpl). 1t increases fo 5.20 gpl at 4.5 minutes, and declines

thereafter (Table 2). The concentration of sulfate rises
gradually to a value of 7.62 gpl at 72 minutes.

The initial increase of the thiosulfate concentratioﬁ
is from oxidation ¢f sulfide (S%7), hydrosulfide (HS™),
polysulfide {sz'), and elemental sulfur (S°). These
constituents are all initially present in the unoxidized
liquor. The sulfide concentration was measured at 0.5 gpl in
- the unoxidized iiquor. Polysulfides were also traced. A

s~ chemical anaiysis of the yellow residue (Table 1) floating

V f;eely on the surface of the--liguor prior to qpidation,

+ showed that this substance was 91.8% by weight elemental
o - - --sulfur. From these observations it was thought that most of

x .
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the unoxidized inorganic sulfur initially present in the
liquor was in the form of elemental sulfur rather than

v

sul fides.

o

When subjected to an oxidizing atmosphere, elemental
sulfur is converted to thioéulfate. Pryor (1962) has stated
that " the oxidation of elemental sulfur’ io thiosulfate
follows the disproportionation reaction shown in equation
(24), at temperatures near 100°C.

-

Sg. + 8NaOH—» 2Na,S,03 #+ 4NaHS + 2H,0 ,(.24)

The chemical determination of the concentration ‘of elementaf
sulfur in unoxidized blagk liquor is very difficult. As a
result bnly the thiosulfate, sulfite, and sul fate
constituents were measured 'in all ensuing experiments.

Accurate knowledge of the species elemental sulfur (8°),

polysulfide (S5,27), and sulfide (S?7) is not critical, to the

present study. This research focuses on the sequential
oxidation of thiosulfate to sulfate. \

The concentration of oxalate is initially 1.06 gpl in
_the-unoxidized liquor (Table 2). It increases to a maximum
of 1.59 gpl at 35.5 minutes and decomposes to 1.20 gpl at 43

minutes. It then increases to 1.41 gpl at 72.0 minutes. The.

concentration of sulfite is relatively stable at 0.3 +/- 0.1
gpl. Table *.7 shows a set of data under similar process

conditions.

Figure 4 illustrates’>§he effect of Oa flowrate and
fmpeller rpm on the ;ate‘bf thiosulfate oxidation. At a
flowrate of 1.2 Ipm Og’and“eoo rpm (Table 4), the oxidation
rate is 0,. diffusion controlled. The thiosulfate
concentratidén remains above 3.9 gpl even after 189 m&gutes
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of .oxidation. At 1500 rpm fTablé 5),~the oxidation rate -has
increased to the point where ﬁhe concentration  of
thiosulfate is reduced to 0.35 gpi in just 73 minutes. At
2500 rpm (Table 6), no further acceleration of the rate of
thiosulfate oxidation 1is observed. This result indicates,
that oxygen diffusional limitations are eliminated at 1500
-rpm if the O, flowrate is not the rate determining step. If
the 0, flowrate is not in sufficient excess to satisfy the
total ligquor oxygen demand, the oxidation rate would still
be in the diffusion regime.
To investigate if the O, flowrate is in sufficient
excess at 1.2 lpm 0,, another experiment at 1500 rpm and 2.4
ipm OQ was performed. Since no increase of the rate of .
thiosulfate oxidation is observed even at the higher
flowrate (Fig. 4), it can be concluded that the reaction is
" kinetic controlled at 1500 rpm and 1.2 lpm 0,.

Figure 5 shows the effect of O, flowrate and rpm for
the sulfate and oxalate,concenération/time data. No ipcrease
of sulfate rate is observed above 1500 kpm and 1.2 .1pm O,.
This is consistent with results found for the thiosulfate
oxidation. Oxidation reactions apparently promote the
formation of oxalate (Tables' 2, 6). This may indicate
scaling tendencies of the strongly oxidized liquors.

Tableé 8, 9, and 10 present the thiosulfate and
sulfate concentration data for Liquor B at 1.2 lpm O, and
800 rpm. Thg_concentration of thiosulfate before oxidation
is approximately 4.6 gpl. This is higher than the values
noted in Tables 2 - 7. The higher initial §,032"
concentration is presumably the result of free sulfur
oxidation to thiosulfate before the experiment. When the -
expériment is fﬁitiated the concentration of thiosulfate
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/?eaches a maiimum after\épproximately five minutes (Fig. 6)

o ' and falls slowly .tb 1.7 gpl after 100 minutes of oxidation.
Figures 6 and 7 show that good$reproducibility is obtained
between the replicates for the thiosulfate and the sulfate
concentration/time data respectively.

. The effect of agitation of the liquor on the rates of
thiosulfate oxidation and sulfate production is compared in
Figs. 8 and 9 respectively for Liquor B. At 800 rpm the rate
of oxidation is clearly O, diffusion limited, analogous to
the result for Liquor A. 1In -this case the concentration of
thiosulfate is approximately 4.1 gpl after 40 minutes of
oxidation (Tables 9, 10). In comparison the thiosulfate
concentration is reduced to 0.29 gpl with an agitation rate
of 1500 1gypm, also at 40 minutes (Table 11). Under these
condition the cdncentration of sulfate attains a
steady-strate value of approximately B.7 gpl after conversion
of thiosulfate. At 2000 rpm (Table 12) no significant change
o . is noted in the thiosulfate concentration profile, but the

steady-state sulfate concentration increases to 8.90 gpl

+ after 45 minutes. At 2500 rpm (Table 13) the concentration
of thiosulfate can be reduced  to 0.47 gpl in 30.2 minutes,
and the sulfate concentration levels off at about 9.7 ¢ gpl
after 100 minutes of oxidation.-

If the agitation is maintained at 2500 rpm and a
baffle- if added, a further increase o©f the rate of
thiosulfate oxidation 1is noted. The concentration of
thiosulfate can be reduced to 0.34 gpl in 25.9 ﬁinutes under
these conditions (Table 14). Replicate data (Tables 15, 16,
17) confirm this acceleration 6% oxidation rate. The
steady-state concentration of sulfate remains the same at

;—"“"“~\\;_3pg;o§imately 9.7 gpl. 1Its production rate increases, ™

AN
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however, (Fig. 9) because of the higher rate of thiosulfate

oxidation.

At 3200 rpm with a baffle (Table 18), the rate of
oxidation of thiosulfate is not further acéelerated.' The
concentration of sulfate levels off at 10.3 gpl at 120
minutes. At 4000 rpm (Table 19) the sulfate concentration
gradually rises to 10.3 gpl after 240 minutes of oxidation.

' In summary, results from the oxidation of Liquor B
demonstrate that the rate of thiosulfate oxidation is oxygen
diffusion limited without a baffle and operating below 2500
rpm. This result differs with data presented for results
from Liquor A. There it was shown that diffusional
resistance is eliminated at 1500 rpm without a baffle. When
diffusional limitations are removed, it takes just over 70
minutes to reduce the thiosulfate concentration to below 0.5,
gpl in experiments with Liquor A (Table 2); this is abou£”25
minutes for ﬁiquor B (Table 19), and 35 minutes for Liquor C
(Table 20). Clearly, thiosulfate kinetics are very strongly
influenced by the black liquor characteristics, and these
characteristics do change at a 'mill. All three liquor
samples were taken from the same location at the same mill
over a three month period. During this period of time, the
wood furnish to the mill did not ;hange (mixed hardwoods).

One explanation for the diff&rence of oxidation rate
could be the difference of foaming properties on agitation
for the three liquors. Qualitatively, it was observed that
Ligquor B showed the highest degree of foaming; Liquor A Wwas
the least foamy at any given rpm. Another factor that could
affect the rate of oxidation is the composition of the
organic fraction. The liquors do not have exactly the same
. organic content (Table 1) or species’ distribution. -Hence,
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the relative catalytic effect between 1liquors could be
different.
4.2.2 Experimental Evidence for an Inorganic Sulfur
Intermediate Oxidation Product

To close a mass balance on inorganic sulfur it is
necessary to know if® a significant portion of the sulfur is
volatilized from the aqueous phase during the experiment.
Table.- 21 examines the total sulfur concentration after
various extents of oxidation with Liquor B. Thiosulfate
concentration data are also presented to indicate the extent
of inorganic sulfur oxidation at the residence times shown.

Before oxidation (at time zero), the concentration of
total sulfur (which includes sulfur from both organic and
inorganic sources), is 5.3 +/- 0.2 gpl. It does not decrease
with residence time, which indicates that no appreciable
sulfur is volatilized during oxidation. Hence a mass balance
on inorganic sulfur should be closed based on the aqueous
phase constituents, thiosulfate and sulfate.

The mass balance on inorganic sulfur will be
considered closed if the amount of sulfate present after
oxidation is equal to the sum of the initial sulfate before

'BLOX, plus the amount of sulfate that is produced from

quantitative thiosulfate decomposition from its maximum

W
value, (82032-)max.' From equation (25) it can easily be
shown that 1.71 grams SO42° should be produced for every
gram of 82032° reacted. I
NapS303 + 2NaOH + 20, —+2Na S0, + Hy0 \ (25)
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Therefore the expected inorganic sulfur concentration,
expressed as sulfate, at any time, (8042')exp_, is given by:

(8042 ) exp. = (8042 )i pieial * 1-71(8505%7) o (27)
s . '

Due to the rapid oxidation of sulfide, hydrosulfide,
and elemental sulfur, it was difficult to obtain samples
whose thiosulfate concentration was at the peak of the
concentration/time profile. A reliable estimate of this peak
could only be obtained at 800 rpm where the rate of
oxidation of thiosulfate is O, diffusion controlled. By
noting that the average maximum concentration of thiosulfate
is 5.2 gpl (Tables 8, 9, 10), the amount of sulfate that
should be produced from the oxidation can be calculated.

The initial sulfate concentration is 4.60 gpl (Table
8). From equation (27), the total inorganic sulfur as

sulfate at any time should be equal to 13.5 gpl.

(8042 ) gyp. = 4.60 + 1.71(5.21) = 13.5 gpl

. 'Y .
At 95.2 nminutes, the concentrations of sulfate and
thiosulfate are 6.35 gpl and 2.01 gpl respectively (Table
8). The concentration of total inorganic sulfur expressed as
sulfate equivalent from these two sources is equal to 9.79

gpl (equation 27).

(5042 ) ggp. = 6.35 + (1.71)(2.01) = 9.79 gpl

LY

The difference with the expected vaiue is therefore ~27.5%,

9.79 - 13.5
$ diff. = { —)(100) = -27.5%
13.5

) .
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This calculation reveals that the mass balance on iﬂorggnic
sulfur is not closed after BLOX, based on the constituents
thiosulfate and sulfate only. Similar discrepancies with the
mass balance on inorganic sulfur are presented in Tables 8 -
18. It 1is apparent that the per cent sulfur unaeccounted.
increases steadily after thiosulfate has reached its peak
concentration. After conversion of thiosulfate, the per cent
sulfur unaccounted as sulfate 1is 25% - 35%. This sulfur
imbalance is consistent and is cléarly tco large to be
attributed only to experimental errors. Moreover, the
sulfate concentration data’ are always low, never high, by

approximately the same amount.

The per cent sulfur unaccounted decreases with rpm.
The steady-state sulfate concentration increases from 8.7
" gpl at 1500 rpm (Table 11) to 9.7 gpl at 2500 rpm (Table
14). The concentration of sulfate reaches 10.3 gpl at 3200
rpm (Table 18), despite no coinciding increase of the rate
of thiosulfate oxidation, over that observed‘ at 2500 rpm.
Table 19 indicates that the sulfate concentration increases
several hours after thiosulfate has been quantitatively
oxidized from aqueous solution. Since the liquor is oxidized
there is no possibility that the missing sulfur source 1is
any one of sulfide, polysulfide, hydrosulfide, elemental
sulfur, or sulfite. In fact it was stated earlier that the
concentrations of sulfide, polysulfide, and sulfite are very
smali, even ap the unoxidized black liquors.

An interesting observation which led. to the next
major part of the work is now discussed. Fivewblack liquor
sampleé from different experiments were set aside in storage
for six weeks. The residual thiosulfate concentrations in
all stored samples were below the detectable limit of the
ion chromatograph. When the samples were reanalysed six
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weeks later, the concentration of sulfate had increased by
an average of 15%. It was evident from this result that
there was another product of the thiosulfate oxidation which

could slowly oxidize to sulfate given sufficient time.

Fones and Sapp (1960) showed that quantitative'
oxidation of thiosulfate to splfate is possible at higher
témperaturé (> 100°C) and pressure (> 10 atmospheres) than
that used in this research. Based on that finding a BLOX
experiment was performed in this research with Liquor B
under similar process conditions (130°C and 210 psig or 1450
kPa). For this experiment a mass balance on inorganic sulfur

'was closed to within 6% which is within the acceptable error

limitations. Hence, it was possible to reproduce the
literature values with these methods, therefore 1lending
credence to the significance of the previous +/- 25%

] . 1
discrepancies.

Experimental evidence suggesting the formation of a
stable intermediate product of the oxidation of thiosulfate

is summarized below.

i) lack of closure of the inorganic sulfur mass balancé
despite experimental evidence showing that there was _
no significant volatilization of sulfur from agueous .
solution;

ii) increases of the sulfate concentration (+/- 15%) after

S sample storage, even though essentially no thiosulfate

was ofiginally present in solution;

iii) <closure of the .inorganic sulfur mass balance with high
pressure, high temperature oxidation which provides
strong evidence to support the experimental
hethodology;
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iv) increases of the sulfate production rate above 2500
rpm even though there was no corresponding increase of
'the rate of thiosulfate oxidation.

\ Results from other related black liquor oxidation
‘'studies support thesé observations. Parthsarathy and Basu
(19815 showed that when sulfide was oxidized to thiosulfate
a mass balance on inorgénic sulfur based on thiosulfate and
sulfate alone was consistently 10% to 15% low. In another
related study on black liquor oxidation Galeano and Amsden
(1973) showed deviations with the inorganic sulfur balance
of up to 15%. If the thiosulfate had been quantitatively
oxidized in either case these deviations would have been
even higher. Closure of the mass balance on total inorganic
"sulfur after BLOX has never been demonstrated in any
conventional type black lxquor oxidation study to date (80°C
- 100°C, 1 atm. total pressure).

An extensive study (unrelated to black liquor) was
carried out by Canmet, Ottawa, on the subject of oxidation
of thiosalts (550327, 830427, S,0¢%7) in mildly alkaline
mining and metallurgical tailings. Wasserlauf and Dutrizac
(1982) noted there that both sulfate and polythionates
(SHOGZ', n = 3,4,5,6) are products of the oxidation of
thiosulfate. Rolia (1981) showed that the only polythionate
that is stable in hot alkaline solutions is trithionate
(83662'); tetrathionate (84062“) decomposes to trithionate'
at pH > 10. All higher order polythionates are stable only
under acidic conditions.

Based on this literature there was strong evidence to
suggest that the inorganic sulfgr unaccounted after BLOX was
in the form of trithionate. This is the first time that . a
linkage has been maae between polythionates in black liquor
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and mining effluents. Emphasis is placed here on this point
to put forth the thesis that trithionate is the unaccounted
intermediate in the oxidation of thiosulfate in kraft black
liquor. An analytical method for the chemical detection of
trithionate was then sought to support this hypothe;is.

4.2.3 Measuremgnt of Trithionate Concentration in

Black Ligquor

An analytical method was developed here for the
chemical determination of the concentration of trithionate
in kraft black liquors. There is no other published method
presently available. Because of the dark color of black
liquor, and the presence of many interfering sulfur species,
analysis of polythionates in black Tiquors is extremely
difficult. The standard spectrophotometric method which is
described by Kelly et al. (1969) was tried. It failed,
however, because of interference from the color of the

ligquor. Ion chromatography methods are as yet only in the-

developmental stages and are not well established gor such
analysis. Consequently, the only method that seemed suitable
for the detection of trithionate in oxidized kraft black
liquors was the mercuric chloride titrimetric method,
deécr}bed in Section 3.5 of this thesis. ~

4.2.4 Closure of the Inorganic Sulfur Balance

Figure 10 shows coﬁcentration/tiﬁe data for
trithionate and closure of the inorganic sulfur mass balance
for an experiment at 4000 rpm. The total inbrganic sulfur
was calculated from the three sources: 52032', 8042’, and
83062'. It was expressed on a common -basis of "sulfate total
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equivalent". The concentration of sulfite (8032') was not
included in this calculation because it was shown from
Tables 2 — 7 that its concentration is only 0.2 +/- 0.1 gpl.
This small contribution does not significantly affect the
sulfur balance calculation. The % difference between
expected sulfate total equivalent and that calculated on the
basis of the three major i?ns 1s shown in the rlght-mosé

column of Table 19. Since the average deviation 1s onlyy

" =-3.2%, the mass balance on 1inorganic sulfur can be

considered closed.

Table 20 shows results for a poncatalytic oxidation
experiment with Liquor C. The initial concentration of
sulfate in Liquor C is 4.0 gpl. This is lower than the 4.6
gpl obtained for both Liquors A and B. As a result, the
expected sulfate total equivalent concentration 1s also
lower. From equation (27), the total, inorganic sulfur

expressed as sulfate at any time is,

(S04°%7) 4.00 + (1.71)(5.21) '

12.9 gpl.

exp.

The average deviations with the total inorganic sulfur mass
balance calculations are -6.2%, (Table 20), -2.6% (Table
22), -1.3% (Table 23), and -1.6% (Table 24) from replicate
experiments. Fig. 11 demonstrates that the trithionate
concentration/time data are reproducible. Calculations based
on tetrathionate (54062') as the reactive intermediate are
consistently high (Appendix 4). This is evidence that the
missing source of inorganic sulfur is trithionate - not a
combination of trithionate and tetrathionate.
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During the first ten minutes .of oxidation, the
concentration of trithionate was not measured for many
samples because of chemical interference from many
unoxidized inorganic sulfur constituents (s2-, s°, sz').
These samples are denoted by 'NA~ -(data not available] ,in
the tables. In a few samples, the interference from sulfide
was eliminated by acidifying the sample to pH 4.0, and
applying vacuum for 30 minutes to remove the sulfide as HyS.

Fig. 11 shows that the concentration of trithionate
is initially zero in the unoxidized black liquor. It
increases when oxidation is initiated and reaches a maximum
value of approximately 3.5 gpl at 30 minutes.,Tﬁis coincides
with the time where the concentration of thiosulfate is
reduﬁed to below 0.5 gpl (Table 24). The concentration of
trithionate is reduced only marginally thereafter, possibly
because of the hydrolysis reaction given by Rolia (1981) in
equation (26). '

S306%7 + Hy0—#5,03%7 + 50,27 + 20" (26)

Trithionate hydrolysis might ‘explain why the concentration
of sulfate increases long after thiosulfate is removed from
solution for Liquor B (Fig. 10) , Liquor C (Fig. 11), and

for the experiment in which six oxidized samples were stored ‘

"2

for six weeks.
s

Table 25 compares the experimentally measured yields

‘of sulfate and trithionate after elimination of thiosulfate.

The effects of black liquor and rpm on these yields 1is
investigated; the‘qffect of chemical ad&ition‘is discussed
in Section 4.4.-Without—chémical addition the yields of
sulfate are 64% for' Liquor A and 62% for Liquor C (of the
total inorganic sulfur). The remainder 1is in the form of

we?
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trithionate. Results from Liquor B show "that the yield of
sulfate increases Qith, agitation of the 1liquor, and is
approximately 70% of the total inorganic sulfur wheﬁ\fthe
oxidation rate becomes kinetic controlled at 2500 rpm. All
sulfate and trithionate data presented in Table 25 are
calculated from experimentaly measurement, and not by
arithmetic difference. The mass balance on total inorganic
sulfur is closed to within 4% in all casei.

In an unrelated study (not on black liquor), Yokosuka
et al. (1975) observed that the reaction products of the
alkaline thiosulfate oxidation (pH = 10} in pure aqueous
solution with hydrogen peroxide, were 72% sulfate and 28%
trithionate. This result agrees with the yields obtained for
the oxidation with Liquor B at 4000 rpm (Table 25).

4.2.5 Thiosulfate Oxidation Kin?tics

Kinetics * of the noncatalytic inorganic sulfu¥
oxidation in black 1liquor were studied at the temperature
(94°C +/- 2°C) "and pressure (1 atm. O,) employed in this
research. Rate expressions were determined at 2500 rpm and
an oxygen flowrate of 1.2 lpm O, where it was demonstrated
that the 0, diffusional limitations were eliminated. The
effect of black iiquor on the relative rate of oxidation waé
studied as an independent variable.

It should be emphasized that all kinetic rate models
presented in _this thesis were found by empirical curve
fitting. Due kd the sheer complexity of the chemical
composition of black liquor, it was not possible to obtain
kinetic models from fundamental principles. In Section 4.2.7
of this thesis it is shown that caustic soda (NaQH) is one
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From Figures 12 - 14 inclusively it is evident that

" the oxidation rate of thiosulfate.is governed by two general

phenomena. When tbe concentration of thiosulfate is between
the rate of change of

0.5 gpl and 5.3 gpl,

thiosulfate concentration with time

(28) is applicable.

2-
-d (8203 ‘) l
. L K .
ll

dt
. %

and where

, -
5,03

is negative, equation

> 0.5 gpl \ (289~

under the constraipt: d/dt(82032')~< 0

When the éoncentration

. |2'-'.
-d (550427

¥ '

dt

= k2(52032

of

_)2

.
’

thiosulfate is below 0.5 gpl

equation'(ZQ)‘adequately describes the experimental results.

2_
5,03

5

<0.5gpl. ., (29)

A

The kinetie rate constants for Liquor C are:

-

\

""

k,y = 0.15 gpl/min.
N kg = J0.768 (gple min.)~1

Edﬁation (28) implies

that

the

rate 'of oxidation is

independent of concéntration, above 0.5 gpl of thiosulfate.
Below 0.5 gpl the rate decelerates
second order .dependence on the concentr ition of thiosulfate

is found (equation 29).
. ¢

o
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The values for kj;, were obtained by performing a

_ _linear least squares regression on four sets of replicate

data for each of Liquors B and C. This procedure was also
carried out for one set of oxidation data for Liquor A
(Table 6). The 1initial datum used represented the maximum
thiosulfate concentration obtained during the experiment.
The last datum used corresponded to the point where
curvature was first encountered (at approximately 0.5 gpl)
in the thiosulfate concentration/time profile.

In the region where there is curvature, least squares
estimates of rate constants for first and second order
kinetic rate models (in thiosulfate concentration) were
found. For all three liquors a second order model (with
kinetic rate constant k,) provided a better fit than did a
first order model. The methods that were used to calculate
ky and k, are given by Levenspiel (1972). ’

Figures 13 and 14 compare the model predictions with
experimental data for Liquors B and C respectively. The
transition from zero to second order kinetics is indicated
by the intersection of the dotted lines. In both cases the
experimental data are in reasonable agreement with the
kinetic rate expressions. The model is not applicable iffi the
region where the rate of change of thiosulfate concentration
with time is positive. In this research the production of
thiosulfate from unoxidized inorganic sulfur species is not

being considered. \

Rate constants for the three liquors are presented in
Table 26. The rate of thiosulfate oxidation is largest for
Ligquor B (Fig. 13) and smallest for Liquor A (Fig. 12). This
is in accordance with the experimentally observed trends
w’hich show that the thiosulfate reg¢sidence time is the lowest

59

| "1 - -



for Ligquor B  and highest for Liquor A. The difference in
kinetic rate constants' between liquors' indicates that the
rate of oxidation is very highly dependent on the specific
characteristics of the liquor. An explanation for this may
be that of stable foam formation. The -.excellent mass
transfer characteristics of foam promotes oxygen uptake into
the liquor. Large volumes of foam were noted for all
experiments‘with Liguor B and hence, more mass transfer area
per liquor volume in this case. Liquor A, on the other hand,
was the least foamy, indicating a low bubble s_urface area

relative to the other two liquors.

