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" ABSTRACT 

TQe oxidation of sodium thiosulfate in weak kr~t 

black liquor (~btained fr~ a hardwood pulping mill) was 

investigated in an oxygen-sparged semibatch reactor which 

operated between 90 0 C and 1000C anq at one atmosphere total 

pressure. It was found that sodium trithionate (Na25306) is 

a qominant product ôf the oxidation.of thiosulfate in weak 

_kraft black liquors. For the first time closure of thè mass 

ba~ance on inorganic sulfur was demonstrated after black 

liguor oxi.dation, ba'sed on trithionate- a~s an interrnediate. 

_Trithionat~ (S3062-) accounts for 25%. - 35% of the total 

inorganic sulfur product- after 

thiosulfate.' The remainder (65% . 
quantitative conv~rsion of 

75%) is in sulfate forma 

An original analytical method for the chemical determination 

of trithionate in black liquor was developed. 

A nic~el aluminum alloy (50% nickel, 50% aluminum) 

was identified as having a catalytic effectron the oxidation 

of~thiosulfate. The rates of thiosulfate oxidation and 

trlthionate production increased with catalyst concentration 
, -

(1 - 10 grams per liter) and liquor turbulenc~_(800 - 4000 

rpm), 'but decreased with the concentrat,iQn of sodium 

hydrox~de (12 - 40 grams per liter). 

The therma.1. value of the black 1 iquor decreases by 

about 10% for the noncatalytic oxidation and 18% for 

~atalytic ~xidation with the nickel al~minum 'alloy. A 

fraction of 

form C02' 

the liquor organics is partially oxidized to 

sorne of which is reabsorbed to forrn sodium .. 
carbonate in the' alkaline bl~ck liquor. Oxidation .reactions 

.reduce the liquor pH from ~to about 9.7. 
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RESUME 

,. 

, L'oxydation de thiosulfate de so~~um dans la 'liqueur 

noire kraft faible (obtenue d'un moulin de p~te à papier de>-·, 

bois dur) fut examinée dans un ré'a~teur ~ sem!lot aspergé 
• 

d'oxygène qui fonctionnait entre 900 C et loooe, à pression 

totale de une atmosphère. On d~couvrit que le trithionate de 

sodium (Na2S3û6) est un' pr~dùit dominant dè 1 ;oxydation 

thiosulfate dans les liqueurs' noires kraft faibles. Pour 

de 

la - ' 

première fois la .... fermeture de la balance de masse sur le 

soufre inorganique, apr~s l'oxydation de la 

b~~ée sur le tri thionate comme inteÎ1n:diaire, 

Le trithionate (5 306
2-) compte pour 25%-

1 iqueur noire 
" , 

fut dem(>ntree. , 
35% du produit 

total de soufre inorganique apr~s conversion quantitative de 

thiosulfate. Le reste (65% - 75%,) est eri forme de sulfate. 
/ , 

On developpa une- methode analytique ,initiale pour la 

d~termination Chim'ique de trithionate dans la liqueur 'noire. 

Un a11ia,ge de nickel et d'aluminium (50% nickel, 50% , 
alumini!) fut identifie comme ayant une action catalytique 

sur . l' xydat~on thiosulfate. Les taux d'OXYdation, de 

th~osul ate et de production de tri thionate augmenterent 

avec la concentration de catalyseur (1 - 10 gramme,s par 

litrehet la turbulence de la liqueur (800 - 4000 rpm) mais , 
diminuerement avec la ,concentration d'hydrate dë' sodium (12 

~ - 40 grammes par litre). 

~( 
La valeur thermique de la liqueur noire diminue 

d 'e~viron 10% pour l'oxydation non catalytique et de 18% si 

on emploie l'alliage de nickel, et d'aluminium comme . 
ca..talyaeur. Une fraction des organiques de la liqueur est en 

. d~ t . "be~ partl.e oxy ee au CO2, un cer aln nombre est reabsor pour 

former du carbonate de sodium dans la 1 iqueur " noire , = 
alcaline. Les reactions d'oxydation réduisent le pH de la 

\ ' 

liqueur de 13 a 9.7. 
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1. LITERATURE REVIEW AND B~CKGROUND 

1.1 Introduction to the Kraft Recovery Process 

\ The kraft pulping 

. .1 pulping technology at the 

4r accounts for two-thirds 

process is the ~inant chemical 

pres~nt time. ~hemical pulping 

of the annual world wood pulp 
r 1 

productlon, and the kraft process represented 88% of the 

world chemical pulp productl0n ln l~83. The widespread use 

of thlS proè'ess is attributable to the facts that: 

i) the wood flbres are degraded much less ln kraft 

pu~ing than any other process; 

il) the technology can handle any type of wood; 

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

materials from thlS process. 

This last pOlnt, whiçh refers to the chemical/energy 

recovery cycle, is particularly lmportant given today's 

stringent environmental regulations for industrlal waste 

discharges. Al though" the problem of ,stream poIl utants has 

been minimized with efflclent chemical/energy recovery, 

production of large quantitles of sul fur gases from 

cycle remains a source of cdncern. 
\ 

the 

the 

The process of kraft pulping ~Or1~ists of COOK1Ag wood 

chips in.an alkaline 

typically made up of 

( l'miS), and sodium 

total 12.5 weight per 

chemicals are sodium 

solu'tion called "white liquor'!. This isir 

sodium ~ydroxide (NaOH), sodium sulflde 

çarbonate (Na2C03). These substances 

Sodium hydrosulflde is 

equation (1). 

cfint of the liquor. <The'active cooklng 

hydro~de and 'sodium hydrosulfide. 

formed in the white liquor through 
/ 
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These white liquor chemicals promote the c1eavage of bonds 

in the basic lignin structure within the woodchip, and 

renders the lignin extractable and soluble in the liquor. 

Thè woodchips are typically dissolved in, .. the white liquor 

for one to three hours'at a process temperature of l60oC. 

The cooking liquor promotes the hydrolysis of lignin' to 

alcohols and acids. Mercaptans are also' forrned as a 

by:-prod_uct. 

The spent cooking solution from'the digestè~; which 

contains about 50% of the raw wood substance, is common1y 

referred to as 'weak black liquor'. The total quanti ty of , 
aIl of the various dissolved substances ranges from between 

14% and 18% by weight. The exact percentage ~5 a function of 

wood species, type, and amount of chernicals used in 

digestion, and quantity of wash water u5ed. 

Black liquor- i5 a complex colloidal solution 

consisting of residual white 1 iquor chemfca,l components, 

li9nin, and other decomposition products from the wood. 

These are dissolved in the liquor during pulping. 

Approxirnately 60% of the liquor organics are present as 

l iqnin. The remainder i s mainl y in the f orm of, a w'i.de 

variety of carbohydrate derived acid forms. The black liquor 

also contains the cookiog chemicals NaOH and NaHS. Sodium 

._hydrosulfide (NaHS) is partially transformed into organic 

forms inc1uding thiolignin and mercaptans in the cornplex 

digestion 

account for 

liquor. 

reactions. These 
1 

up to 30% of 

organic 

the total 

sulfurous 

sul fur in 

fo~s .. may, 

-the black 

The weak black liquor from the digesters is pumped- to 

an oxidation unit via a blow tank. There the liquor is 

contacted with 'air (Fig. l, ~ppendix 1). Sodium hydrosulfide 

2 

" 

. , 
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is oxidize~ to sodium thiosul fa~e; mero-aptans and organlc 

. sulfides are oxidized to",dimethyl d~sulilde. The purpose of 

oxidation is 0 to reduce the sulfur gas emiss~on in the 

subsequent evapora tion stage. Weak black llgu~r ( 14 %-1 7 % 

solids) from the oxida t~on unit is concen trated. to : s trong 

liquor' in a series of mu 1 t±ple effect evaporators. The 

strong ~iquor (45% - 50% sol~ds) is further concentrated to 

about 65% to 70% solids in the Dlrect Contact Evaporator 

(DCE). It is subsequently sprayed Into a specia11y designed 

boiler known as a recovery furnace.' In this react\r the 

organics· are burned ta recover thel.r energy val ue\ The 

Inorganl.cs {sodium carbonate and sodium sulfide), f orm a 

l iquid sme 1 t in the char bed. Su l fur oxyanionSi Inc l uding 

thiosulfate cé4nd sulfate, are reduced in -the char b~d. The 

bed is cont~nuous1y formed from pyrolysed liquor organ~cs, ln 

the 10wer furnace area. 

The smelt is continuouply withdrawn from the bOlIer. 

It flows from there into the d.lssolvlng tanks from which the 

"green -liquor" is formed. The green ll.quor from 'the 

disso1 ver i s trea ted wi th burned lime to convert ~odlum 

carbonate to SOdl um hydroxide (equa tIon 3) , 
"l 

CaO + H20 ~ Ca (OH)2 

Na2C03 + Ca ( OH) 2 ~ CaC03 + 2NaOH 

and thus . regenerate the white 1 iquor consti tuents •. The . 
precipitated CdC03 is removed by filtration and is sen~ to a 

lime ki,ln to be calcined to CaO (equation 4). 

CaCO) + heat --t CaO + C'02- ( 4 ) 

3 

J 
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1.2 Bl ack Liquor Oxida tion Theory & Practice 

Since 'the early pioneering work of Bérgstrom and 

Trobeck (1939~, black liquor oxidati~n (BLOX) ~as beco~e an 

,integral part of the kraft chemical/energy recovery. éy.cle. 

B~OX is ,Gurrently used to oxidize sodium sulfiqe to sodium 

thiosulfate. Thi s practice prevents volatil ization of tne 

sulfur as HioS (equations 5, 6) in the Direct, Contact 

. Evapora tor • 

Na2S + C02 + H20 --+ Na2C03 + H2S 

Na25 + SO~. + HiO --+ Na2S0) + His 

\ -

( 5 ) 

( 6) ) 

Th,e '-hot flue gases froIl1 the recovery fur~ape cont~in 

sulfur dioxide (5°2 ) and carbqn dioxide (C02 ). These are 

used to ' conc$trate the liquor to 65% solid'SO- Oxidation 

increases the va lency of inorganic sul f ur frGm -2 (5 2-) to 

+2 (~2032-) ther~by preventing these rea~tions. If inorganic 

sulfur is present as thiosulfate, rather than sulfide, TRS 

ernissions can be reduced ,from 800 ppfn to less than 15 ppm in 

the DCE according to Clark (1976). 

, , 

--- ' ,In the pulp and pap.er '1 i terature, the oxida tion of 
• r. • 

sodium sulfide usually infers oxidation to sodium 

thiosulfate. However, oxidation of sodiWn thios,ulfate to 

sqdi~m sulfate under the conventionai BLOX conditions, has 

never been discussed in the literature. That is the' subject 

of the present research endeavour. 

The terms ILstabilization" . or "fi"lcat.ion" are' often 

used interchangeably wi th black liquor oxidation because the 

black liguor is not combusted, as the term "o~idation" can 

imply. Rather, oxidation in this sense- re-fers to a low 

tempe rature aqueou'S phase reaction which transforms' sulfide 
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into a variety of less volatile sulfur oxyanion forms. Most 
4 

of this is in the form of thiosulfate. The . organic 

constituents of black liquor are a:1so affectêd by the 

oxidation reactions. However, they are never cpmpletel y 
, 

oxidized in conunercial BLOX even under the most strenuous ·of 

p~ocess conditions. Typical pracess conditions utilized in 

industri.al BLOX inc1 ude temperatures ranging from sooe to , 
lOOoC; and a total air pressure of one àtmosphere. 

A frequently encountered terrn in the U terature is 

"oxidation efficiency". This refers to the per cent 

conversion of sulfid~ in the liquor. rt i5 defined by 

equation ( 7) . 

% efficiency = ( 7 ) 

mass Na 25 f eed 

Cooper (197 3) notes thqt oxidation ef f ;iciency i5 a function 

of both chemical and physical parameter5. Chemical 

parameters'"inc1ude oxygen ratio, liquor temperature, liquor . 
pH '-t and wood species. Wood speçies is particularly important 

,,'" 
becàuse the quinonè structures in the l iquor which are 

derived "from the wood, have been found to be effective 

catalysts for - the sulfide oxidation. Physical parameters 

known tè affect oxidation effi,ciencies a,re 1iquor Reynolds 

number and liquo~ saUds content. In general, the BLOX 

efficiency is proportional to increases in, the pH, axyg'en 

ratiÇ> (actual' O2 supplled for BLOX ,divided by stoichiometric 

,°2 ), ,oxygen partial pressure, and liqu,or Reynolds number. 
, \ 

, . 

The pH of l:?lack.1iquor is a critical parameter in 

'BLOX. It i5 a function of the chemicals added to, the 

digesters, sulfi4i.ly content of cooking liquor, -and the' 

5 

--
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nature of wood extractives. The pH of weak black liguor is 
\ typl.cally in ,the range of 

lowers the liqüor pH fram 

Il to 13. Conventional oxidation 

between 0.1' and 0.3 because of 

acids generated from 

reactions. 

organic and inorganic oxidation 

Tsuchiya ~~ ~anson (1972) ,studied tl1e effec::ts of 

liguor pH and OXida~.on efficiency on TRS emissions from thé 
recovery cycle. They found that TRS emissions throughout the 

entire recovery cycle decrease with increases of oxidation 
G • 

efficiency and ligUOr~ pH (Figs. II &'111, Appendix 1). , ~ 

Morgan et al. (1970) e plain the role of oxidation by noting . 

that the conceritration of sulfide is reduced to essentially 

zero. This causes the equilibrium vapor pressure of the 

hydrogen sulf ide 6'above the liquor to also approach zero 'as 

indicated by equation (8). 

(8 ) 

Liquor alkalinity or pH is a major factor in determining the 

ul ti~te TRS, emissio~ from the cycle. 'This is unoerstood by 

consider;ng, the full reaction stoichiometry of'eguation (8) 

which is gi ven by Ueno" ( 1976) in equation (9). 

( 9 ) 

Clearly, ,a decrease of liguor pH causes the equilibrium of . , 

eguation (9) tO,shift te the left. This causes an increase 

in the amount of hydrogen s~lfide liberated from ,aqueous 
solution. 

BLOX ia an exothermic reaction that resùl ts in a 

decrease oi the heating,value of the liguor. Liquor heàting 
, . 

value, or ther~l value, refers to the amount of heat energy 

... 

6 
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-which is dissipated when the liquor 0t:ganics are combusted. 

BLOX decreases the heating value of the black liquor throuqh 

the partial oxidation of the lig~aceous o~ganic compou~d~: 

--1J'hermal val/ue is also lost in the oxidation of inorganic 

sulfùr constituents. Grac~ (1977) states that this is 5.39 

. kJ/(g Na2S) when' the sulfide is oxidized to thiosulfate, and 

12.9 kJ/(g Na2S) __ if the sulfide is further oiidized to 

sulfate. 

1.3 Advantages & Disadvantages of BLOX 

Sorne of the advantages that black liquor oxidation 

offers a ,pulp -and paper mi11 w~re summarized by Collins 

(1950) and are listed below. 

il Increased liquor sulfidity after BLOX because more f 

sulfur is retained in the recovery cycle~ Tomlinson 

and Fergus,on (1956), noted a 15% to 20% increase after 

installing BLOX at Domtar Fine Papers in Cornwall i 

iU 

iii) 

iv) 

Reduction in the amount of lime required in 

- causticizer because of the higher suIf idit'y of 

liquor i 

Partial" elimination of odor from the evaporators, 

and recovery furnace including a 90 % reduction of 

in evapora tors ~ 

the 

the 

I?CE, 

TRS 

Permi ts a decrease of 

attainable sulfidity 

saI tcake makeup if the 

obtained with BLOX 

maximum 

is not 

desired; 

v) Reduced corrosion in the evaporators and scrubbers. 

-7 

0& 

-. 
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Some of the disadvantages of BLOX have been 

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

i) Elemental sulfur or polysulfide ions may be formed due 

to incomplete oxidation defeating the origina 1 purpose 

of BLOX~ , • 
ii) Loss of 1 iquor heating val ue and loss of process heat 

from heating of oxidation air; 

ii1) F~aming and soap produotion problems associated with 

BLOX of réSinous wood speties. 

Another underlying, drawback of 

Sarkan'en et al. tai 1 ed to mention, is 

bxidation which 

the problem of 

"burkeite scaling,". Burkeite 

. sodium carbonate and sodium 
J 

species being pulped and 

burkei te ..precipi tates from 

solids content. 

is a double saI t composed of 

sulfate. Depending on the wood 

white liquor chernical charge, 

the black liquor a~ 40% ,to 50% 

1.4 The Impact of BLOX on the Chemical Recovery Cycl e 

Thoen et al. (1968) have . found that BLOX does not 

reduce sulfur gas emissions in the recovery Qoiler. Landry ... 
(1963) has stated that thiosulfate, under the conditions 

found in the boil er, ,decomposes to sul fur dioxide and not­

hydrogen suIf ide • This i5 shown in equation (10). 

2Na2S203 + CO --f' 2Na2S + 2802 + CO2 • 
" (10) 

IThis results in a smaller volatile emission of H2 8 but a 

proportiqnally larger liberation of SO~. 
, , -

• 8 

.. . -
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Collins (1962) and Menzies (1968) stated that the 

sequenti!11 oxidation of thiosulfate# to-sulfate is necessary 

to bring about a high percentage retention of sulfur i.n the 

dried 1 i~uor when, i t is sme1 t~d. More recentl.y, Strohbeen 

and.Grace (1982) investigated the effect of oxidation of 

sulfur compounds on sul·fur,. emission. This was done in a 
• pyrolysis study wi 1;.h black 1 iquor model 

glucOJ'late and vanillic acid "(Fig- IV, 

compounds sodium 

Appendix 1). The 

-pertinent resu1ts were that: 
\ . 

i) between 85% to 100% sulfur • vola til ized Ns 2 S; as 

ii) betweeR 20% to 45% sulfur volatilized as NA2S203; 

iii) between 0% to 10% sulfur volatilizerl as Na2S03; 

iv) between 0% to 4 % sul f.ur volatilized as Na2S04 • 

These results indicate that the volatilization of inorganic 

sulfur decreases wi th an increase of sulfur valence. Hence, 

a minimal sulfur loss is associated with the highest sulfur 

va'lency state - sulfate. The stability of inorganic sulfur 

as sulfate' in the re'coyery boiler can be attributed to 

equation (!l). In this reaction the inorganic sulfur is not 

.v.o lati 1 i zed. 

N~2S04 + 2C~---t Na2S '+ '2C02 (11 ) 
, 

Hence, if aIl the inorganic sulfur could be quantitatively 

oxidized to the sulfate form, sulfur gas emissions could be 
- ' 

reduced in the recovery boiler. .. 

" 

.) 

, , 
.. , 
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1.,5 Kinetics of Su1fide Oxidation in Black -Liquor 

Murray (1971) has shown that there are two processes 

which influence the rate of oxidation of black 1 iquor.· These 

aré: 

l , 

i) -rate at which 02' is absorbed into solution; 

ii) rate at which sulfide and oXYgen react chemical1y in 

solution. 

Shaw and Christie (1984) h-ave stated that when the 

concentration of su1fide i8 hi9h (above 2 9Pl), the kinetics 

of oxidation are pseudo-zero ~rder. ~ Below 2 gpl S2-, the 

kine'tics are pseucio-f irst order in' the sul fide 

çoncentration. The terrn "pseudo order" indicates that the 

concentration of oXYgen does not enter into the kinetic rate 

equation. Murray and Mor9an (,1971') found that the oxi~ation 

rate of sulfide in kraft bl,ack liquors is adequately , 
represented by equation (12). 

- d(S~- ) Kroks P ( °2 ) (52-) ". 

• (12) 

dt k (5;2-) 
s + KmH 

where: '52- i5 sulfi'de concentration 
" Km' is mass transfer constant 

ks is ~inetic rate constant 

P( °2 ) is oxygen parti,al pressure 

ft is Henry's Law constant of 02 in ,-
black liquor.-

10 

." 



o 

o -

o 

When the concentration of su1fide is high (above 2 gp1), 

equation (12) can be 5impli~ied as equati~n (13). 

= . (13) 

dt 

For low sulfide concentrations RmH > > ks ('S2-.) , 50 that 
equation (14 ) is applic:;able. 

-d(S2- ) ks P (°2 ) (S2-) 

= (14 ) 

dt .H 

Murray and Prakash (1989) have -found that tbe rates 

of sulflde oxidation . in black liquor are much higher than 

those foU'nd in pure sait solutions of sodiu'm sulfide. They 
-

·concluded that the best catalyst for the oxidation of 

aqueous SU1

s4
S is b~aCk liquor. 

Lind erg and Nordstrom (1959) found that if is ,the 

phenolic comp unds in the black 1iquor which catalyze the 

oxidation of 'su1fides. They 6bserved.~hat phenols such as 
" 

catechol and pyrogallol, càtalyze the uptake of oXYgen by 
. 

a1kaline solutions to yie1d thiosulfate. 

Cooper (1974) rnentio~ed that the cata1ytic effect 

exhibited by black liquor is a very strong functioR of wood 

species employed, and that this catalys~s is greater for 

hardwoods th~n for softwoods. This is due to the increased 

·aromatic. ring structures of hardwoods.' The catalytic effect 
- " 

tnèreases with tempera~ure and pH. Hermans (1984) exp1ained 

the pH behavior by notinq that. the quinone structures, which 
1 

'. 
Il 
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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' 7loC 

result in the partial formation of elementa1 su1fur. The 

f~rmation of free sul fur in-the liquor a~ the predominant 
oxidation product of su1fide is undesirab1e because it 
subse-quently degenerates' back to the suTfraé forrn (equation 
15). This is known as the reversion reaction and is·given by 
equa tion (15). 

. (15) 

.' 

Reversion can be prevented if the process t~perature of the 
liquor is maintained above 90°C. In a survey of ten mill~ 

aéross North America, Christ'ie ( 19,72) I)oted thàt increas~s 

of the - su1fide concentration from /reversion reactions 

tota11ed between ·2%.and 4% afte~ weak liquor oxidation. 
/ ' 

Morgan et al. (197~) postulated a reaction pathway 
, 

for the réaction pathway of the inorganic sulfur oxidation. 
in black liguor. 

l~-- + 702 + 14H20 ~ 2s8
2- + 280lC 

288
2 - + '2H20, + 02 .... 288 + 40H-

2S8
2-} 902 + 120H-'" 882°32 - + 6H20 

~82032. + 502 --. 4804
2-

. ( 16) 

( 17) 

(18) 

According to this reac~ion scheme the sulfide is initially 
oxidized to polysulfide (S82-} through equation· (16). 

Polysulfide oxidation reactions can proceed throu9~ 

equations (17) or (181 to produce free_: su1fur or thiosu1fate 

respeotively. Reversion ooeurs as a result of 'polysulfide 

. . 



o 

o 

,,~': 

'. 

-

reacting through equation (17). Thiosulfate can be further 

oxidized to sulfate through equation (19). 

1.6 ~ndustr~al Practice' 

Black liquor oxidation tec,hnology 

classif ied into three different 1 eras. 'l'he 

. 
can be roughly 

first of t.hese 

(1940-1965), was one in which the oxidation of weak liquors_ . - . 
was practis~d with a variety of plate and packed-type to~ers 

(Fig. V, Append~x 1). The first generation oxidation 

t~chnolo~y featurrd high air flow rates and short contact 

t~mes. Implementation of oxidation·equipment in the r~covery_ 

c:(cle was primarily aimed at easing the growing public 

outcry over the. fouI smells surrounding kraft pulp and paper 

mills. 

, v 

The . dis.,tinguishing feature of - t,he second era 

(1965-1975) was the ,concept of strong black liquor 

oxidation. Strong black liquor (45%- 55% solids) was 
- , 

D~idized to reduce the, foaming problems .01 weak liquors. 

Weak 1 iquor oxidation was not 'practical, parti cu larly in thè 
\ . 

south, due to 'the need of large reactor vessels to handle 

the large quantities of foam. 

Foams are caused by fatty acid saI ts or surfactants 

'present in the liquor. When air i8' bubbled through, i t . 
be~omes entrapped in the liquor and results in a frothy foam -

formation. The hï.gher $urfa~e tension and v~scositi~s of 

strong liqu~s prevents such' excessive fOAm formation. 

Hpwever, the liquor 6rganics are more severely oxidized and 

degraded in this process. 

.... , 
-
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The' daninant technoloqy 'pf the second era was the , 
air-sparged back-"'1f(j.xed tank reactors (Fig. V). This design 

featured the oxidation of sodium sulfide 

from near the bottom of the vessel throügh 

by spargin9 

a high head 

air 

of 

liquor (2.5 4 meters). Reactor heights were 

designed '2 to 3 times the depth of the liguor 

usuaIly 

he'ad to 

compensate for 

superf icia1 gas 

employed, wi th 

hours. 

the expansion of the 1 iguor a t the 

velocity. Usually 2-stage designs 

an averag~ 1 iquQr residence time of 

high 

were 

2-3 

A number of innovative oxidation schemes caIl)e of age 

in the third era (~757 present). The most prominrnt of 

" these is the the combined weak and strong BLOX strate9Y. In 

: \ this prQcess weak liquor oxidation is used to prevent TRS 

ernissions in the mul tiple effect evaporator. Strong 

_~ oxidation is practised to oxidize ,any remaining sulfide 

present fx:om incomplete weak 1 iquor oxidation and 'reversion 

reactions. In this process a 100% oxidation efficiency of 

sulfide is achieved before the liquo~ is fed to the Direct 

Contact Evaporator. 