4. 2.§ Sulfate Kinetics

Obtaining a suitable kinetic model for sulfate was
difficult because there were no obvious trends in the
sulfate concentration data, that might indicate a simple
type of rate mechanism. For low concentrations of
thiosulfate or long residence times, the sul fate
concentration/time profile is nearly flat (Figs. 11, 15).
The rate of sulfate production is independent of .all liqguor
species~ concentrations during this time. For large
thiosulfate'concentrations and short residence times, the
production rate of culfate is high. The concentration/time
profile is not linear, however. This indicates that the
exponent of the thiosulfate concentration term should be a
non-zero integer during this period. A model was sought that
could account for: .
i) the shift in reaction order; X
ii) provide an adequate statistical fit of the experimental

data; ‘ «
iii) provide ' some general app]:icability for all | th}'ee

n L4

liquors. "
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Some of the expressions that were tested as potential
o rate models are listed Dbelow. The concentrations of °
thiosulfate, sflfate, and trithionate are denoted by A, B,\/
and C respeci:ively. Kinetie powers are labelled n, nm, an@‘\p,
and kinetic rate constants by k3, kg, and kg . Levenspiel
(1972) noted that equations (30), (33), and (34) describe

reactions of shifting reaction order.

.dB k3A" o :
—_ = < . (30)
m
dt 1 + k4A
dB \
— = kia" ' ' (31)
at
0 : :
' dB - .
— = k3An + kg4Cm .. \ (32)
dt . +
* dB kyAR :
—_ = : ’ . (33)
| at (1 + kyn)m
dB .  k3A" .
’ - = + kscp o (34)
- dt 1 + k,A™

It 1is obvious that equations (31) and (32) do not
satisfy the criteria of shifting reaction orders with time.
They were investigated to exg;t}fne the magnitude of the lack

o |
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of fit with the more sophisticated model forms (equations
30, 33, 34). “

To obtain the best estimates of the kinetic
parameters in the rate expressions a Hooke & Jeeves computer
subroutine, developed by Mackinnon (1986), was used. The
program was set ub to allow the user to input a postulated
model form and the number of parameters to be estimated.
Concentration/time data of all variables _appearing in the
rate expression, and experimental rate data (which were
acquired previously by numerical differentiation of sulfate
concentration data), were inputted at the same time. Initial
parameter estimates, the number of iterations, and step-

sizes were also set.

1

The program searched for the best estimates of the
specified parameters. This was done by minimizing the sum of
squares residuals associated with the rate expression that
was tested. A printout of the ' experimental rate data, the
model rate data, least squares parameter estimates, and sum
of squares residuals was obtained. If the postulated model
form did not fit another form was tested. This trial and
error - procedure was continued until a satisfactory model was
found. Appendix 5 documents the methods used to treat
replicate data, and a sample calculation procedure for the

results from Liquor C.°

As expected, equations (31) and (32) displayed gross
inadequacy of fit. Equation (33) was slightly better but was
still inadequate. Equations (30) and (34), however,
predicted the rate data well. Both of these forms were
subsequently tested with experimental data from all three

liquors.

¢
{

';-‘J
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The model prediction from equation (34) was slightly
better than equation (30). It was discarded, however,
because consistent Jalues of the parameters k3 and p could
not be obtained from replicate experiments. This showed that
the extra term was not warranted in 1light of the
experimental error associated with the data. The physical
interprtetation of this result is that the kinetics of the
trithionate hydrolysis reaction producing sulfate (Equation
26) are negligibly slow. Consequently, all models with the
exceptioh of equation (30), were eliminated from further

onsideration.

The average values obtained for the kinetic orders n
and m from equation (30) were 2.1 +/- 0.3 and 3.1 +/- 0.4
respectively, from two sets of four replicate runs. It would
be reasonable to,state that the kinetic orders could be
represented by the integers 2 and 3 for n and m respectively
in view of the experimental errors associated with the data.
The exact form of equation (30) is then known with exception
of the kinetic rate constants. These were calculated by
searching only for the least squares estimates of the
constants corresponding to the integer powers specified
above. These constants are given in Table 27.

The kinetic rate model for the sulfate production in

BLOX can then be represented by equation (35). )
N )
d(S04%7)  k3(5,0427)2
= (35)
at 1 + k (55042793 " .



=
et

¢

‘- under the constraints:

d(5,0427) ,
<0 & (5,0327)> 0 | (36)
at

-

The values of the kinetic parameters k3 and k4 for Liquor C

are:
0.30

0.99

k3
kg4

where the concentration of thiosulfate is given in grams per

liter.

The model predicts the sulfate concentration in the
time period where the rate of change of thiosulfate
concent;ation with time is negative. The time required for
quantitative thiosul fate conversion is denoted by the dotted
vertical lines in Figs. 11 and 15 for Li;;uors C and B

respectively.

The model predictions are compared with experimental
data from Liquor B in Figs. 10 and 15 at 4000 rpm and 2500
rpm respectively. When the concentration of thiosulfate is
greater than zero, the predictions are within +/- 3% 0f the
experimental data. The model underpredicts the sulfate
eoncentration after guantitative conversion of thiosulfate
because the contribution from the trithionate hydrolysis is

not considered.

Rate constants for sulfate kinetics from Liguor B in
Table 27 indicate that the yield of sulfate is enhanced with
liquor turbulence. At 4000 rpm k4 is 0.49 compared with 0.65
at 5500 rpm. The lower value of k, at 4000 rpm decreases the

a
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denominator in equation (30) and ‘increases the sulfate
o : p:goduction rate. Similarly, k4 for Liquor C is 0.99, which
means that the sulfate rate is lower than for Liquor B. This

is in accordance with experimental results which show that

the time of oxidation for Liquor C is longer than that for

Liquor B.

To evaluate if the model has general applicability,

the following criteria were considered:

i)

ii)

The rate model should predict the sulfate concéntration
data within acceptable error 1limits for all three
liquors;

The model should predict the sulfate concentration data
in the limits (ie. where thiosulfate is a) large, b)

zero, or c) approaching zero.)

case i), the sulfate concentration data are well

In
o - predicted for all three liquors. This is demonstrated in
' Figs. 11, 12, and 15, for Liquors C, A, and B respectively.
The validity, or lack thereof, of the second criterion c;an
be established by considering each of the three cases in the

sequence in which they are listed.

iia) In this case the concentration of thiosulfate 1is
between 3 - 5 gpl so that k4A3 >> 1. The model predicts:

¥

iy
aB T ka2
lim -~ = lim
large A dt large A 1+ k4A3
. k3 /
kqA
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This result indicates that a plot of dB/dt vs. 1/A at large
A or small 1/A should be linear. Figs. vi, vii, and viii in
Appendix 5 show that the relationship between dB/dt and 1/A

is linear for all three liquors.

-

iib) In the second case, where the thiosulfate concentration
is zero, it follows that the rate of sulfate production
should also be zero. The model predicts

2 . :
| dB kA }
at] a=o0 1 + k,a° A=0 “

= 0/1 =0 .

"

which agrees with the expected result.

’ ' .
iic) In the third case the concentration of thiosulfate is

small but not zero (0.2 - 0.5 gpl).

dB
lim —_—
a0 dt
2
k3A
= lim

a-0| 1 + x a3

= ("k3a?) / (1 + 0) = kja2

This expression exhibits second order kinetics which is
consistent with the rate model obtained for thiosulfate
kinetics. Both rate expressions predict second order

) ' .
. ¥ :
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kinetics in the specified concentration range of
thiosulfate.

From the above discussion it would be reasonable to
conclude that equation (30) is an accurate representation of
the experimental data for sulfate ‘production during black
liguor oxidation. ]

4.2.7 Effect of NaOH on Black Liquor Oxidation

The pH of black 1liquor drops progressively during
BLOX because of consumption of caustic soéa (NaOH) through
several competing reactions. Some of these are given by
equations (25), (38), and (39).

Na,S,03 + 2NaOH + 20,=*2Na,S0, + H,0 §25)
f(organics) + xOy=—y(organic acids) + zH,0 . - (37)
alorganic acids) + bNaOH=* c(Na salts) + dH,0 (38)
2NaOH + CO,~% Na,CO3 + H,0 _ (39)

Fig. 16 iblustrates the decrease of pH for Liquor C
from 13.05 before an experiment to about 9.6 after 45
minutes of oxidation. A constant pH of 9.6 +/- 0.1 |is
observed thereafter. At this point the thiosulfate 1is

" quantitatively oxidized from solution (Table 28).

Table 29 shows that a similar trend exists for the pH

of Liquor B. It drops from 12.8 before an experiment to 9.7

after 60 minutes, where the concentration of thiosulfate is
zero. The reproducibility of the pH data for replicates
(Fig. 16), and between liquors (Tables 28, 29), is evidence
that a primary source of consumption of sodium hydroxide in
BLOX is from the oxidation of sodium thiosulfate.

Vg
‘A
' : Q
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The role of NaOH in BLOX ‘reactions was further
inéestigated with a series of three experiments in which
different concentrations of NaOH were initially added to fhe
unoxidized liquor ("SODABLOX"). The objective was to

_determine if the specific NaOH concentration affects the-
ultimate yields of sulfate and trithionate after BLOX. In
addition, the effect of incremental additions of NaOH on the

v

(fgsfative/rates of oxidation was examined.

N In the first of these experiments (SODABLOX1l), 5 gpl
’of NaOH was added to the unoxidized liquor. Results from
this study (Fig. 17) show that both sulfate and trithionate
are produced in SODABLOXl. A mass balance’ on inorganic
sulfur is closed to within an average deviation of 3.2%
A (Table 30). The sulfate yield is 64% of the total inorganic
sulfur. This is practically identical with the 62% .obtained

o ,‘ for BLOX.

The kinetic rate of thiosulfate oxidation, k;,
decreased 39% from 0.15 gpl/min. to 0.091 gpl/min. with
SODABLOX1. It is 1interesting L that the kinetics of
thiosulfate oxidation appear to be zero order even below 0.5
gpl. Unlike BLOX (no_chemical éddition) there is no visible

shift in reaction order below 0.5 gpl.
4 »

When the initial incremental addition of NaOH

concentration was 1ncreased to 15 gpl (SODABLOX2), the rate
of -thiosulfate oxidation decreased to 0.0459 gpl/min. or
just 30.6% of the BLOX value. From Fig. 18 it is apparent
that the kinetics of thiosulfate oxidation are zero order
for the entire concentration range of thiosulfate. The zero
order dependence at. low 82032' for both SODABLOX runs
suggests that the thiosulfate kinetics are highly influenced
by the specific concentration of NaOH.

68
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From equation (25) two hydroxyl ions are consumed for
o ' each thiosulfate ion that is oxidized.—— -~ [

Na,S,0q + 2NaOH + 20,39 2Na,80, + H,0 . (25)
‘Hﬁis large consumption of sodium hydroxide might affec¢t the
kinetics of thiosulfate oxidation at low 82032'. When the
concentration of thiosulfate is reduced to 0.5 gpl for
instance it is possible that the hydroxyl ion concentration
is notfrsufficiently large to maintain a high Trate of
reaction for BLOX. This could be the cause of the
deceleration of oxidation rate, which is manifested by an
increase of kinetic order from zero to two.

In the final SODABLOX experiment, 28 gpl NaOH was
added to the unoxidized 1liquor (SODABLOX3). The rate of
"Eﬁiosulfate oxidation was further reduced to 0.021 gpl/min.
o or 14% of the rate found for BLOX. Even after 140 minutes

the thiosulfate oxidation reaction was not complete (Fig.
19).

Table 31 examines the effect of incremental additions
of NaOH on the rate of thiosulfate oxidation. For Liquor A,
the oxidation rate is reduced 64% when 5 gpl NaOH is added.
A steady rate decline with increasing NaOH is also evident
for the results from Liquor C.. When the initial
concentration of NaOH 1is increased from 12 to 17 gpl, k4
decreases from 0.15 gpl/min. to 0.091 gpl/min. Further rate
reductions are observed with higher initial: céncentrations
of sodium hydroxide.

The SODABLOX study demonstrates that NaOH is consumed

rapidly in the BLOX reactions. Despite additions of 5 and 15
gpl NaOH, no significant increase of postoxidation pH value
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was notéd in comparison with conventional BLOX (Table 31).
When 28 gpl NaOH' was added, the pH of the liquor after

oxidation was only 10.65.

The lower kinetic rate of thiosulfate oxidation in
SODABLOX allows a closer inspection of the
concentration/time'brofile of trithionate during the initial’
stages of oxidation. Figs. 17, 18, and 19 show that most of
the thiosulfate that reacts in the first' 30 minutes of
oxidation forms trithionate and not sulfate. For residence
times greater than 40 minutes the concentration of

'

kS

trithionate is fairly constant ranging from 3.0 to 3.5 gpl.
It is interesting that the sulfate production rate increases
sharply after the concentratiQn of trithionate has reached a

relatively stable vélde\“qf 3.0, - 3.5 gpl (Figs. 17, 18).
This suggests that the forﬁh@i n of trithionate 1s favored
when the concentration of thiedulfate is large (2.5 - 5.2

gpl), but that sulfate is the predominant oxidation product

at lowey_concentrations (82032" < 2.5 gpl).

' ~ Although SODABLOX decelerates the sulfate and
trithionate production rates, the ultimate yields of these
constituents are not significantly affected. Table 25 shows
that the sulfate yields are 64% and 62% for 5 gpl and 15 gpl
NaOH additionslrespectively. In comparison, a sulfate yield
of 62% is attained wrtﬁout any NaOH addition. The balance of
the inorganic sulfur is 'in the “Form of trithionate. The
average deviation with the mass balance on inprganic sulfur
is 1.7% when 15 gpl NaOH is added (Table 32), and 7.1% with
.an incremental addition of 28 gpl NaOH (Table 33). ' 5
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4.3 Catalyst Screening’ '

Fallavollita (1984) has noted{ that an underlying
drawback of the Fluid Bed Recovery Concept for the
gasification of kraft black liguor 1lies in the degree of
volatile sulfur compounds produced during pyrolysis. To
minimize emission of these gases in the FBR it may be
necessary to further oxidize sodium thiosulfate - the
principal product of conventional black liquor oxidation -
to a less volatilé species such as sulfate.

Fones and Sapp (1960) showed that it was possible to
quantitatively oxidize sodium thiosulfate to sodium sulfate
at the elevated temperatures and pressures found 1in the
digester. The liquor organics are very severely degraded
under these harsh®process conditions, however, resulting in
a substantial loss of thermal value. Process conditions used
in conventional BLOX (80°C - 100°C, 1 atm. total 'pressure)
prevent excessive oxidation of lignaceous organic compounds,
but converxsion of sodium thiosulfate is much more difficult
under these milder. conditions. Utilization of a suitable
catalyst in a conventional type BLOX process may accelerate
the kinetics of the thiosulfate oxidation, and prevent thq
excessive organic breakdown that accompanies high pressure

oxidation.

With this in mind a suitable catalyst for the
oxidation of thiosulfate in weak kraft black 1liquor was
sought. A variety of chemicals were investigated for this
purpose by adding concentrations “of 10 gpl to unoxidized
Liquor A. The effect of these chemicals on the rate of
thiosulfate oxidation was investigated at 1500 rpm.
Concentration/time data were generated for thiosulfate,

sulfate, sulfite, and oxalate. Concentrations of the organic

A}
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ion, oxalate (C2042°) were Elosely monitored in all
experiments to investigate if oxidation and/or chemical

addition contributed to its formation in agqueous solution.

The first chemical investigated was cupric chloride '
(CuCl,). Beychok (1973) stated that “"the use of CuCl, as a

catalyst permits 100% of the sulfides to be oxidized to
sulfates" at an air pressure of 72 psi (4.9 atmospheres).
Fig. 20 compares the:- rate of thiosulfate oxidation without
catalysis (Table 2), with data obtained with 10 gpl CucCl,
(Table 34). The maxaimum thiosulfate concentration observed
with the addition of CuCl, 1s 2.72 gpl. This represents
about half of the concentration observed for the
noncatalytic oxidation (5.2 gpl). It 1s probable that the
true maximum of appro#imately 5.2 gpl (Fig. 20) 1s not
observea because of the rapid sequential oxidation of
thiosulfate immediately after being formed from " other

1norganic sulfur species (§°, s27, sz').

’ When the concentration of thiosulfate is reduced
below 1.5 gpl, no further acceleration of the rate is
observed. The residence time required to reduce the
concentration of thiosulfate to 0.43 gpl is 70 minutes. This
is about the same time as that required for the noncatalytic
oxidation. There does not appear to be much gatalytic
activity for the thiosulfate oxidatiog with CuClz, during
the last 40 minutes of oxidation. This could be the result
of catalytic oxidation of the organic fraction occurring 'at

the same time.

Most of the product of oxidation with CuCl, is not
sulfate; its concentration does not increase at all during
the first 40 minutes. Based on closure of the noncatalytic
inorganic sulfur mass balance (demonstrated in Section

-—
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4.2.4), it 1is probable that the remaining product of
oxidation is in the form of trithionate. \

The concentration of oxalate (C2042_) increases from
1.18 gpl before oxidation to 2.11 gpl after 55 minutes with
the addition of the cupric chloride (Table .34). The
concentration bf,”sulfite is steady at 0.2 gpl regardless of

the residence time.

There was some evidence of catalytic oxidation of

’thiosulfate right at the beginning of oxidation with 10 gpl
CuCl,. Consequently, a second experiment with 5 gpl CuCl,
was = performed. With the 5 gpl addition, the rate of
thiosulfate oxidation is slower than that for r;::r:catalytic
oxidation (Fig. 21). The concentration of sulfate does not
increase at all even after 70 minutes of oxidation (Table
35). This study confirms that CuCl, 1s not a catalyst for
the oxidation of thiosulfate in black 1liquor wunder the

- experimental conditions (2.4 lpm O,, 1500 rpm, 96°C). In

fact, Fig. 21 indicates that the kinetics of inorganic
sulfur oxidation are actually decelerated, probably because

( "‘Cuclz catalyzes oxidation of the organic fraction.

This last point highlights the difficulty of
obtaining a suitable catalyst for the oxidation of
~thiosulfate in kraft black ligquor. It is not sufficient that
a chemical catalyze the global oxidation rate of kraft black
liquor. Rather, it is necessary that it selectively catalyze
the inorganic 'sulf,ur fraction in the liquor. Cupric chloride
may be a thiosulfate oxidation catalyst under other
conditions as Beychok (1973) claims. It is not for the case

Wyof black ligquor under these conditions, however, because of

the ease with which the organics are oxidized.

k et =
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Bhatia et al. (1975) have found thét gctivated carbon

is a catalyst for the oxidation of thiosulfate in pure‘

solutions -of the sodium salt. Fig. 22 compares the rate of
noncatalytic oxidation of thiosulfate with that ‘obtained
after an addition of 10 gpl activated charcoal. The two
rates are within the expected experimental error of each
other. The coﬁcentration of thiosulfate is‘reduced ®o 0.70
gpl after 68 minutes of oxidation.. During this period the
sulfate concentration increases from 4,55 to 7.24 gpl (Table

J6). There is no evidence of any catalysis for the oxidation

-

of~thiosul fate.

With hydroquinone, a known sulfide oxidation
catalyst, the rate of oxidation of thiosulfate .is very slow.
The thiosulfate concentration/time profile at any time after
10 minutes is practically flat (Fig. 23). The concentration
of oxalate increases steadily throughout the experiment from
1.01 gpl to 2.10 gpl after 80 minutes of oxidation (Table
37). ;

- <

Fig. 24 shdws the effect of adding 10 gpl iron

filings to the black liquor (Table 38). The\\rate of
oxidation is lower than for noncatalytic oxidation. This -is
présumably because the chemical is used for the selective
oxidation of the organic fraction. Similar trends are
obée;ved for additions of mangénese (Fig. 25), cobaltous
chloride (Fig. 26), and manganese dioxide (Fig. 27). Chen
(1970) stated that manganese and cobaltous chloride (CoCl,),
catat;gg the oxidation of aqueous sulfides.

~

An interesting feature of the séreening -experiments

fs the effect of the, chemical on the concentration of .

oxalate. When manganese is added (Table 39), —the
concentration of oxalate increases from 1.38 gpl to 2.54 gpl

——re
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after 81.5 minutes of oxidation. With the additjon of

0 cobaltous chloride (Table 40), a steady increase from 0.99
— gpl to 2.26 gpl after 80 minutes is observed. When MnO, is
added (Table 41) the concentration of oxalate increases from

1.21 gpl to 3.18 gpl after 70 minutes of oxidation. ‘The

cause of the increase of the oxalate concentration is not

known. However, its production seems to be favored when the

T oxidation of the inorganic sulfur species 1is not. The
simultaneous rise of the concentration of -oxalate with the
lower rate of thiosulfate oxidation suggests that the
rilative production rate of oxalate could be correlated with

the extent of organic oxidation.

Fig. 28 illustrates the effect of an addition of 10
gpl nickel aluminum alloy (NiAl) on the rate of thiosulfate
oxidation. The residence time for conversion of the
thiosulfate concentration to 0.5 gpl decreases from 72

o minutes for noncatalyﬁtic oxidation, to 42 minutes with the
NiAl alloy (Table 42). When 5 gpl NiAl is initially added to -
the unéxidized black liguor (Fig. 29), the residence’ time

- for conversion of the thiosulfate concentration to 0.54 gpl

is 50 minutes (Table 43). This 1is a significant reduction

1 over the 72 minutes regquired for noncatalytic oxidation. The

residenqe time decrease for both concentrations of NiAl is

~impressive in light of the effects that other chemicals had

on the oxidation rate. Based on this early finding, NiAl

offefed considerable promise for the catalytit oxidation of
thiosulfate in kraft black liquor.