The dominant technC?logies.Qf ~he present-day era are 

the air-sparged tank reactors and pl ug-flow pipeline 

reactors. Some of~ the p1ug-f1ow reactors (PFRs) now employ 

the .Tot~l Heat Recovery Concept (THR). In THR, a PFR is 

found ahead of the first effect of the multiple effect 

evaporator. Zecchini (1986) has found that· this location 

max!mizes the heat recovery from the exotherrnic BLOX 

reactions. THR c"n recover nearly 100% of the heat of 

oxidation • 

14 
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2. OBJECTIVES, SCGPEt, AND RATION!LE FOR CURRENT RESEARCH 
1 

2.1 Objectives 

1. To carry out a prel iminary screening to determine a 

suitable catalyst for the oX1dat10n of the inorganic 

sulfur fraction of kraft black liquor wlth molecular 

oxygen gas (90oe - lOOoe, 1 atm. °2 ); 

2. To s tudy the ef fects of 1 iquor, resldence tlme a , rpm, 

and catalyst concentration on the rate of thiosulfate 

oxidation, and' sulfate yleld; 

~ 

3. To investigate the effect of incremental caustic soda 

4 • 

addition (NaOH) on the thiosulfate oxidation rate, 

sulfate y1eld, and post-oxidation liquor pH; 

To measure the extent of 

correlating wlth the thermal 

organic carbon; 

organic oxidat10n by 

value and wlth the total 

5. To determine klnetlc rate models for thio$ulfate and 

sulfate in weak kraft black liquors for noncatalyt1c 

oxidation (940 +j- 2oe, 1 atm. 02); l 

6. To evaluate the feasibility of conver.,aion of 

thiosulfate in kraft black ~iquors with the current 

indus tria 1 practice. 

~, 
a. Wi thi'n the <1"0ntext of thi s thesfs thè term fi res"idencf:: 

time Il is used to denote the ~eaction' time of the bul k black 
, . / ' 

liquor, and in specifie references, to the reaetion time of 

- chemical constituents in the black liquor. 

15 - -
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~2.2 Scope: 

At the present time there is no fundamental study on 
'1 

the oxidation of sodium thiosulfate in kraft liquorsi aIl 

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. 

Thiosulfate oxidation, as it pert?ins to kraft black 

liquors, is an important aspect of the overall inorganic 

sulfur reaction path~ay.~ sizable fraction of the sulfide 

is further oxidized to sulfate through the thiosulfate' 

intermediate in conventional oxidation process strategies, 

particularly in weak liquor oxidation. Consequently, the 

intent of the present research endeavour is to investigate 

the oxidation of sodlum thiosulfate in weak kraft ~black . 
liquors '(15% - 17% solids). Furthermore, it is necessary to 

examine the feasibil i ty of quanti tative thiosulfate 

conversion with the current 'industrial practice. 

chosen 

The exper imenta l 

to simulate the 

process conditions employed were 

current industrial practice as 
o 

closely as possible. AlI experiments were conducted in an 

agitated bottom-sparged .semibatch reactor at temperatures 

between 90 0 e and lOOoe, and a total 02 pressure of one 

atmesphere. This approach was taken 50 that a qualitative 

assessment of the commercial viability of thiosulfate' 

oxidàtion could be established. 

\ 
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The experimental progr~ consisted of sevèn major, 

parts. Tl}ese were: 

il Construction and commissioning of the apparatus ~ 

required for the experimental program; 

ii) Screening experfménts to identify ~suitable catalyst 

for the oxidation of sodium thiosulfate in weak kraft 

black 1 iquors; 

iii) Experiments to elucidate the roles of residence time, 

rpm, 02 flowrate, catalyst concentration, and 

characteristics of the liquor on the yield of sulfate. 

and the rate of oxidat~on of thiosulfate: 

iv l Development of a method for the chemical detection of 

trithionate in oxidized kraft black liquorsi 

vl USe of the method descr1bed in iv to close the overall 

inorganic sulf,ur mass balance for both noncatalytic 

and catal y tic oxidation; 

vi) Investigation of the effects of NaOH addi tion and 

~esidence tirne on, the pH of the Iiquor and the rate -of 

oxidation of thiosulfa te,; 

vii) Experirnents to quantify the extent of organic 

oxidation after thiosulfate conversion. 

Both nonca talyti c and catal y tic oxida tion of 

thiosulfate have been addressed in the present study. The 

subjects of ca ta.lys t ,dE!fcti vation, regeneration, and 

recoverability were considered to be beyond the scope of the 

present work, however. 

17 
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2.3 Rationale For Current Research 

-.{ 

,Weak black 1 iquor oxidation in the kraft pulp and 

paper industry is presently practised to control sulfur gas 

emissions. This is done by s~abilizing-sodium sulfide in the 

less volatile form of sodium thiosulfate. 'This practice 

prevents sulfur emission fram the multiple effect and direct 

conta~ evaporat~rs. Sulfùr losses in the follow-~ 

pyrolysis and gasification operations in the r~covery boiler . - - ...- . . 
are not significantls affected, however. A process .strategy 

which could increase the present sulfur 

: recovery boi l er , and hence reduce .. 

recovery from the 

~akeup saltcake 

requirements, 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 Recovery 

Concept for the gasification .of kraft black liquor lies in 

the degree of volatile sulfur compounds produced during 

pyrolysis. Strohbeen and Grace (1981) studied the pyrolysis 

of black liquor model compounds at temperatures similar to 
- . 

tpe recovery boiler operation. Tpey sho~ed th~t if aIl the 

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

the total sulfur is volatilized. Hence, gases associated 

with pyrolysis and gasification in the fluid bed could be 

minimized {f most of the inorganic sulfide could be oxidized' 
. , -

to the sulfate forme This basic principle is the motivation 
~._-- '---behind the present work. 

1 -
The oxidation 'of inorganic sulfur is studied in weak 

b~ack liquor (f5% - 17% solids)'throughout the course of 
- -

thi$ study. The rationale for this is based on Cooper's 

f~~ding (1973) that the sulfate yield is rnaximized in weak 

black liquors above SOoC. Production'of 1sodium sulfate in 

thick liquors (45% 50%) is not practical bec~use of 

'c • 
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competing or9a~ic oxidation side reactions. Hermans 

demonstrated that "high intensity oxidat~on" of 

liquors results in POOt rheological properties. The 
l ' 

become so viscous that they do, not flow without 

addition. 

( 19e-41 

strong 

liquors 

alka1i 

The most common objection to t.he product,ion of 

sulfate f+,om oxidizinE weak, 1iquors ois with the problem. of 

eyaporator scallng (from the ~odium sa1ts of carbonate and 

sulfate). In a comprehensive-,t~dy by the Institute of Paper 
1 • 1 u 

Chemistry ( 1977), i t was dèmonstrated that ,both sodium 

carbonate (Na2C03) ana .s~dium sulfate (Na2504) precipitate 

on the", evaporator heat transfer' surfaces' when their . bulk 

solubilities are exceeded at approxirnately 45% liquor 

solids. The double salt "burkeite", has a molar makeup whic~ 

is typically 2Na2S04'Na2C03' It has been found to have a 

greater scaling tendency t~an either of the salts in the 

absence of the other. This soluble seale formation decreases 

the evaporator heat t,ransfer capacity. Moreover, it forms a 

tough 'surface on 'which additional suspended liquor solids 

are readily depositea. 
~ 

A'lmond Jr. and Hedrick (1985) have ~cent1y' deve10ped 

a new technology which makes the sodium saI ts of 's'ulfate and 

carbonate crystal-l ize in the bulk black l iquor, rather than 

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

~roperly designed falling film typer evaporator system carr--produce a liquor solids concentration above 80% without 

'appreci,able sodium salt fouling. T~is technology hais been 
-

implernented in two commercial installations with favorable 
1 • 

resul ts._ It has clearly diminished the importance of the-

sodium salt precipit~tion problem on heat transfer surfaces. 

19 
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~cMirlan . Bl<>edel Research (1977) has found that 

there is no linkage between high ef~iciency BLOX and scaling 

and/or plug9in4 tendencies in the Di~ect Contact Evaporator 

(DCE). They observed that of the mills employing high 

efficienpy oxidation of black liquor, about haif r€ported an 

inc~ease in the rate of plugging in their DCE, but. half did 

not experfence any such ef'fect. 'Moreover, sorne degree Qf 

precipitation of black liquor solids in direct contact 

evaporators was reported both by mills. pr~ising BLOX, and 
\ 

by mills not practising- BLOX. 

The loss of black liquor thermal value with oxidation 

is not quite as critlcal 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 used for the drying of the 

weak liquor, a pubstantial saving in the evaporator steam 

reguirements is realized. 

Grace (1982) has noted that a loss of liquor thermal 

,value upstream from the rec~oiler can so~etimes be a 

beneficial characteristic of black liquor oxidation., When a 

boiler is "overloaded" for instance the mi11 is' ~~evented 

from practi~ing incremental pulp production. This is because 
, \ 

the black liquor throughput exceeds the dèsign capacity 

which causes an increased heat release from the exothermic 

. pyrçl'ysis reactions. Under these côndi tions the temperature 

in the upper oxidizing zone increases from the combustion 

re~ctions oI liguor organics. This results in a 1055 of 

sodium through volatilization. If the thermal value of the . .,.' 
liguor is decreased by intense black liguor oxidation 

upstream of the recovery boil er , the hea t rel ease a t the . , 
bpj,ler is lower ~r uni t mass ~of black liquor solids 

supplied. This means', that the liquor throughput can be 

\ 
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increased ,. proportionally wi thout incurrj.ng addi tiona l sodium 
loss~s. The inoremental boiler throughput capacity permits 
an inc~ease in the overall production rate. 

In summary, strong oxidation of weak black liquor 

yie~ding sulfate, as t~e only end'prod~t of inorganic sulfur 
oxidation is justifiable o.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 

\ ' 

concept: , 
iii )- increased boiler throughput capability, resul ting in 

incrementa 1 pulping capacity for a 'mill. 

" 

, 

-\ 
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3. EXPERIMENTAL 

3.1 Design of Reactor System 

~ . 
One of the goals of thi,s research program was to 

huild an experimental setup dynamically similar wjth the 
\ 

current indust!ial pràc~ice. The résults generated from this 

study ~ould then be expected to provide sorne insight into 

the nature o~-the oxidation reactions which take place i~ a 

commetcial oxidation plant. With this objective in mind, 

~xidation experiments were carried out in a bottom-sparged 
" 

aqitated semi-batch re~ctor using molecular oxygen gas as 

the oxidant (Fig.l ) . The sparging design is, the most 

widespread form of oxidation technology curréntly employed 

by the industry. 

oxidizing 

Pure oxygen, rather 

medium ~o reduce 

than air, was us~d as the 

the diffûsional limitations . 
associated with t.he 'oxygen mass transfer. 'In addition, the 

use of 02 minimizes the stable foam formation which ~s 

produced when inert nitrogen gas is bubbled through weak 

black 1 iquor. 

In aIl experiments the process' temperature of the 

liguor was maint~ined between 9doc and 'lOOoe and tlle total 

pressure at one ~tmosphere. Condensed water was not refluxed 

back to the reactor. These conditions were adopted primarily 

to match the current indu~trial trends. Tp~ temperature 

~ange that could be used was quite limited because of the 

strong tendency'of sulfide reversion below gOoe. A 
" . 

fraction of the sulfide 9xidation product below 

sizable 

900 e is 

·elemental sulfur' and 

100°C are net suitablé 

not thiosulfate. Temperatures 

bec~use the liquor approac~es 

above 

its 
'. 
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~tmospheric boiling point. This results in a high rate of· 

evaporation from the liquor during an expe~iment. 

3.2 Equipment 

, 
A process flowsheet of the' experi.mental apparatus is 

.given in Fig.l~ The reactor system configuration consists of 

the reaction vessel for black liquor 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 %02 in the reactor off-gas 

continuously by an 02 analyzer. The relative oxidation 

extent of inorganic sulfur species was measured via the 

Papric~n BLOX sensor. The oxygen analyzer (Taylor Servomex 

model OA 272), used th~ paramagnetic ~rinciple of detection 

for the continuQUs measurement of oxygen in the reactor 

off-gas. High precision readings of the '%02 w~re obtained by 

c~nnecting electrical leads from the analyz~r to a 

digital-readout multim~ter. 

!he reactor used for aIl experiments was an Autoclave 

Engineers I~c., one U.S. gallon bolted-closure v~ssel, 

equipped with a variable-speed motor-driv~n impeller. A . , 

tachometer was used to prepare a calibration chart for the 

agitator rpm. This was consulted for setting agitation 

levels in aIl ensuing oxidati.on experiments. The temperature 

of the liquor was measured by a TYPE-K thermocouple inserted 

into a thermowell, which extended into the body_ of the 

reaotor. 

The . vessel was electrically heated by ~ 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 

23 
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multi-channel temperature indicator. Valves for --the \ 

sparging, vent, and'sampling lines werce on the body of the , , 

reactor. 

; 
The autpclave's internaIs featured a cooling coil, 

# gas sparging line, gas vent line, sample withdrawing tube, 

motor-dri ven impeller., and a thermocouple well. The sparger 
• was located below,the impeller ~o provide good dispersion of 

oxygen into the liqpor. ~ second foam-breaking impeller 

(Fig. 2) was secured near the top of the sha ft., The BriJish 

Disintegrator type design of this impeller caused a rapid 

foam breakdown by taking advaniage of t~e high centrifugaI 

force developed at th~ 2500 rpm agitation rate. 

The cooling coil was removed 50 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 insulated electrodes. The 

millivolt output, which was known to be inversely 

-- proportional to the inorganic sulfur oxidation extent, was 

recorded continuously by a high input impeqance multimeter . . . 
Oxygen or nitrogen was supplied to the vessel from 

p,ressurized cylinders through a pressure regulator~ a series 

of flowmeters, and check valves at the desired flowrat~ (1 -

.' 2 ,l,pm). Check valves were connected on line, before the 

oxygen and nitrogen flowmeters. This was done ta ensur~ that 

no mixing of gases was possible. A third check valve was 

connected immediately ahead of the sparger val~e inlet. This 

prevented the flowof liquor - due' to'liquor foaming \­

through the sparging line and into the flow equipment. 

24 
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After contacting the liquor, t turated g&S 
was ,d'ischarg~d' through a gas vent at the top of the re&ctor-. 

The gas then passed through a steam trap and W&s 
, 

subsequently sent to a water-cooled condenser. 
< 

Following . 
cond~nsation the resulting cool dry gas was directed to a 

flowmete~ for' instantaneous flow rneasurement. It was then 

-r' 

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

record of the accurnulated gas flow. The outflowing gas fro~. 

the wet test rneter was split in~o two streams; 150 cc./min. 

was bled to the oxygen analyzer and the rernainder was purged 

to the fume hood. To prevent damage to the oxygen analyzer 
l 

cell from excessive flowrates, flowmeters were installed . 
befOre and after the analyzer. A peristaltic purnp W&S 

required to push the 

irnpinger. The analyzer 

gas through the silica-gel packed 

was calibrated with pure 02 and N2 
gases before an experirnent. 

3.3 Experimental Procedure 

The autoclave was charged with tw~ liters of weak 

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

Domtar hardwood pulping mill in Cornwall. For c;:at,alyti'c 

oxidation experiments an appropriate amount of the cherni ca 1. 

was added to the +iquor before the reactor was seaied. The 

three electrical heaters situated on the body of the reactof 

were then switched on and the impeller agitat~on rate was' 

set. The ternperature of the liquor was allowed to rise to 

between 9~oC - 1000e. To prevent o~idation of the liquor 

prior tb the start.of an experiment, the reactor was purged 

. with nitroge~ ga~ until the oxygen analyzer digital readout 

displayed 0.0%., At that point the nïtrogen flow valve W&S 

shut. This practice erisured that no oxygen was tr4Pped in 

either the gas space above the liquor, or in the, copper 

tubing leading up to the reactor. 

25 .-

-

.. 



o 

o 

.0 

, 

• 

.i-. _, .. ..,-

... 
When a steady-state temper~ture was a~~ined the 

experiment was initiated by opening the valve on the oxygen 
... r . 

cylinder. At the same ~ime a stopwatch was ~rne~ on ~hich 

kept a running record of residence time. The'temperat~e of 

the liquor was maintained constant by switching the heaters . , 

on And off as the need arose during an experiment. 

samp periodi~al1y 

'during rime~t which was typ;cal1y run for about two 

hours. During the first 15 minutes where the rate~ of 

inorganic sulfur oxidation is ~ast, a. re1ative1y laige 

number of samples were taken. The residence time, BLOX 
senSOI millivolt output, liquor temperature, accumu1ated gas 

flow, and %02 in the off-gas were recorded at the ~arnple' 

withdrawl times. The oxygen inlet f10w was close1y monitored 

throughout the experiment and was adjusted whe~ necessary. 

-
Following the completion of an experiment the amount 

of condènsed water in the steam trap was noted. ~he oxidized 

liquor product was rlrained and the reactor was cleaned and 
j 

prepared for the next trial . 
• 

1 
) 
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Samples taken durinq an expe'riment were collected and' 

the chemical analyses that are listed below were Performed: 

.i) - AlI ,sarnples ~ere analysed for inorganic sul fur s_pecie$ 
by ièn chrornatography within 24 hours of the 
experiment: 

, 
ii) AlI sarnples were anal~sed for weight % selids content;, 
iii) 130rne sarnples were analysed for total sulfur and 

thermal value; 
iv) 

v) 

Sorne samples' 
potentiometric 

1 

Anaiys~s for 
• 

were analysed, for 
titratfon; 
carbonate, sodium, 

trithionate by 

calcium, sodium 
hydrQxide, and total organic carbon were done for· sorne 
experimen:ts. 

3.4 Ién Çhromatography ~nalysis 

3.4.1 Commissioning 
Chroma:tograph 

of the High Pressuré Ion 

AlI analyses for the aqueous phase inorganic sùlfur 
speci~s (S2-, 'S03 2-, 5042~, 52°3 2-) ex~ept trithionate 

'53°6 2-), were performed using a Dionex Model 2000i High 
Pressure Ion Chrornatograph, in accordance with Tappi 

· 'Standard 1'-699 pm-83. In sorne ,ca.ses the cOllcentrations of 
iarbonate. (CO~2-) and oxalate (C204

2-) were al~o measured by 

the ion chrornatography (IC) technique'. At the time ihis 
~ 

project was initiated the lC was not calibrated for the iDns .. 
ofointerest. 

,0' 

"" . 
'" -. , 
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Consequently, a commissiQning 

investigat~ the following: 

study was initiated to 

'''' , 

i) concen~ration ranges over which each of the inorganic # 

sulfur species (5032~, 50'42-, 5 2°3
2-) was 1 inear i 

ii) lin~ar' ranges for these species-ro~ a variety of le 
output sensitivity ranges (3, 10, 30 microsiemens)i 

iii) precision of the method for each of the ~measured 

constituentsi 

iv) reproducibility of the concentration data after 4 and 

24 hours (since 24 hours was the estimated time 1ag 

between experiment and analysis); ~ 

vJ :eva1uation if amuI ti't"'component standa d containing 

sulfite, thiosu1fate, and sulfate cou1 be prepared 

without affecting changes on the equilibrium 

concentrations of each of the individua1 speciesi 

-vi) determination of the most appropriate d1lution factor, 

lC output sensitivity range, and integrator commands 

for biack liquor chemica1 analysis. 

The pertinent resu1ts from this study (Table~ l, II, and 

III, ·Ap~~dix 2), were used in the estimation of error for 

black tiquor chemical analyses by the lC method. 
-ff 

Table l shows that the precision for the sulfate and 

thiosulfate concentration data is better fhan 3% up to 24 

hours after the preparation of the standard aqueous 

solutions. Sulfite" however, is the most unstable of the 

measured consti tuel'lts.. It is partiall.y oxidized wi thin four 
", 

-heurs after. pr~paràtion. Fortunately, the concentration of 

sulfite in kraft liquora is small «0.2 9pl). Any error from 

th~s ~ource does _not significantly affect the mass balance 

on inorganic sùl~ur. These results indicate that no 

significant error is'introduced with. the data collection if 

1 28 
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the chemical analyses are .performed within 

the completion ofoan experimenf. 
24 hours after 

There was n~ evidence of interaction effects between 

individual components in solution. The equilibrium ionic 

concentrations of sulfite, thiosulfate, and ~ulfate were not 

affecteq by the presence of the other two. This re~uJt 
1 

dernonstrated that standard 

inorganic species could 

solutions containing aIl three 

be pr~~ared and calibrated 
Q 

sirnultaneously with a single sample injection . 

. 
3.4.2 Black Liquor Chemical Analysis By lC 

It was found that the most appropriate range for the 

chernical analysis of oxidized kraft black liquors is at 10 

microsiernens for sulfite and sulfate, and 3 or 10 

microsiernens for thiosuLfate (Table II, Appendix 2). 

Depending upon the concentration of the sample, the oxidized 

liquor. samples could be ëlassified into three general 

categories for progressively stronger 

Appendix 2). Typical concentration 

measured "species are listed in 

corresponding dilution factor ànd 

oxidation (Table 

ranges of the 

each category. 

lC output 

rII, 

three 

The 

ranges 

recommended for best detection and quantification are shown. 
~ 

In the la~t category where the oxidation is virtually 

cornple~e, the concentration of thiosulfate fs below 0.5 gpl 

and almost out of the range of accurate chemical detection~ 

~nly 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 . 

• 0 

The black liquor sarnples were brought to the required 
~ 

concentration range by a series of two dilutions in 100 ml" 

/ 

:' 
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volumetrie f,aSkS. In the first flask' 1 ml black liquor was 

pipetted using a standard vol-umetric, pipette and diluted 

with distilled deionized water. After mix~ng vigorously, a 

predetermined amount of the diluted liguor Cdepending 'on 

dilution f~_ctor as given in Table III) was pipetted into -a 

second flask and further diluted. A weIl rinsed syringe was 

used to in je ct five to ten ml of the sample ~n the second 

flask for chemical analysis. The average retention time 'per 

sampl~ 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 

analysis were repeated. 

3.4.3 preparai'ion of Standards 

AlI standards were carefully prepared by weighing 

.reagent crystals wi th a Mettler model AB 166 Anal ytical 

Balance. The reagent salts were diluted with distilled water 

to appropriate volumes with Pyrex laboratpry volumetrie 

flasks. Stock standard solutions containing 100 ppm of the: 

ionic-constituents were reprepared every two days. Purityof 

the crystals was taken into account in the calculation· of 

the weights required for the standard sol ution::;'. ~tandard 

calibration solutions were prepared by pipetting appropriate 

amou~ts of the 100 ppm stock solutions into volumetrie 

flasks. They were diluted to obtain the d~sired 

concentration range which is specified in_ Table II, Appendi>Ç 

2. Three calibration solutions, containing 1, 2, and 5 ppm 

of sulfite, sulfate, and thiosulfate, were used to calibrate 

the le on a dai ly basis. When a large number of s;;Pies were 

being processed, aIl the calibrations were repeated after a 

few hours of continuous use. <> 
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3.5 Determination of Trithionate in Kraft Black Liquors 

3.5.1 Introduction 

A m~thod has been developed to detect and 

quantitatively estirnate the conce~ration of trithionate 

(S3062-) in oxidized kraft black liquor. The method is based 

on the Noranda rnercuric, chloride potentiornetric' titràtion 

method. Originallydeveloped byJay (1953), it was rnodified, 

in this work for the deterrnination of trithionate in 
, 
oxidized kJ;aft black 

presently avai labIé 

liquors. There is no 

for the chernical 

trithionate in kraft black liquors. 

3 • 5 • 2 Theor y 
, 

other method 

detection' of 

-
Polythionates containing"3,4, and 5 sulfur atoms . 

r.,eact quanti tati vely w~ th mercuric chloride (HgC1 2 ) 1 to 
, -

release acid in solution. The stoichiometric equation is: 
, ' 

2Sn0 6
2- + 3 HgC12 + 4H 2 0 --+ HgCl 2 ' 2Hg5 + 8H+ + '4Cl- + 4'S04 2'­

,. f±f (2n-6) S . 

• -. • • • • • • • • • • • • • ~ • • • • • • • • • • • • •• , •• ,. • • .. • • • • • • • • • ~. • il •• ~ •••• ( 2 0 ) 

HenCB for tri,thionate, 

'" 
253°6 2'- + 3HgC1 2 + 4H20-tHgC12"2HgS + aR+ + 4Cl- + 45°4 2-

: ................. ........ . ' ............................ . ~.~ ... ~ .1 ... (21) 

1 -

, . 
" 
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Similat equat1ons, can:. be deduced 
, ' 

pentathionate. Mercuric ,chloride 

thiosu l fa te. 

for tetrathionate 

also reacts 

and 

with 

• • • .. • • • • • • • • • • ~ • • • • • • • • • • • • ••• "...... • • ••••• ",. • • • • • • • • • • • • • • • • { 2 2 ) . \ 

In both cases the acid generated may be titrated wi th 

standard-ized NaOH solution to 'determine the concentration of 

the four sulfur anionic species: 52°32-, 5 3°6
2-, 54°6

2 -, 

S5062~. wasserJauf and Dutrizac (1982) have stated that the 

'only p6lythionat.e that is stable in bot alkaline solutions, 

su ch as the case for the present black liquor oxidation 

study, ts tri thionate. It follows tha .. :t ,any acid produced 

from the mercuric chi-oride addi tion eto the liguor after 

quantitative conv.ersion of thiosulfate, must be generated 

from the tri thionate reaction. (( 
1 

The· method described below is not, applicable when 

sulfide is present. This is hecause suifide aiso reacts with 

mercu~ic chloride ta liberate acid in solution. If sulfide 

\ 

,is presènt . i ts interf~rence must bè, el~rnirtated by . .aCidifying, 

to pH 4.0. Vacuum must t!'hen be appl~ed fq)r a;t~ojÜmatelY 30 

"' minut~s to rèlnove ,the sulfid~ as hydroqe1n sU~de gas (H2 S) . 

.. . '. 