" Another interésting result from the oxidation with 16.
ébl NiAl is the apparent ;ns¢abi1ity of the oxalate ion. Its
concentration gradually increases from 0.76 gpl to 1.46 gpl
at 31 - minutes (Table 42}. It drops to 0.97 gpt at 35.5
minutes but then increases steadily to 1.34 gpl at 56.5

° \
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minutes. 1Instability of C2042ﬁ* with oxidation is also

apparent with an addition of 5 gpl NiAl. Its concentration

drops frop 1.10 gpl at’ 4.5 minutes to 0.68 gpl at. 6.5

minutes- (Table 43). N :
[ ? “

- From Table 42 it is apparent E%aﬁhvery little of the
product of thiosulfate oxidation with 10 gpl NiAl is
sulfate. It was initially thought that most of the inorganic
sulfur product was in the' form of trithiqnate. This_
h§pothesis,wés verified in Section 4.4. )

s

The concentration .of thiosulfate is initially Jjust

0.50 gpl with an addition of 10 gpl NiAl. In comparison, the

<

initial concentration of thiosulfate in noncatalytic
oxidation. i's approximately 2.7 gpl (Tables 2 - 7). The
décrease of the thiosulfate concentration shows up as. a
propéftional increase of the sulfite concentration. The
initial concentration: of sulfite is 1.71 gpl; its
steady-state concentration 1is 0.27 gpl (Table 42). The
difference of the two values is 1.44 gpl. This additjonal
concentration_ of sulfite- (1.44 gpl) is 2.02 gpl when
expressed as_the "thiosulfate total equi&alént". Added to

~the 0.5 gpl 82032” initially present in solution, the total

concentration of the thiosulfate is 2.52 gpl. This is within

‘the acceptable experimental error (6.7%) of the expected

thiosulfate concentration (2.7 gpl).
. -

<
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. - ‘ —
noncat. 32032’ = 2.7 gpl  steady-state 5032- = 0.27 gpl
catalytic $2032' = O.S‘gpl catalytic 8032' += 1,71 gpl’
diffefence'v "= 2.2 gpl difference = 1.44 gpl
}
amount of sulfite as thiosulfate:
112.2
= 1.44 x = 2.02 gpl
qo.l
sum of all accountable 82032' = 0.50 + 2.02
. = 2.52 gpl
J (2.52 - 2.7) ]
§ error = . x 100 =. -6.7% -

2.7

The calculation supports the idea that the NiAl addition may
, cause a chemical breakdown of thiosulfate to sulfite and

elemental sulfur as depicted by equation (41}.
“~

©5,05%"—»s5032" + s° (41
_ Table 44 presents particle size distributions and
surface area measurements of the NiAl catalysts used in this
research. The chemical composition of both catalysts used
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-,was 508—nickel and® 50% aluminum by weight. They were:

obtained from BDH Labqratory Reagents in England.

\ ) '

Catalyst I was used for all catalytic oxidation
experiments with .Liquor A. Catalyst II was used 'in
experimen?; for both Liquors B and .C. Most of the wéight'
fraction (40 wt.%‘ - 45 \wt‘.\%) falls in the range of 63 to 90
microns (particle size diameter). Less than 3% of the
catalyst particle size dian:eter“ is greater-than 90 microns..
It is evident from the low surface area data for °Cataly,st' I

‘(0.56 +/- 0.02 m?/g) and for Catalyst II (0.43 +/- 0.02

mz/g), that the NiAl alloy that was used in this research,i_s
not a catalyst for commercial application in its present
statf@. Kirk and Othmer (1969) have stated that precipitated
catalysts can be made from nickel! carbonate and nickel
hydroxide. A supported nickel catalyst of the precipitated
or of the impregnated type might be commercially viable for
the catalytic oxidation of sodium thiosulfate in weak kraft
black liquors, . L .-

L .
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4.4 Catalytic Oxidation i . ]
- ) £ i )
. 4v4.% Closure of Inorganic Sulfur Balance

o [ .
l'I"éble 45 shows the effé\ét of catalyst conctentration
and residence time, ‘on the tot':gl sulfur content for Liguor
B. Before oxidation- the concentﬂ"\ation of total sulfur is 5.3
+/- 0.2 7gpl. At 123 minutes, the concentration of total
"sulfur is 5.2 +/- 0.1 épl »basg'd on an average . of eight
experiments. This result demo;lstrates that no appreciable
amount of inorganic sulfur is volatilized during the course
- of catalytic oxidation; Qualitatively, this study was
verified by noting that there was no smell of sulfur gases
from the reactor during.any of the experiments performed.

ks

.

.- Table 46 shows tha‘; a mass' balance on inofganio
silfur is closed to wit}{in an average deviatior; of 1.6% with
Ligquor B, at a catalyst concentration of 107 gpl. The
products of the catalytic thiosulfate oxidation with the
NiAl*alloy are trithionate and sulfate.

&

Table 47 presents concentration/time data for
su_lf\ate& thiosuifate, and trithionate with Liquor Cat a
catalyst concentration of 5 gpl NiAl. The sulfur balance is
closed to within an average deviation of -3.7%. The average
deviations with the total inorganic sulfur balance from
replicate experiments with 5 gpl NiAl are 2.2% (Table 48),
' -1.3% (Table 49), and '-2.3% (Table 50). Hence, a sulfur
balance between successive catalytic oxidation experiments
with Liquor C at 5 gpl NiAl is achieved. The 'replicate
experiments (Tables 48, 49, 50) also illustrate-.that good
reproducibility of the trithionate and silfate concentration

data is obtéined .
L™

-

79

.‘
¥
o



L e - .

' 4.4.2 Effect of Catalyst Concentragion and Liquor on
Oxidation Rate ,

——
>
2

- From Fig. 29. it 1is evident that a catalyst
concentration of 5 gpl Nial accelerates the rate of
-oxidation of thiosulfate for Liquor A. To investigate if a
similar catalytic éffect can be reproduced between liquors,
an experiment‘with 5 gpl NiAl was done for Liquor C. The
results are shown in Fig. 30.- Noncatalytic thiosulfate
oiidatipn data are obtained from Table 23 and catalytic
oxidation data are taken from. Table 49. The residence time
required to reduce the concentration of thiosulfate to 0.2
gpl is reduced from 40 minutes in noncatalytic oxidation, to
' 25 minutes with the use of 5 gpl NiAl.

Most . of the reaction product in the early stages of—
oxidation is trithionate and not sulfate. The concentration
of trithionate is initially zero in the unoxidized liquor;
It increases to 3.36 gpl at 10 minutes (Table 49) and

‘ reaches a steady-state concentration of approximately 3.5
gpl after 60 minutés of oxidation. The concentra%ion of .
sulfate rises sharply after 10 minutes (Fig. 30), where the
concent;ation of -trithionate remains nearly constant.

"

Fig. 31 shows the reproducibility of the thiosulfatg

concentration/time data with 5 gpl NiAl. In all four
’experiments the concentrations of thiosulfate fluctuate
arbitrarily during the first 10 minutes of oxidation (Pables
47 - 50). This behavior could be attributed to.the fact that
"the thiosulfate may be reacting to form. sulfate and
trithionate simultaneocus with its formation from sulfide,

- hydrosulfide, and elemental sulfur. Until all of these
intermediate species are converted, the periodic consumption-

i
-

P [
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which are observed.

Fig. 32 shaws sulfate and trithionate concentra

data‘from replicate experiments (Tables 47 - 50). T
concentration of trithionate with catalytic oxidation (abou
3.8 gpl) is higher than that for noncatalytic oxidatiom,
_(about 3.0 gbl). A possible explanation for this result/NIg
that the sulfite producea from equation (41) reacts with
thiosulfate to form polythionates (83962', 84062') acéordiné
to equation (4?;. .
.

5,032 50427 + §° | - (41)
%5052 + yS,032 " —325,042" - (42)

*
Ll

Equation (42) could account for the rapid disappearance of
sulfite and the accelerated oxidation of thiosulfate without
a correcponding increase of the production rate of sulfate.

A sequence of experiments with lower catalyst
concentrations was.investigated in experiments with Liquor
A. With an addition of 3 gpl NiAl (Fig. 33), the
noncatalytic and catalytic thiosulfate oxidation’ profiles
are nearly s.perimroscd. The "onﬂeﬁfréiion of thiosulfate is
reduced to 6.4 gpl in 63 minutes (Tahle 51), comnared to 72
minutes without catalysis. "’

’

v

Figures 34 and .35 compare the oxidation rates with
additions of 1.0 agpl NiAl, and 0.5 gpl NiAl - respectively.
From Fig. 35 .there does not appear to be any evidence of
catalytic actiwity at 0.5 gpl NiAl. The slight accelerafiop
observed in Fig. 34 with 1 -gpl NiAl (Table 53), may be due
to experimental errors. It would appear that gpe minimum

-

.
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catalyst concentratioﬁ" for any significant reduction in
residence time is 5 gpl NiAl. . '

Experimental evidence from all three .liquors
indicates that the sulfate yield decreases with catalyst -
éoncentratioq: In the case of Liquor .- A, the sulfate
concentration is 5.70 gpl after conversion of thiosulfate
}Table‘42), with 10 gpl NiAl. The concentration of sulfate
’fincrgpses to 7.33 gpl with 5 gpl NiAl (Table ?3),-and to
8.02 gpl.with 3 gpl NiAl (Table 51). There is a further rise -
to 8.49 gpl SO,%” obtained with 1 gpl NiAl (Table 52). For
the noncatalytic oxidation under similar process conditions
(Table 6),-the sﬁlfat3~concéntration is 8.60 gpl.

Fig. 36 .indicates that a similar trend exists for
catalytic oxidation with Liquor B, The effect is not . as
' pronounced as that observed for Liquor A, however. As the
catalyst concentration is increased from 3 gpl to 7 gpi
(Tables 54 - 58 inclusively), the sulfate concentration
decreases from 8.7 gqgpl to 8.5 gpl, after conversion of
thiosulfate. In comparison, the noqéatalytic ‘ultimate
sulfate concentration is 9.4 gpl. Fig; 37 shows that thé
sulfate concentiation data for catalytic® oxidation is
reproducible. This sequence of results for Liquors A and B
confirms earlier speculation that the catalytic oxidation of
thiosulfate increases the production of trithionate.

Tgble 25 shows that the sulfate yield for\Liquor A
&eqreasesyprogressively from 64% of the total inorganic/
sulfur product in noncatalytic oxidation, to 54% with an
addition of 5 gpl NiAl. With a catalyst concentrition of 10’
gpl NiAl, only 42% of the oxidatiofi*product of thiosulfate
is in the sulfate form. In experiments with Ligmor B the
sul fate yield'decreases from 70% in noncatalytic oxidation’

-
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to 65% with an addition of 3 gpl NiAl. A further yield ,
reduction to 62% is noted with a catalyst concentration- of

10 gpl.

)

- In oxidation éxperiments with Ligqupr C, the sulfate
yield decreases from 62% (noncatalytic) to 54% when 5 gpl of
NiAl is added. In comparison the sulfate yields for Liquor A
are 64% (noncatalytic) and 54% (with 5 gpl NiAl). Clearly
the oxidation vproduc,;ts of the thiosulfate oxidation .are

independent of the charécteristics of the liquor.

L8
r

Table-25 shows that the yield of trithionate for

catalytic oxidation ranges from 40% (10 gpl NiAl, Liquor B)
to 44% (5 gpl NiAl, Liquor C). The reader'is reminded that
the yields of trithionate were measured experimentally and ‘
not ‘obtained by difference. The. total inorganic sulfur
‘calculatéa is always within an acceptable margin of error

(+/- 4%). ’

- ,Figure 38 illustrates the effect of catalyst
concentration on the rate . of thiosulfate oxidation for
Liﬁuor B:-With additions of 3 gpl NiAl (Table 54) and 5 gpl
'NiAl (Table 55), no decrease in residence time. for the
conversion of S,03%” to 0.5 gpl was noted. With a 7 gpl
NiAl _addition (Table 56), however, the residence time
decreased from 25 minutes toa 20 minutes. There .is good-

reproducibility of the thjosulfate concentration data with . _

an addition of 7 gpl NiAl (Fig. 39). When 10 gpl of NiAl is
added (Table 46), a slight increase of the rate of oxidation
- is observed, but the residence time for conversion of
thiosulfate is not significantly reduced. It is evident from
this sequence of experiments that cétalysig_exhibited by the
NiAl alloy for, the oxidation ?f thiosulfate is highly

L}
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dependent on the specifjc characteristics of the blaek

o~

liquor. -
I\ . - %

The effects of liquor, éatalyst concentration, and
'rpm on the residence time for thiosulfate oxidation are
compared in Table 59. Without any chemical addition the
concentration of thiosulfate can be reduced to 0.5 gpl in 72
minutes for __Liquor A, 26 minutes for Liquor B,.-and 35
minutes for Liquor C. This result emphasizes the importance
‘of the characteristics of the liquor cn the overall rate of
oxidation. f —_—

* The reader may recall that the effect of impeller rpm
" on the rate of oxidation was discussed with regards to
noncatalytic oxidation experiments with Liquor B in Section
4.2. It was stated there that the O, diffusional limitations
are eliminated at 2500 rpm with a baffle. No further
- increase of the rate of oxidation is obsérved above 2500 rpm
with the baffle. This result is shown in Table 59. .

-

N\

~

The effect of catalyst-'concentration on the rate of
oxidation varies with the characteristics of the liquor.
With 5 gpl NiAl, a decrease of residence time from 72 to 50
minutées (a reduction of 31%) 1is possible for Liguor A. The
residence time for Liquor C is reduced 29% (from 35 minutes
to 25 minutes), also with 5 gpl NiAl. For Liquor B, however,
no dé&rease of residence time is noted with an addition of 5
gpl NiAl. The residence time for Liquor B is reducéd only
20% (fromf25 minutes to 20 minutes), even with.a catalyst
concentration of 10 gpl NiAl. In comparison, a 42% decrease
of the residence time is noted for oxidation of Liquor A
with 10 gpl :NiAl. _Clearly black liguor is the most important
- parameter governing the rate of oxidatioq, of sodium

e

thiosulfate.
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It has been shéwn that the rate of oxidation of

o " thiosulfate is 0, diffusion limited at 800 rpm (Fig. 9). To
deﬁtermine if the NiAl catalyst has any influence on the rate

of oxidation in the diffusion regime, two oxidation
experiments (one cataIyt%c with 5 gpl " NiAl, one
noncatalytic), were performed at 800 rpm. °'Noncatalytic

oxidation data (Table 60}, are compared with the catalytic

oxidation (Table 61) in Fig. 40. After a 50 minute residence

time- there is essentially no difference between the
thiosulfate curves for the two cases. It is evident that the

L rate of oxldatJ.gn in an O, - starved environment is not
b ‘ - accelerated in the -’f;resence %f the catalyst. Clearly, the
¢ NiAl catalyst doaes not selectively catalyze the oxidation of
“ ‘ the 1norgan1c sulfur fraction 1n the black liquor. This 1is
not surprising if one considers that the concentration ratio
of organic carbon to total sulfur from Tableﬁl is 57.6 / 5.3

4 = 10.9 for Liguor B.

G The production rate of suifate without the addition
of NiAl is slightly lower than for noncatalytic BLOX. This
is expected, however, based on results presented earlier in
this thesis (Table 25).

5

e
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4.5 Postulated Inorganic Sulfur Reaction Pathway

Black liquor oxidation involves a complicated series
of organic/inorganic reactions whose mechanisms are
difficult to elucidate. Prior to this study, the inorganic
sulfur oxidation reaction pathway was thought to involve the
reaction sequeﬁce denoted by equations (42) and (41).

2Na,S + 20, + H»O— Na,5,03 + 2NaOH ' (42)
Na,S,03 + 2NaOH + 20, — 2Na,;S04'+ H,0 . (43)
Results from this research have shown that this reaction
scheme is incomplete and can be quite misleading. Equation
(43) shows that sodium thiosulfate can be quantitatively
oxidized to sodium sulfate in the presence of sodium
hydroxide. This 1is true at the elevated €éméeratures
(>100°C) and pressures (> 10 atm. air pressure), as noted by
Naito et al. (1970). It is invalid at the procéss conditions
normally employed ﬁn commercial black liquor oxidation
practice however ( 80 - 100°C, 1 atm. total pressure). In
this research it was demonstrated that sodium trithionate
(Na28306) is a major product of black ligquor oxidation with
and without catalysis under these milder conditions.

Tan and Rolia (1985) showedo\that in pure alkaline
solutions thiosulfate is partially oxidized to sulfate by

equation (46).

2- 2- +

Y

[}

'Equation (46) is interesting because it implies that NaOH is

not directly reacting with thiosulfate as equation (43)

.suggests. Rather, the NaOH is depleted because it is
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consumed in the neutralization of acid generated with the

thiosUiifate oxidation. That is,

-

18,0327 + 20, + Hy0—250,%" + 2n* (45)

H* + OH™ — H,0 (47)
The reaction mechanism which transforms thiosulfate
to trithionate is not known. Oxidation of thiosulfate under
standard BLOX process’ conditions may proceed through a
complex series-paréllel reaction network involvind
metastable sulfur oxyanions, including trithionate (S3O62')

and possibly tetrathionate (54062'). Chanda and Rempel

(1985) studied the -oxidation of thiosulfate by air at
atmospheric pressure in pure salt solutions. They contend
that the following reaction sequence is applicable for that

reaction.

i) Tetrathionate and sulfate are directly produced from

the vkxidation of thiosulfate;
ii) Tetrathionate decomposes to form sulfate or

trithionate;
iii) The trithionate could be further oxidized to sulfate

given the right process conditions.

This reaction pathyay is illustrated schematically as

follows.

a 2-
- . 8406 |




A similar reaction pathway may exist for the
oxidation of thiosulfate in weak kraft black ligquors. Rolia
(1981) showed that trithionate (55062-) is stable in clear
alkaline media, but tetrathionate (54062") is not. Moreover,
tetrathionate decomposes in seconds at pH > 10 to
thiosulfate and trithionate through equation (47). -

4540¢2” + 60H™— 55,0427 + 28302 + 3H,0 . (47)

The validity of’;his observation was verified by Takizawa et
al. (1973). This would suggest that the only resulting end
products of the oxidation of thiosulfate in black 1liquor
should be sulfate and trithionate.. This was ‘confirmed
experimentally with consistent mass‘ balances on inorganic
sulfur, based on these two constltuenés, after conversion of
thiosulfate. A possible reaction pathway governing the
ultimate distribution of aqueous phase 1inorganic sulfur
constituents after BLOX could then be given by the sequence

of equations listed below.

S27 + H,0=sHS™ + OH™ [ . (44)
2HS™ + 20,= 5,0327 + H,0 (45)
§50,27 + 20, + H,0—%250,2" + 2n* -~ ' (46)
203° .+ 20p + Hy 4 - ,

2- 2= . aon- \
S30g2" + H,0 =4 5,03%7 + 50,27 + 2H* ~ T (26)

The stoichiometry of equation (48) shows the oxidation of
thiosulfate to produce tetrathionate. This reaction is given

" by Gilman et al. (1958). ) - - -

88

I



' Equations (44) and (45) show the oxidation of sulfide
which is the predominant reaction in conventional BLOX.
Equation (46) represents one of two paths for . the
production of sulfate. It is in parallel with the network of
reactions denoted by equations (481_.(47), and (26). These
three reactions are in series with each' other. They produce
sulfate in parallel with equation (46),'as the end product

of the oxidation. That is, ‘*i

i) thiosulfate reacts via equation (48) to produqe
tetrathionate; P : -

ii) tetrathionate rapidly degrades to thiosulfate and
trithionate in equation k47); o -

iii) hydrolysis of trithionate from equation (47) occurs in

equation (26) to produce sulfate;

iv) thiosulfate pfoquced in equation (47) can again react
to produce sulfate directly. in equation (46) or
tetrathionate in equation (48); ,

V) this cycle continues.'until all the thio;ulfate is

depleted.
P -

-t

The ultimate product distribution is a function of the
kinetic rate constants for each reaction, under the process
conditions employed (temperature, agitation, catalyst

concentration, and characteristics of the liquor).
_
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4.6 Organic Oxidation

In tﬁis reseérch'the extent of organic oxidation was
estimated On the basis of the thermal value (kJ ./ gram black
liquor solids), and.of the total organlc carbon (TOC). Most
of the decline of thermal value can be attributed to
oxidation of the organlc fraction to form a wide variety of
acid forms. The energy value of these acidic derivatives 1is
lower than -the constituents from which they were formed.
This results in a net reductiom of the thermal value of the
liquor. ) L
oo : R ¢ . \

Table 62 shows the effect of noncatalytic oxidation
on thermal value for Ligquor B after varjous extents of

oxidapion. Before oxidatién, the’ thermal value is 12.5 +/=-
0.4 kJ/g solids. It declines to 11.2 +/- 0.4 kJ/g after 26
minutes;’wheréithe concentratioh of thiosulfate is reduced
to about 015 gpl. This decrease is 10.6 +/- 0.3% of the
oqigiﬂal heating value. The 1loss of thermal value from
ox{datioh ‘of"inorgénic sul fur specieé could not be
calculated because of the complex1ty of the reaction
"pathway. After 117 +/- 4 mlnutes of oxldatlon' the thermal
-value is reduced to 10.7 +/- 0.1 kJ/g. This represents a
relative decrease of 15.0 +/- 0.6%. After 180'minutes, the

thermal value is reduced to 10. 3 +/- 0.1 kJ/g, or by - 17.6%

of the orlglnal thermal value.

The effect of thé catalytic oxidation with NiAl alloy
on the loss of liquor therﬁél value 1is presented in Table
63. After conversion of thiosulfate at 28 minutes, the
tgermél value is 10.3 +/= 0.2 kJ/g. This-is a 17.4 +/- 1.3%
decrease of the original heating value. Aftes 123 +/- 2
minutes of oxidation: there is ﬁo change in therm§l value.
This indicates that the ‘'rate of organic o§idation is

e
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accelerated in the presence of the catalyst. It proves the
validity of an earlier hypothesis that the/NiAl catalyst is
not selective for the oxidation of the inorganic sulfur
fraction. The specific’ concentration of the catalys£ does
not seem to be significant in the decline of thermal value.i

Table 64 shows the effect of oxidation with Liquor C
on the concentration of the total organic carbon affer .
various times.. The effects ,of different initial chemical
charges of catalyst and sodium hydroxide are also studied.
Before oxidation the total oréanic carbon (TOC) is 64.8 +/-
1,5 gpl. After 122V+/- 2 minutes of noncatalytic oxidation
the TOC is reduced to 63.8 +/- 0.9 gpl.

The concentration of carbonate increases from- 18.1
_ +/- 0.5 gpl to 21.1 +/- 0.1 gpl after 122 +/- 2 minutes of
ﬁoncatalytic oxidation. The carbonate may be formed from
alkaiine hydrolysis of unstab}e organic acids such as keto
acids. These are produced during oxidation of carbohydrate
‘degradation products, as given per equation (4931 )

RCOCOONa + NaOH—¥ RCHO + Na,Co; - (49)
Another possible explahation is 'that carbonate is produced
from the reaction of CO, with NaOH given ‘by equation (40).

2NaOH + CO,=* Na,CO; + H,0 : '  (40)
Caustic soda (NaOH) is initiallybpresent in a
-concentration of 12.0 +/- 0.1 gpl in the unqxidi;;d liquorv
(Table 64). It decreases to 4.3 +/- 0.1 gpl after 122 +/- 2
minites of noncatalytic oxidation. Part of the NaOH
consumption may be from ‘the reactions denoted in eguations
(49) and (40). The sodium hydroxide' is also partiaIly'
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consumed in the neutralisation of various acids produced in
the BLOX reactions.

v . -

1 - ¢

For catalytic oxidation with 5 gpl NiAl, the TOC is
reduced to 57.6 +/- 1.1 gpl after 124 +/- 4 minutes. The
concentration of carbonate increases from 18.1 +/- 0.5 gpl
to 22.1 +/- 0.1 gpl after oxidation. This does not fully
account for thé loss of organic carbon, however. The
remainder of the carbon, probably exits with the off - gas
as CO,. . '

The presence of CO, in the off'— gas was hypothesized
based on observations from an oxygen analyzer, situated
downstream of the reactor (Fig. 1). The difference between
the %0, registered and 100 (usually between 2 and 108%) is

equal to the percentage of other gases liberated in the:

oxidation reactions. By a process of elimination, this gas
is probably carbon dioxide because:

i) a total sulfur balance before and after oxidation is
consistently closed (Tables 21, 45) indicating that it
is not sulfur gas; f '

ii) the %0, decreases with residence time (Fig. 41). This
is probably because more CO, flows out of the reactor
after longer reaction times, since less NaOH is 1léft
to retain it in solution. .

From :?abie 65 the %0, i@creased during the first 30
minutes of oxidation. This -was the time required to
completely flush the teactor and system lines of N, gas: The
nitrogen was used to create &n inert atmosphere above the
liquor prior to the start of an experiment. After 30 minutes
steady-state was attained; —the %0, noted there would algo
have been obtained during the first 30 minutes without -the

-
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N, flushing before an experiment. 'Aftgr 30 minutes the %0,
decreased, presumably because there was less sodium
hydroxide remaining to retain the CO, in solution. More CO,
was dspted'with the' off - gas resulting in a .lower %0,.
AfterYUf'na.SO'minutes the %0, value increased again. This
was probably the time at which\most of the organic oxidation
was complete. This would result in 'less CO, formed,
resulting in the larger %0, that was observed.

As a check on ther validity of the postulates made -
above, a sequence of three experiments at different initidl .
‘concentrations of NaOH were performed (Table 64). As the

., concentration of initial NaOH added to the unoxidized liquor

increased from 5 gpl to 28 gpl, the post-oxidation carbonate
cgncentraEIBn increased from 23.0 gpl to 33.3 gpl. Despite
additions of such largé-ahantities of NaOH to the unoxidized
liquor, very low concentrations of sodium hydroxide were
féundgin the oxidized liguor products. This was evidence of

.@n increased CO, retention effect when the alkélinity of the

liquor was raised. .
Fig. 41 com@ares the effects of noncatalytic
oxidation, catalytic oxidation, and incremental caustic soda
addition on the %0, in the reactor off - gas. It is apparent
that an increase of NaOH corresponds to an increased %0,
readiné—;}ter a 30 minute residence time. This is”to be
expected because more CO, is retained in solution és

carbonate.

In Section 4.3 of this thesis it was commented that a
sudden decomposition of the organic ion oxalate (C2042“) was

found periodically during the course of oxidation. Figures .-

33 and 34, with additions of 3 gpl and 1 gpl NiAl.
respectively, show this phenomenon at approximately: 25
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present in solution (Table 64).

. ) s
minute residence times. It is possible that such behavior is

observed because oxalate is oxidized to carbonate as shown

in equation (50).
30,2 + 208" + [0]=+2c0,2" + B,0 R -1

, ~

Equation (50) would be a second explanatioﬁ for the increase
of the concentration of carbonate with the initial NaOH

-
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5. CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER RESEARCH

5.1 Conclusions .-

;

In this research it was found that sodium trithionate
(Na,530¢) is a major . product of the oxidation of sodium
thiosulfate in weak kraft. black 7liquors. Based on .

. o . . / . .-
trithionate as an intermediate the mass balance on inorganic

sulfur, after conversion of thiosulfate, was ‘closed:. This is
the first time in the published literature that closure of
the mass balance on inorganic sulfur has been demonstrated

after black liquor oxidation.

‘ - The oxidation of sodium thiosulfate was studied
without catalysis (Section 4.2), with caustic soda addition

' (Section 4.2), and with catalysis (Section 4.4). It was

shown tor all three ‘cases that“quantitative oxidation of
sodium thiosulfate is feasible with the éurxent commercial
BLOX conditions employed (80°C =~ 100°C, 1 atmosphere total
pressuré). Sodium trithionate’hccounts for between 25% and. .
35% of the oxidation pféduct. The remainder (65% - 75%) is
in the sulfate form. The precise distribution of these
products depends on tq; specific characteristics of the
liquor, agitation, and concentration of the catalyst. The
product distribution is not affected by the concentration of
the sodium hydroxlde in solutlon.

A series of screehing'experiments showed that a-

-nickel aluminum' alloy (50% nickel, 50%'éluminum), is an

effective catalyst for the oxidation of thlosulfate in weak
kraft black liquor. A &atalyst concentration of 5 gpl can
reduce the: residence time for the thiosulfate oxidation
between.30% and 40%. Catalytic oxidation of thiosulfgte
increases the pioductggn of trithionate. : :

—
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The oxidation of thiosilfate is highly influenced by
the chardcteristics of the 1liquor. Qualitatively, the rate
of oxidation appears to increase with the amount of stable

, foam formation that is formed with agitation of the liquor.

The global oxidation rate of black liquor changes from 0,
diffusion control to kinetic control-above 1500 rpm.

Kinetic rate equations (obtained empirically) have
been deduced for both the thiosulfate and sulfate
constituents for noncatalytic oxidation at the process
conditions employed in this research (94°C +¢/- 2°C, 1
atmosphere pressure). The forms of the rate models are . not
affected'by the specific charaéteristics of the liquor.

The rate of oxidation of thiosulfate deceleraﬁfs with
an increase of the concentration of sodium hydroxide in the
unoxidized liquor: When the concentration of NaOH is present
in sufficient , excess over stoichiometric requirementi
.{equation 25), the kinetics of oxidation are adeqguately
represented by equation (28) for the entire ‘concéntration

8

range of thiosulfate.

4

Na,S,03 + 2NaOH + 20,=» 2Na,S0, + H,0 - (25).

-a (8P L ' - K
: at : - , -

under the constraint: d/dt(Szdsz-) < 0~

If the initial - concentration of NaOH is not in sufficient
excess of the stoichiometric~requirement (equation 25), then
the rate of thiosulfate oxidation is decelerated below 0.5
gpl * 52032'.' In that case .the kinetics of thiosulfate

' -
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oxidation are adequately represented b§ a second order
dependence on -thiosulfate conceptration below 0.5 gpl 82032"
(equation 29),i -

That iS, “ -

rs -

.
‘/"6\(5\203 )

= k%(82032')2 ‘ ' (29)

d9>

!

under the constraints:

Y

d(5,0327) »l -
< 0 $,03%7 < 0.5 gpl
dt )

i

The ‘rate of sulfate production in kraft black’ 1liquor
'is adequately represented by equation (30).

- = . : (30)
dt 1 + kg(8,0427)3 \

under the constraints: =~ : : i

" a(s,0527)

<0 & (S,0527) > 0 ¢ -
dt ~

The concentration of the total organic carbon
decreases after black liquor oxidation. This is because some
of the carbon is oxidized _to form carbon dioxide. This CO,
can subsequently be reabsorbed by the alkaline black liquor-
to form sodium carbonate (eQuatioﬂ 40).



2NaOH '+ CO,=»Na,CO3 + HyO0 (40)

As a result, sodium hydroxide is consumed from the oxidation
of inorganic sulfur species (qu?tion 25) and from
production of sodium carbonate (equation 40). Some sodilm
hydroxide is Plso consumed from neutralisation of a variefy
of organic based acids which are produced on oxidation. This

‘results in a decline of the pH of the liguor from 13 to

about 9.7 after conversion of thiosulfate.

Quantitative oxidation of thiosulfate in kraft black
ligquor results in a significant drain on the thermal value
of the liquor. Without catalysis the decrease of 'the thermal
value is about 11%; after catalytic oxidation the thermal
value is reduced by about 18%. The nickel aluminum alloy
would appear to be a catalyst for the global oxidation rate

of black 1liquor. It is not selective for the inorganic '

sulfur fraction in the liquor.

e : ’ -
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5.2 Recommendations for Future Work

~

In this research it was shown that black liquor isa
the most dimportant variable in the study of thiosulfate
oxidation. The rates of oxidation of thiosulfate were quite
variable between liquors. This  was thought to be
attributable to the extent of stable‘foam formation which is
generated with agitation. Any future work in this area
should therefore concentraée on the éffects of physical
parameters, such as surface tension, viscosity, and specific
gravity, on the rate of thiosulfate oxidation. Intuitively,
it would appear that the surface tension i's "a critical

parameter in this regard.

7

The effect of surface tension on rates of oxidation
could be 1iInvestigated by adding different varieties and
concentrations of surfactants to an unoxidized liquor. The
effects of such surfactants on the kinetics and the product
distribution of inorganic sulfur constituents could then be
examined. A second sequence of experiments could focus on
thesrelative effect of kraft black lgqqor from different
mills on the rate of thiosulfate oxidation an the product

yields of sulfate and trithionate.

Another area that could be explored is the effect‘ of
témperatqre and. pressure on the yields of sulfate angd
trithionate. This could be studied for béth noncatalytic and
catalytic-oxidation, with the NiAl alloy catalyst. Optimal
process conditions for accelerating the oxidation kinetics
of thiosulfate, maximizing - the . sulfate * yield, . and
minimizing organié oxidation degradation, could then -be

identified.



REFERENCES N

Alferova, L.A. and Titova, G.A., "Oxidation of Hydrogen
S@1fide, Methyl Mecrcéptan, and Their Salts ‘in Black
Ligquor", Bum. Prom. 10: 5 - 6 (1966).

Almond, C.B. and Hedrick, R.H., "Sodium Salt Control in
Black Liguor Evaporators", 1985 International Chemical.
Recovery Conference Book 2: 197 - 201 (1985).
Bergstrom, A.H. and Trobeck, K.G., "Undersokningar av
Svartlut"”, Svensk Papperstidning 42 (22):x 554 - 557
(1939). ' \\ ’

Beychok, M.R., "Agueous Wastes from Petroleum and

Petrochemical Plants". John Wiley & Sons, Great
= ~

Britain, (1973), pp. 198 - 211,

!

Bhatia, S.P., Marentette, L.P., De Souza, T.L.C. and
Barclay, H., "Remove TRS from Stack Gases with
Activated Carbon", Pulp and Paper Canada 76 (C): T98 -

©T103 (Mar. 1975). :

'

Blosser, R.O., ';Env,j.ronmental Proteétion‘ Energy Use in
the Pulp and Paper Industry", Tappi 60.(8): 83 - 84
(1977). ' '

Bruley, A.J., "The Basic Technology of the Pulp and

Paper Industry and Its Waste Reduction Practices",

Environment Canada, ' Water Poll. Control Directorate,
Report No. EPS 6-WP-74-3 (Aug. 1974).. -

e

100 e



:

8. Chanda, M. and Rempel, G.L., "Catalyzed Air® Oxidation
of Thiosalts™, 150 annual Hydrometallurgical Meeting,
Vancouver, Canada: 29-1 - 29-23 (Aug.® 1985).

¥

e e s

" 9. Chen, K.Y., "Oxidation of Aqueous Sulfide by-0,", Ph.D.
Dissertation, Harvard University (1970). )

10. ' Christie, R.D., "Sulfide ~Increase Following  Weak
"Liguor Oxidation. A Survey of Canadian Mills", Pulp
and Paper Canada 73 (10): 74 - 77 (1972).

—r—

11. Claleg, E.C., "Black Liquor Oxidation", Chem. Eng..
Progress 72 (6): 55 - 61 (1976). - '

-

i

AN

o
12. Clay,' D.T. and Grace, T.M., . "Measurements of
\ . S “ ' ‘
High~S61ids Black Liquor Boiling Point Rise", Tappi 67
(2): 92 - 95 (1984). : .
‘13. Collinsg T.T., "The Oxidation of Sulfate Black Liquor
1", Paper .Trade J. 131 (15): 30 - 36 (1950).
14, Col'lihs, T.T., "oOxidation of Kraft Black Liquor - Where
Does It Stand?", Paper.Trade J. 146 (30): 39 - 48 (July
23, 1962). - '

o

15. Cooper, H.B.H. and Rossano, _A.T., "Black Liquor
' Oxidation with Molecular ‘Oxygeh  in : a Plug-flow
Reactor"”, Tappi 56 (6): 100 -~ 103. (1973).
'16.. Cooper, H.B.H, "Kinetics of Inorganic’ Sulfur bxidation\
during Black Liquor Oxidation with Oxygen", Tabpi 57
(10): 130 - 133 (1974). o

101



17.

18.

19.

20,

21.

22.

23.

24,
25,

26.

. Total Energy Recovery",

" Tappi ‘67 (11): 52 - 58 (1984).

T

L]

Cooper, H.B.H., "TRS Control Implications Reviewéé‘,
Southern Pulp and Paper Mfr. 44 {1981).
Fallavollita, J., "Pyrolysis and Gasifi¢ation of Kraft
Black Liquor Solids in a Fluidized Bed Reactor", Ph.D.

Research Proposal, McGill University (1984).

"Ion' Chromatography Useful

and Bleachihg

Franklin, O.,
Analysis of the Chemistry of Pulping

Liquors™, Tappi 65 (5): 107 - 111 (1982).

Proviges

Fones, R.E. and Sapp, J.E., "Oxidation of Kraft Black
Liquor with A Pure Oxygen", Tappi 43 (4): 369 - 373
(1960) . ‘

Galeano, S.F. and Amsden, C.D., "Oxidation of Weak
Kraft Black Liquor with Molecular Oxygen", Tappi 53
(11): 2142 - 2146 (1970). .

Gilman, A.F., "A Dictionnary of Chemical Equations",

Eclectric Publishers Chicago (1958), p. 285

Gréce, TM., " The Impact of Black Liquor Oxidation on
Tappi 60 (11): 132 "= 135
(1977).

‘ Grace, T.M., "Recovery Technology", I.P.C. Exec. Proc.-

46: 30 - 32 (May 1982).

Grace, T. M., "Increasing Recovery Bailer Throughput”,

N

Guest, E.T., "Developments in Black Liguor Oxidation",
Pulp and Paper Canada 66 (12): T617 - T622 (1965).

v *

102 o R



27.

28.

29.

30.

31..

32.

33' ?

34.

(7): 125 -127 (1981).

Hermans, M.A., "High Intensity .Black Liquor Oxidation",
Ph.D. Dissertation, I.P.C. (June 1984). ° v

—p—

Institute of . Paper Chemistry, "Study of Evaporator

Scaling", Project 3234 (Jan. 1977).

Jay, R.R., "Determination of Polythionic Acids", ~Anal.
Chem. 25 (2): 288 - 290 (1953).

Kelly, D.P., Chambers, L.A. and Trudinger, P.A.,
"Cfa‘nolysis and Spectr{photomey_r_ic Estimation of
Trithionate in (Mixture with Thiosulfate and
Tetrathionate", Anal. Chem 41 (7): 898 - 901 (1969).

Kirk an@d Othmer, ‘“Encyclopedia of Chem. Tech."_,| Johx3
Wiley and Sons Inc., New York (1969), Vol. 20: pp. 812

- 813.

Kirschner, M.J., "Oxygen Offers Econonic Advantages
Over Air in BLO - Capacity Upgrades", Pulp and Paper 55

/

Landry, J.E., "Black Liquor Oxidation Practice and
Development = A Critical Review", Tappi 46 (12): 766 -

772 (1963).

’

Levenspiel, 0., "Chemical Reaction Bngineering", John

- Wiley & Sons, New York (1962), Chapter 3.

35'

Lindberg, J.J. and Nordstrom, C., "Catalytic Ox:'_Ldation.

.of Hydrosulfide Ions by Phenol", Paperi ja Puu 41 (2):

43 - 44 (1959).

103



36.

37.

38.

Mackinnon, J., "Dynamic Simulation of“the First Two
Stages of a C/DE/OHDED Kraft Bleach Plant", M. Eng.
Dissertation, McGill University (Jan. 1987).

MacMillan Bloedel Research, "Characteristics of Black

Liquor after High Efficieﬂcy Oxidation", CPAR Project

Report 622-1 (April 1977).

Magnotta, V.L., Elton, - —E.F., Taschler,- D.R. and
Zecchini, P.E., "New Molecular Oxygen BLO System
Reduces Evaporator Steam Use", Pulp and Paper 55 (8):-

150 -153 (1981). T

39.

40.

41.

42.

Menzies, M.A., "The Oxidation of Pinus Radiata Kraft

'Weak Black Ligquor", Appita 22 (1): 16 - 24 (1968). -~

Morgan, J.P., Sheraton, D.F. and Murray, F.E., ?The

Ef fect of Operatiﬁg Variables on Strong Black Liquor
Oxidation", Pulp and Paper Canada 71 (6): 48 - 51

(1970)
Mortimer, R.D. and Fleming, B.I., "A Sensor to Monitor
and Control Black Liquor Oxidation", Tappi 68 (11).: 48
- 52 (Nov. 1985). )

Murray, F.E. and Morgan, J.P.,  "Mass Transfer and
Chemical ‘cReaction Rate Considerations in High
Efficiency Black Ligquor Oxidation Designs", Tappi » 54
(9): 1500 - 1504 (1971).

43~ Murray, F.E., "The Kinetics of Oxidation of Kraft Weak

Black Liquor", Tappi 42 (9): 761 = 767 (1959).

104



|44¢

45."
46.

47.

48'

49,

" s1.

W

]
Murray, F.E., "Oxidation™ Processes in Kraft Odour

Control", Pulp and Paper Canada 72 (3): T91 - T94
(1971). ’

Murray, F.E. and Prakash, C.B., "Sulfide Oxidation and
Its Kinetics",lPulp and Paper Canada 81 (9): T214 -
T216 {(1980).

—

Naito, K., Yoshida, M., Shieh, . M. and Okabe, T., "The
Chemical Behavior of Low Valence Sulfur Compounds III",
Bull. Chem. Soc. Japan 43 (2): 1365 — 1372 11970).

#

Parthsarathy, V.R. and Basu, S., "Studies on the
Kinetic Characteristics of Sulfide Sulfur Oxidation in
Sulfate Black Liquor", Ippta 18 (4): 25.- 36 (1981).

Pryor, W.A., ' "Mechanisms of Sulfur . Reactions”,

Rolia, E., "The Kinetics of ~Decomposition of

Tetrathionate, Trithionate, and Thiosulphate in -

Alkaline Solution", M.Sc. Dissertation,' Carleton

" University (1981).

Rolia, E., ™The Oxidation of Thiosalts in Strongly

Alkaline Media", Division Report MRP/MSL 81 - 132 (TR).
CANMET, Energy, Mines, and Resources Canada (1981).

Sarkanen, K.V., Hrutiford, B.F., Johanson, "L.N. End /

Gardner, H.S., "Kraft O'dour“, Tappi 53 (5)z 766 - 783
(1970). '

105



52.

53.

54.

55.

56.

57.

58.

59.

Shah, I.S. and Stephensc%n, W.D., "Weak Black Liquor
Oxidation System: Its Operation and Performance", Tappi
51 (9): 87A - 94A (1968). . '

Shaw, I1.S.D. and Christie, R.D., "‘Low Cost and Energy
Efficient Oxidiz€r (ECO)", Pulp and Paper . Canada 85
(3): T40 > T43 (1984). °

Shieh; M., Otsubo, H. and Okabe, H., : "'The Chemical
Behavior of Low Valence Sulfur Compounds I", Chem. Sac.
of Japan Bull. 38 (3): 159 - 1600 (1965).

S'trohbe\en, D.T., "An Investigation of the- Reactions
Leading to Volatilization of Inorganic Sulfur during
Pyrolysis with Vanillic f\cid and Sodium Gl,uconage'-‘,
Ph.D. Dissertation, I.P.C. (June 1981).

Strohbeen, D.T. and Grace, T.M., "Production  of
Volatile Sulfur Compounds during Pyrolysis", Tappi
Editorial Article: 125 - 126 (Oct. 1982).

Surles III, T.L., "Black Liquor Oxidation at Alabama
Kraft Company", Southern Pulp and Paper Mfr. 39 (8): 34
- 35, 38 (Aug. 1976). «

Takizawa, M., OKdwaki, A. and Okabe, T., "The Chemical
Behavior of Low Valence Sulfur Compounds VIII", Bull,
Chem. Soc. Japan 46 (4): 3785 - 3789 (1973).

Tan, K.G. and Rolia, E., "Chemical Oxidation Methods

for the Treatment of - Thiosalt-Containing Mill
Effluents”, Canadian Metallurgical -Quarterly 24 (4):
303 -310 (1985).

’

-—

106



60.

61.

62.

63.°

64.

65.

Thoen, GN, DeHaas, G.G., Tallent R.G. and Davis A.S,,
*Ef fect of Combustion: Variables on the vRelease of
Odorous Compounds from a Kraft Recovery Furnace", Tappi -
51 (8): 329 - 333 (1968). B N

| \ - N
Tomlinson, C.L. and Ferguson, J.M., ”Odour Abatement in
an Alkaline Pulp Mill", Pulp and Paper Canada 57 (12):
119 - 122 (Dec. 1956).

Tsuchiya, (G. and .Johansen, L.N., "Prediction .of
Generation and Release. of- Odorous Gases from Kraft
Mills", Tappi:55 (5): 777 - 783 (1972).

fleno, Y., "Catalyt:.c Removal of Sodlum Sulfide from
Aqueous Solutions", J. Water Poll. Control Fed. 46

(12): 2778 - 2784 (Dec. 1974]. L \\;
- N,

beno, Y., " A New Method for Removing Sodium Sulfide

from Solution", Svensk Papberstidning 79 (2): 62 — 66

(1976).

Ueno, Y. “Catalytic Removal of Sodium;, Sulfide from

-Aqueous Solutions® and Application to Industrial

Wastewater and Sludge", Water Research J. 10: 317 - 321

Ueno, Y., Williams, A..and Murray, F.E., "Removal of
Sulfide from an Aqueous Solution and Application - to
Industrial Wastewater and Sludge", Water, Alr, and 8011
Pollution J.11: 23 - 42 (1979). n ‘

. 107



67.

68.

69,

70. -

Wasserlauf, M. arnd Dutrizac, J.E.,". "The Chémistry,;
Generation and Treatment of- Thiosalts in Milling
Effluents - A . Non-critical Summary of Canmet:
Investigations 1976 - 1982. Division Report ~MRP/MSLF
82-28 (R). CANMET, Energy, Mines, and Resources, Canada
(1982). | '

~

Wright, R.H., "The Efféct of Pécking Type on the Rate

of Black Liquof Oxidation", Tappi 36 (2): 85 - 88 (Feb.

1953)- * \I

Yokosuka, F., Kurai, T, Okuwaki, A. and Okabe, T.,.
"Oxidation of Sodium Thiosulfate with Hydrogen Peroxide
and Sodium Hypochlorite", Nikka 11: 1901 - 1909 (1975).

Zecchini, P;E. and Mattimore, P.A., "A New Black Liquor
Oxidation System That Is Energy Efficient", Tappi (1):
70 - 73 (1986). ’

’ . .
~ . b4
- -
.7 ¢
. - .