~, 
" 

l' ' ( • . , 
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3.5.3. Ap~S, 
, > 

The appél'ratus ;-equired for 
trithionate is listE"d heJ.,ow. 

\ 

. 
the chemical detection 

\ 

- pH meter preferably with a cbmbirlation electrode 
• 

- magnetic stirrer and stirring bar 

- 2, 25ml'burettes , 
- suff icient 150 ml beakers for a Il samples to ba tested 

t 
hot plate , 
pipettes ,of various sizes 

3.5.4 Method of Analysis 

of 

* l.' Before attempting .any trithionate analyses aIl suifur 

species that can be'detected by ion chromatography 

(Tappj. Standard T699 prn-83) must be mëâSured ie. 82-, 

8° 3
2-, 5 2 ° 3

2-, 5°4
2-. 

2 • Pipette a 2 ml aliquot of oxidized 1 iquor ~rtto lB 150 ml 

beaker and dilute to about 40 ml with distifled water'. 

From step 1, if the concentration of sulfite is pre~ent 

in a propor,tion greater than 10% 'of tl)e anticipated 

tri thionate éoncentration, then add > 2 ml formaldehyde 

per gram of ,Sulfite in solution. In kraft liquors the . , , , 

concentration of sulfite is usually 1e&s' than 0.2 gpl . ..., 

s~ the f ormaldehyde addition can be omi tted • 

3. Wi th the beaker on a 'stirring mantel insert 'the 

stirring rod and 'glass electrode and dropwise reduce 

the, pH to 4.30 ~ith IN H2504. In case of acid overshoot 

use O. 'fN NaOH to return the pH to 4.30, and simi lar'l y '\ 

us~ O.IN H2804 .. ~hen the pH' is only marginally above 

'4.30. 
" 
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_ 5. 
", 

)0 6. 

'Rembve the pH probe and ~tirrin9 bar rinSing(:aCh 

,distilled water into the sample but being c~eful 
~o over dilute the sample. 

with" 

not 

Pip~tte 5 ml of 2 weight % HgCl 2 solution into the 
~sample and stir vigoz:ously with a glass rod to ensure 

,mixing. Allow the sample to sit for approximate~y 5 
IO minutes covered wi th a watch glass·" Repea t steps ' "1 
through ~ f~r aIl the samples to be tested while the 
samples are in t~e '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 aIl the samples should be 

, heated at the same time. This is to ensure reproducible 

heating conditions between the set of' sample~. Cool the 
solution with cold running water or in an ice bath to 

room temperature. 
7. Pipette 5 ml of a solution of KI (20 weight %), stir to 

8. 

9. 

mix, then insert pH electrode and maintain stirring~ 
Titrate with standardized O.OlN NaOH to the pH 4.3~ 

endpoint. Typically pH va1.ues' be'fore ti tration are' 
1 • 

between 4.0 to 4.1 for strongly oxidized liquors.. Near 

the endpoint ad~ NaOH dropwise. Let the s~ple stir for 
'a few seconds to ensure that sol.ution homogenei ty is 

attained. If the pH decreases titrate again with a few 
drop~' to ,the endpoint. For be~t resul ts run the~,' 'sample ' " 

agaj~ and average ,the titre" values obtained. 

KT. Correction \ . 

The KI is used to\complex eXC~S~'H9C12 but causes a 
slight alkali~ity of the samp1e. To account for this 
excess alka'lini ty in' the" calculations, repeat steps 3 

to 8 using 40 ml disti11ed wat~r instead of the sample. 

d' 

1 
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lQ~ Convert the titre value obtained in step 9 Aboye to the 

equivalent O.QIN NaOH volume and add'this volume to the 

titre value of the sample,. 

Il. Thiosulfate Correction , 
If thiosulfate is known to be present from ion 

chromat~graphy analysis, then calculate the volume of 

acid that is produced from its reaction gased on its 

measured concentration.value from stoichiometry given 

'in equation 22. Convert this acid volu,me to the 

equi~alent O.OlN caustic soda required to neutralize, 

and subtract from caustic volume obtained in step 10 

above. This difference' represents the equivalent acid 

lib~rated ~fl.om the trïthionate reaction only . . 
12. The volume NaOH obtained from step Il or 10 is the 

~ 

amount required to neutralize thé acid f~Qm the 

trithionate reaction. Convert this volume to liters apd 

calI it VB. 

13. Calculate the concentration of trithionate. A sample 

\calqulation is presented in Appendix 4. 

3.6 Total Sulfur 

Total sulfur, which includes both fnorganic and 

was ~easured by the Chemical Analysis organic sources, 

Department at the 
... 

Pulp and Paper Research Institute- of 
, . 

Canada (papr{can). The procedure that was used· for the 

chemical detection of total s~lfur uses the principle of wet) 

combustion, and can be found in CP PA Standard Method J.15P 
1 

(v). The experimental procedure -involves.a wet washing of 

the_ sample with nitric and perchloric acids, followed by a 

qràvimetric determinatiQn of the total sulfur as barium 

s~lfate. Nitric acid is used to oxidize and eliminate the' 

orgànic material from the liquor. The use of perchloric acid 

. 35 
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is'required to oxid~zë aIl the sulfur to sulfate forme After 

adding a 10 w/w % aq'ueous BaCl 2 solution to a slightly-

aeidic sample solution, filterl.ng,'· _ .and -igniting the 

, prec~pit~formed at 800°C, the sulfur can ,be determi,ned 

,graV~iCal~y'aS,bariu~ sulfate (BaS04). 

3. 7 Tota l ~di um and Cal'cium 

Sodium and calcium .were measured by the Paprican " 

Chemical Analysis Department 

SpectrophotGmetry (CPPA Standard 

respecti ve 1 y) . 

3.8 Sodium Hydroxide 

by _ Atomie 

Methods J .ISP 

, 

Absorption 

(iv & xiv) 

Sodium hydroxide was measured by Paprican Chemical 

Testing by the standard -potentiometr~c ti tration method 

given in CPPA Standard J.15P xii. 

,3.9 ,Thermal '{alue 

The thermal value of black liquor was determined by 
Paprican Chemical Testing bepartment using the standard 

m~thod of bomb calorimetry (CPPK Standard Method J.ISP xv). 

The~al value is defined às- "the guantity of heat liberated 

by. a unit l'Rass of bla.ck liguor solids when combined with 

oxy.gen in" an enclosure of constant: volum~." 

• 

.'. 
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3.10 Total Solids 

Black liquor.solids content was estïmated by Tappi 

Standard Method T 625 ts-64. One modification tha t was made 

for this research was that the black liquor sarnples were 

d~jed for 48 hours, instead Of the 24 hours suggested in the 

standard method. It was found that a steady-state solids, ~ 

concentration coul d only be obtained by a 110wing the sample$ 

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

3.11 Total Organic Carbon 

To'tal organic carbon (TOC) was measured by . the 

, Paprican Chernieal Testing Department using, 'a "Technicon 

Al1to-Ana1yzer". A brief desc~iption <'of the rnethod is ,.. 

included be10w. 

step 1: An ~liq~ot of black liquor is acidified 
1 

with 

IN H2S0 4 , to which is added, potassium persulfate •. The sample 

is then treated under uv' radiation. Organ:ic carbon is 

combùsted to CO2 in this manner and is dial};'zed through a 

silicone rubber membrane into a weakly a buff.ered 
" 

pheno1pthalein indicator solution. The decrease in color of 

the indicator solution, due to formation of ~arbonic acid, 

is proportional to the TOC plus the carbonate carbon in the . --
original black liquor sample. The color decrease is detected 

~ with a spectrophotometer at 550 nm. 

step 2:' Step l rneasures both the inorganic carbonate 

~ carbon (C03
2-) and the. organic carbon. The total inorganic 

,carbon cao be caleulated bY,repeating \step l, ~ut without 

addin~ the potassium persulfate and by eliminating the uv 

digeStion process. 

'--, 
.. 

" , 
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step 3: 

~tracting the 

the total black 

The TOC condentration can be calculated by 

ino~ganic ca~bon obtained.from step 2 from 
~ , 

liquor carbon obtained in step 1. 

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

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

. 
3.12 Exper~mental Uncertainty Estimates 

The measured black liquor species in this work 

included the ions èj sulfite, sulfate, trithionate, oxalate, 

~nd ca~bonate. T9-e concentration .... of sodium hydroxide was 

also measured. In addition, the thermal value, total sulfur 

content, calcium, sodium, total organic carbon (TOC), pH and 

total solids of black liquor 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 

qpl for each of the ion constituents measured. Errors and 

standard deviations associated with aIl of 

chemical analyses performed on the liguors are 

Table V, Appendix 3. AlI error estimates 

-calculated on the basis of 

measurements. They represent the 

aIl cases. 

at .least three 

the other 

shoWn in 

shown are 

replicate 

average expected error in 

\ . 

38 

, . 



o 

\ 

o 

o 

• . 

standard deviations for the total sodium and the 

frequently measured ions (5°4 2-, 5°32-, 52°3 2-, 8 3°6 2-) were 

cal~ula~ed on the basis of 'pooled sample variances'. A 

pooled sample variance is a weighted average of sample 

variances of replicate ·data from.different experi~ents. It 

is defined by equation (23). . ' 
Il 

-
1 1 

sp 
2 I: (m· - 1 ) 

A' 2 
/~ (m· - 1 ) - s· 1 l. . 1 

i=:;l',- i=l .. 

A sa.mp-le calculation for t.he sulf~te data is given in 

VI, Ap~endix 3. Stan~ard,deviations listed for a~l the 

nonpooleà measured constituènts are calculated ~ the 

of one set of three to six replicate data. 

(23) 

Table 

other 

bas:t's' 

A pooled estimate takes into account the experi~ental 

measuring technique, the degree of reproducibïlity of the 

chemical analysis method employed, and the subtle variations 
( 

between day to day experimental conditions. It is a 

reflection of the tQtal experimental uncertainty associated 

with black liquor sampling, analysing, storage time,. and 

method. A standard deviation fram only one set of data on 

the ether hand., does not include an estimate of the 

variations between successive experiments of the parameters 

specified above. 
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4. RESULTS AND DISCUSSION 

) 
4.1 Design of Experiments 

, . 

Three different batches of hardwood kraf~ b}ack 

1iqu~r (taken at approximate1y ?one month' intervals) were 
") . . . 

obtained from the Domtar pulp,mill in Cornwall, Ontario for 
1 

the oxidation experimen~s. 

chemical properties (Table 

AlI three liquors had similar 

1), 'but' had different phy~ical .. 
. properties. For the sake of clarity and brevity, the three 

, 
liquors used for this thesis will be denoted as ~quors A, 

- .,1 

B, and C.· It was dec~ded early in the experimental program 

to use actual kraft black liguor from ~n operating mill ... 
rather than simulated liquors . 

. r; 

The experimental feature that ~as common to aIl three 

liquors was the measur,ement of the rate of oxidat"ion of 

sodium thiosulfate to sodium sulfate between 900 C and IOOoC 

and at one atmosphere total pressure. The rate of oxidation 

oi thiosulfate was studied by performing experiments with 
t--

and, without catalysis. To détermine where oxygen mass 

transfer ~imitations WQre eliminated, 

experiments wi,th variabl e agitation 1 evels 

were performed with Liquors A and ~. 

a sequence of 

and 02 flowrates 

l 
The ca~a yst that is referred to above was obtained 

by performing series of screening experiments with 

different These chemicals included sodium-

hydroxide (NaOH), cupric chloride (C~Cl2)' activated 

charcoal, hydroquinone, educed iron, manganese, cobaltous 
~ 

chloride (CoCl 2 ), manganese dioxide. (Mn02 ), and a nickel 

aluminum alloy (NiAI). Trie chemicals were added to the 
" Q , 

unoxidized liquor in a concentration of 10 gpl, and their 

effects on the rate of thiosulfate oxidation were studièd • 

40 
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If an acceleration of the )rate was found., another e,xperitnent 

with a lower concentration was performed. 
- 1 

Although the oxidation of thiosulfate to sulfate was . 
the key f-ocus o'f interest of this rese,arch, various other 

aspe.cts gf black l iquor oxidation were also studièd. For 

example, the concentration of oxalate. (C20 4
2-) was 

. 
quantified in all experiments with Liquor A. The thermal 

value and total sulfur were measured in experiments with 

Ligu,or B. The total organic carbon (TOC), and the ions o'f 

hydroxide, carbonate, and trithionate were meas~red for the' 

experiments wi th Liguor c. ·It was not practical to measure 

aIl the properties for the three 1 iquors_. .Rather, i t was 

assumed that if a characteristic (such as thermal value 

decline) could be demonstr~ted for one liquor, then it could . 

be assumed to be valid for the 'other two. 

The -concentration of oxalate was' m~asured in 

ex~riments with Liquor A to investi~ate whether 

contributes to an increase in its concentration. 
'-

(1982) noted that the presence of oxalate in kraft 

Oxioation 

Franklin 

"implicates 'the potential buildup of harmful 

liquors 

scale 

àeposi ts. " Hence, measurement of the concent'ration 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 signific.n~ amount of sulfur species was volatilized 

dU1='ing an oxidation exper'iment. ~asurement of both total 

'sulfur and trithionate (measured for Liguor C), were 
.>-

essential to 

sulfure 

c~th~ overall mass balance on inorqanic 

.1 
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The thermal value for Liguor B samples was measured 

after variou~ extent~ of oxidation. This study was initiated 
to evaluate the impact of quantitative thiosulfate oxidation 

, 

On the extent of organic oxidation. A further indicator of 
oxidation is the decline of total the extent of orqanic 

" 

organic carbon (TOC). TOC i carbonate, and sodium hydroxide 
were measured in experimen"ts with Liguor C to estima te what 

percentage of the organics is oxidized to CO2 . It was also 

important to determine what proportion 'of the ~02 is 

reab~orbed by the alkaline liquôr to form sodium carbonate. 

Concentration/time data for aIl the measured 

constituents were corrected for the evaporation of water 
whic'h occurred during the course of an experiment. AlI 

prèsented data is expressed, on the basis of grams 
constituen\ per liter of black liquor charged to the;reactor 

before oxidation (gpl). The concentrations of aIl chemical 

addi tions (catalyst, screening chemic~ls, and NaOH) are also 

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

1 iquor cha.rged charged to the reactor. 

, 
The rate of evaporation wa~ quantified independently. 

for each experiment. This was don~ by n~ting the amount of 

1iquid condehsate 'in the -steam trap (Fig. 1) at the sample 

withdrawl times during an experiment. The rat~ of 

evaporation was found to be 2.4 +/- 0.1 ml/min. at the 

temperature range us'ed for most of the experiments in this 

research (9~oC +/- 2oC), and was constant at this value 

du ring an experiment. AlI concentration data presented in 

thi. thesis were cor'rected (based on this evaporat-ion raté) 
1 

to gràms of constituent per liter of unoxidized black liquor 

charged to the reactor. ~During a typical experiment the' 

solids concentration of the liquor increased between 3 - 4% 

(from about 16% to 19') fo~ an experiment 'tbAt was 'rùn for 

. -• 
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12. 0 minutes. /The uncertaint y w i th the 
evaporation rate i5 included in 
experimental errore ~or concentration . 
constituents given in Appendix 3. 

, 

measurement of the 
the estimation of 
data of aIl measured 

When required replicate experiments were performed. 
Good reproducibility of the experimental data was obtained 
in aIl c'sses. 
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Noncata~ytic Oxidation 

4.2.1 Effect ot Impel1er rpm, 02 F1owrate, and Liquor 

on Oxidation Rate 

Noncatalytic oxidation experiments for L1quor A were , ' -
used to determine the effect of impeller rpm, and oxygen 

flowrate on the thiosulfate oxidation rate. ln addit10n lt 

was necessary to quant1fy resldence times required for the 

~ conver~ion of thiosulfate. This information was used to set 

~conditions for other experiments with Liguors Band C. 
j 

Figure 3 shows concentration/time data for sulfite 

(S03 2-), sulfate (S04 2-) " oxalate (C 20 4
2-), and thiosulfate 

(S2032-). The experimental conditlons were set at an oxygen 

flowra1:e of 2.4 liters per minute (lpm), a temperature of 

l DOoC, ,and an l"!pelll:;r agitation rate 'of 1500 rpm _ Est l.mates 

of the e'xper lmenta l errors aSSOCla ted " wi th those chemica l 

constituents are given l~ Table V, Append1x 3. The 

thiosulfate concentrat1on is initially 2.71 grams per liter 

(gpl ). It incJ>eases to 5.20 gpl at 4.5 minutes, and decl ines 

thereafter (~able 2). The concentration of sulfate rises 

gradually to a value'of 7.62 gpl at 72 minutes. 

The initial increase of the thiosulfate concentration 

is from oxidation ~f sulfide (S2-), hydrosulfide (HS-), 

pol y>su lfide !Sx2 -), and elernental sulfur (so). These 

constltuents are aU initially present in the unoxidlzed 

liquor. The sulf~de concentration was rneasured at 0.5 gpl in 

the unoxidized liquor. Polysu.lfides were also traced. A 

chemical analysis of the yellow residue (Table 1) floating 
> 

freely qn the surface o~ the liq~or pr10r to .idation, 

showed that this substance was 91.8%' by weight elemental 

-'sulfur. From these, observations it was thought that most of 
" 
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the uno:xïdizèd 

liquor was in 

sul f ides. 

inorganic sulfur initia11y present in 

the form of e1ernental su1fur rather 

When subjected to an' oxidizing' atmosphere, e1emental 
\ ' ' 

sulfur is converted t:0 thiosu1fate. pryor (1962) has stated 

that' the oxi,dation of elemente1 sulfur' tO th,iosu1fate 

follows the disproportiona,tion reaction shown in equation 

(24 l"~ at tempera'tures near 10'OoC .. 

(2~) 
'. 

The chernical determination of the concentration 'of elemental 
~ 

sulful' in unoxidized blaêk liquor is very difficult. As a 
'-' , 

resu lt only the 

C<:)llstituents were 

Accurate knowledge 

P?lysulfide (Sx2 -), 

thiosulfate, sulfite, and sulfate 

measured in aIl ensuing experiments. 

of the spec,ies el emental sul fur (So ) , 

and sulfide (5 2-) is not critical to the 

pres~nt stud~ This research focuses on the sequential 

oxidation of thiosulfate to sulfate. 

The concentration of oxalate is initially 1.06 gpl ip 
1 

the-unoxidized \iquor (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 minutès. The, 

concentration of sulf,ite is relatively stable at 0'.3 +/- 0.1 

gpl. Table -<7 shows ëi' set of data under similar process 

condi tions. 

, , 

Figure 4 i11ustrates ~pe ~ffect of 02 flowrate and 
l 

~pe11er rpm on the ~ate of thiosu1fate oxidation. At a 
\.,) 

flowrate of 1.2 Ipm 02 and-SOO rpm (Table 4), the oxidation 

rate is 92. diffusion controlled. The thiosul fate 

concentration remains above 3.9 gp1 even àtter .189 minutes 
~\ .... .z-
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of , oxidation. At 1500 rpm (Tab1~ 5:), the oxj.dation rate ·has 
. 

increased to the point 

thiosulfate is reduced to 

, 
where the 

, ' 

0.35 gpl in 

concentration 

Just 73 minutes. 

of 

At 

25ûO 'rpm (,Table 6), no further acceleration of the rate of 

thiosulfate oxidation is observed. This result indicates, 

that oxygen diffusional limitations are eliminated at 1500 

-rpm if the 02 flowrate is not the rate determining step. If 

the 02 flowrate is not in sufficient excess to satis~y the 

total liquor oxygen demand, the oxidation rate would still 

he in the diffusion ~egime. 

To investigate if the 02 f10wrate is in sufficient 

excess at 1.2 lpm 02' another experiment a,t 1500 'rpm and 2.4 
, 

o'f Ipm O~ was performed. SiJlce no increase the rate of 

thiosulfate oxidation is observed even at: the higher 

flowrate (Fig. 4 ) , it can be concluded that the reaction is 

kine~ic controlled at 1500 rpm and 1.2 lpm °2 '-

Fig~re 5 shows the effe~t of 02 flowrate and rpm for 

the sulfate and oxalate, concentration/time data. NO ipcrease , ., 
of sulfate rate is observed above 1500 ~pm and 1.2 .lpm 02. 

This is consistent with results found for the thiosulfate 

oxidation. Oxidation reactions apparently promote the 

formation of oxal~te (Tables' 2, 6). This may indicate 

s~aling tendencies of the strong1y oxidi~ed liquors. 

Tables 8, 9, and 10 

sulfate concentration data for 

present the thiosulfate and 

Liguor B at 1.2 lpm 02 and 

of thiosulfate before oxidatiori 800 rpm. The concentration -is approximately 4.6 gpl. This is higher 

7. The higher 

than the 

initial noted in Tables 2 

concentra tion 

oxidation to 
1 

experiment is 

is presumably the result of free sulfur 

thiosulfate before the experiment. When the 

" initiated the concentration of thiosulfate 
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,!eaches a maximum âfter, approximately five ~inutes (Fi9. 6) 

and falls slow1y-tb 1.7 9pl after 100 minutes of oxidation. 
la 

Figures 6 and 7 show that good~eproducibility 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 

thïosulfate oxidation and sulfate production is compared in 

Figs. 8 and 9 respectively for Liquor B. At 800 rpm the rate 

of oxidation is clearly 02 diffusion limited, analogous to 

the result for Liquor A. In ·this case the concentration of 

thiosulfate is approximately 4.1 gpl after 40 minutes of 

oxidation (Tables 9, 10). In comparison the thiosul fate 

concentration is reduced to 0.29 gpl with an agitation rate 

of 1500jE~' also at 40 minutes (Table Il). Under these 

condition the concentration of sulfate attains a 

steady-s ate value of approximately 8.7 gpl after conversion 

of thlosulfate. At 2000 rp'm (Table 12) no significant change 

is nqted jn the thiosulfate concentration profile, but the 

steady-state sulfate concentration increases to 8.90 gpl 
1 

after 45 ~inutes. A~ 2500 rpm (Table 13) the concentration 

of thiosulfate can be reduced _,to 0.47 gpl in 30.2 minutes, 

and the sulfate concentration level s off at about 9.7' 9Pl 

a~ter 100 minutes of oxidation.' 

If the agitation ls maintained a,t 2500 rpm and a 
, .t» 

baffle- i5 
.~ 

added, a further inèrease àf the rate of 

thiosulfate oxidation is noted. The concentration of . , 

thiosulfate can be reduced to 0.34 gpl in 25.9 minutes under 

these conditi9ns (Table 14). Replicate data (Tables 15, 16, 
, . 

17) confirm this acceleration of oxidation rate. T~e 

steady-state concentration of sulfate remains the same at 

:---- ---....... ~.l2Ioximately 9.7 9Pl. 
" 

Its production ra te increases ,-....... 

~O \ ' 

~) 
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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 
further acçelerated. The oxidation of thiosulfate is not 

concentration of sulfate leve1s off at 10.3 gp1 at 120 
minutes . .At 4000 rpm (Tabl e 19) the sul fate 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 

djffusion limited without a baffle and operating below 2500 
rpm. This result differs with data presented for results 

from Liguor 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 wi th Liguor A (Table 2) '; thi s is about 25 

minutes for Liguor 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 

samples were taken from the 

at a 'mill. AlI three 

same location at the same 

liguor 

mill 

the ,over a three month periode During this'period of timé, , 
wQod furnish to the mill did not change (mixed hardwoods) . 

.... 
One explanation for the diffèrence of oxidation rate 

could be the difference 

for the three liquors. 
of foaming properties on agitation 

Qualitatively, it was observed that 

Liguor B s~owed the highest degree of foaming; Liquor A was 
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 

orqanic content (Table 1) or species' distribution. -Bence, 
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the relative catalytic effect between liguors could be 

different. 
• f 

4.2.2 Experimental Evidence for an Inorganic Sulfur 

Intermediate Oxidation Product 

To close a rnass balance on inorganic sulfur it is 

necessary to know i~a significant portion of th~ 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 ~imes 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 
r 

sulfur is vol~tilized during oxidation. Hence a mass balance 

on inorganic sulfur should be closed based on the aq~eous 

phase constituents, thiosulfate and sulfate. 

The mass balance on inorganic sulfur will be 

considered closed if the amount of sulfate present after 

oxi6ation is equal to the sum of the initial sulfa~e before 

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

quantitative thiosu1fate decomposition from its maximum 

value, (5 20 3
i -)max .. From e~uation (25) it can easily be 

shown that 1.71 grarns S04 2 - should be produced for every 

gram of 5 2°3 2- reacted. '*' 

(25) 
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Therefore the expected inorganic su1fur concentration, 
. (2-) . b expressed as sulfate, at any t~me, S04 exp.' is glven y: 

CS04
2-)exp. = (S04 2-)initial + 1.7l(S20 32-)max. 

/ 

(27) 

Que to the rapid oxidation of sulfide, hydrosulf~de, 

and elementa1 sulfut, it was difficult to obtain samp1es 

whose thiosu1fate concentration was at the peak of the 

concentration/time profile. A re1iab1e estimate of this peak 

could only be obtained at 800 rpm where the rate of 

oxidation of thiosulfate is 02 diffusion controlled. By 

noting that the average maximum concentràtion of thiosulfate 

is 5.2 gpl (Tables 8, 9, 10), the amount of sulfate that 

shou1d be produced from the oxidation can be calculated. 0 ' 

The initial sulfate concentration is 4.60 gpl (Table 

é>. From equation (27), the total inorganic sulfur as 

sulfate at any time should be equal to 13.5 gpl. 

(S04 2-)exp. = 4.60 ~ 1.71(5.21) = 13.5 gp1 

(. 

At 95.2 minutes, the concentrations of sulfate and 

thiosu1fate are 6.35 gpl and 2.01 gpl respectively (Table 

8). The concentration of total i~organic su1fur expressed as 

sulfate equiva1ent from these two sources is equal to 9.79 

gp1 (equation 27). 