108



0 . : - oxidation! T

[y

Table 1 : Properties of Hardwood Kraft Black

Liquor ‘before

—

‘Property ' .o Liquor Standard
! - -Deviation
A B
- ‘solids (wt. §) 17.0  15.9  16.6 0.2
Total $ulfur (gpl) 5.4 5.3 5.1 0.2P
, ‘Total sodium (gpl) . 38.5 39.3  38.0 1.8P
- NaOH (gpl 7.2 9.0 12.0 0.1
' N : -
Toc? (gpl) - j?y' "61.6 57.6 - 65.5 1.5.
o AT
" Total Calcium (mg/1)  NA . 21.8 NA- 4.7
N Q2- - : ' -
S¢~ (gpl) . . 0.5 NA - NA <0.1
S0,27 (gpl) T . | 4.6 .4.6 4.0 0.2P ~
(? CD327 (gpl) ’ NA 14.3 18.1 . 0.5
% "\— , . '
pH : 12.9 ' 12.9  13.0 0.2P
- * NA data not available' '

** p represents pooled standard ‘deviation estimates

1. Weak black liJuor taken from brown-stock washers from .
Domtar ‘s hardwood kraft mill in Cornwall, Ontario

2. Total orggnic'carbqh

- n
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Table 2 : Noncai:aiytic BLOX for- Liquor A (2.4 lpm O,, 1500

o ‘ rpm, 100°C) '
time (min) 8052 50427,  C0,%7 © 85,0427
0.0 0.27 4.58 1.06 2.71
2.5 0.20° 4.62 1.08 4.45
4.5 0.17 -4.58 1.10 . 5.20
5.0 0.17 4.54 1.10 “5 .09
5.5 0.27 4.57 - 1.12 - 4.81
7.0 0.29° 4.57 1.20 4.82
"9.5 0.28 - 4.66 1.25 4.85
11.5 0.35 4.81 ).35 4.55 - .
14..0 0.36 4.81 1.38 4.39
17.0 " 0.36 4.91 1.43 4.29
(1 20.0 0.39 - 4.93 1.44 4.09
" 23.0 0:38 4.92° 1.46 3.75
26.5 0.38  5.07 ., 1.48 3.45
35.5 - 0.36 5.53 1.59 - 2.83
43.0 -~ 0.28 5.93 1.20 2.25
52.0 ) ©0.21 6.63 1.24 1.29 . e
ﬁ 64.0 0.20 7.50 1.38 0.64
72.0 0.20 " 7.62 1.41 0.48
N v v - - + -

* All ionic épecies concentrations in grams per liter (gpl)

N . 0
- " .
. ' ., N
. .
. . - K
. .
<110 :
, .
.
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108.0 0.14

\/ . ,
Table 3 : Noncatalytic BLOX for Liquor A (2.4 lpm 0,, 2500
) rpm, 95°C) ' -
time (min) 5042" 50,2~ S,0327
2.0 0.17 . 4,80 4.00
7.0 0.16, 4.50 4.00
10.5 0.17 4.60 4.00 - -
13.5 0.18 5.10 4.25
26.0 © 0.18 5,40 3.45
41.0 0.19 7.00 2.45 T
53.0 0.14 7.30 1.35
62.0 0.14 7.30° 1.10
71.0 , 0.14 7.80 0.55
8.10 nil

* All ionic species concentrations in grams per liter (gpl)



-

Table 4 : Noncatalytic BLOX for Liquor A (1.2 lpm 05, 800
~1om, 100°C)

tire (min) 8042 50,2" $,05%"

0.0 ~0.18 4.95  2.75

0.5 0.18 4.99 2.81

2.0 0.19  4.47 3.80

13.0 ‘ 0.22 4.55 4.90

16.0 0.22 4.61 4.91 .
19.0 0.22 4.72 5.03 N
26.0 0.23 4.75 - 5.05

33.0 0.22 4.86 - 4.92

57.0 0.21 4.31 4.56

96.0 0.22 4.59  4.64

141 0.21 4.70 4.35

164 0.21 4.75 4.16
189 0.21 . 5.57 3.93

™ ] " \

* All ionic species concentrations in grams per liter (gpl)
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Table 5 : Noncatalytic BLOX for Liquor A (1.2 lpm O,, 1500

o 4 rpm, 100°C)
time (min) 8032' 8042' 82032'
0.0 0.16 4.90 2.65 e
2.5 0.17 " 4.60 2.95
4.5 0.18 ¢ _ 4.60 3.05
.y 6.5 0.14 4.60 . 3.90
8.0 0.18 4.70 5.20
9.0 0.13 4.60 5.35
10.0 %.15 4.60 5.30
11,5 0.20 4.60 5.20
15.5 ' 0.18 4.60 4.90
: 0 24.0 0.20 4.80 4.45
28.0 0.22- 4.85 3.95 -
| 33.5 , 0.20 5.10 3.50
44.0 0.21 6. 80 1.85
63.0 0.16 8.20 0.50
) 73.0 0.18 8.60 .0.35,

* All ionic species concentrations in grams per liter (gpl)

BN
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Table 6 : Noncatalytic BLOX for Liquor A (1.2 lpm 05, 2500

rpm, 100°C)
LS

time (min) 8032' 8042' C2042- 52032'
_ .
T
0.0 0.15 4.58 1.31 2.72
3.0 0.15 4.63 1.32 3.81
5.0 0.15 4.60 © ., 1.33 5.06
7.8 0.15 4.39 1.30 5.06
10.8 0.15 4.69 1.46 5.25
14.0 0.15 4.77 1.55 5,17
17.8 0.15 4.81 1.63 5.02
23.5 0.15 4.95 0.80 4.62
29.5 0.15 5.05 0.83 4.19 .
35.8 0.15 5.48 2.04 3.50
41.5 0.15 5.85 2.07, 2.90.
46.5 Q.15 6.47 2.22" 2.14
52.3 0.15 -  7.22 2.36 1.46
57.8 0.15 . 7.90 2.50 '0.98
70.0 0.15 8.30 1.08 0.68.

* All ionic species concentrations in grams per liter (gpl) -
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Table 7 : Noncatalytic BLOX for Liquor A Repllcate 1 (2.4

- lpm 0,, 1500 rpm, 90°C)} S
4 " h . ’

time (min) 50327 50, $50527

2.0 0.30 . 4.0 2.73

1.0—————  0.45  4.55 , 2.95

5.5 ©0.45 5.30 °© 3.10

7.0 T 0.20 °  4.50 5.00 .

8.0 ,  0.25 4.40 5.10

9.0 ' 0.30 4.55 5. P

9.3 0.30 4.50 5.35
11.5 0.30 4.50 4.95

13.5 .0.35 4.60 4.85 . ,
15.0 . 0.40 4.50 4.60 ‘w/j.
17.5 - 0.42  4.65 4.30

19.0 0.40 - 4.70 4.25 '
21.5 0.40 4.65 4.10

28.0 _— 0.40 - 5.00 3.35 »

41.0 ____ . - 0.25 6.92 2.25

51.0 0 .25 7.92  1.65

_ % All ionic species concehtrathns in grams per 11ter (gpl)
l. Repllcate of Table -2 .
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Table-8 : Noncatalytic BLOX for Liquor B (1.2 Ipm 05, 800

\

— rpm, 95°C)
time 50,42" $,03%7 . (50,27) % ,
(min.) total diff.203
equivalent1
0.0 4.60 4.76 12.7 )
1.6 - 4.58 4.91 13.0
’ 3.1 4.52 5.03 _ 13.1
5.0 4.53° 5.2l 13.5 ' \
8.6 - 4.57 . 5.04 13.2 ~2.3
12.3  4.92  5.05 - 13.6 0.8
15.3 4.66 4.91 13.1° -3.3
20.3 4.60 4.76 12.7 -5.6
26.1 '4.68 4.73 12.8 -5.4
' 306 4.69 4.39 12.2 9.7
(, 35.4 4.66 4.29 . 12.0 -11.1
o .41.2 - 4.86~ 4.24 12.1 -10.3
T s6.1 5.04 - 4.13 12.1 -10.4
51.1 5.15 3.70 11.5 -15.0.
55.7 5.17  3.74 11.6 -13.3
. 60.3  '5.49 3.53 11.5 -14.6
70.8 5.51 312 10.8 -19.7
80.3 5.72 2.55 10.1 -25.3
95.2 6.35 2.0l . 9.8’ -27.5

! 1. Total equivalent sulfate 1s the measured sulfate plus the

¥

. measured thiosulfate as sulfate

. basis

3.a§xpected inorganic sulfur as sulfate =

13.5 gpl

N ) . . . , 13 =
* AlIl ionic species concentrations in grams per liter (gpl)

2. % deviation with inorganic sul fur balance on sulfate

£
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" Table 9 : Noncétalytic BLOX for Liquor B Replicate 1 (1.2
- ‘1pm 05, 800 rpm; 95°)1

N

time 50,2" $,0327  (80,%7y %
. (min.) : " total \ aiff. 304
equivalent2
:
0.0  4.58 4.59 12.4 \’ : ,
1.6 4.60 5.20 13.5 :
3.3 4.48 5.29 13.5
4.8  4.45 5.36 13.6
7.6 4.45 . 5.17 13.3
' " 15.9 4.49 4.81  12.7 -5.8
20.1  4.65 4.87 13.0 ©-3.9
' 30.2 4.78 " 4,59 12.6 -6.5
40.2 4.92 4.07 11.9 . ~12.0
6 50.1 5.15 3.49 11.1: ~-17.6
) 60.1 5.44 3.02 10.6 -21.5
70.6 6.22 2.96 11.3 -16.4
80.1 6.10 -72.24 9.9 ©-26.4 ,
95.8 6.28 . 1.62 9.1 T =330
j’ ‘

* All ionic species concentrations in grams perlliter (gpl)
1. Replicate of Tablé 8 ’

2. Inorganic sulfur exbressed as sulfate (gpl)

3. % deviation with inorganic sulfur balance on sulfate
basis

4. Expected inorganic sulfur as sulfate = 13.5 gpl

4 - -’
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Table 10 : Noncatalytic BLOX for Liquor B-Replicate 2 (1.2
) " 1pm 05, 800 rpm, 95°¢)! '

8§

)
time S0,27" 5,032 (50,27) %
(min.) ‘ - total . diff. 3.4
equivalent2 ’
:
0.0 4.47 4.78 12.6
1.8 4.43 5.09 13.1 \
3.1 4.48 ' 5,30 13.5 ¢
" 7.6 4.37 5.02 13.0
10.9 4.48 5.23  13.4
15,3 4.42 4.95 12.9 ~4.6
20.1 4.31 4.60 12.2 -9.8
31.3..- 4.65 4,28 12.0 -11.3
40.3  5.14 4.05  12.1 -10.6 ~=
50.3 4.98 3.58 11.1 | -17.8
60.2 5.40 3.15 10.8 -20.1
70.3 5.72 2.94 10.7 -20.4
80.2 6.19 . 2.42 10.3 -23.5
99. 3 \ 2 -31.5

6.32 1.71 9.

All ionic species concentrations in grams per liter (gpl)
Replicate 2 of Table 8
2. Inorganic sulfur expressed as sulfate (gpl)

3. % deviation with inorganic sulfur balance on sulfate

bas’is
. Expected inorganig¢ sulfur as sulfate = 13.5 gpl

118



A

G L ‘ |
‘ __ Table 11 : Noncatalytic BLOX for Liquor B (1.2 lpm O,, 1500
L rpm, 94°§:) : - ‘
time 50,2~ 52032 (50427 R
{min.) ) . ‘ i total . diff.2r3
_ ‘equivalentl
‘ ’»
) 0.0 - 4.81 3.24 10. 4
1.8 4.62 4.75 12.7
3.2 4.63 4.71 12.7
4.4 4.78 4.58  12.6 . -6.6 ‘
10.4 5.01 4.20 — 12.72 “29.7 .
20.2 5.85 2.43 10.0 -25.9
, 30.4 7.71 1.01 9.4 -30.1
o 40.2 '8.46 0.29 . 9.0 L =33.7
' 50.1 8.96 : . "=33.6
60.8 8.72 S . ‘ ~35.4
" 70.3 9.07 ' -32.8
80.4 - 9.0l ' ' : -33.3 .
90.4 8.72. - S  -35.4
100.1 8.73 o . -35.3

110.4 8.69 . ‘ | —35.6

* All ionic species concentrations in grams per liter (gpi) '
l. Inorganic sulfur expressed as sulfate (gpl) .
. + - 2. % deviation with inorganic sulfur balance on'suffate
- - basis .
3. Expected inorganic sulfur as sulfate = 13.5 gpl
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Table 12 : Noncatalytic BLOX for Liquor B (1.2 lpm .0,, 2000
rpm, 95°C) / ’ -

*
time . 80,%" 550327 (S50,27) %
(min.)’ o total . aiff.23
' equivalent1
0.0 4.60 . 2.77 9.4
1.8 ' 4,63 . 4.80 12.8 -
2.8 . 4.68 4.56 12.5
4.2, 4.41 4.75 12.5 -7.2
5.9 4.76 . 4.60 12.6 . -6.5
15.3 3.10 3.33 10.8 - -20.0
25.4 6.95 1.46° 9.4 : -30.0
37.0 . 8.35  0.20 8.7 " -35.6
45.6 8.90 o -34.1
55.2 8.95 ‘ ) -33.7"
65.8 9.03 -33.1
75.5 8.77 o . -35.0
85.2 8.89 S . 31
95.3 8.89 . : ‘ -34.1
112.2 9.10 o -32.6

* All ionic species coﬁcentrations in grams per liter (gpl)

1. iﬁorganic sulfur expressed as sulfate (gpl) )

2. % deviation witﬁ inbrganié’sulfur baiance on sulfate
basis ’ \ ‘

3. Expected inorganic sulfur as sulfate = 13.5 gp
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Table 13 : Noncatalytic BLOX for Liquor 8 (1.2 lpm 0,, 2500

. rpm, ,95°C) -
. . /
time 50,2 550327 (504%7) 3
e {min.) : total diff.2r3
equivalept1 ,
0w 4.87 2.79 9.6
1.6 4.43 "~ 4.88 ° 12.8
. 3.4 4.72 5.25  13.7 =«
4.9 4.70 4.62 12.6 . T -6.7
10.4 5.30 4.07 12.3 -9.2
1 20.2 6.73 2.23 10.5 -21.9
30.2 8.45 0.47°- 9.3 . " -31.5
- 40.9 8.64 0.25 9.1 - T -32.8
o : 50.2 9.13 o o =32.4
60.3 8.73 . -35.3
1.70.3 8.80 ' e -34.8
80.2 9.01 . y . =333
90.2  9.30 .. e -31.1 -
‘ 100.4 - 9.70 _ -28.1
I R ST 9.69 - . 3 - 22811

* All ionic species concentrations in grams per liter (gpl)
. Inorganic sulfur expressed as sulfate (gpl) ‘
2. % deviation with inorganic sulfur balance:on sulfate

basis . )
3. Expected inorganic sulfur as sulfate ='13.5 gpl

¢ - -
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Table 14 : Noncatalytic BLOX for Liquor B (1.2 1pm.0,, 2500
rpm, baffle, 94°C) '

by

time 50,2~ $,0327  (50,27) 3
(min. } total diff.2.3
' L equivalent! .
0.0 4.42 2.79 9.2 ,
1.4 4.51 4.25 11.8
2.6 4.67 4.36 12.2
3.8. 4.69  3.89 11.3 -16.1
5.5 4.75 3.69 11.1 -18.1 -
10.6 5.78 2.98 10.9 ~19.4
15.2 6.94 ' e
20.9 8.18° ° 0.80 ' . 9.5 : -29.3
' 25.9 9.16  0.34 9.7 -27.8
50 .2 9.65 ’ -28.5
80.5 9.61 , . : -28.8 .
110. 4 9.68 ) : -28.3
140.1 9.65__ : -28.5
9

180.2 10.0 ) ~25.

* All ionic species concentratiéns in grams per liter (gpl)
1. Inorganic sulfur expressed as sulfate (gﬁlY
2. % deviation with inorganic sulfur bal&nce on sulfate
c "basis '
.. 3. Expected inorganic sulfur as sulfate = 13.5 gpl
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Table 15 : Noncptelytic BLOX for Liquor ﬂ'Replicatevl (1.2
1pm 0,, 2500 rpm, baffle, 95°C)!

-

time ' S0 S,0927  (50,%7) . % o
 (fminy . otal “difg, 304

— ‘ equivalent2
.
0.0 4.62 4.81 12.8
1.9 4.59. 5.12 13.3
3.6 - 4.79 4.80 13.0 ‘
7.6 5.02 4.18 ~  12.2 C-9.9
11.2 5.48 3.89 . 11.6 . -13.9
16.1 6.67 2.12 10.3 ~  -23.7
20,1 7.73 1.45  10.2 -24.4
25.6 8.50 0.48 9.3 -31.0
' 30.3 8.73 o ; -35.3
35.1 8.98 . -33.5
30.0 © -9.15 ' . . -32.2
60.0 9.66 -~ . ; -28.4
80.8 9.16 \ . -32.1
120.3 9.63. ; . ‘ -28,7

Ll

* All ionic spec1es concentrations, 1n’grams per llter (ggﬂ) y
1. Replicate 1 Of Table 14 )

2. Inorganic sulfur expressed as sulfate (gpl)

% deviation with inorganic sulfur balance on sulfate

basis
4. Expected inorganic sulfur as sulfate = 13.5 gpl
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Table 16 :

Noncatalytic BLOX for Liquor B Replicate 2 (1.2

lpm O,, 2500 rpm, baffle, 95°C)}

“time 50,2%" §50327 1 (S0,4%7) 3
(min. ) : _.total aiff. 34
gquivalent2
0.6 4.65 4.05 11.6
1.5 4.68 4.47 12.3
3.1 4.74 .4.07 11.7 .
4.8 4.86  /4.04 11.8 -12.8 N
. 8.8 5.25 7 3.62 11.4 -15.3 -
———+2.6 5.56 2.61 10.0 -25.8
//"  16.0 6.39 1.98 9.8 C 7.6
- 20.1 7.27 1.18 9.3 .2
25.2 "8.29 0.46 9.1 HE .8
©30.9 8.90 0.25 9. .9
. 40.3  9.23 v 6\
1 60.1 9.42 3Q.2
. 84.4 9.44 -30.1
100.3  9.39. { -30.4
121.6 9.62 ' -28.7 . .

s

* " All ionic species concentrations in grams per liter (gpl)

1. Replicate 2 of Table 14

2. Inorgani? sulfuse expressed as sulfate’ (gpl)

3. % deviation with inorganic sulfur balance on sulfate .

basis

*4. Expected inorganic sulfur as sulfate

. A

13.5 gpl
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Table 17 : Noncatalytic BLOX for Liquor B Replicate 3 (1.2

1pm O,, 2500 rpm, baffle,.94°C)l!

time $0,°" $,0327  (50,4%7) 8 S
(min.) total aiff. 34
equlvalent2 - -
0.0 5.76 318 11.2 i
1.9 4.82 4.86 13.1
3.3 4.79 4.68 - 12.8
4.8 4.75 4.40 12.3 -9.1 -
10.3 5.41 3.64 11.6 -13.8
15.2 6.86 2.06 10.4 -23.1
~20.8 8.20 0.76 9.5 ~-29.6
25.2 8.85 0.35 9.4 -30.0
50.3 - 9.18 ‘ _ -32.0
70.1 9.37 - ' -30.6
110.1 9.75 ) -27.8
130.1 9.76 . e -27.7 @
150.3 9.99 { -26.0
* Al} ionic spec;es concentrations in grams per liter (gpl)

$ -
o e .

Replicate 3 of Table 14
Inorganic sulfur éxpressed as sulfate (gpl) .
%‘devié;ioq with inorganic sulfur balance on sulfate

”

basis : 4 . )
Expected ‘inorganic sulfur as sulfate = 13.5 gpl
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Table 18 : Noncatalytié BLOX for Liquor B k1.2 lpm 05, 3200
rpm, baffle, 96°C) .

time 50,427 S50327 (50427 %
(min.) o total diff.2/3
/7 % equivalent!
)

0.0 4:96 2.88 9.9

2.3 5.19 5.21 14.0

4.1 5.38 4.95 13.8 .

6.1 5.45 4.145 13.1 -3.3
10.1 6.11 . 3.64 12.3 -8.6
14.2 6.69 2.64 9.3 -17.0

.18.1 7.61 1.79 10.7 -21.0
22.4 8.70 1.13 10.6 -21.2
26.1 9.12 0.49 “10.0 -26.2
45.0 9.96 ‘ : -26.2
80.0 .-10.4 ' ‘ ' -23.0

120.1 10.3 -23.7

* All joriic species concentrations in grams per liter (gpl)

1.’ Inorganic sulfur expressed as sulféte (gpl).