(S04 2-)exp. = 6.35 + (1.71)(2.01) = 9.79 gpl 

\ t 

The difference with the expected value is therefore -27.5%~ 

9.79 - 13.5 

% diff. = ( " )(100) = -27.5% 
... 

13.5 

.\ 
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This ca1culation reveals t~at the mass balance on inor9~nic 

sulfur is not closed after BLOX, based on the constituents 

thiosulfate and sulfate only. Similar discrepancies with the 

mass b~lance on inôrganic sulfur ar~ presented in Tabl'es 8 -" 

18. It is appar~nt that the per cent su1fur una~counted, 

increases steadily after ~hiosu1fate has reached its peak 

concentration. After conversion of thiosulfate., the per cent 

sulfur unaccounted as sulfate is 25% - 35%. This su1fur 

imbalance is consistent and is clearly tco large to be 

attributed on1y to experimental errors. Moreover, the 

sulfate concentration data' are always low, never high, by 

approximately the same arnount. 

, 
The per cent sulfur unaccounted decreases with rpm. 

The steady-state sulfate concentration increases from 8.7' 

gpl at 1500 rpm (Table Il) to 9.7 gpl at 2500 rpm (Table 

l4~. The,6oncentration 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 

ther~ is no possibility that the missing sulfur source is 
any one of sulfide, polysulfide, hydrosulfide, elemental 

sulfur, or sulfite. In fact it was stated earlier that the 

cOQcentrations of sulfide, polysulfide, and sulfite are very 

smalt, even in the unoxidized black liquors . 
• wo1 

An interesting observation which led_ to the next 

major part of the work is now discussed. Five black liquor 
'" 

samples from different experiments were set aside in storage 

for six weeks. The residua1 thiosulfate concentrations in 

aIl stored samples 

ion chro~tograph. 

were be10w the detectable limit of the 

When the samples were reana1ysed six 
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wèeks later, the concentration of sulfate had !ncreased by 
an average of 15%. It was evident from this resu1t 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 

oxida~ion ~f thiosul!ate to splfate is po~sible at higher 
temperature (> 100oC) 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 (130oC and 210 psig or 1450 

kPa). For this experi~ent a ~ss balance o~ inorganic sulfur 

was c10sed to within 6% which is within the acceptable error 

limitations. Hence, it' was possible to reproduce the 
, 

lite~ature values with these methods, therefore lending 

credence to the significance of the previous +/- 25% 
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 balance 

despite experimental evidence showing that there was 

no significant volatilization of sulfur from aqueous 

solution; 

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

sample storage, even though essentially no thi~sulfate 

was originally present in solution; 

iii) closure of the-inorganic sulfur mass balance with high 

pressure, high temperature oxidation~hich provide~ 
strong evidence to support the experimental 

methodologYi 
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iv) increases of the sulfate production rate above 2500 

rpm even though there was .no corre.sponding increase of 

the rate of thiosulfate oxidation. 

Resu"l ts from other related black liquor oxidation 

's~u~les support these ob~ervations. Parthsarathy and Basu 

(1981) showed that when sulfide was oxidized to thiosulfate , 
a mass balance on inorganic sulfur based on thiosulfate and 

sulfate alone was consistently 10% to 15% low. In another 

related study on black liguor 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 l~uor oxidation study to date (80oe 

- l'OOoe, 1 atm. total pressure). 

An extensive study (unrelated to black liguor) was 

carried out by Canrnet, Ottawa, 

of thiosalts (8 2°3 2-, 8 3°6 2-, 

on the subject of oxidation 

8 4°62-) in mildly alkal~ne 
rnining and rnetallurgical tailings. Wasserlauf 

(1982) noted there that both sulfate and 

(8n'06 2-, n. = 3,4,5,6) are products of the 

thiosulfate. Rolia (1981) showed that the on1y 

tha~ is stable in hot alkaline solutions is 

(83°62-); tetrathionate (5 4°6 2-) decomposes to 

at pH > la. AlI higher order polythionates are 

under acidic conditions. 

and Dutrizac 

polythionates 

oxida tion of 

polythionate 

tri thiona te 

tri thionate ' 

stable only 

Based on this literature there was strong evidence to 

suggest that the inorganic sulf~r unaccounted after BLOX was 

in the·forrn of trithionate. This is the first time that a 

linkage has been made between polythionates in black liguor 
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and mining effluents. Emphasis is placed here on this point 

to p~t forth the thesis that trithionate is the unaccaunted 

inter.mediate in the oxidation of thiosu1fate in kraft black 

liquor. An ana1ytical method for the chemical detection of 

trithionate was then sought to support this hypothesis. 

4.2.3 Measurement of Trithionate Concentration in 

Black Liquor 

An analytical method was deve10ped 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 me~hod which is 

described by Kelly et al. (1969) was tried. It failed, 

however, because of interference from the color of the 

liquor. Ion chromatography methods are as yet only in the­

developmental stages and are not weIl estab1ished for 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, 
1 

de~cribed in Section 3.5 of this thesis. 

4.2.4 Closure of the Inorganic Sulfur Balance 

Figure 10 shows cQncentration/ttme data for 

trithionate and closure of the inorganic su1fur mass balance 

for an experiment at 4000 rpm. The total inorganic sulfur 

was calculated from the three sources: 8 2°3 2-, 8°42-, and 

8 3°6 2-. It was expressed on a common-basis of ·sulfate total 

" 
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equivalent". The concentration of sulfite (SOJ 2-} 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 

sul fur balance calculat10n. The % difference between 

expected sulfate total equivalent and that calculated on the 

basis of the three major ions lS shown in the 

column of Table 19. Since the average deviatl0n 

-3.2%, the mass balance on inorganic sulfur 

considered' closed. 

r1ght-most 

1S onl y .. 

can be 

Table 20 shows results for a noncatalytic oxidation 

experiment with L1quor C. The initial concentration of 

sulfa~e in Liquor C is 4.0 gpl. This is lower than the 4.6 

gpl obtained for both Liquors A and B. As a re9ult, the 

expected sulfate total equ1valent concentrat10n 19 also 

lower. From equation (27), the total 1 inorganic sulfur 

expressed as sulfate at any time is, 

( 2- - 1 ) 50 4 ) exp. - 4. 0 0 + (1. 71 ) (5. 2 

= 12.9 gpl. 

The average deviations with the total inOrganiJ 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. Il demonstrates that the trithionate 

concentration/time data are reproducible. Calculat10ns based 

on tetrathionate (5 4°6 2-) 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 che~~ç~l ~nterfexence from many 

unoxid~zed inorganic su1fur const~tuents (S2~, sa, Sx2-) . 

These samples are denoted by 'NA' '(data not availableJ ,in 

the tables. In a few samples, the interLerence from sulfide 

was eliminated by acidifying the sample to pH '4.0, and 

applying vacuum for 30 minutes to remove the sulfide as H2S. 

Fig. Il 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 .. This coincides 

with the time where the concentration of thiosulfate is 

reduced to below 0.5 gpl (Table 24). The concentràtion of 

trithionate is reduced only marginally thereaftei, possibly 

because of the hydrolysis reaction given by Rolia (1981) in 

equation (26). 

Trithionate hyd~olysis might 'explain why the concentration 

of sulf~te increases long after thiosulfate is removed from 

solution for Liquor B (Fig. 10) , Liqu~r C (Fig. Il), and 

for the experiment in whiéh six oxidized samples were storeg 

for six weeks. 
J 

Table 25 compares the experimentally measured yields 

"of sulfate and trithionate after elimination of thiosulfate • . 
The effects of black liquor and rpm on these ~ie1ds i9 

, 

investigabed; the, effect of chemical addï tion is discussed 
1 

in Section 4.4. 'Wi,thout chëmical addition the yields of 

sulfate are 64% for: Liquor A and 62% for Liquor C (of the 

total inorganic sulfur). The remainder is in the form of 
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trithionate. Results from Liquor B show -that the yield of 

sulfate increases with, aqitation of the liquor, and is 
. ."-., 

approxirnately 70% of the total inorganic sulfur wh en ~the 

oxidation rate becomes kinetic controlled at 2500 rpm. ~ll 

sulfate and trithionate data presented in Table 25 are 

calculated from experimental 

arithrnetic difference. The mass 

measurernent, and 

balanc~ on total 

sulfur ~s closed to within 4% in aIl cases. 
l'" 

not by 

inorganic 

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 w1th Liquor B at 40bo rpm (Table 25). 

F • 

4.2.5 Thiosulfate Oxidation Kinetics .. 

Kirietics • of the noncatalytic inorganic sulfuf 

oxidation in black liquor were studied at the temperature 

(94°C +/- 2oC) and pressure (1 atm. 02) emp10yed in this 

research. Rate expressions were deterrnined at 2500 rpm and 

an oxygen f10wrate of 1.2 lpm 02 where it was demonstrated 

that the 02.diffusional limitations were eliminated& The 

effect of black liquor on the relative rate of oxidation was 

studied as an independent variable. 

It should be emph~sized that aIl kinetic rate models 

presented in this thesis were found by empirical curve 

fi tting. Due to the sheer complexi ty of the chemlcal 

composition of black liquor, it was not possible to obtain 

kinetic rnodels from fundarnental principles. In Section 4.2.7 

of this thesis it is shown that caustic soda (NaOH) is one 

• 
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of the acti ve Q 1 iquor èonsti tuents '-4linvol ved 

thiôsulfate oxidation k~net-ics ~ 
in the 

From Figures 12 - 14 inc1usive1y it is evident that 
u ~ 

o the oxi~ation rate of thiosulfate.is governed by two genera1 

phenomena. When tèe concent;rati~n of thiosulf.ate is between 

0.5 qpl ànd 5.3 gpl, and where the rate of change of 
~ 

thiosulfate concentrat'ion with time is negative, equation 

(28') i s appl icable. 

L (2 8.+~ 

dt 
~ 

under the constraint: d/dt (52°3
2-) . < 0 

When the concentration of thicsulfate is below 0.5 gpl 

equation (29) adequately describes the exp_erirnental results. 
'> 

= 

'dt 

Tpe kinetie rate constants for Liquor C Çlre: 

..... 

kl = 0.15 qpl/min. 

"ka.::.) 0.768 (qpl' min. )-1 

Equation (28) implies that: the rate' of 

(29 ) 

iqdependent of concentration, above. 0.5 gpl of 

oxidati.on i8 

thiosulfate'. , , 
.,8elow 0.5 qpl 'the rate decelerates to the 

"seco~d ordercdependence on 
\ 

i8 fO'unQ (equa~i0!l 29). 

. , 
t~e conCeQtr~ion 

. 1 ~ 
", 
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The values for k l , were obtained by performing a 

__ l~I1.ear least squares regression on four sets of replicatè 

data for each of Liquors Band C. This procedure was also 

carried out for one set of oXldation data for Liquor Tl. 

(Table 6). The initial daturn used represented the maximum 

thiosu1fate concentration obtalned during the experiment. 

The Iast datum used corresponded to the pOlnt where 

curvature was f1.rst 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 thiosul fate concentration) were 

found. For aIl three liquors a second order modei (with 

kinetic rate constant k 2 ) provided a better fit than did a 

first order model. The methods that were used to calculate 

ki and k 2 are given by Levenspie1 (1972). 

\ 

Figures 13 and 14 compare the model predictions with 

experimental data for Liquors Band C respectively. The 

4 transition from zero to second order kinetics is indicated 

by the intersection of the dotted Iines. In both cases the 

experimentai data are in reasonable agreement with the 

kinetic ra te expressions. The mode l is not applicable i6 the 

region where the rate of change of thiosulfate concentration 

wi th time is positive. In this research the production of 

thiosulfate from unoxidized inorganic su1fur species is not 

, ... 
being considered. \ 

Rate constants for the three liquora are pres~nted in 

Table 26. The rate of thiosulfate oxidation is largest for 

Liquor B (Fig. 13) and smallest for Liquor A (Fig. 12). This 

is in accordance with the experimentally observed trends , 
which show, that the thiosulfate J:'~sidence time is the lowest 
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for Liquor Band highest for Liquor A. The difference in 

kinetic rate constants' between liquors' indicates that the 

rate of oxidation is very highly dependent on the specifie 

characteristics of the liquor. An explanation for this may 

be that of stable foam formation. The -, excellent mass 

transfer character~stics of foam promotes oxygen uptake into 

the liquor. Large volumes of foam were noted for all 

experiments ,wi th L~quor Band hence, more mass transfer area 

per liquor volume in this case. Liguor A, on the other hand, 

was the least foamy, indicating a low bubble surface area 

relative to the otheJ:' two liquors. 

4.2.6 Sulfate' Kinetics .. 
Obtaining a suitable kinetic model for sulfate was 

diff i,cu 1 t because there were no obvious trends in the 

sulfate concentration data, tha t might indicate a simple 
o 

type of ra te mechanism. For low concentrations of 

thiosu 1 f a te or long residence times, the sul fate 

concentra tion/time profil e is nearly f lat (Figs. 11, 15) . 

The ,rate of sulfate production is independent of ,aIl 

species concentrations during this time. For , 
1 iquor 

large 

thiosulfate concentrations and short residence times, the 

product~on rate of sulfate is high. The 'concentration/time 

profile is not linear, however. This indicates that the 

exponent of the thiosulfate concentra tion terrn should be a 

non-zero integer during this perl0d. A model was sought thàt 

could account for: 

i ) the shift in reaction order; 

ii) provide an adequate statistical fit of the experimental 

datai ~ 

iii) provide sorne general applicability for aIl 

liquors. 
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Sorne of the expressions that were tested as potential 

rate models are listed below. The concentrations of 

thiosulfate, s~lfate, and t,rithionate are denoted by A, B,V' 

and C respecti vel y. Kinetie powers are labelled n, m, anâ'l, p, 

and kinetic rate constants by k3 , k 4 " and kS. Levenspiel 

(1972) noted that equations (30), (33), and {34} de scribe 

reactions of shifting reaction order. 

\ 

,dB k An 3 ..,---
" (30 ) = 

dt 1 + k Am 4 

dB 
\.-

= k3 An . (31 ) 

dt 

dB 

= k3An +. k4 Cm ( 32 ) 

dt • 
~1 

dB k An 3 
= (33) 

dt (1 + k4A)m 

dB k An 3 
= + k5C~ (34) 

dt 1 + k Am 4 

It is obvious that equations (31) and (32) do n01f 

satisfy the criteria of shif~ing' reaction orders with time • . 
They were investigated to examine the magnitude of the lack 
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of fit wi th 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, deve loped by Mackinnon (1986), was used. The 
" 

program was set up to allow the user to input a postulated 

model form and the number of parameters to be estimated. 

Concentration/time data of aIl 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 esti~ates, the number of iterations, and step­

sizes were also set. 

The program searched for the best est~mates 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'lexperimental 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 weIl. Both of these forms were 

subsequently tested with 

liquors. 
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The model prediction fram equation (34) was slightly 
, 

better than equation (30). It was discarded, however, 

because consistent Jalues of the paràmeters k3 and p could 

not be obtained from replicate experiments. This showed that 

the extra term was not warranted in light of the 

experimental error associated with the 

interpretation of this result is that 

data. The physical 

the kinetics of the 

trithionate hydrolysis reaction producing sulfate lEquation 

26) are negligibly slow. Consequently, aIl models with the 

exceptioh of equatioh (30), were eliminated from further 

\~ns,. iidleration. 

~ 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, fro~ two sets of four replicate runs. It would 

be reasonable to"st'ate that,the kinetic orders could be 

repr~sented by the integers 2 and 3 for n and m resp~ctively 

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 ~roduction in 

BLOX can then be repres~nted by equation (35). " 

= 

dt 

\, 

1 + k (5 0 2-,3 " 4 2 3 , 
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· ~ under the constraints: 

< 0 ( 36) 

dt 

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

are: 

k 3 =0.30 

k4 = O. 99 

where the concentration ot thiosulfate is 9i ven in grams per 

li tér. 

The model predicts the sulfate concentration in the 

time period where the rate of change of thiosul fate .. 
concentration with time is negative. The time required for 

quantitative thiosulfate conversion is denoted by the dotted 

vertical lines in Figs. Il and 15 for Liquors C and B 

respecti ve1y. 

The model predictions are .compared wi th 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% of the 

experimental data. The mode1 underpredicts the sulfate 

eoncentration after quanti tativ'e conversion of thiosul fate 

because the contribution from the trithionate hydrolysis is 

not considered. 

Rate constants for sulfate kinetics from Liquor B in 

Table 27 indicate that the yield of sulfate is enhanced with 

liq~or turbulence. At 4000 rpm k4 is 0.49 compared with 0.65 

st 2500 rpm. The lower value of k4 at 4000 rpm decreases the 
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denominator in equation (30) and 'increases the sulfate 

p::oduction rate. Simil~rly, k4 for t-iquor C is 0.99, which 

means that the sulfate rate is lower than for Liquor B. This 

is in accordance wi th experimental resu 1 ts 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) The rate mOdel, should predict the sulfate concéntration 

data wi thin acceptable error limi ts for aIl three 

1 iquors : 

ii) The model should predict the sulfate concentration data 

in the limits (ie. where thiosulfate is a) large, b) 

zero, or c) approaching zero.) 

In case il, the sulfate concentration data are weIl 

oredicted for aIl three liquors. This is demonstrated in 

Figs. Il, 12, and 15, for Liquors C, A, and B respecti vely. 

The validity, or lack thereof, of the second criterion can 

be established by considering each of the three cases in the 

sequence in which they are listed. 

~ 
iia) In this case the concentra tion of thiosul fate is 

between 3 - 5 gpl 50 that k4A3 » 1. The model predicts: 

dB 

lim = 
large A dt 

= 

1 im 

large A 
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This, resul t indicates that a plot of dB/dt vs. l /A ~t large , 
A or small l/A should be linear. Figs. vi, vii, and viii in 
Appendix 5 -show that the relationship between dB/dt and liA 

is l.i:near for aIl ,three liguors. 

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

1 

dB 

dt A = 0 

= 

o 

A = 0 

= 0/1 = 0 

which agrees with the expected resu l t. 

iic) In the third case the concentration of thiosul fate is 
small but not zero (0.2 - 0.5 gpl). 

lim 1 dB 

A-O dt 

-
k A2 

1 

3 
• lim 

A-O l + k A3 
4 

= (r k3 A2 ) / ( 1 + 0) = k A2 
3 

: 
This expression 

consistent with 
kinetics. Both 

exhibits second order kinetics which is 

the rate model obtained for thiosulfate 
rate expressions predict second order 

) 
.. 
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kinetics in 

thiosulfate. 

the specified concentration range of 

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 liquor drops progressively during 
, , 

BLOX b~cause of consumption of caustic soda (NaOH) through 

s~veral cornpeting reactions. Sorne of these are qiven by 

equations (25), (38), and (39). 

Na2S203 + 2NaOH +' 202 --.. 2Na2S04 + H20' 

f (organics) + x02 ~ y (organic acids) + zH20 

a(organic acids) + bNaOH-+ c(Na salts) + dH20 

2NaOH + CO2-.., Na2C03 + H20 

J2S)' 

(37) 

(38) 

(39) 

Fig. 

from 13.05 

minutes of 

16 ihlustrates the decrease of pH for Liquor C 

before an experiment to abou~ 9.6 after 4S 

oxidation. A constant pH of 9.6 +j- 0.1 is 

observed thereafter. At this point the thiosulfate is 

quantitatively oxidized from solution (Table 28). 

Table 29 shows that a simil ar tr.end exists for the pH 

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

after 60 minutes, where the concentration of thiosulfate is 

zerp. 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 fram the oxidation of sodium thiosulfate. 
/:\ 

, l ' 
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The role of NaOU in BLOX 
. . 
reactJ.ons was further 

investigated with a serie§ of three experiments in which 

different concentrations of NaOH were initially add~d to the 

unoxidized liquor ("SODABLOX"). The objective was ta 

determine if tbe specific NaOH concentration affects thee 

ultimate yields of sulfate and trithionate after BLOX. In 

addition, the èffect of incrementa} additions of NaOH on the 

~ative/"ates of oxidation was examined. 

'" ---- In the first of these experiments (SODABLOXl), 5 gpl 

of NaOH was added to the unoxidized 1iquor. Result~ from 

this study (Fig. 17) show that both sulfate and trithionate 

are produced in SODABLOXI. A mass balance' on inorganic 

sulfur is closed to within an average deviation of 3.2% 

~(Table 30). The sulfate yJ.eld is 64% of the total inorganic 

sulfur. This is practically identical with the 62% ,obtained 

for BLOX. 

The 

decreased 39% 

SODABLOXI. It 

kinetic rate of thiosulfate oxidation" k l , 

from 0.15- gpl/min. to 0.091 gpl/min. with 

is interesting .that the kinetics of 

thiosulfate oxidation appear to be zero order even below 0.5 

gpl. Unlike SLOX (no,chemical addition) there is no vJ.sible 
, 

shift in reaction order below 0.5 gpl. 

• 
When the initial incremental addition of NaOH , 

concentration was increased 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. Tfie zero 

order dependence at. low S2032- for bath SODABLOX runs 

sU9gests that the thiosulfate kinetics are highly influenced 

by the specifie concentration of NaOH~ 
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From equation (25) two hydroxyl ions are consumed for 

each thiosulfate ion that is oxidized-.- - -'»---'--

~s large consumption of sodium hydroxide m~9ht affeèt the 

kinetics of thiosulf.ate oxidation at low 52°3
2-. When the 

concentration of thiosulfate is reduced to 0.5 qpl for 

instance it is possible that the hydroxyl ion concentration 
'" is not sufficiently large to maintain a high rate 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 50DABLOX experiment, 28 gpl NaOH was 

added to the unoxidized liquor (50DABLOX3). The rate of 

~-tHiosulfate oxidation was further reduced to 0.021 gpl/min. 

or 14% of the rate found for BLOX. Even after 140 min~tes 

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 L~quor A, 

the oxidation rate is reduced 64% when 5 gpl NaOH is added. 

A steady rate decline with increasing NaOH is a1so evident 

for the results from Liquor C.~ When the initial 

concentration of NaOH i5 increased from 12 to 17 gpl, kl 

decreases from 0.15 gpl/min. to 0.091 gpl/min. ~urther rate 

reductions are observed with higher initial- concentrations 

of sodium hydroxide. 

The SODABLOX study demonstrat~s that NaOH is consume~ 

rapidly in the 8LOX 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 conveqtional BLOX (Table 31). 

When 28 9pl NaOH' was added, the pH of the liquor after 

oxidatiorr was only 10.65. 

The lower'kinetic rate of thiosulfate oxidation in 

SODABLOX allows a closer inspection of the 

concentration/time 'profile of trithionate during ~he 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 

trithionate is fairly constant ranging from 3.0 to 3.5 gpl. 

It ia interesting that the sulfate production rate increases 

sharply after the concentratù~n of trithionate has. reached a 

relatively stable vàlt.fe. of 3~' - 3.5 gpl (Figs. 17, 18). 
,This suggests that the ~~~~'m~ti n of trithionate.ls favored 

when the con'centration of th.l ulfate is large (2.5 - 5.2 

gpl), but that sulfate is the predominant oxidation product 

at lo~~-concentrations (5 2°3 2- < 2.5 ~pl). 

Although SODABLOX decelerates the sulfate and 

trithionate production rates, the ultimate yields of these 

constituents are not significantly affected. Table 25 $hows 

that the sulfate yields are 64% and 62% for 5 gpl and 15 gpl 

NaOH additions respectively. In comparison, a sulfate yield 

of 62% is attained without any NaOH addition. The balance of 

the inorganic sulfur is in the ~m of trithionate. The 

average deviation with the mass balance on inor9anic sulfur 

is '1. 7% when 15 gpl NaOH -lS added (Table 32), and 7.1 % wi th 

.an incremental addition of 28 gpl NaOH (Table 33). ~ 
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4.3 Catalyst Screening 

Fallavollita (1984) has noted that an underlying 

drawback of the Fluid Bed Rec9very Concept for the 

gasif ica tion of kraf t black l ~quor + ies in the degree of 

volàtile sulfur compounds produced during pyrolysis. To 

minimize emission of these gases in the FBR i t 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 i t was possible to 

~uantitativrly oxidize sodium thiosulfate to sodium sulfate 

at the elevated temperatures and pressures found in the 

dig~ster. The liquor organics are very severely degraded 

under these harsheprocess conditions, however, resulting in 

a substantial loss of therma! value. Process condition9 used 

in conventional BLOX (~OoC - 100oe, l atm. total pressure) 

prevent excessive oxidation of lignaceous organic compounds, 

but conve~sion of sodium thiosulfate is much more difficult 

under ,these milder, conditions. Utilization of a suitable 

catalyst in a conventional type BLOX process may accelerate 

th~,kinetics of the thiosulfate oxidation, and prevent th~ 

excessive organic breakdown that accompanies high' pressure 

oxidation. 

With this in mind a suitable catalyst for the 

oxidation of thiosulfate in weak kraft black liquor 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 ch~micals on the rate of 

thiosulfa te oxidation was investigated at 1500 rprn. 

Concentration/time data were generated for thiosulfate, 

sulfate, sulfite, and oxalate. Concentrations of the orqanic' 

, 
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ion, oxalate 

f 
were closely monitored in all 

experiments to investigate if oxidation and/or chemical 

addition contributed to its formation 1n aqueous solution. 

The first chemical investigated was cupric chloride 

(CuC1 2 ). Beychok (1973) stated that "the use of CuCl 2 as a 

catalyst permits 100% of the sulfides to be oxidized to 

sulfates" at an a~r pressure of 72 psi (4.9 atmospheres). 