2. % deviation with inorganic sulfur balance on sulfate
basis

3. Expected inorganic sulfur as sulfate 13.5 gpl
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——0 Table 19, : Noncatalytic BLOX for Liquor B (1.2 lvpm 0,, 4000
’ rpm, baffle, 95°C)" '
time $0427  S,0327 830627 (50,%7) 3diff£,203
- total ‘
(min.) ’ equivalent1
. 0.0 4.48 4.01 NA NA NA
2.3 4.55 5.24 . NA NA NA \
4.5  4.90  4.53 NA NA NA
6.5  5.21 4.21 NA NA NA
10.3 5.71  3.38 NA NA NA
14.5 6.47 2.24 NA NA NA
18.3 7.79 1.29 . NA NA NA
22.3 8.51 0.7% NA NA © NA
26.4 8.67 0.55% NA NA NA
0 30.3 .41 ,_0.15 NA NA\ NA
N 60.4 9.66 2.65 13.6 0.7
90.6 9.83 2.50 13.6 0.7
120.1 9.60 2.19 12.9 -4.4
150.1  9.66 2.05 12.7 5.9
180.1 9.80 1.96 12.7 -5.9
210.2  10.0 1.96 12.9 -4.4
240.6  10.3 ‘ 1.88° 13.1 ~3.0
! . ave. =-3.2
J *All ionic species concentrations in grams per liter (bpl)
ﬁ , ** NA data not available

1. Inorganic sulfur expressed as sulfate (gpi)

2. % deviation with inorganic sulfur balance on sulﬁgge
basis

3. Expected inorganic sulfur as sulfate

13.5 gpl

~» ! ¢ -
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Table 20% : Noncatalytic BLOX for Liquor C (1.2 lpm O,, 2500
rpm, baffle, 96°C) '

time 50,27 5,03%7 530627 (50,%7) vdiff. 23
total ‘
(min,) , equivalentl
B
0.0 4.07 2.54 ., O NA " NA
1.5  3.94 4.29 0 NA NA
3.1 4.22 4.84 NA NA NA
4.6  4.06 4.47 NA NA NA
10.1 4.25 3.79 NA NA NA
15.0  4.48  3.33 2.25 13.5 . 4.7
20.6 5.08 2.70 1.64 12.2 . -5.4
25.3  5.81 1.76 2.01 11.8 -8.5
35.4  7.14 0.48  © 2.47 11.7 -8.5
45.4 7,55 0.24 2.59 ‘11.8 8.5
"55.3  8.22 2.44 < 11.9 o -7.8
65.2  8.20 2.94 " 12.6 -2.3
75.6  8.15 ‘2.1 - 1.3 -12.4-
91.7  8.29 0 2.58 . 12.2 o L-5.4

123.3 8.44 o " 2.33 11.9 .+ =7.8

ave. ~6.2

I8 . - "8

3 Y

-*Al} ionic species concentrations in gr'ams p/er Ylif:er (gpl)
** NA data not available -

., . 1. Inorganic sulfur expr.:esseci as éulfate (?gpl)

2. % ‘deviatiaon with inorganic sulfur balance on sulfate
basis , .
3. Expected_inoréanic,sulfur as sulfate = 12.9 gpl

T



Table 21: Effect of Noncatalytlc Oxldatxon on Total Sulfur (

7—4* 1.2, lpm Oy, 2500 rpm, baffle, 95°C)

samplel Tirrie - Total ' 82032T "
) . Sulfur
(min.) (gpl) . lgpl)
1 0 5.14 - 2.63
2 0 5.26
3 0 . 5.47
4 0 5.28
5. - 0 5.36
"6 0, 5.36 , )
average. : 0 5.3 +/- 0.2 2.63
T ’ . 26 5%% 0.50
v - 26 5.4
average , 26 5.4 0.{}0
K 112 5.7 0.00
LT . - . 115 5.7
M 110 | 5.7
P 120 . 5.5, )
R s121 5.3,
' 5 ¥ 120 5.2
B 121 5.6
v o 120 5.4
' average 117 +/- 4 5.5 4+/- 0.2  0.00
| 5.7 0.00

N . - « 180

1. Black llquor samples taken from noncatalytlc experlments
~  at @ifferent times

-




Table. 22(rmrpa,télytie ;BLOX for Liquor CIReplicate 1 (1.2

‘ ’ lpm O,, 2500 rpm, baffle, 96°C)!
T time 50,27 5,03%7 83027 (50,27) - aiff, 308
. - 7 . total
(min.) . . - ‘ equivalent? =
0.0- 3.89 2.63 0 - NA : NA
1.5 3.96 4.40 NA' NA NA
4.5 4,09 - 4.29 1.54 13.7 . 6.2
12.3 _ 4.31 3.55 NA NA NA
17.1 ' 5.10 2.75 1.82 \12.5 -3.1
. 20.8 5.4l 1.97 2.76. 12.9 0.0
25.5  6.29 1.28 2.22 11.8 -8.5
*.30.3  6.89  -0.59 3.38  13.0 0.8
’ 35.3  7.27 0.45 . 3.18 - 12.8 -0.8
40.2  7.71  0.16, 3.35  13.0 0.8
45.3 7.75 2.75 11.9 -7.8
50.1  7.87 2.79 12.1 -6.2
. 60.1  7.83 : 3.15.  © 12.6 -2.3
82.5  7.72 . 2.99 - 12.2. . -5.4
100.1  7.87 S 2.80 . 12.1 6.2
142.5  8.27° - 2.96 12,7 " -1.6
; . L ‘ _/ ave. =-2.6

*A11 ionic species concentrations in grams per liter (gpl)
** NA data not available ( -7

1. Replicate 1 of Table 20

2. Inorganié sul fur expressed as sulfate (gpl)

3. % devi:‘attion with inorganic sulfur balance on sulfate S

"basis A
4, Expected inorganic s_ul'fur.' as sulfate = 12.9 gpl

,
o “»
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Table 23 : Noncatalytic BLOX for Liquor C Replicate 2 (1.2
: lpm O,, 2500 rpm, baffle, 96°C)’ ’

time' 80,27  5,0327 530427 - (50,427) sdife. 374
T ' . total _
{min.) ' ) equivalent2
1.1 4.04 4.09 NA NA ‘ NA
2.1 4.01 '5.23 NA NA NA
3.1 4.02  4.95 NA NA X NA
4.1  4.08 4,78 . 1.10 13.9 7.8
5.5 3.95 4.19 0.92 12.5° ‘ -3.1
10.3  4.04 4.12 0.82 12.3 -4.7
15.1 4.33 ~ 3.65 2.20° 13.9 - 7.8
120.3  5.19  3.20 0.64- 11.6 -10.1
25.1  5.79  1.49 2.34 11.9 -7.8
30.1  6.50 0.82  3.08 ° 12.5 -3.1
35.2 7.11, 0.55 3.38. 13.1 . 1.6
d0.2  7.40  0.19 3.10 12. 4 =3.9
45.3  7.57 ' 3.58  ° 12.9 0.0
50.0  7.68 2.90  12.0 -7.0
63.1  7.60 3.62 13.0 . 0.8
81.0 . 7.99 3.74 7 13.6 5.4 .
100.1-  8.03 o 3.01 12.5 -3.1
120.5  8.32° 3,01 12.8 . -0.8

ave. -1.3

* All ionic species concentrations in grams per liter (gpl) "~

1. Replicate 2 of Table 20 . '

2?. .Inorgani‘c'sulfur expressed as sulfate (gpl) ,
. 3. % deviation with inorganié S balance on sulfate basis
'4. Expected inorganic sulfur as sulfate = 12.9 gpl

- - +
! o 5
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Table 24 : Noncatalytic BLOX for Liquor C Replicate 3 (1.2
lpm 0,, 2500 rpm, baffle, 96°C)l

time 80427 85,0327 830527 (50,%7) saiff. 344 =
total '
(min.) x , equivalent2
A
~= 0.0 4.14 2.61 0 NA - NA
1.1 3.99 4.44 NA NA .- NA
2.1 4.09 4.87 NA NA NA
3.1 4.13 4.82 NA o Na T NA
4.1 4.40 5.01 . NA NA NA
5.1 4.36 4.72 NA NA_ NA o
10.7° 4.78 3.96 NA NA | NA
[ 15.1 4.84 2.87 NA NA N “NA
20.1 5.40 1.88 3.10 13.3 ‘ 3.1
" 25.3  6.35  1.13 3.01 12.8 -0.8
30.1  7.09  0.44 3.2 12.7 -1.6 '
40.0°  7.65 0.17 3.42 13.1 ] 1.6
45.3  7.58 | 3.16 12.3 , "-4.7
+ 60.2  '8.30 2.99 12.8 -0.8 _ _
- 80,9 8.02 2.84 12.3 -4.7
100.8 - 8.35 © 2.74 12.5 .. =31
123.1  8.45 2,72 12.5 -3.1
ave. -1.6 °

* All ionic species,c0ncéntrations in grams per liter (gpl) .
** NA data not available '
1. Replicate 3 of Table 20
2. Inorganic sulfur expressed as sulfate&(gplf ' v
'3. % deviation with inorganic S balance on sulfate basis
. 4. Expected inorganic sulfui/ﬁgvgulfate =12.9 gpt¥~ -

3

-
4
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Table 25 : Inorganic Sulfur Distribution after Oxidation

»

1l

Liquor rpm Chemical ~ $Sulfur gSulfur  %Total
Added as - as Sulfur
(gpl) 50,42" $30g27
A,,//// 1500 0 64
B 1500 0 65
B. 2000 0 66
B 2500 0 72
B 25000 0 70 -
B 3200P 0 76 : P
B 4000P 0 73 27 100
e 25000 0 62 34 96 ‘
¢ 2500b 5 (NaOH) 64 39 103 (" 7
c ©2500° 15 (NaOH) 62 34 96
a 1500 1 (NiAl) 63 _.
A 1500 3 (NiAl) 59
" B 2500P 3 (NiAl) 65 .
A © 1500 5 (NiAl) 54
B 25000 5 (NiAl)® 65 ,
C 2500P 5 (NiAl) 54 44 - 98
B 2500 7 (NiAl) 63
A 1500 10 (NiAl) 42
B 2500P 10 (NiAl) = 62 40 102

*_ b represents with reactor baffle
1. Experimentally measured; not obtained by difference

i
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Table 26 : Thiosulfate Model Kinetic Rate Constants

Liquor , A B-' ¢
rpm 2500 2500P 25000
k; (gpl/min.) 0.10 0.22 . 0.15
k, (gplemin.)"L  0.04 . 0.43 . © 0,77
\ Table 27 : Sulfate Model ’Kinetic Rate Constants! .

Liguor A’ B B _ C

rpm . - 2500P 2500° 4000P ' 2500P
kg3 . 0.09 0.35 0.30 0.31
kg . - T 0.32 " 0.65 0.49 . 0.99

i

* b represents with baffle
1. concentration of Sé032' in sulfate rate expression in gpl

‘v

) v

-~
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Table 28 : Effect of Oxidation on pH for Liquor C (1.2 lpm
0,, 2500 rpm, baffle, 95°C)1s2

time 82032- pH pH . pH pH
(min.) (gpl) 1 2 3 4
0.0 2.61 13.05 13.05 13.05 13.05
1.0 4.44 12.95 12.95 12.95 12.95
2.0 4,87 12.95 12.95
~ 3.0 {@yh.sz 12.90 12.85 12.75
4.0 5.01 12.75 12.65° 12.75 12.45
5.0 4.72 12.65 12.35
10.0 3.96 12.35 11.75 12.15 11.55 -
15.0 2.87 11.45 10.75 11,25 10.75
20.0 1.88 10.85 10.55 10.75 10.35
25.0 1.13 10.45 10.35 10.35 10.05
30.0 0.44 10.00 10.10 "9.75
35.0 . 10.05 9.85 9.95
40.0 0.17 ’ 9.75 9.75
__s5.0 0.00 ..9.75 9.65 9.70 9.55
50.0 _ . 9.65 9.60
60.0 9.60 9.55 9.60 9.55
80.0 9.75 9.55 9.55
90.0 9.75 ’
100.0 9.65 9.55 9.55
120.0 \ -9.75 9.65 9.65
140.0 9.75

1.1, 2, 3, 4 represent four replicate experiments

2. pH measured externally on withdrawn samples
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Table 29: Effect of Oxidation on pH for Liquor B (1.2 lpm

o 0,, 2500 rpm, baffle, 95°C)}
time . .- '§,042" .. . pH
(min.) o (gpl) ' o
k]
\ 0.0 ‘ . 4.01 " 12.80°
2.3 L 12.86
4.5 4.53 12.63
6.5 . ‘ 4,21 - 12.27 °
10.3 - - '3.38- Y 11.20
14.5 . 2.24 . . 10.69"
- 18.3 “ ' o 1.29 10.39
v 22.3 : 0.71 o 10.18
26.4 0.55 ~ 10.04
. 30.3 - 0.5 . -, 9,92
0 60.4 ’ -0.00 9.70
90.6 ’ : © 9,72
‘ 120.1 L ' ~ 9.74
150.1 ’ , - 9.82
180.1 : .o \ . 9.77"
210.2 . , ‘ - 9.73
240.6 | © 9.73

o

1. pH measured externally on withdrawn sémples
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Table 30 : SODABLOX1 for Liquor C (1.2 lpm 0O,, 2500 rpm,
baffle, 5 gpl incremental NaOH, 95°C)

time 50,27 8,037  830¢27  (S0,27y." . sdiff.2s3
' ’ total
(min.) ' ' - equivalent1
0.0  4.15 - 3.49 NA NA ’ NA
2.0 - 4.06  4.60 NA ' ONA " Na
4.0 4.16 4.38 NA NA NA
10.0  4.41  3.96 NA NA . NA
15.0  4.57  3.77 1.68 13.5 4.9
20,0  4.75  3.45 - 2.12 13.8 7.2
25.1  5.01  2.91 2.45 13.7 5.9
30.0  5.53  2.29  2.78 13.6 — 5.5
40.0  6.62  1.02 3.10 13.0 1.6
50.0°  7.48  0.30 3.11 12,7 -1.6
0 -~ 60.0  8.06 -k 12.9 . 0.0
70.1  8.06 3.78. 13.7 6.2
80.0 8.20 . 3.14 12.9 0.0
90.0  8.20 £3.33 13.2 2.3
100-0-  8.55 . 305 13 1.6
125.0  8.49 _3.36 13.5 4.7
2 _ ' ' ave. 3.2

~* All ionic species concentrations in grahs per liter (gpl)‘
" **% NA data no@ available —
1. Inorganic sulfur expressed as sulfate (gpl)
2. % devidtion with inorganic sulfur balance on sulfate
basis { : :
3. Expecteg’inorgénic sulfur. as sulfate = 12.9 gpl
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Table 31 :-Effect of Intremental Caustic Addition on
Thiosulfate Kinggic Rate

' -/
Liquor Conc. | pH ky . Total

NaOH after (gpl/min.) ' NaOH
Added BLOX (gpl)
(gpl)

al 0.10 7.2

a2 5 0.036 12.2

c3 0 9.65 0.15 12.0

c3 . 9.68 0.091 17.0

c3 15 9.82 - 0.046 27,

c3 28 10.65 0.021 40.0 -

9

1. 1.2 lpm 0, 2500 rpm,
3. 1.2 1pm Gy, 2500 rpm,

100°cC
92°¢ .
baffle, 95°C
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Table 32: SODABLOX2 for Liquor C (1.2 1lpm bz, 2500 rpm, ..
baffle, 15 gpl incremental NaOH, 95°C)

i

time 50,27 5,032 530427 (504%7) . saiff.203
- total
(min.) equiv'alent1
o . 4.03  3.45 0.0 NA © NA
. 1.5 4.42 4.47  NA . Na . NA
| ' 247 3.97 4.31° NA . DA | NA
’ " 4.6  4.23  4.48 NA NA NA
10.1 4.25 4,21 NA . NA NA
N v - -~ . .
| 15.0 © 4.32  3.89 1.40 13.1  -- 1.6
D 20.0 4.38 ° 3.73 1.82 | 13.5 . 4.7
. 25.0 4.53 3.59 2.29 14.1 9.3
30.1  4.65  3.34 2.25 13.7 \ 6.4 |
o . 40.6  4.73  3.20 2.72  14.3 10.7
. 50.4 5.15 2.38 2.44 12.9 . 0.0°
74.1 6,34  0.90 3.21 12.7 -1.6 —
102.9 7.73 0.12 3.19 12.7 -1.6 S
- 120.1  7.95 . 3,11 12.6 o -2.3
150.6  7.91 : 2.74- 12.0, . ~7.0
160.1 - 8.15 Co3.00 1227 ~1.6

ave. 1.7

* Al}';onic species concentrations in grams per litér (gpl)
** NA data not available
1. Inorganic sulfur“exﬁresSed as sulfate (gpl)
- - 2. 3 deviation yith'iq9{9§n{gg§g}fur balansf on sulfate
basis - : - '
3. Expected inorganic sulfur as sulfate = 12.9 §p1
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Table '33 : SODABLOX3 for Liquor ¢ (1.2 lpm 0,, 2500 rpm,
baffle, 28 gpl incremental NaOH, 95°C)

- ] /’
time  504%7 50327 530¢%°  (50,27) vaiff.2r3
v total
(min.*) ’equivalentl *

] 6

0.0 4.02  3.68°  NA NA NA ’
2.0 4.01 - 4.41  Na NA ) NA \
4.1 3.73  3.89 NA NA NA ,
10,0  4.32  4.19 l1.18 . 13.3 .2:8 =
15.1 4.48  3.92 1.83 13.9 8.0 °
20,0 4.43  3.64  1.93 °  13.5 %.0
25.0 4.52  3.56 2.07 13.7 | 6.3
30.0 4.66  3.54 1.85 13.5 4.6
40.0  4.82 3.3l 2,29 13.9 | B.O °
50.0 . 5.46  3.10 2.34 14.3 10.6
62.1 5.08  3.10, 2.68 '  ‘14.4 . 11.6
70.0  5.06  2.89 . 2.44 137 . - 5.9
80.5  5.31  2.61  -2.90 141 T 95
120.0 _ 5.88 1.97 2.99° 13.7 . * 6.5
140.0 7.34°  0.97 3.16 3.7 6.5 ;
. . o 3

¥

) *'A;I ionic species'coﬁcent;qtidné in grams}per liter (gpl)
** NA data»not available ‘ '
1. Inorganic sulfur expressed as sulfate .(gpl)

2. % deviation with inorganic sulfur balance on sulfate

-

v

. basis ‘ -
3. Expected inorganic sulfur as sulfate = 12.9 gpl.
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,TZble 34 : Catalyst Screening BLOX for Liquor A (2.4.1pm O,
00 rpm, 10 gpl CuCl,,.90°C)

time (min) 5042~ 5042" C,0,42" $,042”
t. A

0.0 0.20 4.79 1.18 2.27

1.0, 0.21 4.48 1.09 2.40

2.0 0.21 ‘4.48 “1.12 . 2.46

3.0 0.21 4.41 1.10 2.33

3.5 ’ 0.21 . 4.45 1.15 ‘ 2.40,

- 4.5 0.22 4.53 1.19 2.72

6.0 0.22 4.48 1.¥9 2.48

9.0 0.22 4.46 1.24 2.33

11.0 0.22 4.57 1.31 2.33.

14.0 0.22 . 4.50 1.34 2.38

18.0 0.21 4.54 —— 1.39 2.35

23.0 0.22 4.51 1.44 2.15 ’

. . 29.0 0.22 4.53  1.58 1.99
}' 35.5 C0.23 4.56. 1.67 1.87
- 43.0 0.22 4.74 . 1.82 1.68
51.0 . " 0.22 4.97: 1.99 . - 1.33

55,0 . . '0.22 5.10 2.11 1.13

4 60.5 g 0.22 5.53 1.72 . 0.87

. 70.0 ©0.22 6.60 1.88 0.43

—~

* All ionic species goncentrations in grams per liter (gpl) K

-‘,’ A B o a1
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.Table 35 : Catalyst Screening BLOX for Liquor A (2.4.lpm 0,
1500 rpm, 5.gpl CuCl,, 96°C)

~

—— -

-

time (min) $0;27"  .50,2” C50,%" $,042"
2 .
.

0.0 0.14. 4.05 1.08 2.56

1.8 0.13 -4.88 . 0.62 3.02
3.5 0.15 4.81- - 0.66 3.57 ‘
5.8 0.15 4.90 0.73 3.64
8.8 0.15, 4.74 0.78 2.81
12.5 0.15 4.68 0~ 83 2.82
16.5 0.14 4.79 0.89 2.66
20.8- 0.14 4.78 0.95 2.61
25.5 - 0.14 4,88 d.00 2.55 "
32.0° 0.13 4.99 1.99 2.30
37.5  ° 0.13 4.85 1.09 2.32
43.8 0.14 4.80 1.14 1.91
49.8' 0.15 4.70 1.17 1.90
70.0 1.29 1.76

4.82

-

* All ionic species concentrations in grams per liter (gpl)
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&
Table 36 : Catalyst Screening BLOX for Liquor A (2.4 lpm O,,

1500 rpm, 10 gpl»apiivated charcoal, 96°C)

;o

time (min) SO32' 8042" C20427 52032*
1.0 , 0.43 4.55 0.99 2.75
3.0 ‘ 0.49 4.59 1.01 3.01
5.0 | 0.33 4.58 1.00 4.27
8.0 | 0.'33 4.52 1.07 5.03
32.0 . 0.29 4.50 1.19 4.85
15,0 - 0.31 4.54 1.26 4.84
19,0 - 0.32 4.53 1.35 4.69
22.0 © . 0.32 4.55 1.48 4.45
" 26.5 | - 0.31 4.61 1.49 4.32
.30.0 0.3 4.66 1.52 4.16
3410 .. 0.32 4.65 1.67 4.03
39.5 * 0.30 5.12 1.13 3.13
48.0 .. . 0.30 5.57 1.21 2.31
56.0 0.33' 6.30 1.28 - 1.48
68.0 - 0.30 7.24 ' 1.38 0.70

* All ionic species concentrations in grams per liter (gpl)

S 143



0

'S

~

P

~
Y

Table 37 : Catalyst Screening BLOX for Liquor A (2.4 lpm O,,

1500 rpm, 10 gpl hydroquinone, 96°C)

time (min) S03%7 - 80,%" C,0,4%" $,033"
0.0\ 0.14 4.31 1.01 2.79
1.5 0.16 "4.38 1.02 2,97
3.5 0.17 4.29 1.00 3.19
5.5 0.17 4.30 1.00 4.42
7.0 0.15 4.29 1.01 4.74
8.5 0.14 4.28 1.07 4.58
11.0 ) 0.14 4.23 1.12 4.54
13.5 : . 0.14 4.23 1.21 4.56
16.0 : 0.14 4- 37 1.34 4.49
20.0 . 0.14 4.21 1.38 4.34
27.0 ' 0.14 4.26 1.52 4.32
36.0 0.14 - 4.24 1.63 4.26 -
47.0 . 0.14 . 4.29 1.74 4.25
60.0 . 0.14 4.33 1:86 4.05
73.0 .. . 0.14 4.48 2.04 4.01

80.0 0.14 4.48 2.10 3.80

* All ionic species concentrations in grams per liter (gpl)

“

N
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Table 38 : Catalyst Screening BLOX for Liquor A (2.4 lpm 0Oy,

o | 1500 rpm, 10 gpl reduced iron powder, 90°C)
time (min) 5042 50,%- C,042"  ''5,042"
1.5 0.59 4.05 1.20 2.88
3.5 0.41 4.43 1,27 2.81
. 5.0 ‘ 0.54 4,32 1.28 3.39
7.5 0.54 4.37 1.29 4.82
10.0 0.54 4.37 1.34 5.23
12.5 0.33 4.25 1.35 5.16
15.0 0.34 4.37 1.46 5.16
18.0 . 0.34 4.36 1,52 5.19
25.0 0.34 4.25 1.60 4.74
.- 30.0 ' 0.34 ° 4.31 1.70 4.76
¢ "37.0 0.34 4.39  1.82 4.42
“ 45.0 : 0.40 4.60 2.01 3.92
~ - 52.0 _ 0.40 4.74 2.09 3.43
) 60.5 ‘ 0.38 5.01  1.50 —2:99 —-
71.0 0.35 5.43 °  1.57 2.61
81.0 0.35 5.67 1.62 2.07

»

* All ionic species concentrations in.grams per liter (gpl)

“
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o Table 39 : Catalyst Screening BLOX for Liquor A (2.4 lpm O,,

o ' ' 1500 rpm, 10 gpl manganese metal powder, 96°C)
time (min) 5042~ 50,42~ C,0,%" §,042"
“ —p
2.0 - 0.42 4.48 1.38 2.86
3.5 ° 0.42 4.44 1.33 2.89
5.0 0.42 " 4.37 1.33 3.29
7.5 : 0.34 4.41 1.38 3.94
10.0. 0.33 4.44 1.41 4.67
12.5 0.32 r4.42 1.46 4.81
15.5 | 0.34 4.41  1.54 4.87
18.0 ' 0.33 4.42 1.56 4.92
21.0 0.33 4.41 1.61 4.82
24.5 0.33 4.45 1.69 4.97
o 31.0 0.35 4.43 1.83  4.92
§ 36.0 s+ 0.35 4.46 1.91 © 4.82 y
41.0 . 0.36 4.46 2.00 4.77
48.0 0.36 4.54 2.16 4.73
60.0 ” 0.37 4.57 2.30 4.52
71.0 0.39 4.64 2.48 4.34
_ 81.5 0.39 4.67 2.54 §.32 - -
¢

) J
* All ionic species concentrations in grams per liter (gpl)

S 4
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1500 rpm, 10 gpl CoCl,, 94°C)

c—

. Table 40 : Catalyst Screening BLOX for Liquor A (2.4 lpm O,,

time (min) 5042~ 50,27 C50,42" 85,0527
0.0 0.10 4.43 0.99 2.38 \
1.0 0.12 4.35 0.95 2.32 \
3.0 0.11 4.30 0.96 2.26
5.0- 0.11 4.30 0.96 2.25
7.0 . 0.09 4.31 - 0.96 2.21