Fig. 20 compares the· rate of th10sul fate oxidation wi thout 

catalysis (Table 2), wi th data obtained wi th 10 gpl CuC1 2 
(Table 34). The max~mum thiosu l fate concentrat1on observed , 

wi th the adcii t10n of CuC1 2 ~ s 2.72 gpl. This represents 

about half of the concen tra tion observed for the 

noncata1ytic oX1dation (5.2 gpl). It 1S probable that the 

true maX1mum of approxirnate1y 5".2 gpl (F1.g. 20) 1S not 

observed because of the rap1.d sequentia1 OX1.dat1on of 

thiosulfate immed1.ately after be1ng formed from other 
o 2- 2-l.norganic sulfur species (S , s , Sx ). 

When the concentrat1.on of thiosul fate is reduced 

be10w 1.5 

observed. 

gpl, 

The 

no further acceleration 
. 

res idence time requ1red 

of the rate 

to reduce 

is 

the 

concentration of thiosul fate to 0.43 gpl is 70 minutes. This 

is about the same tirne as ~hat requ1red for the noncatalytic 

oxidation. There does not appear to be much ..fatal y tic 

activity for the th~osulfate oxidation with CuC1 2 , 
o 

the last 40 minutes of oxidation. Th~s could be the 

during 

result 

of catalytic oxidation of the organic fraction occurring . at 

the same time. 

Most of the product of oxidation 'with CuCl 2 is not' 

sulfate; its concentration does not increase at aIl during 

the first 40 minutes. Based on clos ure of the noncatalytic 

inorganic sulfur mass balance (demonstrated in Section 
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4.2.4), it is probable that the remaining product of 

oxidation is in the form of trithionate. 

The concentration of oxalate (C20 4 2-) increases from 

1.18 gpl before oxidation to 2.11 gpl after 55 minutes with 

the addition of the cupric chloride- (Table .34). The 
• 1 

concentration of,'su1fite is steady at 0.2 gpl regardless of 

the residence time. 

There was sorne evidence of catalytic oxidation of 

Ithiosulfàté right at the beginning of oxidation with 10 gpl 

CuCl..2" Consequent1y, a second experiment with 5 gp1 CuC1 2. 

was ' perfoimed. Wi th the 5 gpl addition, the rate of 

thiosulfate oxidat,ion is slower than that for noncata1ytic 

oxidation (Fig. 21). The concentration of sulfaté does not 

increase at aIl ,e"en after 70 minutes of oxidation (Table 

35). This study confirms that CuC1 2 lS not a catalyst for 

the oxida tion of thiosu l fa te in bl ack l iquor under the 

- expe,rimental conditions (2.4 lpm 02' 1500 rpm, 96oC). In 

fact, Fig. 21 indicates that the kinetics of inorganic 

sulfur oxidation are actually decelerated, probab1y because 

"ÇuC1 2 ca talyzes oxidation of the organic fraction. 

t 

'.Phis las t point highlights the dif ficu1 ty of 

obtaining a suitab1e catalyst for the oxidation of 

thiosu1 fate in kraft black liquor. It i5 not suff icient that 

a chemical catalyze the global oxidation rate of kraft black 

liguor. Rather, it is necessary that it se1ective1y cata1yze 

the inorganic sulf,ur fraction in the l"iquor. Cupric chloride 

may be a thiosulfate oxidation catalyst under other 

conditions as Beychok (1973) cl~im5. It is n,ot for the case 

of black liquor under these conditions, however, because of 

the ease with which the organics are oxidized. 
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Bhatia et al. (1975) have found t:hat activated carbon 

is a cata1yst for the oxidation of thiosulfate in pure 

solut;ions>of tpe sodium salt. Fig. 22 compares the rate of 

noncatalytic oxidation or thiosulfate with that 'obtained 

after an ad di tion of la gp 1 acti vated charcoa 1. The two 

rate sare wi thi n the expected exper:imenta 1 error of eaeh 

other. The concentration of thiosulfate is"reduced ~o 0.70 

!pl after 68 ml.nutes of oxidation ~. During this period the 

\1 sulfate concentration increases from 4.55' to 7.24 gpl (Table 

>. 36). There is no evidence of anJ' catalysis for tbe oxidation . , 
of-thiosu1 fate. 

With hydroquinone, a known sulfide oxidation 

catalyst, the rate of oxidation of thiosulfate ,is very slow. ..-

The thiosu.J.fate concentration/time profi le at Any time after 

la minutes is practica1ly fIat (Fig. 23). The' concentra'tion, 

of oxalate increases steadil y throughout the experunent from 

1.01 gpl to 2.10 gpl after 80 minutes of oxidGltion (Tablè 

37) • 

Fig. 24 sh6ws the effect of adding 10 gpl 

f,il ings to the black li3~or (Table 38) • The \ rate 

oxidation is 'lower than for noncatalytic oxidation. This 

iron 

of 

ois 

presumably because the chemical is used for the selective 

oxidation of the organic fraction. Similar trends are 

observed for addi tions of manganese (Fig. 25)" cobal tous 

chloride (Fig. 26), and manganese dioxide (Fig. 27). Chen 

(l~! 0) stated that manganese and cobal tous chloride (CoC1 2 ) 1 

cata7 the oxidation of a~ueous sulfides: 

An interesting f'eature of the screening -experiments 

.fs the ef fect of the~ chemical on the concentr~tion of 

oxalate. When manqanese is added (Table 39), ~he 

concentration of oxalate increases from 1.38 gpl to 2.54 9pl 

'. 
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after 81.5 minutes of oxidation~ With the addi~ion of . 
coba1tous ch10ride (Table 40), a steady increase from 0.99 

gpl to 2.26 gpl after 80 minutes is observed. When Mn02 is 

added (Table 41) the concentration of oxalate increases from 

1.21 gpl to 3.18 9pl 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 

oxidation orthe inorganic sulfur species is note The 

simultaneous rise of the concentration of -oxalate with the 

lower rate of thiosulfate oxidation suggests that the 

r.1ative production rate of oxalate could be correlated with 

the extent of organic oxidation. J 

Fig. 28 illustrates the effect of an addition of 10 

gpl n~ckel aluminum a1Ioy (NiAI) on the rate of thiosulfate 

oxiëration. The residence time for conversion of the 

thio~ulfate concentration to 0.5 gpl decreases from 72, 

minutes for noncatalytic oxidation, to 42 minutes with the ..., 

NiAI alloy (Table 42). When 5 gpl NiAI is initially added to . ' 

the unoxidized black 

- for conversion 0 f the 

is 50 minutes (Table 

liquor (Fi9. 29), the residenc~ time 

thiosu1fate conc~ntration to 0.,54 gpl 

43). This is a significant reduction 

over the 72 minutes required for noncatalytic oxidation. The 

residen~ time decrease for both concentra~ions of NiAI is 

~mpressive in light of the effects that ether chemicals had 

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

offered considerable promise for the catalyti~ oxidation of 

thiosulfate in kraft black l~q~or. 

Anether interbsti~9 resui t from the oxidation wi th 10" 

9Pl NiAI is the apparent .ins«:ability of the oxalate ion. Its 

concentration gradually inêreases from 0.76 9pl to 1.46 gpl 

at 31 . minutes '(Table 42}. It drops to 0.97 gpl at 35.5 

minutes but then increases s'teadily ta 1. 3 4 gpl at 56.5 
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minutes. Instability of C2042~ with oxidation is also 

apparent wi th a.n addition of 5 ~pl NiAI. Its concentration 

drops froJll 1.10 gpl at' 4.~ minutes to 0.68 gpl at, 6.S 

minutes- (Table 43). " 

'. 

From Table 42 it i5 apparent tftat very little of the 

proâuct of ct.hJ.Qsul fate oX"ida tion wi th 10 gpl NiAI ia 

sulfate. It w"as ,ini tial'ly thought that most of the inorganic 

sulfur product was in the' form of trithiQnâte. Thi~ 

hypothesis,was verified in Section 4.4. 

The concentration .of thiosulfate is initia1ly just 

O. 50 gpl wi th an addition of IO > gpl NiAI. In comparison, the 

initial concentration of thiosulfate in noncatalytic . 
oxidation, i's approximate~y 2.7 gpl (Tables 2 - 7). The 

decrease of the thiosulfate concentration shows up as, a 

proportional increase of the sulfite concentration. The 

initial concentration' of sulfite is 1.71 gpl; its 

steady-state concentration is 

difference of the two values is 

concentration of sulfite/ (1.44 

0.27 gpl (Table 

1.44 gpl. This 

gpl) is 2.02 .. 

42). The 

addi t;onal 

gpl when 

, expressed as _ the "thiosul fate total equi vatent". Added to 

• the 0.5 gpl 5 2 °3 2- initiaIIy present in so~ution, the total 

concentration of the thiosulfate is 2~S2 gpl. This is within , 
-thè acceptable experimental error (6. 7%) of the expected 

, 
thiosulfate concen~ration (2.7 gpl) . 

• ID 

\ , --
-
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noncat. 52°3 2- = 2.7 gpl 
catalytic ~2032- = o.~ gpl 

'a 

• 

.. 

steady-stl!lt~ 50"32- = 

l . 50 2-cat~ yt1C 3 .. = 

~. 

0.27 9pl 
1. 71 gpl' 

difference' - = 2.2 gpl difference = 1.44 9pl 

amount of sulfite as thio,sulfate: 

112.2 

= 1. 44 x = 2.02 9P1o 

80.1 
~ 

sum of aIl accountable 5 2°32- = 0.50 -+ 2.02' 

::: 2.52 gpl 

(2.52 - 2.7) 

% error = x 100 =- -6.7% 
, ' 

2.7 

l 

The calcula~ion supports the idea that the NiAI addition May 

cause a chemical breakgown of thiosulfate to sulfite and 

eiementai sul fur as depicted by equation (41). 

(41 ) 

Table 44 -presents particle size distributions 

surface ar~a measurements of the NiAI catalysts used in 

research. The chemical composition of both catalysts 
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~as 50'--nickel and'· 50% aluminum by wei:ght. They were· 

obtained from BDH Laboratory R-eagents in Engl an~. 
" 

\ 

Catalyst l was used for all catalytic oxidation • experiments wi th ,Liquor A. Catalyst II was used ln 
." 

experiments for bbth Liquors Band ,C. Most of the w~ight· 
, ' 

fraction (40 wt.% - 45 wt.%) falls in the range of 63 to 90 
, . 

microns (particle size diameter)._ Less thëfn 3' of the 

catalyst partic1e size diameter- is 9reater"than 90 microns •. 

It is evident frorn the, low surface area data for "cataly,st l 

'JO. 56 +/- 0.02 m2/g) and for Catalyst II (0.43 +/- O.().2 

m2 /9), that the NiA! alloy that was used in this research.is 

not a catalyst for commerciAl application in it~ present 

statp;~ 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 impl;egnated type migl;lt be commercially viable for 
~ 
the catalytic oxi<fation of sodium thiosulfat~ in weak 'kraft 

black liquors. 
,If' 

,-

'. ~ 

Q -

-. , 
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4 ~ 4 Catalytic Oxidation r1 \1 

4 
. 'l, 

d 
-

4",4.1 Closure of' Inorganic Sulfur Balance 

• l, 
• l, 

Tàble 45 shows elle effe~t of catalyst con~entration 

and residence tirne, 'on the tot~l sulfur content for Li.quor 

B. Before oxid.ation· the concent~ation of total sulfur is 5.3 

+/- O~2 "gpl. At 123 rninu'te~, the concentration of total 
, 

sulfur is 5.2 ,+/- 0.1 gpl , b~s~d on an average, of eight 

experiments. This resul t demohstrates that no appreç.iable 

amount of inorganic sulfur is' volatilized during the course . . 
of catalytic oxidatiol'}.. Qualitatively~ thi§' study ~a's 

verified by not~ng that there was 1)0 smell of sul fur gases 

from the reactor during.any of the experirnents p~rforrned • 

.... 
Table 46 shows thàl: a mass' balance on inorganic _ , 

an average deviation of 1.6% with 
• 

to within su1fur is closed 

concentration- of 10~) gpl .. The 

thiosulfate oxidation wi,th the 

NiAI" alloy are trithiona~e and sulfate. 

Liquor B, at a catalyst 

products of the cata1ytic 

" .. 
Table 47 presents concentra tion/time data for 

su~f'ate~ thiosulfate, and tri thionate with Liquor C at a 

catalyst concentration oi 5 gpl NiAI,. The sulfur balance is 

cl:osed to wlt.hin an average deviation of -3. 7 %. The average 

devi-ations with the total inorganic sulfur balance from 

replicate experiments with 5 gpl NiAI are 2.2% (Table 48), 

-1.3% (Table 49), and '-2.3% (Table Sa). Hence, a sulfur 

balance bet~een successivè catal~ic oxidation experiments 

with Liquor C at 5 gpl NiAI is achieved. The 'repli.9~te 

experiments (Tables 48, 49, 50) a150 illustrate .that good 

reproducibili ty of the tri thiona te and s-Ulfate concentration . , o 

da ta is obtained. 
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4.4.2 Effect of C~talyst Concentration ~nd Liquor, on 
r 

_Oxidation Rate , 

: From Fig. 29. i t is evident that a catalyst . 
J 

concentration of 5 gpl NiAl accelerates the rate of 

·oxidation of thiosulfate for Liquor A. To investigate if a 
\ 1 , 

similar, catalytic effect can /be reproduced between liquors, 

an experiment 'wi th 5 gpl NiAI was done for Liquor C. The 

resul ts are shown in Fig. 30. ~ Nonca talyti'c thiQsulfate 
f 

oxidattpn data are obtained from Table 23 and catalytic 

oxidation data are taken from. Table 49. The residence time " 

r.equired to r'educe 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 NiAI. 

Most of the reaction product in the early stage,s of­

oxidation is trithionate and not sulfate. The concentration 

of ~rithionate is initially zèro in the unoxidized liquor. 

It increases to 3.36 gpl at 10 minutes (Table 49) and 

reaches a steady-state concentration of approxima tel y 3.5 

gpl after 60 minutes of oxidation. The concentratïon of 

sulfate rises sharply after 10 minutes (Fig. 30), where the 
'1. 

concentration of-trithionate remains nearly constant. 
.., 

Fig. 31 shows the reproducibility of the thiosulfate 

concentration/time data with 5 gpl NiAI. In aIl four 

experiménts the concentrations of thiosulfate f1uctuate 

arbitrarily during the first 10 minu:tes of oxidation ('Pables 

47 - 50). This behavior co~ld be attributed to,the fact that 

th~ th!osulfate may be re~cting to form> sulfate and 

~ritpionate simult~neous with its formation from su1fide, 

hydrosulfide, and elemen~al sulfur'. Ontil al1' of these 

intermediate species are conve~ted,'the periodic con~umption' 
" 

L_' 
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.and ~egeneration' of thiosul,fate cause the peculiar trends 

which are observed . . 
Id 

Fig. 32 shows sulfate and trithionat~ 

1 data from replicate experiments (Tables 47 50). T 

concentration of tri~hionate with catalytic oxidation (abOUr 

3.8 qpl) is higher than that for noncatalytic oxidati~', 

o 

. . .. 

e 

o (àbout 3.0 g'pl). A possible' explanation for this resul t~s 
~ '\ that the s,ulfite producea from equation (41) reacts with 

;r!OSU-1of~te to torm polythionates (S3.o6 2-, S4~62-) acèording 

to equat10n (42). 
\ 

52°3 2--+ S03 2- + S0 

XS03 2 - + YS2032---+~5n062-

-

'-

( 41 ) 

(42) 

Equation (42) could account for the rapid disappearance of 

sulfite and the accelerated oxidation of thiosulfate without 

a corre~ponding increase of the production rate of sulfate. 

A sequ~nc~ of experiments with lower catalyst 

concentrations ,was;investigated 

A. With an addition of 3 

in experiments with Liqùor 

gpl NiAI (Fig. 33), tthe 

.noncatalytic and catal:tic thiosu~fa~e oxidation" profiles 

are nearly s,per~m~oscd. The ~on~en~r~ion of thiosulfate i~ 
reduced to 0.4 gpl in 63 minutes (Taqle 51), comnarpd to 72 

minutes without catalysis . 

Figures 34 an~ .35 compa:r:.e the oxidation rates wi th 

additions of 1.0 qpl NiAI. and 0.5 gpl NiAl - respectivély. 

'rom Fig. 35 ,there does not appear to be Any evidence of 

catalyti~ acti~ty at 0.5 gpl NiAI. The slight Acceleration 

observed in Fig. 34 with l -gpl NiAI (Table 53), m~y be due 

to experimentai errors. It would appear that the minimum 

81 

. .r 



o 

, 

o 

• 
, 0 

-/ 

" 

• 
.K 

(. 
catalyst concentration" for any significant reduction in 

residence ,time 1:S 5 gpl Ni.Al. 

Experimental evidence from aIl three, 1 iquprs 

indicates tha t the sul fate yield decreases 
, 

concentration. In the case of Liquor, A, . 
with ·catalyst 

the sulfate 

concentration is 5.70 gpl after conversion of thiosulfate ... . 
$Table'42), with 10 gpl Ni.-Al. The concentration of sulfatè 

J' . 
43), and to ,< increases to 7 .. 33 gpl wi th 5 gpl. NiA,l (Tabl e 

1" -

8 ~ 02 gpl. with 3 gpl NiAI (Table 51). There is a furthe.r rise . 

to 8.49 gp;t so~2- obtained with l gpi ~iAl (Table 52). For 

the" noncâtal y tic oxidation und.er simi lar process conditions 

(Table 6), -:the sùlfate 'concèntration is 8.60 gpl. 
'-', 

Fig. 36.indicates thaS a similar trend exi~ts 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 gpl 

(Tables 54' - 58 inclusively), the sulfate concentration 

decreases from 8.7 gpl to 8.5 gpl, after conversion of 

thiosulfate. In comparison, the nonéatalytic 'ultimate 

sulfate concentration lS 9.4 gpl. Fig. 37 shows th~t the . 
sulfate çoncent~ation data for catalytic' oxidation- is 

.reproducible. This sequence of resul ts fOF- Liquors A and B 

- confirms earlier speculation that the catalytic oxidation of 

thiosulfate increases the production of tri thionate. 

Table 25 shows that the sulfate yield for Liquor A 
,) 

d-ec.reases progressively from 64% of the total ~norganic 

sulfur product in noncatalytic oxidation, to 54% with an ,1 

addition of 5 9Pl NiAI. Wi th a catalyst concentration of 10 

gpl NiAI, only 42% of the oxidation-product of tpiosulfate 

is in the sul fate forme In experiments with Li~or B the 

sulfate yield decreases from 70% in. noncat;alytic oxidation' 

) , . 
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to 65' witb an addition of 3 9Pl NiAI. A further yield 
, . ' 

reduction to 62% is noted wi th a catalyst concentration" or 

\ 10 9PI. 

In o~idatio"n èxperiments wi th Liqupr C, the sulfate 
, 

yield decreases from 62 % (noncatalytic) to 54 % whe'n 5 9'pl of 

NiAI is added. In cornparison the sulfate yields for Liquor A 

are 64% (noncatalytic) and 54% (with 5 gpl NiAI). Clearly 
.. 000 _ 

the oxidation products of _the thiosulfate oxidation. are 
~ . 

independent of the characteristics of the 1iquor. 

Table- 25 shows that the y ield of tri thionate for 

catalytic oxidatio!,! ~anges from 40 % (l 0 gpl NiAI, Liquor B) 

to 44-% (5 9Pl NiAI, Liquor C). 'l'he reader' is reminded that 

the yields of ttithionate were m~asured exper~entally and 
'" not obtained by difference. The. total inorganic sulfur 

,calculatid is al'ways wi thin an acceptable margin of error 

( + /- 4'). 

1 Figure 38 illustrates the effect of catalyst 

concentration on the rate c of tqj.osulfate oxidation for 

Liguor B:·With additions .of 3 gpl NiAI (Table 54) and 5 9Pl 

NiAI (Table 55) ,e no decrease in residence time. for the 

conversion of S'203 2- ~o O. 5 g~l was noted. Wi th a 7 9pl 

NiAI ,.addition (Table 56), however, the residence time 
, o 

decreased fran 25 minutes to 20 minutes. There .is good-

• 

reproducibili ty of the thîcisulfate concentration data with ''-.-._.fT' 

an addition of 7 gpl NiAI (Fig. 39). When 10 9pl of NiAI is 

addèd (Table 46), a s light increase of. the rate of oxidation . . , 
« l.S observed, but t.he residence time for conversion of 

. c _ 

thiosulfate is not significantly.reduced. It is evident from 

this sequence of experiments that catalys!.!i. exhibi ted by the 

NiAl alloy, for" the oxidation of thiosulfate is highly 
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dependent on the 

liSluor. ' 
".,\ r 

specifie cha~acteristics 

/ 

of the black 

The effects of liquor, catalyst concentration, and 

rprn on the residence time for thiosulfate oxidation are 

cornpared in Table 59. Wi thout 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 en the overall rate of 

ox~dation. 

The reader may recall that the effect of irnpeller rpm 

on the rate of oxidation was discussed with regards to 

noncatalytic oxidation eKperiments with ~iquor B in Section 

4.2. It was stated there that the 02 diffu5ional limitations 

are eliminated at 2500 rpm with a baffle. No further 

. increase of the rate of oxidation is obsérved a't>ove 2500 rpm 

with the baffle. This result is shown in Table 59 ... 

'l'he effect of catalyst . concentra tion on the r.l!te of 

oxidation varies with the characteristics of the liguor. 

With 5 gpl NiAI, a decrease of residence time fro~ 72 to 50 

minutes (a reduction of 31%) i5 possible for Liguor A. The 

residence time for Liguor C is reduced 29% (from 35 minutes 

to 25 minutes), also with 5 gpl NiAl. For LiquOI: B, however, 

no dtfc:rease of residence time is no~ed with an addition of 5 
, 

gp.l NiAI. The residence time fO t Liquor B i5 reduced only 

20% (f rom 25 minutes to 20 minutes), even wi th.8 ci?- ta! yst 
o 

concentration of 10 gpl NiAI. In comparison, a 42% decrease • 

of the residence time is noted for oxidation of Liquor A 

with 10 gpl.'NiAl. ~Iearly black liguor is the JJlost important 

parameter governing the rate of oxidation of sodium .. 
thiosulfate. ~ 

. . 
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t-' It has been shown that the rate of oxidation of 

thiosulfate is 02' diffusion lirnited at 81TO rprn (Fig. 9). To .., 
determine if the NiAI catalyst has any influence on the rate 

of oxidation in the diffusion regirne, two oxidation 

experirnents (one catalytic with , 5 gpl NiAI, one 

noncatalytic) , were performed at 800 rprn. 'Noncatalytic 

oxidation data (Tabl e 6 0 ~ are cornpared with the catalytic 

oxidation (Table 6 ~ ) in F~g. 40t
• After a 50 minute residence 

tirne- there is essentially no difference between the 

~hiosulfate curves for the two cases. It is evident that the 

rate of oxidat~ in an 02 -, starved environment is not 

- accelerated in the --=presence 't>f the catalyst. Clearly, the 

NiAI catalyst dOQS not ~electively catalyze the oxidation of 

the inorganic sulfur fraction in the black liquor. This is 
( 

not surprising if one considers that the concentration ratio 

of organic ~arbon to total sulfur from Table l is 57.6 / 5.3 
= 10.9 for Liquor B. i 

The production rate of sulfate without the addition 

of NiAI is. slightly lower than 'for nO,ncatalytic BLqX. This 

is expected, however, based on results presented earlier in 

this thesis (Table 25). 
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4.5 Postulated Inorganic Sulfur Reaction Pathway 

~lack liquor oxidation involves a complicated series 

of organic/inorganic reactions whose mechanisms are 

difficult to elucidate. Prior to th~s study, the ino~ganic 

sulfur oxidation reaction pathway was thought to involve the 

reaction sequence denoted by equat10ns (4Z) and (4i). 

2Na2S + 202 + HiO - Na2S 203 + 2NaOH 

Na2S203 + 2NaOH + 202 - 2Na2s04'+ H2 0 • 

( 42) 

( 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 is true at the elevated tempèratures 

(>lOOoC) and pressures (> la atm. air pressure), as noted by 

Naito et al. (1970). It is invalid at the proce\s conditions 

normally employed in commercial black liquor oxidatipn 

practice however 80 - 100oC, l atm. total pressu~e). In 

this research it was demonstrated that sodium trithionate" 

(Na2S306) is a major product of black liquor oxidation with 

and without catalysis under these milder con~tions. 

<> 

Tan and Rolia (1985) showed that in pure alkaline 
~ 

solutions thiosulfate is partially oxidized to sulfate by 

equation (46). 

Equation (46) is interesting 

not 4irectly reacting with 

.suggests. Rathe~, the NaOH 

86 

(46) 

because i t 'imp1ies that NaOH is 

thiosulfate as equation (43) 

is depleted because i t is 

-. 
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consumed in the neutralization of acid generated wibh the 

thiosù1fate oxidation. That is, 

52°3 2- + 202 + H20---2504
2- + 2H+ 

H+ + OH- - H20 

( 41) ) 
... 

(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-parallel reaction network involving 

metastable sulfur oxyanions, including trithionate (5 3°6 2-) 

and possibly tetrathionate (S4062->. Chanda and Rernpel 

(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. 

f) Tetrathionate and sulfate are directly produced from 

th~ ~x1dation of thiosulfate; 

ii) Tetrathionate decomposes to form sulfate or 

trithionate: 

ili) The trithionate could be further oxidized to sulfate 

given the right process conditions. 

This reaction path~ay is iflustrated ~chematically as 
-

follows . 

-·87 

. 
" . 

\ 



'. 