10.0 o 0.07 4.27 0.98 2.70

14.0 / 0.06 4.35 1.00 2.31

16.0 0.02 4.27 1.00 2.26 :
18.0 ©0.02 4.24 1.01 2,27

20.0 . 0.03 4.26 1.06 2.30

22.0 . 0.07 4.40 1.16 2.46

23.5 ~0.07 4.28 1.15 ~2.48

26.0 0.06 4.34 1.22 2.75

- 28.5 0.01 4.26 °  1.23 2.93

31.0 4.37 1.35 - 3.19

35.5 4738 1.43€ 2.36

39.5 4.34 1.49 3.41

50.5 4.28 1.65 3.36

60.0 4.27 1.78 3.43

80.0 4.50 2.26 3.31

* All ionic species concentrations in grams per liter (gpl)
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Table 41 : Catalyst Screening BLOX for Liquor A (2.4 lpm Oz,

o 1500 rpm, 10 gpl MnO,, 92°C)

- time (min) | S032" S0427—  ©,0,2" S,04%7 -

0.0 0.28 4.55  1.21 .- 2.98

" 1.5 0.28 4.44 . 1.23 = 2.99

3.0 0.28 ' 4.50 . 1.30 3.43

4.5 . 0.28 4.50 - 1.34 . 4.02

6.5 0.27 4.39 1.36 4.20

- 9.0 0.27 4.48 1.52 4.23
12.5 0.28 4.50 ©  1.64 4.25

15.5 . 0.28 4.48 1.73 4.24

17.5 0.30 4.50 1.85 - 4.28

20.0 0.28 4.44 1.89 4.34

o 22.5 0.30 4.51 T2.03 ©4.23

25.0 0.30 4.40 2.03 4.20

28.0 0.30 4.47 2015 . 4.08

33.0 0.28 4.46 2.26 - 3.84

40.0 0.28 4.58 1.65 3.90

@ 49.5 0.28 4.84 1.87 3.75

59.5 . 0.31 4.83 2.02 3.53

70. 0 0.31 5.07 3.18 2.79

* All ionic species concentrations-in grams per liter (gpl)

&
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Table 42 : Catalyst Screening BLOX ‘for Liquor A (2.4 lpm 0y7

O 1500 rpm,- 10 gpl Nial, 92°C)
time (min) | 5032~ 50,2~ €,0,%" $,0427
/ ! | ——
0.0 1.71 4.24 "0.76 0.50
4.5 0.52 4.05 0.75 2.63
5.0 0.50 " 4,03 0.79 2.88
6.0 0.59 4.34 0.81 2.93
7.0 0.59 4.39 0.87 2.83
7.5 0.59 4.33 10.87 . 2.66
9.5 0.52 4.34 0.90 2.41
15.5 -0.31 4.40 1.01. '2.07
20.0 0.28 ° 4.42 1.14 2.17
o 25.0 " .0.28 4,48 1.27 . 1.58.
27.0 0.30  4.60 1.40 1.68
31.0 - 0.29 4.61 1.46 1.08
35.5 S 0.27 5.10,  0.97 0. 76
42.0 0.27 5.11 1.07 . 0.49
50.0 0.27 5.41 1.24 0.24

56.5 0.29 '5.70 1.34 0.19

* All ionic species concentrations in grams per liter (gpl)
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Table 43 : Catalyst Screening BLOX for Liquor A (2.4 lpm Op,
1500 rpm, 5 gpl NiAl, 96°C) |

»

time (min) 8032’ 8042' C2042" 82032'
1.0 0.46 “4.65 1.12 2.06
2.5 0.18 4.58 1.15 3.19
4.5 0.18 4.17 1.10 3.65
6.5 0.32 4.71 0.68 3.62

12.5 . 0.26 4.75 1 0.76 3.31

15.5 . - 0.25 4.87 0.79 3.13

18.5 0.25 4.93 0.84 3.26

25.0  ° 0.24 5.30 0.92 2.71

31.5 . 0.23 ' 5.79 0.99 2.15

37.0 0.24 6.09 1.03 1.57 ,

43.0 0.18 6.80 1.08 1.10

50.0 0.17 7.22 1.11 0.54

0.17 7.33 2.12 ° 0.33

, 55.5

* All ionic species concentrations in grams per liter

\
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Table 44 : Catalyst Particle Size Distribution

Particle 1 Catalyst I* Cataljst 1%
Size ' weight % weighf %
Range distribution distribution
(microns) L. '
< 38 ©21.%, : »10.3
38 - 45" - 10.9 3.8

. 2 3 . ‘
45 - 53 _ 20.9 . 8.9
53 - 63 o 2:4 33.6
63 - 90 43.8 40.5
> 90 0.5 2.9
?otal ' ' ~100.0 100.0 -

Surface area ¥ = 0.56 +/~ 0.02 m2/g
** Surface area II = 0.43 +/- 0.02 m?/g
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‘Table 45: Effect of Catalytic Oxidation on Total Sulfur (1.2
lpm 05, 2500 rpm, baffle, 95°C, catalyst)!

Catalyst : Time Total 52032'
Conc. Sulfur
(gpl) (min.) (gpl) (gpl)
b
0 0 5.14 2.63
0 0 : 5.26 o
0 0 5.47 o \
0 T 0 5.28 , o
0 0 5.36 : .
0 0 5.36
average 0 5.3 +/- 0.2 2.63
7 28 5.3 0.00 y
10 X 40 . 5.3 _ 0.00 . )
7 “ 121 ' 5.3 0.00
10 125 5.2 0.00 -
10 120 5.1 ‘ 0.00
3 125 5.3, 0.00
5 121 ) 5.2 0.00"
7. - 121 : 5.1 ) 0.00
7 125 5.3 ‘ 0.00
‘ .
10 123 "5.1 : 0.00
average 123 +/- 2 . 5.2 +/- 0.1 0.00

1. Catalyst used was nickel”aluminum alloy.(NiAl)
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Table 46: Catalytic BLOX for Liquor B (1.2 1pm 05, 2500 rpm,
baffle, 10 gpl NiAl, 95°C) "

time 50,2~ §,052" S3027  503%”  sdiff.ls2
(min.) b '
0.0 5,02 ' 0.40 NA 1.75 NA
2.1 5.20 2.49 NA 0.88 NA
4.3° 5.40 2:75 NA <0:20 .  NA
6.1 5253 2.76 NA 7 Na
9.1 -~ 5.74 2.06 NA ‘ NA
£ 12.2 6.48 1.25 NA NA
16.1 7.20 0.62 NA . " NA
20.4 7.65 0.31 NA ,
25.1 8.21 - 3.40 -1.5
40.4 8.51 .~ 3.77 4.9
- 60.2 8.53 . - : 3.75 4.9
T 80,1 8.12 | " 3.60 A 0.0
102.7 - 8.49 - ‘ 3.90 . 6.2
123.1 8.34 3.01 . o -4.7
ave. 1.6

L4
3

*All ionic species contentrations in grams per liter (gpl)
| **»'NA data not available g
. . . ; L
- l. % deviation with inorganic sulfur balance on sulfate

. basis
; 2. Expected inorganic sulfur as sulfate = 13.5 gpl

' Ed
=

he »
‘z - N i
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Table 47 : Catalytic BLOX for Liquor C (1.2 lpm O,, 2500

rpm, baffle, 5 gpl. NiAl, 95°C)

time $0427 550327 530627 (804%7) Wiff. 203
total
(min.) ' . ’ equivalent1
0.0 3.95 1.19 NA NA NA
2.6  4.12  1.48 N NA NA
3.5 4.14 1.27 NA NA NA
4.6 4.17 1.46 NA NA NA
6.1 4.21 1.70 NA NA NA
10.1 4.80 1.52 NA NA NA
15.1 5.05 1:57 2.77 11.9 -7.8
20.1 5.67 0.96 3.85 ° 13.1 1.6
25.1 6.07 0. 50 3.34 " 11.9 -7.8,
30.1 6.62 0.21 4.17 13.2 2.3
40.1 6.75 3.76 12.4 -3.9
60.1 6.82 3.54 12.1 -6.2
80.1 6.94 3.69 12.5 -3.1
100.1 7.23 3.38 12.3 ~4.6

ave. -3.7

¥

*All jonic species conéentratiéns in grams per liter (gpl)
** NA data not available . o
1. Inorganic sulfur expressed as sul fate (gpl)

2. % deviation with inorganic sulfur balance on sulfate
" basis
3. Expected inorganic sulfur as sulfate = 12.9 gbl
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‘ 4, Expected inorganic sulfur as sulfate = 12.9 gpl

Table 48 : Catalytic BLOX for Liquor C Replicate 1 (1.2 lpm
.0, 2500 rpm, bdffle, 5 gpl Nial, 95°C)!

g
time ' 50,27 85,0327 530,27  (50,27) sdiff. 374,
- ’ N - total
(min. ). h ’ ' equivalent?
0.0 .4.00 0.58 NA NA NA .
1.1 . 4.11 1.13. NA NA ‘ NA
2.1 4.30 _ 1.50 NA N S
3.1 -4.32 2.01 NA NA NA
4.2  4.41 1.60 NA NA _ NA
© 7.3 3.65 1.13 . NA NA NA
10,0  4.66 1.8% 3,77  13.5 4.7
15.0 = 5.16 1.61 = 3.63 13.4 3.9
20,0 5.79  0.89 4,35 13.8 7.0
25.1  6.58 0.53 4.13 ©13.7 6.1
30.0 6.70  0.20  3.84 12.8 -0.8
40.0, . 6.83 . T 3.64 S 12.3 -4.7
60.1 .. 6.93 4.00 12.9 0.0,
83.4 1°6.98 . T 4,13 13.2 2.3
128.9 " 7.34 So.3081 L 13.1 " .1.6
' o h . , ave., 2.2

.

..*All ionic species concentrations in grams per liter (gpl)
** NA "data not available

Y

‘lf'Replicate 1 of Table 47
2. ;nofq nicfsulfur expagssed as sulfate (gpl): .
“3. 8 deviation with inorganic sulfur balance on sulfate

’

o

‘basis
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Table 49 : Catalytic BLOX for Liquor C Replicate 2 (1:2 1lpm
‘ ' 0,, 2500 rpm, baffle, 5 gpl NiAl, 95°C)l

time 50427 5,03%7 8302  (50,%7) saiff. 34
total
(min.) equivalent2
!
0.0 3.90 0.77 0.60 NA NA
0.8 4.01 1.08 NA NA NA
2.1 4.18 1.23 NA . NA NA
3.2 4.32 1.04 NA NA NA
4.1 4.42 1.77 NA NA NA
7.8 4.74 1.44 NA NA NA
10.0 4.85 1.80 ~ 3.36 13.0 - 0.8
15.2 5.72 0.88 3.68 12.7 -1.6
19.8 6.37 0.56 3.43 12.5 -3.1
24.9 6.72  0.23 3.94 13.0 0.8
30.0 6.73 4.62 13.7 6.2
40.0  7.03 3.85 . 12.8 -0.8
60.1 7.07 _ 3.52 12.4 -3.9
80.6 7.00 3.62 12.4 -3.9
100.1 7.20 3.76 12.8 -0.8
120.1 7.41 3.11 12.1 -6,2
ave. -1.3

*All ionic specieé concentrations in grams per liter (gpl)
** NA data not available . .
“1. Replicate 2 of Table 47 '
Q Ir\xoﬁrganic sulfur expregsed as sulfate (gpl)
3.' § deviation with inorganic sulfur balance on sulfate
- basis - h . - o
4. Expected-inorganic sulfur as sulfate = 12.9 gpl

/:,

© -
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Table 50 : Catalytic BLOX for Liquor C Replicate 3 (1.2 1lpm
05, 2500 rpm, baffle, 5 gpl NiAl, 96°C)!
time 80427 850327 530447 (50,%7) sdiff .34
total
(min.) - equivalent2
0.0  3.98 1.45 NA NA . NA
1.2 4.11 - 1.33 NA NA + NA
2.1 4.11  0.85 NA NA NA
3.4 4.17 1.10 NA NA NA
) 4.4 4.32 1.81 NA NA . NA ' .
7.6 4.45  1.69 NA NA NA
10.3 4.66  1.88 3.51 13.1 1.6
15.0 5.00 1.46 3.53 12.8 -0.8
20.0 5.62  0.80 3.57 12.3 ~4.7
¢ 25.0 6.29 . 0.36  3.47 12.1 -6.2 L e
30.1 6.44  0.16 3.60 12.1 -6.2"
. 35.1  6.50 : 3.83 * 12.2 -5.4
39.1 6,85 3.99 12.8 -0.8
" 60.0 6.84 ’ 3.67 ©12.3 -4.7
80.1  7.06 . . 449 13.8 7.0 |
100.0 7.20.° - 7 3.56 12.5 L =301
ave. -2,3
*All ionic species concentrations in grams per liter (gplk_\
** NA data not available '
1. Replicate 3 of Table 47

2. Inorganic sulfur expressed as sulfate (gﬁl)
3. % deviation with inorganic sulfur balance on sulfate

basis
4. Expected inorganic sulfur a3 sulfate = 12.9 gpl

&
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Table 51 : Catalytic BLOX for Liquor A (2.4 1lpm 0,, 1500
- rpm, 3 gpl NiAl, 95%C) -

s —

time (min) 50,27,  s0,%" C,0,42%" 5,05%"
m,

1.0 <0.15 4.68 1.26 3.29
3.0 <0.15 4.52 1.25 4.30
5.0 . <0.15 4.69 1.33 4.10
7.5 <0.15 4.73 1.38 3.93
10.5 <0.15 4.75 1.42 3.67°
13.5 <0.15 . 4.91  1.48 3.67
16.8 <0.15 4.98 1.51 © 3,67
20.0 <0.15 5.14 ° 1.58 = ' 3,58
25.3 <0.15 5.23 « 1.63 . 3.34.
30.3 <0.15 5. 64 0.86 3.08
35.3 <0.15 ' 5.84 0.90 2.96
40.8 <0.15 6.15 0.93 2.46
45.8 <0.15", 6.59  2.13 . 2.12
50.5 <0.15 6.69 2.01 . 1.48
56.0 <0.15 7.34 2.29 1,03
63.25  <0.15 8.02 2.33 0.44
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Table 52 : Catalytic BLOX for Liquor A (2.4 lpm 0,, 1500

o rpm, 1 gpl NiAl, 96°c)
‘ time (min). 5042~ 5042~ C,042" 5,042"
0.0 <0.15 4.85 1.24 2.67
2.8 <0.15 4.80 . 1.22 3.31
5.3 <0.15 4.84 1.27 5.05
8.0 <0.15 4.78 1.33 4.79
11.5 <0.15 4.97 ' 1.49 4.54
14.5 <0.15 - 4.98 1.57 4.33
17:8. <0.15 5.08 1.66 4.07 -
21.8 <0.15 5.34 0.89 3.77
¥ 27.5 " <0.15 5.79 0.92 ' 3.02
‘> 34.0 : <0.15 6.63 2.17 L. 2.24
44.5 <0.15 7.85 2.39 0.89
50.8 <0.15 8.49 2.56 0.48

4

* All ionic species concentrations in grams per liter (gpl)
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Table 53 : Catalytic BLOX for Liquor A (2.4 1lpm O,, 1500

o ' . rpm, 0.5 gpl NiAl, 97°C) : : -
“time (min) 5042~ 50,2" C,0,2" S,042~
- 0.0 <0.15 4.74 1.33 2.89
' 2.8 <0.15 4,64 1.29 . 3.44
5.0 <0.15 4.64 1.30 . 4.48
8.0 £ <0.15 4.75 1.37 5.42 °
10.8 <0.15 4.77 1.45 5.29
14.0 <0.15 4.90 . 1.55 5,07
17.8 ' <0.15 4.89 l.64 4.62 ,
20.0 . .<0.15 5.05 . 0.82 4,65
25.5 - <0.15 5.45 0.89 - 4.23
: . 73000 <0.15 5.5 2.01 « .. 3,65
0 35.0 .95 5.91. 2.13 3.43
40.0  <0.15 5.96 1.99 2.93
45.0. <0.15 6.52 2.24 2,65
50.3 ' <0.15 6.84 2.33 2.0l

60.0 © . <0.15 7.52 2.31 1.16

* All ionic species concentrations in grams per liter (gpl)
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" Table 54 : Catalytic BLOX for Liquor B (1.2 lpm °zv 2500
rpm, baffle, 3 gpl Nial, 95°C)

~

time (min) 5032' 8042“ 82032'
‘ \
\
) 0.0 0.94 5.01 1.33
- 2.1 0.44 © 5.02 3.55 |
4.1 <0.20 5.21 3.74
6.5 5.59 3.38
9.0 5.73 2.78
T 12.4 6.55 2.05
16.1 - 7.44 1.21
’ 20.1 7.78 0.69
25.1 ) ‘ 8.43 0.42
40.1 S 8.71
O 60.1 ' 8.73 , S
80.1 L 8.39 ‘ ”
100.1 - : 9.07 ‘
125.1 . . 8.74

* All ionic species comcentrations in grams per liter (gpl)
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Table 55 : Catalytic BLOX for Ligquor B (1.2 lpm 0,, 2500

rpm, baffle, 5 gpl NiAl, 95°C)

e

time (min) 5042~ $0,2".  §,04%"
0.0 1.14 4.67 1.03
2.1 0.56 5.56 2.88
4.1 <0.20 4.89 3.13
6.1 = 5.18 3,11
9.2 5. 28 3.06
12.6 5.88 2.10
16.1 6.56 1.59
20.1 7.63 0.73
25.1 g 8.29 0.41
40.1 8.44

60.1 8.68

80.1 9.26

100.1 8.76

121.2 8.86
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Table 56 : Catalytic BLOX for Liquor B (1.2 lpm O,, 2500
0 rpm, baffle, 7 gpl NiAl, 34°C)

time (min) 5042~ 50,42 $,04%"

0.0 1.51 5.15 0.73 .
C 2.1 0.90 " 5.12 2.84
4.1 0.72 5.15 2.62
6.1 <0.20 5.23 2.59
9.1 5.53 2.56 <, ¢
& 12.1 6.31 1.80
16.1 7.25 0.89 -
20.1 7.70° 0.44 ‘
25.1 8.18 <0.10
"' 40.3 . 8.51
60.1 ‘ 8.56
‘ o
cee - - 80.1 8.23
100.1 _ 8.41
121.3 8.59

* All ionic species concentrations in grams per liter (gpl)
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Table 57 : Catalytic BLOX for Liquor B Replicate 1 (1.2 lpm

0 0,, 2500 rpm, baffle, 7 gpl NiAl, 94°C)!
time (min) 5042~ S0,2" §,042~
-
‘ 0.0 1.78 4.82 0.44
2.1 . 0.91 5.04 2.50
4.1 <0.20 5.11 2.65
6.2 ' o 5.20 2.23
8.2 5.38 2.19
12.1 5.85 1.87
16.1 ¢ 6.60 1.07
20.1. ‘ 7.25 0.51
25.1 . 7.45_ 0.16
o 40.1 ’ 8.55 o
S 60.1 . 8.11 o
80.1 8.09 "
100.4 8.45
.- 120.9 8.41

[

" * A}l ionic species concentrations in grams per liter (gpl)
1. Replicate 1 of Table 56
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Table 58 : Catalytic BLOX for Liquor B Replicate 2 (1.2 lpm
0,, 2500 rpm, baffle, 7 gpl Nial, 95°C)!

time (min) 5042~ 5042”7 5,052 o
0.0 . 1.29 5.17 0.83
2.1 0.57 5.15 »  2.36
4.1 . <0.20 . 5.23 2063 .
@E?‘“"/{ ' 5.38 2.63 '
1 : 5.42 2.71
12.1 1 5.83 2.45
16.1 6.48 1.50
20.1 o 7.20 0.77
25.1 . 8.07 0.44
a2 * 9,34
60.1 .51
80.1 - 8160
100.4 8.53
125.3 ' 8.90

* All ionic species concentrations in grams per liter—(gpl)
1. Replicate 2 ?; Table 56 '
/ g e
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Table 59: Effect of Ligquor, Catalyst Concentration, and

° Impeller rpm on Thiosulfate Residence Time
Liquor Catalyst1 rpm Residual Oxidation
Conc. ‘ 52032" Time

g (gpl) ) (gpl) (min.)