-

o 

0, 
A 

A similar reaction pathway may exist for the 

oxidation of thiosulfate in weak kraft black liquors. Rolia 

(1981) showed that trithionate (5;°6 2-) is stable in clear 

alkaline media, but tetrathionate (5 4°6 2-) is nQt. Moreover, 

tetrathionate decomposes in seconds at pH > 10 to 

thiosulfate and trithionate through equation (47).-

. (47) 

The validity of this observation was verified by Takizawa et 

al. (1973). This would suggest that the only resulting end 

products of the oxidation of thiosulfate in black liquor 
• 

should be sulfate and trithionate., This was econfirmed 

experimental1y with consistent mass balances on inorganic 

sul~ur, based on these two const1tuents, after conversion of 

thiosulfate. A possible reaction pathway governing the 

ultimate d1stribution of aqueous pHase inorganic sulfur' 

constituents after BLOX could then be given 

of equations listed ~~low. 

, 

4S2 0 3
2- + 02 + 2H20 -!' 254Q6 2 - + 40H--

454°6 2- + 60H- .... S520 3
2 - + 253°6 2 - + 3H20 

53°6 2 - + H20 .... 52°3 2- + 5'°4 2 - + 2H+ 

The stoichiomet,ry of equation (48) ,shows 

by 

the 

the sequence 

(44) 

(45) 

(46) 

, 
1 (48) 

'47 ) 
. (26) 

oxidation of 

thiosulfa~e to produce tetrathionate. This reaction is given 

by Gilman et al. (1958), 

-.-

1 • 
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Equations J~4) and (45) show the oxidation of sulfide 
, ~ ~ 

which is the predominant reac-tion in conventional BLOX. 

Equation (46) represents one of two paths for ., the 

production of sulfate. It is in paraI leI wi th the r:tetwork of 

reactions denoted by equations (48 ",, __ ~4 7), and (26). These 
1 

three reactions are in series with each'other. They 

sulfate in paraI le.}.- _wi th equation (46), as the end 
\ ~ or the"oxidation. That is, ~ 

i) tniosulfate reacts via equ~tion (48) to 

tetrathionàte; , 

produce 

product 

produce 

ii) tetrathionate rapidly degrades to thiosulfate and , 
trithionate in equation (47): 

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

equation (~6) to produce sulfate; 

iv) thiosulfate pro~uced in equation (47) can again react 

equation (46) or 

, 
v) 

-to p~oduce suIfa-te directly, in 

tetrathi~nate in equation (~8): 

this cycle con-tfnues. 1 until aIl 

depleted. 

the thiosul fate is 

.. -
The ~ltimate product distribution is a function of the 

kineti-c rate constants for' each reaction, under the process 

conditions employed (temperature, agitation, ca,talyst 

concent'ra tion, and characteristics of the liquor) • 
~ 

-. . 
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t.6 p~ganic 9xidation 

, 

In this resear~h' the ,extent of organic o~idation was 
II'> 

estim~ted On the basis of the thermal valu~ (kJ J gram black 

1 iquor sol id5), and, of the total org.anic carbon (TOC). Most 

of the decline of thermal ~alue can be attributed to 

oxidation of the organic fraction to form a wide variety of 

acid forms. The energy value of these aC1dic der1vatives is 
~ 

lower than ,the consti.tuent5 from wh1ch they were formed. 

This results in a net reduction of the thermal value of the 
liquor. 

, 
Table 62 shows the effect of noncatalytic oxidation 

on thermal value for Liquor B 

oxidation. Befo~e oxidati6n, the 

0.4 kJjg solids. It decline5 to 

after various extents 
thermal value i5 12.5 

Il.2 +j- 0.4 kJ/g after 

of 
+j-

26 
minutes.,' where 'the concent~atlOfl of thibsul fate is' reduced 

ta about 0.5 gpl.'This decrease is JO.6 +j- 0.3% of the 

o~iginaI heating value~ 

o~ida tioh 'of' 'inorgànic , 

T'he 1055 of thermal val,.u.e.. 

5ulfur species could not 

from 

be 

calculated because of the complexity of the react.lon 
" ' , 

. pathway. After 117 +j- 4 m~nutes of qxidation', the tllermal 

'value is reduced to 10.7 +j- 0.1 kJ7g. This ~epres~nts a 

relative decre~se of 15.0 +/- 0.6%. After' 1&0 'minutes, the 

thermaI' value i5 reduced to 10.3 +j- ,0.,1 k_Jjg, or by - 1,7.6% 

of the origi~al thermal value. 

The ,effect o~ thé ~a~alytic 9xidation, with NiAI alloy 

on the 105s of liquor thermal value is pre5ented in Table 

63. After conversion of thiosulfate at 28' minutes, the 
1 

thermal value is 10.3 +/~ 0.2 k~ig. This,is a 17.4 +j- 1.3% 

decrease of the original h~ating value. AfteB 123 +j- 2 

minutes of l oxidation' 'there is no change in thermal value. 

This indicates that the 'rate of organic oxidation is 

( , 
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accelerated in the pfesence of the catalyst. It proves the 

validity of an earlier hypothesis that the NiAI catalyst is 

not selective for the oxidation of the inorganic sulfur 
, 

fractio~. The specifie' concentration of the catalyst does 
not seem to be' significant in the decline of' thermal value. b 

" 

Table 64 shows the ,effect of oxidation with Liguor C 

on the concentration of the, total organic carbon ar"'fér. 

'various times., -The effects ,of different ini tia1 chemica1 

c~arges of catalyst and sodium hydroxide are a1so studied. 

Before oXida,tion the total organic carbon (TOC) is 64.8 +/-
1,5 9Pl. Aft"er 122' +/- 2 minutes of noncata1ytic oxidation 

the TOC is reduced ~o 63.8 +/- 0.9 gp1 .. 

The concentration of carbonate increases from- 18.1 

~/- 0.5 gpl to 21.1 +/- 0.1 9PJ after 122 +/- 2 minutes of 

noncata1ytic oxidation. The carbonate may be formed from 
, 

alkaline hydrolysis of unstable organic acids such as keto 
, , 

acids. These are produced during oxidation of carbohydrate .. 
'd~gradation proàucts,~as given per equation (49)~ 

RCOCOoNa + NaOH"" ReHO + Na 2èo3, (49) 

Another possible explanation is ' that carbonate is produced • 
from the reaction of CO2 with NaOa given "by equ~t~on (40) o . 

(40) 

~ , 
Caustic soda (NaOH) is initia11y present in a ~ 

-·concentration of 12.0 +j- 0.1 9pl ,in the unoxidized liquor . ,~ 

(Table '64). 'It decreases t~ 4.3 +/- 0.1 gp1 after 122 +/- 2 

minutes of noncatalytic ox~dation. Par~ of the NaOH 

consumptTon may be frpm :the reactions denoted in' equations 

(4'9) and (40). The sodium hydroxide is also par~iaily 
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consumed in the neutralisation of various aclds produced in 

the'BLOX reactions. 

~ 

For catalytic oxidation with 5 gpl NiAI, the TOC is 

reduced to 57.6 +/- 1.1 gp1 after 124 +/- 4 minutes. The 

concentration of cerbonate increases from 18.1 +/- 0.5 gpl 

to 22.1 +/- à.l gpl after oxidation. This does not Îully 

account for the loss of organic carbon, however. The 

remainder of the carbon, probably exits with the off - gas 

as CO2 • 

The,prepence of CO2 in the off - gas was hypothesized 

based on observations from an oxygen analyzer; situated 

downstream of the reactor (Fig. 1). The difference between 

t,he %~2 registere~o and 100 (usualI'Y,between 2 and 10%) Is 

equa1 té the percentage of other gases liberated. in the, 

oxidation reactions. By a process of élimination, this gas 

is probab1y carbon dioxide because: 

i) a total sulfur balance before and after oxidation is 

consistently closed (Tables 21, 45) indicating that it 

ii) 

is not su1fur gas; '~ 

the %02 deereases wit~ residence time (Fig. 41). This 

is probablY because more CO2 flows out of the reactor 

alter longer ~eaetion times, sinee less NaOH is l~ft 

to retain it in sOlution.-', 

. 
From oTable 65 the %02 fncreased during the f ir-st 30 

minute~ of oxidation. This ~s the tim~ required to . 
completely flush the teactor and system lines of N2 g88. The 

nitrogen was used to ereate an inert atm08phere above the 
. , 

liquor prior to the start of an experiment. After 30 minutes 

o 

steady-state was attainedi --the %°2 noted there would also J 

have been obtained during the first 30 minutes without the 

.-
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N2 flushinq before an experiment. 'After 30 minutes the %02 

decreased, presumably because there was less sodium 

hydroxide remaining to retain the CO2 in solution. More CO2 
. .. 

was ve?ted with the' off - gas resulting in a "lower %02' 

After (;zJ t.o- 80 'minutes the %02 value increaeed again. This 

was probably the time at which MOSt of. the orqanic oxidation 
\ 

was complete. This would result in' less CO2 formed, 

rèsulting in the larger %02 that was obs~rved. 

As ,a check on the~ validity of the postulates made-
, , 

above, a sequence of three experiments at different initi~l. 

'concentrations of NaOH were performed (Table 64). As thé 
. 

concentration of initial NaOH added to the unoxidized liquor 

increased "from 5 gpl to 28 qpl-, th~ post-qxidation éarbonate 

cçncentrafion increased fram 23.0 gpl to 33.3 gpl. Despite 

additions of such large quantities of NaOH to the unoxidized 

1 iquor, very 

found in the 
" . àn increased 

, 
low concentrations of sodium hydroxide were 

" 6xidized liquor products~ This was evidence of 
~ 

CO2 retenti on effect when the alkalinity ol the-

liquor was raised. 

Fig. 41 compares the effects of noncatalytic 

oxidation, cataly~ic oxidation, and incremental caustic soda 

addition on the %02 in the reactor off - gas. I~ is'apparent 

that an increase of ~aOH corresponds to an increased %02 
-- •• - y 

reading after a 30 minute resi~ence time. This is to be 

expected because more CO2 is retained in solution as 

carbonate. 
. , 

In Section 4.3 of this thesis it was commented that a 

sudden' decomposition' of the org~nic ion oxalate (C204
2-) was 

found periodically during the course of oxidation. Figures 

33 and 34, with additions of 3 gpl and l gpl NiAI, 

;re.specti..vel y , show this phenomenon at approximately' 25 

'" ' 
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minute residence' times' .. ·lt , 
, " 

obseryed because oxalate 1s 
is possible that such behavior ~s 

oxidized to carbonate as shown . 
in equation (50). 

(50) 

, 
Equation (50) would be a second explanation for the increase 
of the concentration of carbonate with the init~al NaOH 
.present in solution (Table 64). 

-
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5. CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER RESE~CH 

5. I Conci usio,ns 

In this research it was found that sodium trithionate 

(Na2S306) rs a major', prodtict of the oxidation of sodium 
thiosulfate in weak kraft, black liquors. Based on 

tri thionate as an internledi'ate the l'Rass balan~e on inorganic' 
sulfur, after conversion of thiosul'fate, was 'c'losed~ This is 
~he first time in the published literature that closure of 
the mass balance on i:'nor'ganic sulfur has been demonstrated 

after black liquor oxidation. 

-, The oxidatiob of sodium thiosulfate was studied 

without catalysis (Section 4.2),_ with caùstic soda addition 
. (Section 4.2), and with cataiysis (Section 4.4). It was 

shown for aIl three cases that 'quantitative oxidation of 

sOdi,um ~hiosulfate is feasible with t~e cur~ent commercial 

BLOX co~ditions empl~y~~ (BOoC - 100oe, l atmosphere total 
pressure). Soclium trithionate âccQuI)ts for between 25% and, 
35% of' the oxidation pt~duct. Thè' remainder (65% - 75%) is 

-
in the sulfate forme The precise distribution of these 

products depends on, t~ sPecifie characteristics of the 
liquor, a9it~ti~n, and concentration of the catalyst. The 

product di~tribution is not affected b~ the c?ncentration of 
the sodium hydroxide in solution. 

A series of scr~~ning-expe~~ments showed thàt a' 
,nickel al uminuItl' alloy (50 % nickel, 50 % 'al uminum), is an 

effeçtive catalyst for the oxidation 'of thiosulfate' in weak 

kraft'black liquor. A ~atalyst concentration of 5 9pl can . . 
reduce the' residence time for the thiosulfàte oxidation . 
between.30% and 40%. CataIy,tic oxidation of ~iosulf~te 

increases the production of tri~hionate. --,-
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The oxidation of thiosulfate is highly influenced by 
L 

the characteris~cs of the liguor. Qualitatively, the r~te 
, 

of oxidation appears to incr~se with the amount of stable 

foam formation that is formed with agitation of the liguor. 

The global oxidation rate 'of black liquor changes from 02 

diffusion contrdl to kinetic control·above 1500 rpm. 

Kinetic rate equations (obtained empirically) have 

been dedu~ ,for both the thiosulfate and sulfate 

constituents for noncatalytl~ oxidation at the process 

conditi?ns ernployed in this research (94oC +/- 2o C, l 

a tmosphere pressure): The f orms of the rate model sare not 

affected by the specifie characteristics of the liquor. 

The rate of oxidation of thiosulfate decelera~es with 

an increase of the· ~oncentration o'f sodium hydroxide \.n the 

unoxidized liquor. ~hen the concentration of NaOH is present 

in sufficient excess over stoichiometric requirement 
1 

.<equation 25),- the kinetics of oxidq,tion are adequately 

represented by equation 

range of thiosulfate. 

{2a) for the entire concentration , 

(25 ) 
.. 

(28 ) 

under the constraint: d/dt(S2032-) < 0 . 

If the initial· concentratton of NaOH is not i~ sufficient 

excess'of the stoichiometric r~quirement (equation 25), then _ t 

the rate of thiosulfate oxidation i8 ftecelerated below 0.5 
gpl ; 52°3

2-' In that case _ the kinetics of thiosul fa.te 
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oxidation are adequ4tely 
depehdence on-thiosulf~te 
(equation 29)"'\ 

That is, 

-.tl'\(S 0 2-) 
/ ,,2 3 

" 

\ 

d1f' 
1 

= 

t 

" .~~r the constraints: 

< 0 

dt 

\ 

• represented by a second order 
conc~tration below 0,.5 gpl S2032-

'1 

(29) 

The 'rate of sulfate production iJ kraft black" liquor 
is adequately represented by equation (30). 

"d (SO 2 -)' k 1 S 2 - ) 2 
. 4 3' 2°3 
--- = (30) 

under 'th'e- constraints: "," 

< 0 & 

dt 

. The concentration of the total organic carbon 
. 

decreases after black liqu~r oxidation. This is because sorne 
of th~ carbon is oxidized _to forro carbon dioxide. This CO2 
can subsequentlY,be reabsorbed by.the alkaline black liquor' 
to form sodium carbonate (e~uation 4rr) • 

" 
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(40) 

As a result, sodium hyd'roxide is consumed from the oxidation -
of inorganic sulfur species (~tion 25) and from 

production of sodium carbonate (equation 40). Sorne sodiùm , 

hydroxide is aIso consumed from neutralisation of a varie€y 
i • 

of organic based acids which are produced on oxidation. This 

resuIts in a decline of the pH of the liguor from 13 to 

about 9.7 after con~ersion of thiosulfate. 
Il 

Quantitative oxidation of thiosulfate in kraft black ~ 

liquor results in a significant drain on the, thermal value 

of the liquor. Without catalys\s the decrease of 'the th~rmal 

value i5 about ll~; after catalytic oxidation the thermal 

value is reduced by about 18%. The nickel aluminum alloy 

would appear ~o be a catalyst for the global oxidation rate 

of black liquor. It is not selectiv~ for the inorgani~ 

sulfur fraction in the liquor. 

'7 
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1 
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5.2 Recommendations for Future Work 

In this research it was shown that black liquor is 

the most impor.tant variable in the study of thiosulfate 

oxidation. The rates of oxidation of thiosulfate were 

variable between liquors. This ,was thought 
" 

to 

quite 

be 

attributable to the extent of stable ~oarn formation which is 

generated with agitation. Any future work in 'tl1is area 

should therefore concentrate on the éffects of physical 

parameters, such as surface tension, vis cO'si ty, and s pecif ic 

gravit y, on the rate of thiosulfate oxidation. Intuitively, 

it would appear that the surface tension i's . a critical 

parameter in this regard. 

The effect of surface tension on rates of oXJ.dation 

coul'd be investigatc-;d 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 consti tuents could then be 

examined. A second sequence of experirnents could focus on 

the .. relative effect of kraft black l(q~or from different 

mills on the rate of thiosulfate oxidation and the product 

yields of sulfate and trithionate. 

, 
Another area that could be explored is the effect of 

temperature and. pressure on the yields of sulfate an&! 

trithionate. This could be studied for both noncatalytic and 

catalyticooxidation, with the N'iAI all.-OY catalyst. Optimal 

Pfbee~s conditions for accelerating the oxidation kinetics 

of thiosulfate, maxirnizing· the !" sulfate' yie.ld, ~ and . 
minimizing organic oxidation degradation, could then ;be 

..; 

identified. '. 
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Table 1 : Properties ~f'Hardwaod Kraft Black Liquor'before 

oxlaaiion1 ~ 

Property Liquor 

A B C 

Standard 
-Deviation 

~~-------------------------------------------------------

Solids (wt. %) 

Total sulfur (gpl) 

Total sodium (gpl r 

. NaOH (g~ , 
~'~. /) 

'TOC2 (gpl) . ~ 
/ 

Tqtal Caicium (mg/l) 

S2- (gpl) -

SO 2-4 . 

17.0 

5.4-

, . 
38.5 

7.2 

NA 

0.5 

15.9 16.6 -

5.~ 5- .1 

39.3 38.0 

~.O 12:0 

57.6 - 6S.5 

21.8 NA-

NA - NA 

.4.6 4.0 

-0.2 

·0.2P 

1.8P 

0.1, 

1.5. 

4.7 

_ <,O. l 

p --0.2 

~_i:Ol:- (QPl), 

pH 
'-

~A 

12.9 

14.3 

12.-9 

18.1 0 .. 5 

~ 

13.0 

• NA data not available' 
*~,p,represents pooled standard'deviation estimates 

#/if - -: -
1. Weak black liquor taken from b~own·stock washers from ' . ~ 

Domtar~s hardwood kraft mill in Cornwall; Ontario 
2. Total organic carbqp 
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Table 2 : Noncata1ytic BLO?, for- Liquor A (2.4 1pm °2 , 1500 

rpm, 10~oC) 

time (min) 

0.0 

2.5 

4.~ 

5.0 

5.5 

7.0 

" 9.5 

Il.5 

14 .• 0 

17.0 
1 

20.0 

23.0 

26.5 

35.5 

43.0 

52.0 

64.0 

72,.0 

~ 
* AlI ionic 

SO 2-
3 

0.27 

0.20° 

0.17 

0.17 

0.27 

0.29" 

0.28 

_ 0.35 

0.36 

0-.3.6 

0.39 

0~38 

0:38 

0.36 

0.28 

0.21 

0.20 

0.20 

SO 2-
4 

4.58 

4.62 

-4.58 

4.54 

4.57 

4.57 

4.66 

4.81 

4.81 

4.91 

4.-93 

-4.92 ", 

5.07 

5.53 

5.93 

6.63 

7.50 

7.62 

.. 
species concentrations 

;, 

-110 

• 

C 0 2-2 4 

1.06 

1.08 

. 1. lQ 

1 .10 

1.14 

1.20 

1. 2~., 

).35 
1. lB' 

1.43 

1.44 , 

1.46 

1.48 

1.59 

1.20 

1.24 

1.38 

1.41 

in grams 

2.71 

4.45 

5.20 

"'15.09 

4 • 81 

4.82 

4.85 

4.55 

4.39 

4 .29 

-4.09 

3.75 

3.45 

2.83 

2.25 

1 .. 29 

0.64 

0.48 

, . , 
~ 

pe.r liter (gp1) 

• 
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Table 3 Noncatalytic.BLOX for Liquor A (2.4 1pm O2 ,, 2500 

rpm, 95°C) 

time (min) 

2.0 

7~0 

10.5 

13.5 

26.0 
, 

41.0 

53.0 

62.0 

71.0 

108.0 

* AlI ionie 

SO 2-
3 

0.17 

0.16 

0.17 
, 

0.18 

0.18 

0.19 

0.14 

0.14 

0.14 

0.14 

50 2-
4 

4.80 
• 

4.~O 

4.60 

5.10 

5: 40 

7.00 

7.30 

7.30/ 

7.80 . 
8.10 

species concentrations 

111 

4.00 ;-
4.00 

4.'00 
'1 -: 

4.25 

3.45 
---~---

2.45 \ 

1.35 

1.10 

0.55 

11il 

in grams per liter (gp1 ) 
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Table 4 : Noncatalytic BLOX for Liquor A 0.2 lpa 02' 800 

-1.:s>m, 100°C) 

time (min) 

0.0 

0.5 

2.0 

13.0 

16.0 

19.0 

26.0 

33.0 

51 •. 0 
-
96.0 

-141" 

164 

189 

.' 
50 2-

3 

0.18 

0.18 

0.19 

0.22 

0.22 

0.22 

0.23 

0.22 

0.21 

0.22 

0.21 

0.21 

0.21 

SO 2-
4 

4.95 

4.99 

4.47 

4.55 

4.61 

4.72 

4.75 

4.86 

4.31 

4.-59 

4.70 

4.75 

5.57 

-, 

5 0 2-
2 3 

2.75 

2.81 

3.80 

4.90 

4.91 

5.03 

5.05 

4. ~ 2 

4.56 

4.64 

4.35 

4.16 

3.93 

\ 
'\ , 

* AlI ionic' species concentrations in grams per liter (gpl) 
, '. 

... 

r 

.. 
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Table 5 : Noncata1ytic BLOX for Liguor A (1.2 lpm 02' 1500 

rpm, 100oe) 

time (min) S03 2- SO 2- 2-
4 S203 

• 

0.0 0.16 4.90 2.65 _--0 

2.5 0.17 4.60 2.95 

4.5 0.18 fi' 4.60 3.05 

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 ~O .'15 4.60 5.30 

Il.5 0.20 4.66 5.20 

15.5 0.18 4.60 4.90 

24 .. 0 0.20 4.80 4.45 

28.0, 0.22- 4.85 3.95 ,Il< 

33.5 0.20 5.10 3.50 

" 0 

44.0 0.21 6.80 1.85 

63.0 0.16 8.20 0.50 

73.0 0.18 8.60 ,0.35 c 

* AlI ionic species concentrations in grams per liter (gp1) 
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Table 6 Noncatalytic Bt.OX for Liquor A ( 1.2 Ipm 02' 2500 
0 rpm, 100o e) 

l 

tirne (min) 50 2- S04 
2- 2- 5 ° 2-·3 C20 4 2 3 

l' 

, , 
1 

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 ,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. a 0.15 4.77 1. 55 5.17 

1 7.8 o • 15 4.81 1.63 5.02 

23.5 0.15 4.9'5 0;80 4.62 

29.5 0.15 5.05 0.'83 4.19 

0 
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 o ~ 15 7.22 2.36 1. 46 

57.8 0..15 7.90 2.50 0.98 

70. a 0'.15 8.30 1.08 0.68. 

* AlI ionic species conceqtrations' in grams per liter (gpl) 

" 
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o 114 



o 

-

0 

• 

t -

• 
" 

Table 7 Noncatalytic BLOX for Liquor A Replicate 1 (2.4 

1pm 02' 1500 rpm, 90oe)l ' 

time (min) 

2.0 
-/ 
4.0 -

5.5 
7.0 

a.'o 
9--.0 

9.3 

11.5 

13.5 

15.0 fi-

) 

sa 2-
3 

0.30 

0.45 

0.45 

0.20 

0.25 

0.30 

0.30 

0.30 

'0.35 

0.40 

sa 2-
4 

4.'50 

4.55 

5.30 

4.50 

4·40 
4.5'5 

4.50 

4..50 

4.60 

4.50 

l' 

• 

S 0 2-2 3 

2.73 

2,.95 

3.10 

5.00 

5.1~. 
5.15 .. 

5.35 

4.95 

4.85 

4.60 
,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 

5-1.0 ,0.25 7.92 1.65 

• 
~ Al1,ionic species concentrations in grams per liter (gpl) 

1 

1. Replicate of Table -2 . 

. 
" 
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Table-8 

time 

(min. ) 

0.0 

1.6 

3.1 

5.0 

8.6 

12.3 

~5.3 

20.3 

26.l 

30~6 

35.4 

-41. 2 

46.1 

51.1 

55.7 

. 60.,3 

70.8 

80.3 

95.2 

Noncatal.ytic BLOX for Liquor B (1.2 lpm °2 , 800 
rpm, 95°C) 

50 2-
4 

4.60 

• 4.58 

4.52 

4.53 . 

4.57 

4.92 

4.66 

4.60 

4.68 

4.69 

4.66 

.' 4.86 ", 

5.04 

5.15 

5.17 

'5.49· 
• 

5.51 

5.72 

6~35 

4.76 

4.91 

5 '{)j , 
5.21 ' 

5.04' 

5.05 

4.91 

4.76 

4.73 

4,.39 

4 :·29 . 

4.24 

'4.13 

3.70 

3.74 

3.53 

- 3.12 

2.55 

2.01 

, 

(S04 2-) 

total 

equivalent1 

-1.2.7 

13.0 

13.1 

,13.5 

13.2 

13.6 

13.1 ' 

12.7' 

12.8 

12.2 

12.0 

12.1 

12.1 

Il .5 

Il.6 

Il.5 

10.8 

10.1 

9. 8 ~ 

% 

dlff. 2 ,3 

~2.3 

0.8' 

-3.3 

-5.6 

-5.4 

-9.7 

:'11.1 

-10.3 

-10.4 

-15.0. 
- -

-14.3 

-14.6 

, ,-19.7 

-25.3 

-27.5 

... 

________ ~ ___ -------------------------~~--~-------------------------k , 
* AIl ionic species concgntrations ln grarns per 1ite~ (gp1) 

1. Total eguiv~lent sulf'ate 1S the rneasured sulfate plus thé , 
measured thiosu1fate as sulfate 

2. % deviation wlth inorganic sulfur balance on sulfate • 

, basis 

3. o~xpected inorganic sulfur as su1fàte = 13.5 gp1 
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, Table 9 Noncata1ytic BLOX- for Liquor B Replicate 1 (1.2 

time 
(min. ) 

0.0 

1.6 

3.3 

4.8 

7.6 

15.9 

20.1 

30.~ 

40.2 

50.1 

60.1 

70.6 

80.1 

95.8 

Ipm 02' 80Ô-rpm, 950 C,)1 

" 
SO 2-

4-

4.58 

4.60 

4.48 

4.45 

4.45 

4.49 

4.65 

4.78 

4.92 
o 

5.15 

5.44 

6.22 

6.10 

6.28 

s 0 2~ 
2 3 . 

4.59 

5.20 

5.29 

5'.36 

5.17 

4.81 

4.87 

4 .. 59 

4.07 

3.49 

3.02 

2.96 

- -2.24 

1. 62 

(50
4

2- ), 

total 

equivalent2 

12.4 

13.5' 

13.5 

13.fi 

13.3 

12.7 

13.0 

12.6 

11.9 

Il.1' 

10.6 

Il.;3, 

9.9 

9.1 

\ 

% 

'diff.3',4 

-5.8 

-3.9 

-6.5 

-12.0 

-17.6 

-21. 5 

-16.4 

-26.4 

-33.0_------, t 

1 

* AlI ionic species concentrations in gram~ per liter (gpl) 
, 

1. Repli,cate of Table 8 

~~ Inorganic sulfur expressed as sulfate (gpl) . . 
3. % deviation wjth inorganic sulÎur balance on sulfate 

basis 

4. Expected inorganic sulfur as sulfate = 13.5 gpl 
,. 

; 

'. 
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~ab1e 10 : ,Noncata1ytic BLOK for Liquor B-Rep1icate 2 (1.2 ' 

Ipm O2 , 800 rpm, 9SoC)1 

time 
(min. ) 

0.0 
1.81 ' 

3.'1 

7.6 

10.9 

15.3 

20.1 

31. 3 ,- . 

40.3 

50.3 

60.2 

70.3 

80.2 

99.3 

sa 2-. 
4 

1 

4.47 

4.43 

4.48 

4.37 

4.48 

4.42 

4.31 

4.65 

5.14 

4.98 

5.40 

5.72 

6.19 ' 

6.32 

4.78 

5.09 , 
5.30 

5.02 

5.23 

4.95 

4.60 

4'.28 

~. 05 

3.58 

3.15 

2.94 

2.42 

1. 71 

(5°4
2 -.) 

total 

equivalent2 

12.6 

13.1 

13.5 

13.0 

13.4 

12.9 

12.2 

12.0 

12.1 

11.1 
) 

10.8 

10.7 . 
10.3 

9.2 

% 

diff. 3 ,4 

, 

-4.6 

-9.8 

-11.3 

-10.6 

-17.8 

-20.1 

:'20.4 

-23.5 

-31.5 

* AlI ionic species concentrations in grarns per liter (gpl) 

J. ~epliçate 2 of Table 8 

2. Inorganic sul fur expressed as sulfate (gpl) 
D 

3. % deviation with inorganic sulfur balance on sulfate 

bas"is 

4. Expected i,norgani~ su1fur as sulfate = 13.5 gp1 
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Table Il : Noncatalytic BLOX for Li~uor B (1.2 lpm 02' 1500 

rpm, 94°C) 

time 
,(min. ) 

0.0 

1.8 

3.2 

4.4 

10.4 

20.2 

30.4 

40.2 

.50.1 

60.8 

70.3 

80.4 

90.4 

100.1 

110.4 

-

50 2-
,4 

4.'81 

4.62 

4.6.3 
4.78 

5.01 

5.85 

7.71 

'8.46 

8.96 

8.72 

9.07 

9.01 

8.72' 

8:73 

8.69 

S 0 2..: 
2 3 

3.24 
4.75 

4.71 

4.58 

4.20 

2.43 

1.01 

Q.29 

... (5°4
2-) 

total 

, equiva1ent 1 

10~4 

12.7 

12.'7 

12.6 
12.'2 

10.0 

9.4 

9.0 

~ 

% 

diff. 2 ,3 

-6.6 
--:'9. 7 

-25.9 

-30.1 

-33.7 

-33.6 

-35.4· 

-32.8 

-33.3 . 

-35.4 

-35.3 

-35.6 

~ 

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

1~ rnorganic su1fur exptessed as sulfate (gp1) . 
2. % deviation with inorganic su1fur balance on 'sulfate 

, -
. basis 

3. Expected inorganic Su1fur as sul fate = 13.5 gp1 
-' , 

, . 
" 
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Table 12 

time 

(min. ) 

0 .. 0 

1.8 

2.8 

4.2, 

5.9 

15.3 

25.4 

37.0 

45,6 

55.2 

65.8 

75.5 

85.2 

95.3 

112.2 

, ' 

NoncataÏytic BLOX for Liquor B (1.2 lpm,,02' 2000 

rpm, 95°C) r 

50 2-
4 

4.60 

4.,,63 , 
4.68 

4.41 

4.76 

~.10 

6.95 

8.35 

8.90 

8.95 

9.03 

8.77 

8.89 
, 

8.89 

9.10 

2.77 

4.80 

4.56 

4:75 

4.60 

3.33 
1. 46-

0.20 

C50 2-) , 4, 

total 

equivalent1 

9.4 

12.8 

12.5 ,. 
12.5 

12.6 ' 

10.8 

9.4 

8.7 

c, 

\ , 

diff. 2 ,3 

-
-7.2 

-6.5 

-20.0 

-30.0 
-35.6 ' 

- 34. 1 
-33.7 ' 

-33. 1 

-35.0 

':34.1 

-34.1 

-32.6 

11 AIt ionic species concentrations ln' grams per liter (gpl) 

1. Inorganic sulfur expressed as sulfat~ (9pl) 

2. ~ deviation with in'organic'sulfur balance, on sulfate 

basi_s .\ 
3~ Expected i~organic su1fur as sulfate = 13.5 gpl 

, ' 

. , 
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Table 13 Noncatalytic BLOX for Liquor·B (1.2 Ipm O2,2500 

time 
-(min. ) 

, 0-.'0 

1.6 

3.4 

4.9 

10.4 

20.2 

30.2 

40.9 

50.2 

60.3 

70.~ 
o 1 

80.1 

90.2 

lOO.4 
115.1 

rpm', ,95°C) •. ' 

4.87 

4.43 

4. 72 

4.70 

5.30 

6.73 

8.45 

8.64 

9.13 

8.73 
" 

8.80 

9.01 

9.30 

9.70 

9.69 

S 0 2-2 3 

2.79 

4.88 

5.25 

4.62 

4.07 

2.23 

0.47·-
" . 
0.25 

"', 

total 

equiva1ent1 

9.6 

12.8 

13.7 

12,.6 

12.3 

10.5 

9.3' 

~ .1 

" 

.. 

! 

, . 

-6.7 
-
-9.2 

-21. 9 

-31.5 

-'32 .. 8 

-32'.4 

-35.3 

-34.8 

-33'.3 

-31.1 

-28.1 

-28.1 

AlI ionic species concentrations in grams per liter (gpl) 

1. Inorganic sulfur expressed as sulfate (gpl) 

% deviation with inorganic sQ1fur balance:on s~lfat~ 

basis \ 

3. Expected inorganiç sulfur as sulfate ='13.5 -gpl 

• 



,,0 

o 

o 

Table i4 : Noncata1ytic BLOX ~or Liquor B (1.2 1pm.o2' ~500 
rpm, baffle, 94°C) 

time 
(min. } 

0.0 

1.4 

2.6 

3.8" 

5.5 

10.6 

S04 2-

4.42 

4.51 

4.67 

4.69 

4.75 

5.78 

15.2 6.94 

20.9 , 

25.9 

50.2 

80.5 

110.4 

140. l 

180.2 

8.18 

9.16 

9.65 

9.61 

9.68 

9.65 

10 :0 
-

2.79 

4.25 

4.36 

3.89 

3.69 

2.98 

o.so 
0.34 

(S'04 2 -) 

total 
équivalent1 

9.2 

Il. 8 

12.2 

Il. 3 

11.1 

10.9-

9.5 

9.7 

-t. 

-16.1 

-18.1 
:'19.4 
.0 

-Z9.3 

-27.8 

-28.5 

-28.8 ", 

-28'.3 

-28.5 

-25.9 

* AlI ionic ppecies concentrations in grams' per liter (qpl) 

1. Inorganic sulfur expressed as sulfate (9P1)' 

2. % aeviation with inorganic sulfur balance on sulfate 

basis 

3. Expected inorganic sulfur as sulfate = 13.5 gpl 

122 
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Table 15 Noncat~lytic BLOX for Liq~or ~Repiicate' 1 (1.2 