N

4
i
B , 1500 0.5 72
A 10 1500 ‘ 0.5 42
_ A 1500 0.5 50
: A . 1500 s 0.4 63
a 1 M 1500 0.5 51
B . 0 800 1.7, 96
. B 0 1500 0.3 40 -
: B 0 2000 0.2 37
0o TN 0 2500 0.25 a1
h B 0 2500P 0.5 26
B 0 . 3200P 0.5 26
B 0 apooP 0.55 26
B 10 25002 0.3 20
B 7 2500P 0.5 20
B 5 25000 0.4 25
B 3T 25000 - 0.4 25
c 0 2500P 0.5 : 35
C 25000 0.5 25

*b represents with reactor baffle
1, Catalyst used was nickel aluminum alloy (NiAl)
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Table 60 : Noncatalytic BLOX for Liquor B (2.4 lpm 0,, 800

rpm, 94°C)
time 50,2" 5,027
\ (min.) ‘.
5
0.0 4.50 2.63
1.6 4.82 2.94 .
3.1, 4.83 3.93
5.0 4.71 4.72
8.3 4.58 - - 4.58- .
14.2 4.59 | - 4,58
. 20.3 ] 4.62 4,31
33.0 4.95 4.10
. 43.0 5.08 3.63
o 54.9 5.22 ‘ 3.49
69.8 5.43 3.06
85.9 , . 5.95 .2.97
100. 1. . 5.92 2.16 |
N 115.1 . 6.33 1.93

130.3 6.56 ’ 1.66

kAll ionic concentrations in grams per liter (gp'l)

L
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Table 61 : Catalytic BLOX for Liquor B (2.4 lpm O,, 800 rpm,
5 gpl NiAl, 96°cC)

time (min) S04%" 50,2" 52032~
0.0 1.05 4.81 1.19 .
1.6 . 0.43 4.93 2.09
3.9 | <0.20 4.51 2.13 Co
5.5 - 4269 2.28 i
10.1 5.12 2.47 ~
16.9 3 4.87 2.67
25.1 . 4.61  3.09 .
38.3 4.67 2.89
47.8 4.64 3.90
60-2 1.74 3.24
70.1 . 4.83 3.29
80.1 N 5.06 2.92
90.3 5.29 2.67 o
100.2 5.52 2.34
115.2 5.68 1.97 : ‘
.- 130.5 5.95 1.76 v
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- Table 62: Effect of Noncatalytic Oxidation on Thermal Value,
~biquor B (1.2 lpm O,, 2500 rpm, baffle, 95°C)

/0
Sample Time ‘ Thermal Relativet
Value Decrease
{min.) (kJ/g)
1 0 ¢ 12.8
2 0 12.5 R
3 0 1%$0
4 0 12.6
5 0 12.0
6 0 12.1
average 0 12.5 +/~ 0.4
T 26 11.1 10.9
\ 26 11.2 . 10.3
average s 26 11.2 +/- 0.1 10.6 +/- 0.3
K 112 10.6 15.4
L 115 10.6 15.5° °
M 110 10.7 14.6
P 120 10.8 13.9
R 121 10.7 14.6 .
S 120 10.6 15.4
T 121 10.6 15.4
v 120 10.6 15.4
average 117 +/- 4 10.7 +/- 0.1 15.0 +/- 0.6
"y . . 180 10.3 17.6
. .
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0 Table 63: Effect of Catalytic Oxidation on Thermal Value,
- Liguor B (1.2 1pm 0,, 2500 rpm, baffle, catalyst,

d .950¢) !
Cétalyst Time Thermal Relative %
Concentration Value Decrease
(gpl) (min.) (kJ/qg)
0 0 12.8 -
0 0 12.5
! 0 0 13.0
0 0 12.6
. 0 0 ,12.0
0 0 12.1
| average 0 12.5 +/- 0.4
& 7 28 10.3 17.6
10 40 10.4 16.6
7 121 10.3 17.6
10 125 10.6 15.4
.10 120 10.4 ' 16.6
3 125 10.2 ' 18.7
5 121 10.5 . 16.4 .
7 121 S 10.1 19.2
7 125 10.4 16.6
- 10 123 10.2 18.7
average 123 +/- 2 10.3 +/- 0.2 17.4 +/- 1.3,

1. Catalyst used was nickel aluminum alloy (NiAl)

o

170



Table 64: Oxidation of Liéuor Organics, Liquor C (1.2 lﬁm
-~ 0,, 2500 rpm, baffle, 95°C)

W%

w w w

Res. Chemical . TOC co3?” NaOH
Time Charge’ )
(min.) (gpl) (gpl) ' (gpl) (gpl)
0 0 62.5 17.8 12.0
0 0 65.5 18. 4 12.0
0 0 65.5 ©18.6 12.0
0 0 65.5 17.6
ave. 0 64.8 +/- 1.5 18.1 +/- 0.5
- t
123 0 62.9 21.1 4.
120 0 64.7 21.0 4.
123 0 - 63.7 211 4.
122 +/-2 0 63.8 +/- 0.9 21.1 +/- 0.1
142 0 62.1 ' 20. 2
120 v 5 (NiAl) 57.2 o 22.1 4.5
129 5 (NiAl) 57.6 ‘
120 5 (NiAl) .56.5 ‘ :
125 5 (NiAl) 59.0 22.1
124 +/- 4 : 57.6 +/- 1.1 22.1 ,
125 5 (NaOH) . 59.8 23.0 \ 5.5
160 15 (NaOH) 58.1 27. 4 6.7
140 28 (NaOH) 56.0 33.3 ‘ 9.3
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Table 65: Effect of Oxidation, Residence Time, and Chemical
G Addition on %0, in Reactor Off-Gas, Liquor cl
Time no 5 gpl 5 gpl 15 gpl 28 gpl
% (min.) addition NiAl NaOH NaOH NaOH
to liquor - .
%0, in reactor off-gas
¢
¢ 0 0.0 0.0 0.0 6.0 0.0
10 49.6 94.4 . 94.8 88. 3 187.8
20 89.7 98.2 99.4 87.9 896.6
30 95.1 98.1 100.0 . 99.5 "98.4
35 94.8 97.4 100.0 100.0 98.6
. G r 40 93.9 -96.6 100.0 100 /O~ 98.8
45 92.7 99.5 100.0 ?8.9
N g 90.0 93.7 97.4 99.6 99.0
70 88.3 . 94,2 95.0 99.4 99.0
80 89.2 94.7 94.6 99.1
100 } 89.6 94.9 94.1 97.3 99.1
120 90.9 54.1 95.1 95.5 99.1
140 0 99.0
* 150 . 94.9
160 - 95.9
) 1. Chemicals studied were NiAl catalyst and NaOH in varying
- concentration
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o _ Table 66 : SODABLOX for Liquor A (2.4 1lpm 0,, 1500 rpm, 5 |
-gpl’ NaOH, 92°¢)1 )

b
~

—

- " time (min) 50427 © 50,27 C,0,8" 55052
0.0 0.23 4.57 1.13 3.13,
2.5 0.41 . 4.67 1.15 2.83
5.8 ° '0.48 4.62 1.15 3.72
7.5 0.21 4.59 1.17 4.75
10.0 0.21 ' 4.53 1,22 a.71
12.5 0.26 4.76 1.37 5.13
\ 16.5 ° 0.30 4.67 1.45 4,97
. 22.5 0.30 .  4.57 1.55 4.71 -
\ 29.0 0.35 4.61 1.77 - 4.51
O 33.0 0.35 4.31 1.82 4.51
' 38.0 ) 0.39 4.61 .- 2.04 4.54
- 45.5 0.43 4.72 2.20 4.26
53.0 ° L 0.44 4.86 2.39 4.18
‘ 62.0 -® ©0.43 5.13 1.74 3.44
73.0 0.39 5.73 , 1.93 2.90
. 81.0 0.39 6.17 1.97 2.45
* All ionic species concq&tratiéns in grams per liter (gpl)
1. With NaOH addition .7
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APPENDIX 2 : IC COMMISSIONING RESULTS
" Table I : IC Commissioning I

\
Species +  Other # % eiapsed
Species | ) runs change | time
Present, i (hrs.")
_—sulfite _ 44 0.0
sulfate _ 38 1.3 0.0
thiosulfate _ 39 0.0
sulfite sulfate ' 7 - §.0 - 4.0
thiosulfate ‘
i thionates
sulfate thiosulfate 7 2.1 4.0
sulfite '
thionates
thiosulfate sulfate 7 0.9 4.0 .
sulfite ] "
thionates
sulfite ' thiosulfate 7 1™.7 24.0
‘ . sulfate ‘
sulfate' - thiosulfate 7 ‘ 3.0 24.0
sulfite
thiosulfate sulfite 7 - 2.9 24.0°°
sulfate B
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APPENDIX -2
Table II

: IC COMMISSIONING RESULTS

issioning II

Speciés Output Linear Integration
‘ " Range ‘ Concentration Method
(microsiemens) Range
(ppm) -
sulfite 30 0-35 peak height
10 0-7 peak~height
. sulfate 30 1 0-25 peak height
—10 0-7 peak height
# -
*thiodsulfate 30 0-50" peak area
o 10 , 0-7 g}e)ak area
v 3 0-3 peak area
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APPENDIX 2

IC COMMISSIONING RESULTS

Table II1 : IC Commissioning III
Species Typical Dilution Output
' Range - Factor. of _ Range
(gpl) Black Ligquor (microsiemens)
* Sample S
sulfate 4-6 1000x 10
thiosulfate 2-5 1000x 10
‘sulfite 0.15-0.30 1000x
$ulfate 6-10 2000x -
thiosulfate 0-2 2000x
sulfite 0-0.15 2000x
sulfate >10 5000x
thiosulfate <0.5 , 5000x
. sulfite 0 5000x
. t
* 4
- }
. - .
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APPENDIX 3 : ESTIMATION OF EXPERiMENTALMQRROR
Table IV : Experimental Uncertainty Estimates I

k]

ionic’ Method Number Average Standard
species Data relative Deviation

Points serror (gpl)

H
sulfite I1C .5 15 0.03P
(503%7)
sulfate. 1C 50 4 0.20P
(80427) T \
thiosulfate IC 32 3 0.15P
(8,0527)
‘trithionate, titration 19 4 0g 22P
(830¢27) ‘
oxalat IC 15 8 0,12
(C10427)
/ S
-carbonate IC 4 3 . ~ 0.48
. (€0427)
~ hydroxide- titration 6
*~"p" represents pooled standard deviation estimates . —
/
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" APPENDIX 3 : ESTIMATION OF EXPERIMENTAL ERROR
3 .
Table V : Experimental Uncertainty Estimates 11”*

<

ionic Method Average # Standard
species ) relative points Deviation
gerror
Total oven 2 6 0.2 (wt.$)
' solids drying
Total wet 2 6 0.11 (gpl)
sul fur combustion
Thermal bomb ‘3 6 0.39 (kJ/qg)
" value calorimetry
TOC Technicon 3 4 1.5 (gpl)
Autoanalyzer
Calcium Atomic 19 _ 4 4.7 (mg/1)
J Absorption
Sodium Atomic 3 9 . 1.8P (gpl)
Absorption )
pH pH 1 43 0.19P
meter )

.
“ ®

* "p" rep{gfents pooled standard Jeviation estimates
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APPENDIX 3 : ESTIMATION OF EXPERIMENTAL ERROR
Table VI : Computation Of Pooled Standard Deviation For
Sulfate Data From Replicate Runs. ___

Time run 5042" m-1 2}2 (m-l)/s\i2
(min.) (gpl)
1
-0 AB 4.17 3 0.0169 0.0506
ac * 3.89
AD 4.00 ‘
AE 4.14
1.1 AD 4.04 1 0.0125 . 0.00125
AE 3.99
» 1.5 AB 3.94 1 0.0002 0.0002
G AC 3.96 _
1 -~
2.1 . AE 4.09 1 0.0032 0.0032
AD 4.01
3.1 AB 4.22 2 0.005 0.0l
AD 4.08 ‘
AE 4.13 .
. ; T~
4.1 . AD 4.08 1 0.0512 0.0512
, AE 4.40 : ‘ , .
! ’ -
o - AB 4706 1 0.00045  0.00045
, AC . 4.09 ‘ :
: 224
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Table VI cont ‘d

225

- ¥ z
Time run 3042 m-1 /s\iz (m-1) s
. (min.) (gpl) '
10.2 AB 4.25 i 0.0221 0.0221
_ AD 4.04 -
15.1 AB 4.48 2 0.0687 0.1374
AD 4.33 .
AE 4.84
20.3 AD 5.19 3 0.0263 "0.079
AE 5.40 .
AC 5,41 -
AB 5.08
25.3 . AB 5.81 3 0.0908 0.2724
. AC 6.29 .
"AD . 5.79
AE 6.35
'30.2 AC 6.89 2 0.09 0.18
,AD 6.50 '
AE 7.09
35.3" AB .14 2 0.0072  0.0145
AC .27 : '
AD 7:11 .
;a
? w



Table VI cont’d
P . ) ;
/,/ - \ \. ’ !

Time run ’ 8042' m-1 /s\iz (m—l)é\‘l2 $
(min. ) (gpl) - -
' 40.2 AC 7.71 -2 0.027 - 0.0541
AD 7.40 '
AE 7.65 ‘Ci
. 45.3 " AB 7.55 3 0.00856  0.0257
'AC\ € 7'75
AD . 7.57
AE 7.58 '
50.0 AC . 7.87 - 1 0.0181 0.0181
o AD . 7.68 ot ‘ ’
- ’ \ F) RS
. 4 : )
, 60.2  AE 8,30 1 0:11 0.11
T - AC 7.83
81.0  aC - 7.72 2 " 0.0273 0.0546
O AD" 7.99 ‘ o
- AE ., 8.02 '
. ©100.1 AC .7.87 2 0.0597 0,1195
o \ AD 8.03 ,
‘ . ‘ ©aE 8.35 -7
o CL
S . 226 , :
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. «~ Table VI cont’d

o B — \
‘ ‘ v
h 5 v

Time run 8042' C m-1. /s\iz (m-1 )@i
(min.) (&pl) ‘
~
123, " AC 8.27 3 0.0765 0.0229
' AB 8.44 -
AD K\@;}a
&
_ AE 8. 45
10.5 N '5.78 1 0.0685 0.0685
P 5.41 :
15.2 N 6.94 1 ©0.0032 0.0032
' p 6.86 '
. 16.1 . s . 6.67 1 0.0392 0.0392
(‘_ ‘ "R 6 .39
" 20.1 s 7.73 ] 0.1058 0.1058
R 7.27 ,
20.8 N 8.16 1 0.0008 0.0008
P 8.20 .
’ -
, $
25.8 N 9.16 1 0.2178 0.2178
S a 8.50 .
40 S 9,15 1 0.0032 0.0032
R 9.23 |

o 227
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Table VI cont ‘d _

, B - . 2\
Time run 8042 m-1 " /s\iz (m—ll)siz)
(min.) - (gpl)
: »
D
50 N 9.65 1 0.1104 0.1104
P - 9.18 ’
Ve
60 S 9.66 ° 1 0.0288 0.0288
9.42
80 N - 9.61 2 0.0516 0.1033
s 9.16 .
‘ 9.44
110 N 9.68 1 0.0245 - 40.0245
, P 9.75
120 s " 9.63 1 0 . 0 i
'9.62 - -

1.9327

2(m-1)/s\f 1.9327

sp° = = = 0.0387
‘ g(m-l) 50 o
" . S

= 0.20 gpl

o thaf
ls that, Sp
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APPENDIX 4 : CALCULATION OF TRITHIONATE CONCENTRATION FROM
MERCURIC CHLORIDE TITRIMETRIC METHOD

Nomenclature:

Va : volume of acid (ml)

Vg : volume of base (1)

Np, Np normalities of acid, base (N)

Vg : equivalent base for thiosul fate reaction (ml)

VkI : equivalent base for for KI induced alkalinity

(ml) )

Voff : equivalent base for polytﬁionate reaction (ml)
- Vi : total base required for sum of all reactions

, (m1) "

bl : black liquor

In this case the experimentally measured parameters from
titrations are:

r

2.00 ml

Vp =
Vg = 23.50 ml = 0.02350 1 .
Ny = 0.00492 L T

N

Ng = .-0.00816 N

All other parametdzs are calculated values. f

To calculate the concentration of trithionate in the
. . 3 N

presence of thiosulfate and sulfate, copsider the

concentration data (gpld at 15 minutes in Table 50 for

sulfate, thiosulfate, and trithionate. ’

time (min.) 50,27 55,0327 53042 % diff.

L

15 5.00° 1.46° 3.53  ~0.8
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Recall that the stoichiometric equations for trithionate and
o ‘ thibsu’lﬁate_ from Section 3.5.2 are: ’

2530627 + 3HgCl, + 4H,0 = HgCl,"2HgS + 8H' + 4C1™ + 450,2~
..... .(21) ’ ' :

25,0327 + 3HgCl, + 2H,0—> HgCl, 2HgS + 4H' + 4C1™ + 250,2"
ceee . (22) |

1. Trithionate Stoichiometric Relation

’ To calculate the concentration of trithionate get from
.stoichiometry equation (21) ' e ’
1 550427 == 4pt
since 1 OH™ = 1V
then 1 5302 # 40H™
0 . since mol. wt. 53062'- = 192.2 |
' ’ sample size (black liquor) = 2.00 ml = 0.00200 1
therefore, 53062- = (VBN'B.X 0.25) x 192.2 g/mol x
t T 1/0.002 17 :
so that,

S30627 = (24025VgNy) gpl ' o)

2, similarly for tetrathionate get: - .
« .

54062~ = (28050VgNg) gpl- © (i)

3. Thiosulfate Correction

- - 15,042 = 2nt

\b‘} 1 82032- = 20H™.

!
v
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stnce mol. wt. S,03%7 =112.2
normality of base = Ng = 0.00816 N
sample volume size = 2.00 ml1 = 0.00200 1

" then the volume of base Lcorreasponding to a known
thiosulfate concentration in gpl for a 2 ml black

liguor aliquot is equal to:

g‘82032_ 1l mole , . l liter ‘
Vg = = x — X 2 X — 'x 0:002 1
liter (bl) 112.2 gS,05%" = 0.00816 mol
SO tha{t,
Vg = 0.00437 55,0327 (1) = 4.37 5,057 (m1)
- 2- I
Vg = 4.37 5,04 (ml) . (1ii1)
- . ‘

4. "KI Alkalinity—Correction

Proceeding directly to step 9 Section 3.5.4 the
“equation for equivalent alkalinity from KI is given by,

NaVa .
Vg = ——— (iv)
Ng
From iv get : _ | ‘ . »
(0.00492)(2.00)
VKI = = 1.‘21. ml',

(0.00816)
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5. Calculation of Total Equivalent NaH

The total base required is the sum of equivalent NaOH
from both titrations (step 10) so, _

Vp = Vg + Vg1 | (v)
s0 Vp = 23.50 + 1.21 = 24.71 ml

6. Calculation of Base Used in Thiosulfate Oxidation

From step 11, Section 3.5.4 and equation iii calculate
base used intthiosulfate reaction.

. Vg = (4.37)(1.46) = 6.38 nl

SO Vggr = 24.71 - 6.38°= 18.33 ml

7. Calculation of Trithionate Concentration

P

n
W
O
()]
N
t
]

(24025)(18.33 x 1073)(0.00816)
3.59 gpl . L

Correcting for water evaporation from the llquor durlng ’
an experiment (a factor of 0.982 in this case),

-

S30¢2” = 3.59.x 0.982 = 3.53 gpl

J. 8. Calculation of Tetrathionate Concentration

—-— " calculated as 84062 get from 11
54062 = (28050)(18.33 x 1073)(0.00816)
= 4,20 gpl
Correcting for water evaporation durlng an experiment,

54062‘ = 4.20 x0.982 = 4.12 gpl
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9. Equivalent Trithionate Sulfur as Sulfate

,To obtain equivalent.amount of sulfur as sulfate from
trithionate multiply . by appropriate molecular’ weight
ratios to first convert to sulfur and then to sulfate. -

Note: molecular weights:
32.1 for s°
96.1 for S0,4°~
192.2 for §30¢°"
112.2 for 5,032"

e tmm

o~

For illustration use step 7 result for trlthlonate
' , theréfore, 504%™ = 3.53 x 96.3/192,2 x 96.1/32.1
‘ = 3.53 x 1.5
5.29 gpl S04

1

2-

10. Equivalent Thiosulfate Sulfur as Sulfate'

A Calculate sulfate sulfur from thiosulfate in a similar

‘ way as done for trithionate in 9):
50427 = §,0327 x 64.2/112.2 x 96.1/32.1
\ 1.71 (5,05%7) (vi)
S0,%” = (1.71)(1.46) = 2.50 gpl = ¥
&
11. Sulfur Balance Calculation on Sulfate Basis '

To obtain sulfate in black 1liquor if all thionate and
thiosulfate had been converteéd to sulfate, add sulfate
from steps (9) and (10) respectively ° to sulfate
concentration from IC measurement. -
ciew (80,7 ) gop, = (50,770 pe * (50,2 )grep o + (5048 )gtep 10
. = 5.00 + 5.29 + 2.50 = 12.8-gpl

233
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13.

?

Calculation of Exbected Sulfur as Sulfate

Calculate the expected sulfate. aséumihg quantitative
thiosulfate conversion from its peak value. The
expected value can be, esti&ated by taking the maximum
thiosulfate value obtained in noncatalytic oxidation,
converting it to equivalent sulfur as sulfate, and
adding to initial sulfate concentration; That is, from

vi get:

2~ = 2= 2-
(504 )exp = (S04% Jinitial * 1-71(S2037 Ipay
) 4.00 + (1.71)(5.2) = 12.9 gpl

4

The value of: 5:3 gpl thiosulfate was obtained as the
average value peak for thiosulfate fréﬁ a series of
noncatalytic oxidation runs. Note that this maximum
thiosulfate Eogcéntration cannot be obtained from a
catalytic run because of the rapird  sequential
decomposdtion of thidsulfate to trithionate which masks

the true peak.
bl

Cal¢ulation of % Deviation with Balance

Calculate 8 difference with - the expected value if
polythionate species is presumed to be trithionate. . '

(12«08 - 12.9) 'ﬂ"fﬁ
% difference = x 100 1—0.8% .
12.9 ' "
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14. Sulfur Imbalance Based on T&trathionate
If the pélythionaté was tetrathionate then from steps 8
and 11 o )
(5042 )ggr, = 5-00 + (1.71)(4.12) + 2.50
= 14.5 gpl ,
(14.5 - 12.9)
% difference = - x 100 = 12.4%

12.9
From this calculation it appears that the . thionate
species. present is trithionate. «

F3
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TREATMENT OF EXPERIMENTAL DATA FOR
KINETIC RATE MODEL

APPENDIX 5: SULFATE

The ensuing procedure was used to formulate databases

from the replicate experiments.

1. For each liquor the thiosulfate (a), and sulfate (B)
concentration data from all replicate sets were
_statistically averaged at the various times they were
taken during an experiment;

2® Average sulfate and thiosulfate data points were
plotted vs. time and smooth curves were drawn;

3. Sulfate and thiosul fate concentrations  were
int‘erpolsated from the smoothed curvwves at predetermined
time intervals; “

4. Time and interpolated sulfate, thiosulfate ‘data were
tabulated; . ' -

5. From the smoothed sulfate curves rate data was obtained

' at regular- time intervals by numerical computet
differentiation to ensure maximum possible accuracy ;
6. Time (t), thiosulfate (A),’ sulfate (B), and sulfate
rate da‘i:a (.dB/dt) were tabulated and entered into the
. program;’ ‘

7. Whenever a new rate éxpression was tested, a program
line stipulating the new exXxpression was inserted into

_ the program replacing the old one; ‘ .

‘8. The program‘* was. run yielding the least squares
estimates of the rate constants, powers, and sum o_f
squares residuals; ., '

9. 1In ;1;__he case where the powers were set to 2 and 3, least
squ'ares estimates of rate constants ' were éiven for
these fixed values of the powers;

"10. Model rate data was Compared with experimental rate

data; if the fit was bad it was discarded;

e .- ’
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11. If the rate c_iai;a ‘'was a good approximation, to
experimental, predicted sulfate values were found by

- plotting model rate data {dB/dt) vs. t and numerically
integrating the area under the curve at the chosen time
intervals. Note that the area under the curve is ﬁen

by: '
T i
dB T . ‘ .
Area = | — dt = de = BIT) - B(T,) (vii) ¢
dt o
0]

)
12. These values, B(T) - B(TO), were added to the initial
sulfate present in the black liquor befére oxidation,
B(TO) to obtain B(T) so that the general expression is

7 .

denoted by: , ° T
: aB .
B(T) = B(Tg) + ) {—} dt (viii) .

. ‘ dt
o 0

13. After obtaining -all the model sulfate data, it was
plotted with the eﬂxperimgar‘rtal data and the goodness of

K]

fit was inspected visually; .

14, % difference between predicted and experimenta’l data
.was -also cJalculated ;and the model was considered
+satisfactory if thé prediction_ was consistently within
a 5% maximum error limitation.

°



API;ENDIX 5 : SULFATE KINETIC RATE MODEL

) o Table VII : patabase for Liquor C for Predicted Sulfate
~ - éoncentration from Integration ’
' time D’ (expt.) D (calc./interp.) 5042'
- ¢ (min. ) (gpl/min.) (gpl/min.) (gpl)
. 5

10 0.063 0.079 . 4.15

12 0.074 0.085 4.31

14 0.102 0.092 4.49

16 0.114 0.1 . 4.68

. ls ' 0.117 0.11 4.89

20 ©0.129 0.121 5.12

~ , 22 0.152 ‘| 0.134 5.38
s 24 ~ 0.165 - 0.148 5.66
0 T 26 0.162 0.16 5.97
28 0.15 ° 0.162 6.29

30 0.112 0.14 " 6.59

32 0.1 ’ 0.104 : 6..84

34 0.09 0.068_ 7.01

- : o 238




Table VIII; Liguor C Database For Sulfate Model *

o

time (min.) 50,2~ §504°%" D’
(gpl/min.)
10 ) 4.15 3.87 0,063
12 4.3 . 3.57 0.074
14 4.46 3.27 0.102
. 16 y  4.68 2.97 0.114
' 18 4.90 ©  2.67 0.117"
20 5.18 2.37 0.129
22 5.45 2.07 . 0.152
24 5.75 1.77 0.165
26 6.08 1.47 0.162.
28 6.42 1.17 0.15
30 '6.68 0.87 0.112
34 7.04 0.50 0.09
36 7.20 " 0.18 0.075
40 7.48 0.16 0.062
7.80 0

45

P
——

0.00

.00

2,
\

*All ionic
(gpl)

¢

species concentrations

1

‘239

are in grams per

liter
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