Ipm 02" 2509 rpm; baf.f,le, 9So C)1 

~~~-) 
~- -:. ~l 
. '_ ,- equivalent2 

1 . 0.0 

1.9 

3.6 -

7.6 
'11.2 

16.1 

20.1 

25.6 

30.3 

35.1 
• 40.0 

60.0 

80.8 

120.3 

4.62 

4.59, 

4.79 

5.02 
5'.48 

6.67 

7.73 

8.50 

8.73 
l' 

8.98 

'9.15 

9.66 

9.16 

9.63 

4.81 

5.12 

4.80 

4.18 

3.59 

2.f2 

1.45 

0-.48 

1 

12.8 

13.3 
1,3.0 

12.2 
1 

11.6 

10.3 

10.2 
9.3 

f 

"'li 

-9.9 

-13.9 

-23.7 

-24.4 
-'31. 0 

-35.3 

-33.5 

-32~2 

-28.4 

-32.1 

-28,7 

* AlI ionic species concentrations, in' grams' per 1'iter ('g,~) 
1. Rep1icate 1 of Table 14 

" 2. Inorganic sulfur expressed as sulfate (gpl) 

3. , deviation with inorganic sulfur balance on sulfate 

basis 

4. Expected inorqanic sulf~ as suffate' = 13.5 gpl 
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. , Tabl,e 16 Nopcatalytic BLOX for Liquor B Replicate- 2 (1.2 

Ipm 02' 2500 ~pm, ba~fle, 950C) 1 
-, 

• 
'1:ime 50 2- 52°3 

2- (5°4 2-) % 4 
(mïn. ) total di{f. 3,4 

~quiva1ent2 

o.a 4.65' 4.05 1·1.6 . 
1. 5' 4.68 4.47 12.3 

3.1 4.74 '.4 '007 ! . 
11.7 .. 

4.8 4.8"6 / 4.04 11.8 -12.8 

8.8 ~/ 3.62 11.4 -15.3 
. ------~-n.6 5.56 2.61 10.0 -25.8 

J. 
.. 

• 

1G.0 6.39 1. 98 9.8 

' 20.1 1.27 1.18 9.J 
" ,/\~ 25.2 -8,.29 0.46 9.1 

30.9 &.90 0.25 9. 

40.3 9.23 

60.1 9.42 

84.4 9.44 -,30.1 

100.3 9.39 -30:4 

121. 6 9.62 -::-28..7 

* - AlI ionic species concentra,tions in grams per 1 iter (9Pl) 

1. ,Rep1icate 2 of Table 14 
2. Inorgani~ sulfye express~d as sulfate' (gpl) 

3. % deviation with inorganic su1fur balance on sulfate. 

basis 
, ' 

"4. Expected inorganic su1fur as sulfate - 13.5 gpl 

~ 
, . 

" 
-
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* AlI ionic species concentrations in grams per liter (gpl) , . 
1. Replicate 3 of Table 14 

2. Inorganic ~ulfur expressed as su1.fate (gpl). " 
~ % ~ation with inorganic sulfur balance on sulfate . . 

basis 

,4. Expected -{norganic su1fur as sulfate = 13.5 gpl 

" 

1 

k\' 
1 
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Table 18 : Noncata1ytic BLOX for Liquor B (1.2 lpm 02' 3200 

rpm, baffle, 96oC) , 

time 50 2- 2- (S04 2-) % 4 5 2°3 
(min. ) total diff. 2,3 . 

(> \ equlva1ent1 

') 

0.0 4;96 2.88 9.9 

2.3 5.19 5.21 14.0 

4.1 5.38 4.95 1~.8 

6.1 5.45 4.45 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 

4!f.0 9.96 -26.2 

80.0 --l0.4 -23.0 

120.1 10.3 - 23.7 

* AlI ,ibrUc species concentrations in grams par 1 i ter .( gp1 ) 

1.' Inorganic sulfur expressed as sulfate (gp1). 

2. % deviation with inorganic sulfur balanc~_on sulfate 

basis 

3. E,xpected inorganic sulfur aS' sulfate = 13.5 gpl 

, 
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Table 19 Noncatalytic BLOX for Liquor B (1.2 lpm 02' 4000 

rpm, baffle, 950C)< 

time 

(min. ) 

0.0 

2.3 

4.5 ... 
6.5 

/' 

10.3· 

14.5 

18.3 

22.3 

26.4 

30.3 

-\"'/00.4 

90.6 

120.1 

150.1 

180.1 

210.2 

240.6 

50 2-
4 

4.48 

4.55 

4.90 

5.21 

5.71 

6.47 

7.79 

8.51 

8.67 

~. A 1 

9.66 

9.83 

9.60 

9.66 

9.80 

10.0 

10.3 

':. 

4. 01 

5.24 

4.53 

4.21 

3.38 

2.24 

1.29 

0.7~ 

0.55 

0.15 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

2.65 

2.50 

2.19 

2.05 

1. ~6 

1.96 

1.88 "' 

. 
( 8°4

2-) 

total 

equivalent l 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

13.6 

13.6 

12.9 

12.7 

12.7 

12.9 

13.1 

%diff .. 2,3 

NA 

NA " 
NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 
,0.7 

0.7 . 
-4.4 

,:-5.9 . 
-5.9 

-4.4 

. -3.0 

ave. -3.2 

1 •• 
*All ionie speeies concentrat1ons 1n grams per liter (gpl) 

** NA data not available 

1. rnorgët!Jic sulfur expressed as sul fate (gp1) 

2. % deviation with inorganie sulfur balance on su~e 

basis 

3. Expected inorganie sulfur as sulfate = 13.5 gpl 

~,. 

127 

." . ~ 

"\'. • l. ...... ~, .' • 

, " 

-

\ 

" 

--



o 

1 

o 

" 

. , 
J 

Table 2{)\: Noncatalytic BLOX for Liquor C (1.2 lpm °2 , 2500 

(pm, baffle, 96°C) 

time 

(min, ) 

0.0 

1 .5 

3.1 

4.6 

iO.l 

15.0 

20.6 

25.3 

35.4 

45.4 
. 55 _ 3 

65.2 

75.6 

91 • 7 

123.3 

u 

sa 2-4, 

4.07 

3.94 

4.22 

4.06 

4.25 

4.48 

5.08 

5.81 

7 • 14 

7 ~ 55 

8.22 

8.20 

8.15 

8.29 

8.4'4 

2:54 

4.29 

4.84 

4.47 

3.79 

3.33 

2.70 

1. 76 

0.48 

0.24 

. 0 

o 
NA 

NA 

NA 

2 ~ 25 

1 .64 

2.01 

2.47 

2.59 

2. 44 , 
2.94 

-2. 11 

2.58 

, 2.'33 

,. 

. (S04 2 -) 

total 

-equi valent 1 
/ 

NA 

NA 

NA 

NA 

NA 

13.5 

12.2 

Il. 8 

11. 7 

. 11.8 

Il. 9 

1'2.6 
11.3 

12.2 

11 .9 

tdiff. 2,3 

NA 

NA 

NA 

NA 

NA 

4.7 

-5.4 
-8.5 - \ 

-8.5 

:"8.5 

-7.8 

-2.3 

~-12 .4 

'. ,-5:4 

, -7.8 

ave. -6.2' 
e 

,*All ionic species concentrations i.n ograms ~r liter (gpl) 

,** NA data Dot available 
r 

1. Inorganic sulfur exp~e5sed as sulfa.te {gpl) 

2. ~ 'deviation with inorganic sulfur balance on sulfê\,te 

basis 

3., Expected inor9anic .... sulfur as sulfate ':: 12.9 gp1 
[ 

" 
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0 Table 21: Effeet of Non'ca~alytic Oxidation on Total Sulfur ( 
• 1 

95°C) -- J.2 \ 1pm 02' 2sno rpm, baftle.~ 
r " , 

Sample l rz:inÏe Total 52°3 
2":' 

Sulfur 

(min. ) (gpl) ,( gpl ) 

\ 

1 0 S.14 . 2.63 p-
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 5.4 0.50 

, 

0 .. V, 2'6 5.4 
\ 26 5'. 4 0.50 average 

, ' \ ' 

" 

R 11'2 5~ 7 0.0'0 -
. L' 115 5.7 

. M 110 5.7 

. \ -·P. 120 - . 5.5 . 

( 
'" . 't-

R 121 5.3\ \. , 

5 11 120 5.2 

T' 121 5.6 .. 
V 120 5.,4 

'.average 117 +/- 4 5.5 +/- 0-.2 0.00 

'N· ' '. ~ 180 5.7 0.00 

" ) 

. i . 
, 

, ' Black liquo~ samples taken frorn noncatalytic experiment:s 
~ 

at different times 

.' . \ ~ • 
",' . 129 " 
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Table. 22~a,tâlyt4e BLOX for- Liquo~ C Replicate 1 (l'. 2 

, 1pm °2 , 2~OQ ~pm, baffle, '96o C)1 

time 50 2- 2- ~ 2- (S04.2- ) %d if f • 3,4 
4 S203 , 5 3 °6 

1.-
., 

t;ota 1 

(min. ) .. - equï'va lent 2 '. 
0.0' 3.89 2.63 o : 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 5.41 1.97 2.76· 12.9 0.0 

25.5 6.29 1.28 2.22 11.8 -8.5 

- ".30. J 6.89 - 0'.59 3.38 13 .0 0.8' 

35.3 7.27 0.45 ~ .• 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 2.80 12.1 '-Ji--2 ~ 

, -----142.5 8.27 ' Z.96 12 . 7 ________ ---- -1.6 
------

~ 
ave. -2.6 

*A-ll ionic species concentrations in grams per 1 i ter (gp1) 

** NA data not available 

1. Replicate 1 of Table 20 

2. Inorganic sul fur expressed as sul fate (gp1) 

3. % deviation with inorganic su1fur balance on su1fat~ 

b 
. J,. < 

. ilS~S 

4. Expected inorganic ~ulfu~ as sulfate = 12.9 gpl 
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Table 23 Noncatal"ytic BLOX for Liquo;r C Replicate 2 (1. 2 

1pm O2 , 2500 rpm, baffle, 96è C) 1 

time' 5°4 2-

{min.) . 

1 .1 

2.1 

3.1 

4.1 

5.5 

10.3 

15.1 

20.3 

25.1 

30.1 

35.2 

410.2 

45.3 , 
50.0 

63.1 

4.04, 

4.01 

4.02 

4.08 

3.95 

4.04 

4.33 

5.19 

5.79 

6.50 

7.1l 
7.40 

7.57 

7.68 

7.60 

81.0· 7.99 

100.1· 8.'03 

• 

120.5 8.32' 

4.09 

5,.23 

4.95 

4.78 

4.19 

4.12 

3.65 
3'.20 

1.49 

0.82 

0.55 

0.19 

. , 

s ° 2:" 3 6 

NA 

NA 

NA 

1.10 

0.92 

0.82 

2.20 ' 

0.,64 -

2.34 

3.08 

3.38 

3.10 

3.58. 

2.90 

3.62 

3.74 

3.01 

3.0l 

1 • 

(504 2~) 

total 

equivale~t2 

NA 

NA 

NA 

13.9 

1,2.5 

q.3 
13. 9 

11. 6 

11. 9 

12.5 

13.1 

12.4 

1'2.9 
12. 0 

13. 0 

13.6 

12.5 

1'2.8 

ldiff,.3,4 

NA 

NA 

NA 

7.8 

-3.1 

-4.7 

7.8 

-10.1 

-7.8 

-3.1 

. 1.6 

:..3.9 

0.'0 

-7.(} {' 

0.8 

5.4 

-3.1 

":0.8 

ave. -1.3 

.. AlI ionic species concentrations in -grams per liter (gpl)' 

l. Replicate 2 of Table 20 . 
~ 

2. Inorganic,sulfur expressed as sulfate (gpl) 
. 

\ 3. , deviation with .inorganic S balance on sulfate basis 

\ 4. Expected inorganic su1fûr as sulfate = 12.9 gp1 

- ., 
13'1 

/ 
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Table 24 Noncatalytic ,BLOX for Liquor C Replicate 3 (1.2 

lpm 02' 2500 rpm! baffle, 960c) 1 

SO 2-
, 

2- 2- (5°4 2~) 
3,4 time 5 2°3 S306 %dUf. 4 

total 
(min. ) equivalent2 

1. 

-- 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 NA • NA 

4.1 4.40 5.01 . NA NA NA 

5.1 4.36 4.72 NA N..f._ NA 
10. 7 ~ 4.78 3.96 NA NA NA 

15.1 4.84 2.87 NA NA "NA 

20.1 5.40 1.88 3.10 13.l 3.1 

25.3 6.35 1.13 3.01 12.8 ,-0.8 

30.1 7.09 0.44 3.21 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 -3.1 r 

r , 
123.1' 8.45 . 2.72 12.5 -3.1 

~ve. -l. 6 .. 

* AlI ionic species concentrations in gr-ams per liter (gpl) , '. 

** NA data hot available 
1. Replicate 3 or Table 20 1 , 
2. Inorganic sulfur expressed as sulfate- (gp~) 

, 
3. % deviation with inorganic 5 balance on sulfa~e basls 

4. Expected inorganic SUlfUr J ul.fate = 12.9 gpl!-

.. . 
.. 

-.-=---
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Table 26 : Thiosulfate Model Kinetic Rate Constants 

Liquor 
/ 

A c 

rpm 2500 

0:10' 0.22 0.15 

0.04 0.43 0.77 

Table 27 : 'Sulfate Mode l, Kinetic Rate Constants 1 

.... 

~iquor A B B C 

rpm 2500b 2500b 4000 b ' 2500 b 

0.09 0.35 0.30 0.31 

0.32 0.65 0.49 0.99 .. 

* b represents wi th baffle 
- 2-,1. concentration of S203 in sulfate rate expression in 9Pl 

, , 
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Table 28 : Effect of Oxidation on pH for Liguor C (1.2 Ipm 

02' 2500 rpm, baffle~ 950 C,I,2 

time 

(min. ) 

0.0 

1.0 

2 .. 0 

3.0 

4.0 

5.0 

10 .. 0 

15.0 

20.0 

25.0 

30.0 

35 .. 0 

40.0 

45.0 

50.0 

60.0 

80.0 

90.0 

100.0 

120.0 

140.0 

1. 1 , 2, 

2.61 

4.44" . 
4.87 

~>4.82 

5.01 

4.72 

3.96 

2.87 

1. 88 

1.13 

0.44 

0.17 

0.00 

pH 

1 

13. OS 

12.95 

12.90 

12.75 

12.35 

11.45 

10.85 

10.45 

10. OS 

,_9. 75 

9.60 

9.75 

'9.75 

3, 4 represent four 

2. pH measured externa11y ol) 

pH 

2 

13.05 

12.95 

12.65' 

Il.75 

10.75 

10.55 

10.35 

10.00 

9.85 

9.65 

9.65 

9.55 

9.75 

9.65 

rep'licate 

withdrawn 

135 

B:"t 
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3 

13.05 

12.95 

12.95 

12.85 

12.75 

12.65 

12.15-

Il,25 

10:75 

10.35 

10.10 

9.95 

9.75 

9.70 

9.60 

9.60 

9.55 

9.55 

9.,65 

9.75 

, 

experiments 

samples 

pH 

4 

13.05 

12.95 

12.95 

12.75 

12.45 

12.35 

11.55 . 

10.75 

10.35 

10.05 
. 9.75 

9.75 

9.55 

9.55 

9.55 
" -

9.55 

9.65 

~ 

". 



Tllble 29: Effect of Oxidation on pB for Liguor 8 (1.2 Ipm 

0 °2' 2500 rpm, baffle, 950C)~ 
\ 

--~~~-

time . 2-
5 2°3 pH 

(min. ) (gp1 ) 
~ 

\ 
0.0 4.01 12.80 ' 

2.3 " 5.24 12.86 

4.5 4.53 12.63 

6.-5 4.21 12.27 

10.3 3.38 . 11.20 

14.5 2.24 10.69 . 

18.,3 :1. 1'.29 10 .. 39 

" 22.3 0.71 10.18 

26.4 0.55 10.04 

30:3 
{ 

0.15 9.92 \ 

0 60.4 -0.00 9.70 

90.6 9.72 
# 

120.1 9.74 

150.1 9.82 

180.1 9.,77 ' 

210.2 9.73-

240.6 
( 

9.73 
~ , ~ ~ 

r-

I. pH measured externa11y on wi~hdrawn samp1es 

• 

0, 

o 136 
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Table 30 ~OOABLOX1 for tiquor C Cl.2 1pm °2' 2500 rpm, . 
95°C) baffle, 5 gpl ;incremental N~OH, 

1 1 

t;.ime 50 2- '2- 5 0'12- (5°4
2- r .~,. %diff. 2,3 

4 5,2°3 l' 6 
total 

(mi.n. ) equiva1ent1 

• 
0.0 4.15 . 3.49 NA NA NA 
2.0 4.06 4.60 NA NA NA 

4.0 4.16 4'.38 NA NA NA 

10.0 4.41 3.96 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 2.2,9 2.78 13.6 5.5 
40.0 6.62 1.02 3.10 13.0 1.6 . 
50. O' 7.48 0.30 3.11 12.7 -1.6 
60.0 8.06 3~. 22 12.9 t-9. 0 

70.1 8.06 3.78. 1 ~. 7 6.2 
80.0 8.20 3,.14 12.9 0.0 
90.0 8.20 ' 3.33 13.2 . 2.}r 

, 
1 OO~ e- 8.55, 3.05 13.1 1.6 
125.0 8.49 3.36 13.5 4.7 ,-

.1 ave. 3.2 

-. * AlI ionic species concentrations in grams per 1 i te};" (gp1) 
. ** NA, data not a~ai1able 

\ 

1. Inorganic suifur expressed as sulfate (gp1) 

2. ~ deviation with inorganic su1fur balance on sulfate 

b~sis 
. ) 

3. Expect~. inorganic sulfur, as sulfate = 12.9 gpl 

137 
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Table 31 :. Effect of IncrementaI Caus tic Addition on o Thiosulfate Kin~ic Rate , . 
, 

./ 
-
, 0 

Liquor Cone. pH kl. Total 
'NaOH after (gpllrnin. ) NaOH 

Added BLOX (qpl ) 

(qpl) 

-
,~ , 

, . 
f 

~ 

o 138 
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Table 32: SODABLOX2 for Liquor C (1. 2 1pm O2 , 2500 rpm, 

time 

(min. ) 

0.0 

1.5 

2.7 
, 4.6 

10.1 .. 
15.0 

20.0 

25.0 

30.1 

40.6 

50.4 

74.1 

102 .. ·9 

120.1 

1'50.6 

160.1 ' 

baffle, 15 gp1 incrementa1 NaOH, 95°C) 

J 
50 2-

4 

4.03 

4.42 

3.97 

.4.23 

4.25 

4.32 
4.38 y 

4.53 

4.65 

4.73 

5.15 

6.34 

7.73 

7.95 

7.91 

8.15 

S ° 2-· 2 3 

3.45 

4.47 

4.31' . 

4.48 

4.21 

3.89 

3.73 

3.59 

3.34 

3.20 

2~. 38 

0.90 

O. 1~. 

0.0 

NA 
. 

NA 

NA 

NA 

1.40 

1 .82 

2.29 

2 .. 25 

2.72 

2.44 

3.21 

3 .• 19 

3.11 

2.74-

3.01 

(S04 2-) 

total 

equi;a1ent 1 

NA 

NA 

NA 

NA 

NA 

13. 1 

13.5 

14. 1 

13.7 

14.3 

12.9 , 
12. 7 

12: 7 

12.6 

12.-0, 

12'. 7 

. "'--

%diff.2.,3 

NA 

NA 

NA 

NA 

NA 

1.6 

4.7 
9.3 

6.~ 

10.7 

0.0 " 

-1.6 

-1.6 

-2.3 

-7.0 

-1.6 

ave. 1.7 

~-------------------------------------------------------------------* Al r ionie species concentrations in q~ams per litèr (gpl) 

** NA data not availablfl 

1. Inorganic su1fur' expre1;sed as sulfate (gpl) 

2. 'deviation ~ith 'in-+o:Janic.~s;!.lfur balan.=; on sU,lfate 
basis ~ . , -

-
3. Expected inorganic sulfur as sulfate = 12.9 gp1 

139 
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Table '33 SODABLOX3 for Liquor C (1.2 lpm 02' 2500 r~, 
baffle, 28 gpl incremental NaOH, 95°C) 

s 

time S04:?- S 0 2- S306 
2.:- (S04 2-) %diff. 2,3 

2 3 
4>l 

total 
(min .-) ! equivalent1 

\ 

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 1.18 13.3 . 2 ~ 8 

15.1 4.48 3.92 1.83 
d 

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 .31 2.,2.9 13'.9 8.0 

50.0 5.46 3.10 2~34 14.3, 10.6 
/ 

5.08 ~14 .4 11.6 62.1 3.10 2.68' : 

70.0 5.06 2.89 2.44 13.7 5.9 
1 

80.5 5.31 2.61 ' 2.90 14.1 . 9 ~ 5 

'2.99-
. 

120.0 5.88 1.97 13.7 " 6~5 

140.0 7.34 - 0.97 3.16 r3.7 ' 
, 

,6.5 

'i 
. , 

~ve. '7~} 

- " 

* AlI ionic species 1 concent'ration~ in grams :per lIter (gpl) , ~ ... \ 

** NA data~not available 

1. I~organic 5 ulfur expressed as sul fa'te ,( gpl ) 

2. % deviation .with inorganic su.lfur bC\lEmçe on sulfate 

basis 

3. ,Expected inorganic sul (ur as suIf ate, = 12.9 gpl, 

'1 

.1 

" 

. , . . 
/! 

\ 

.. 

o 



.-

-
. 

o CaFalyst Screening BLOX for Liguor A (2.4 ... lpm 02' 

~OO rpm, la qpl CuC1 2 ,,90oC) 

~~-------------------------------------iime (min) S032- 504
2- C20 4

2-
l, 

..... 

0'.0 0.20 4 • .19 1.18 2.27 

1. O. " 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 8 0.22 4.53 1.19 2.72 

6.0 0.22 4.48 1. 19 2.48 . 
,9.0 0.22 4.46 1.24 2.33 

Il. 0 0.22 4."57 1. 31 2.33, 

0 14. a 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 

i 
35.5 0.23 4.56. 1.67 1.8? ., 
4~.0 0.22 4.74 1.82- 1.68 t 

1 

51. 0 0.2l 4.97 ;' 1. 99 1.33 
, 

.. 55.0 '0.22 ,5.10 2.11 1.13 
J 60.5 " 0.22 5.53 1. 72 0.87 -70.0 0.22 6.60 1. 88 0.43 

,--

• All, ionic species ~oncentrations in grams per liter (gp1) , -, \ . \. . 
" 

,) ... 

• . - 141 

,:" 

.J 
i. 

~\:-
'\ " ~, 

'\, ... \,~. 



-, .. .--- . 

q --- -

35 5CafalYèt -
0 

,Table Serèen:Î:'ng BLOX for Liquor A ( 2 • 4 _.1 pm , '02 ' .. 

1500'r:pm, 5,gpl CuC1 2 , 96°c) 
\; . 

\ '--. 
time (min) . 

S03 
2- \ . S04 2- 2- S 0 2 ... C20 4 . 2 3 

"-

d 
, ... 

0.0' 0.14. 4.05 1.08 '2.56 
-~..--

1.8 d 0.13 <; - 4.88 0.62 3.02 
0. 

3.-5 0.15 4 '.81 . 0.-66 3.57 

5 .:.8 0.15 4.90 0.73 3.64 

~.8 0 .. 15, 4.74 0.78 ~. 81 
". 

12.5 0.15 4.68 0-.83 2.82 

16.5 0.14 4.79 0.89 r 2,.66 

io. 8 ~ 0.14 4.78 0.95 2.61 

2S .-5 0.14 'l 4.88 .;L .00 2.55 . 

0' 
32'.0' 0.13 4.99 1,.99 2.30 ---< 

~O .13 37.5 . 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 0.16 4.82 1.29 1.76 , . 

* AlI i'onie $pe'Cie~ concentrations in grams per 1 i ter (gpl) 

~\ 
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,: Table, 36 ,: ~ataly~t Sc~eening 'BLOX ,for Liquor A (2.4 Ipn 02' 
l~OO ~pm, 10 9pl .aptivated charcoal, 96°C) 

time (min) 

,1.0 
1 3. Q 

'5.0 , 
8.0 

. ~2. 0' . 
. 15,0 , 

19.0 

22.0 

26w5 

, 30.0 
,34 ~ 0 

,,"39.5 

48.0 

56.0 

68.0 
, , 

. 
-

, 

<-

SO 2-
3 

0.~3 

0.49 

0.33 
0.\33 

0.29 

0.31 

0.32 

0.32 

0.31 

0.31 
'0.32 

0.30 
, 

0.30 
0.33' 

0.30 

50 2-
4 

4.55 

4.59 

4.58 

4.52 
4.50 

4.54 

4.53 

4.55 

4.61 

4.66 

4.65 

5.12 

5.57 

6.30 

7.24 

l ' 

0.99 

1.01 

1.00 

1.07 

1.19 

1.26 

1.35 

1.48 

1.49 

1.52 

1.67 

1.13 

1.21 

1.28 

1.38 

S 0 2-
2 3 

2.75 

3.01 

4.27 

5.03 
4.85 

4.84 

4.69 

4.45 

4.32 

4.16 

4.03 

3.13 

2.31 

1.48 

0.70 

* AlI ionle species concentrations in grams per liter (gpl) 
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Table 37 : Catalyst Screening BLOX for Liquor A (2.4 lpm 02' 
1500 rpm, 10 gpl hydroquinone, 96°C) 

~- time (min) 80 32-

0.0\ 0.14 4.31 1. 01 2.79 

1.5 0.16 . 4.38 1.02 2.97 
3.5 O. L7 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 4.2·3 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 L86 4.05 
r 

73.0 ", 0.14 4.48 2.04 -4.01 
. 80.0 0.14 4~48 2.10 3.80 

* ~ll ionic ,species concentrations in grams per liter (gpl) .. 
" .. - l ,~ 
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Table 38 : Catalyst Screening BLOX for Liquor A (2.4 1pm 02' 
1500 rpm, 10 qpl reduced iron powder, 90°C) 

time (min) 

1.5 

3.5 

5.0 

7.5 

10.0 

12.5 

15.0 

18.0 

25.0 

30.0 

37.0 

45.0 

52.0 

60.5 

71. 0 

81. 0 

SO 2-
3 

0.59 

0.41 

0~54 

0.54 

0.54 

0.33 

0.34 

0.34 

0.34 

0.34 

0.34 

0.40 

0.40 

0.38 

0.35 

0.35 

SO 2-
4 

4.05 

4.43 

4.32 

4.-37 

4.37 

4.25 

4.37 

4.36 

4.25 

4.31 

4 .• 39 

4.60 

4.74 

5.01 

5.43 

5.67 

c '0 2-
2 4 

1.20 

1.27 

1.28 

1.29 

1.34 

1. 35 

1. 46 

1.152 

1.60 

1. 70 

1.82' 

2.01 

2.09 
, 

1. 50 

1. 57 

1.62 

,,1 2-

2.88 

2.81 

3.39 

4.82 

5.23..-
5.16 

5.16 

5.19 

4.74 

4.76 

4.42 

3.92 

3.43 

--z-;-99 

2.61 

2.07 

* AIl ionic species concentrations in,grams per liter (qpl) 

-~---
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o Table 39 : Catalyst Screening BLOX for Liquor A (2.4 lpm 02' 

1500 rpm, 10 qpl manqanese metal powder, 96°C) 

* AlI ionic species concentrations in ,qrams per liter (gpl) 

, ( 
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Table 40 : Ca~alyst Screening BLOX for Liquor A (2.4 lpm 02' 
1500 rpm, 10 gp1 CoC12 , 94°C) 

time (min) 

0.0 

SO 2-
3 

0.10 4.43 

C 0 2-
2 4 

0.99 

S 0 2-2.3 

2.38 \ 
1.0 0.12 4.35 0.95 2.32 \ 

\' 

3.0 0.11 4.30 0.96 2.26 

5. O· 0.11 4.30 0.96 2.25 

7.0 Og.09 4.31 ' 0.96 2.21 

10.0 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 ~.46 
.â> 

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 4 :-3"a 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 

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

147 



o 

0 

\ 
fi 

o 

Table 41 : Cata1yst Screeninq BLOX for Liquor A (2.4 lJm 02' 

1500 rpm, 10 gpl Mn02' 92°C) 

time (min) 

0.0 

1.5 

3.0 

4.5 

6.5 

9.0 

12.5 

15.5 

17.5 

20.0 

22.5 

25.0 

28.0 

33.0 

40'!,0 

49.5 
59.5 

io .. o 

0 

50 2-
3 

0.28 

0.28 

0.28 

0.28 

0.27 

0.27 

0.28 

0.28 

0.30 

0.28 
0.30 . 
0'.30 

0.30 

0.28 

0.28 

0.28 
0.31 

0.31 

4.55 
4.44 

4.50 

4.50 

4.39 
4.48, 

4.50 

4.48 

4.50 

4.44 
4.51' 

4.40 

4.47 

4.46 

4.58 

4.84 

4.83 

5.07 

C 0 2-2 4 

1.2,1 
• 

1.23 

1.30 

1.34 
1.36 

1.52 

1.64 

1.73 

1.85 

1.89 

2.03 

2.03 

2 .. 15 

2.26 

1.65 

1.87 

2.02 

3. H~ 

, . 

2.98 

2.99 

3.43 

4.02 

4.20 

4.23 

4.25 

4.24 

4.28 

4.l4 

4.23 

4.20 

4.08 
. 3.84 

3.90 

3.75 
3,.53 

2.79 

* AlI ionic spécies concentrations-in-grams per liter (~p1) 
~ 
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Table 42 : Catalyst Sereening BLOX "for Liquor A (2.4 Ipm 02"; 
1500 rpm,- 10 gpl NiAI, 92°C) 

time (min) SO 2- SO 2- C 0 2- 2-
3 4 2 4 S203 " 

--r 

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 0.87 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 

25.0 ,~.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 0.27 5.10. 0.97 (J.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 

* AlI ionic species concentrations in grams per liter (gp1) 
,,' 

.. 
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Table 43 Catalyst Screening BLOX for Liquor A (2.4 lpm 02' 
, 1500 rpm~ 5 9Pl NiAI, 96°C) 

time (min) 

1.0 0.46 

4",5 0.18 
... 

4.5 0.18 

6.5 0.32 

12.5 0.26 

15.5 0.25 

18.5 0.25 

25.Q .. 0.24 

31.5 0.23 

37.0 0.24 

43.0 0.18 

50.0 0.17 

55.5 0.17 

sa 2-
4 

.. 4.65 

4.58 

4.1 7 

4.71 

4.75 

4.87 

4.93 

S.30 • 
5.79 

6.09 

6.80 

7.22 

7.33 

C 0 2-
2 4 

1.12 

1.15 

1.10 

0.68 

0.76 
, 

0.79 

0,.84 

0.92 

0.99 

1..03 

1.08 

1.11 

2.12 

S 0 2-
2 3 

2.06 

3:19 

3.65 

3.62 

3.31 

3'.13 

3.26 

2.71 

2.15 

1.5"7 

1.10 

0.54 

0.33 

* AlI ionic species ~oncentratïons in grams per li~er (gpl) 

\ 
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Table 44 • Catalyst 
0 

. 

particle 
Size 
Range 
(microns) 

" 

< 38 
.. 

38 - 45 . 

45 - 53 

53 63 

0 63 - 90 

> 90 

'L 

Total 

* Surface ares 1 = 
** Surface area'II = 

.. 

Particle Size Distribution 

Catalyst r* 

weight % 

di stribu tion 

21."5 , 

10.,9 

\.' 

20:9 

2.4 

43.8 

0.5 

100.0 

0.56 +/- 0,.02 

o • 4,) + / -: O. 02 
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Catalyst 11**, 

weight % 

distribution 

, 10.3 
1 • 

3.8 

8.9 

33.6 

40.5 

2.9 

100.0 

'" ~ 

.;.. 

.. 
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.Table 45: Effect of Catalytic Oxidation on Total Sulfur (1.2 

Ipm 02' 2500 rpm, baffie, ·9SoC, catalyst)~ 

Catalyst 
Cene. 
(gpl) 

Tirne 

(min.) 

Total 
Sulfur 

(gpl) (gpl) 



o 

o 

'" 

O· 

~ .. J 

..I~" -
Cl ... 1 , 

.- ~ •.• JI - -;"'If"- .~ .. -- ...... .,.- Ô" '. 

-

• 

Table 46: Catalytic BLOX for Liquor B (1.2 Ipm 02' 2500 rpm, 

baffle, 10 9Pl NiAI, 9?oC) 

time 
(min. ) 

9,·0 
2.1 
4.4' 

.6.1 

9.1 

12.2 

16.1 

20.4 

25.1 

40.4 

60.2 

80 .. 1 
102. 7 . 

123.1 

-

50 2.!.· 
4 

. 
5'.0,2 

5.20 

5.40 
5-:53 

5.74 

6.48 

7.~Q --
7.65 

8.21 

8.51 

8.53 

8.12 
8.49 -

8.34 

0.40 

2.49 

2~75 

2.76 

2.06 

1.25 

0.6.2 

0.31 

" 

5 0 2-
3 6 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

3.40 

3.77 

3.75 

3.60 

3.90 

3.01 

%diff. l ,2 

1. 75 NA 

b.8.a NA 

<O~20 NA 

NA 

NA 

NA 

NA 

NA .. 
'-1. 5 

4.9 

4.9 

0.0 

6.2 

-4.7 

ave. 1.6 

*All ionic species concentrations in grams per liter (gpl) 
*~lNA data not availab1e 
\ , .. .. 
1. % deviation with iriorganic sulfur balance on sulfate 

basis 

2. Expected inorganic su1fur as sulfate = 13.5 gpl 

153 
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Table 47 Çatalytic BLOX for Liquor C (1". 2 Ipm O2 , 2500 " 

rpm, baffler 5 9pl. NiAl, 95°C) 

time 5°4 
2-

5 2°3 
2-

53°6 
2- (5°4 2-) %dif f . 2,3 

tota~ 

(min. ) equiva1ent1 

0.0 3.95 1 .19 NA NA NA 

2.6 4.12 1.48 NA NA NA 
,3.5 4.i4 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 

-t 

20.1 5.67 0.96 3. as 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 6.7§ 1.76 12.4 -3.9 
6'0.1 6. f.p 3.54 12.1 -6.2 

80.1 6-.94 3.69 12.5 -3.1 

iOO.i 7.23 3.38 12.3 -4.' 6 
~ 

ave. -3.7 

*All ionic species concentrations in grams per liter (gp1) 

** NA data no't. avai1al)1e 1", \ 

i. Inorganic su1fur expressed as sulfate (gp1) 

2. % deviation wi th inorganic sulfur balance on sulfate 

basis 

3. Expected in.organic sulfur as sulfate = 12.9 gp1 
/ 

• 
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Table 48 . Catalytic BLOX for Liquor ,C Replicate 1 (1.21pm . . . 
.°2 , 2500 rpm, bétfflè, 5 gp1 NiAI, 950 C)1 

,,q 

time 50 2-
4 

S ° 2- • 
2 3 1 

S 0 2-
3 6 (5°4

2- ) %diff. 3,4. .. 

• total ,,, 

(min. ). equiva1ent2 

0.0 .4.00 \. 5~ NA NA NA. 
" 

1. 1 , 4.11 1.13 . NA NA NA 

2.1 4.30 1.50 NA NA NA 

3.1 -4.32 2.01 NA NA NA 

4.'2 4.41 1.60 NA NA NA 

7.3 1l.: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 
j 

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 0 6 •. a3. 3.64 12.3 -4.7 

60.1 6.93 4.00 12.9 0.0, 
t 

,83.4 1 • 6,. 98 4.13 13.·2 2.3 
lie ~ 9 7.34 3 :Sl 13.1 .. 1.6 

H " ave. 2.2 

'.*All ionie spe~ies concentrations in grams per li~er (9P1) 

** NA "data nct' availab1e 
~.~ ~ .. ~ 

l.'Replicate 1 of Table 4.1 
, 2. ~noi9~ sul fur eXPl-es,sed as sul fate "( gpl ) , ~ 

. 3. % dèvüttion with inorganie sulfur balance on su1fate 
...' 
:b.sis 

4,'·Expected inorganic sulfur as sulfate = 12.9 gp1 , ' 

, ' 

. \ 
~' •• r 

~ , 

' . 
~, 
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'l'able 49 Catalytic BLOX for Liquor C Replicate 2 (1:2 lpm 

°2 , 2500 rpm, baffle, 5 gpl NiA1, 950C) 1 

time 

(min. ) 

0.0 

0.'8 

2.1 
3.2 

4.1 

7.8 

10.0 

15.2 

19.8 

24.9 

30.0 

40.0 

60.1 

80.6 

100.1 

120.1 

sa 2-
4 

3.90 

4.01 

4.18 

4.32 

4.42 

4.74 

4.85 

5.72 

6.37 

6.72 

6.73 

7.03 

7.07 

7.00 

7.20 

7.41 

0.77 

1. 08. 

1 .23 

1. 04 

1. 77 

1. 44 

1.80 

0.88 

0.56 

0.23 

0.00 

NA 

NA 

NA 

NA 

NA 

3.36 

3.68 

3.43 

3.94 

4.62 

3.85 

3.52 

3.62 

3.76 

3.11 

(S04 2-) 

total 

equiva1ent2 

NA 

NA 

NA 

NA 

NA 

NA 

13.0 

12.7 

12.5 

13.0 

13. 7 

12.8 

12.4 

12.4 

12.8 

12.1 

%dif f .3,4 

NA 

NA 

NA 

NA 

NA 

NA 

0.8 

-1. 6 

-3.1 

0.8 

6.2 

-0.8 

-3.9 
-3.9 

-0.8 

-6.2 

ave. -1.. 3 

* All ionic species concentrations in grams per Il ter (gpl) 

** NA data not <,:!vai1ab1e 

• 1. Rep1 icate 2 of Table 47 

~ Ino\rganic sulfur expres.sed as sulfate (gpl) 

3. % deviation with inorganic 'sulfur balance on sulfate 

- basis - - 1 

4. Expected -inorganic su1fur as sulfate. = i 2.9 gpl 
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Table 50 Cata1ytic BLOX for Liquor C Replicate 3 (1. 2 lpm . 

02' 2500 rpm, baffl~ , 5 gpl NiAI,' 960C) l 

time 5°4 
2-

52°3 
2- 53°6'- (S04 2-) %diff. 3,4 

total 

(min. ) equivalent2 

" 

0.0 3.98 1.45 NA NA NA 
\ 

1.2 4. Il 1. 33 NA NA NA 

2.1 4.11 0.85 NA NA NA 

3.4 4.1 7 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 

30.1 6.44 0.16 3.60' 12.1' -6.2' 

35.1- 6.50 r 3.83 '.' 12.2 -5.4 

39.1 6; 85 3.99 12.8 -0.8 

. 60. a 6.84 3.67 12.3 -4.c 7 

80.1 7.06 4.49 13.8 7.0 
'-

100.0 7.20. 3.56 12.5 -3.1 

ave. -2\ 3 

*All ionic species concentrations in grams per 1 i ter (gpl),. "\ 

** NA data not available 

1. ~ep1icate 3 of Table 47 

2. Inorganic sulfur expressed as sulfate (gpl) 

3. % deviation wi th inorganic sulfur balance on sulfate 

basis 

4. Expected inorganic sulfur a~ sulfate = 12.9 gpl 
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Table 51 : Catalytic BLOX for Liquor A (2'.4 Ipm O2 , 1500 

rpm, 3 gpl NiAi, 9SGC)------

time -(min) 

1.0 

3.0 

5.0 

7.5 

10.5 

13.5 

16.8 

20.0 

25.3 

30.3 

3'5.3 

40.8 

45.8 

50 2-
3 

<0.15 

<0.15 

<0.15 

<0.15 

<0.15 

<0.15 

<0.15 

<0.15 

<0.15 

<0.15 

<0.15 

<0.15 

<0.15 

SO 2'" 4 

4.68 

4.52 

4.69 

4. 7~ 

4.75 

4.91 

4.98 

5.14 

. ' 

5.23 ' 

5.64 

5.84 

6.15 

6.59 
~ 

1. 26 

1.25 

1. 33 

1. 38 

1. 42 

l:. 48 

1. 51 

1. 58 .- ' 

1. 63 

0.86 

0.90 

0.9 :J 
2.13 

5 0 2-
2 3 

3.2~ 

4.30 

4.'10 

3.93 

3.67 r> 

3.67 

3.67 
, 

3.58 

3.{4. 

3.08 

2.96 

?46 

2.12 

. 50.5 <0.15 6 :69 2.01 1.48 

56.0 <0.15 7.34 2.29 1..1 03 

63.25 <0.15 8.02 2...33 0.44 

• 
*All ionic species concentrations in grams 'pe,r liter (gpl ) , 

) 
'\ 

1 
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Table 52 : Catal~ BLOX ~or Liquor A (2.4 lpin 02' 1500 

rpm, 1 gpl NiA1, 96°C) 

time (min), 

0.0 

2.8 

5.3 

8.0 

11.5 

14.5 

17 ~ 8_ 

21.8 

27.5 

34.0 

44.5 

50.8 

SO 2-
3 

<0.15 

<0.15 

<0.15 

<0.15 

<0.15 

<0.15 

<0.15 

<0.15 

<0.15 

<0.15 

<0.15 

<0.15 

( 

50 2-
4 

4.85 

4.80 

4.84 

4.78 

4.97 

4.98 

5.08 

5.34 

5 ... 79 

6.63 

7.85 

8.49 

• 

C 0 2-2 4 

1. 24 

1. 22 

1. 27 

1. 33, , 
1. 49 

1. 57 

1. 66 

0.89 
il 

0.92 

2.1 7 . 
2.39 

2.,56 

S 0 2-2 3 

2.67 

3.31 

5.05 

4.7_9 

4.54 

4.33· 

4.07 
~ 

3.71 

3.02 

2.24 

0.89 

0.48 

. 

* kIl ionic species concentrations in grams per liter (gpl) 
"<, 

,..-, ' . 
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Table 53 Catalytic BLOX ,for Liquor À (2.4 1pm 02' 1500 
rpm, 0.5 9P1 NiAI, 91°C) 

tim~ (min) S03 2- SO 2- 2- S 0 2-4 C20 4 2 3 

--- -~-

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 J 4.48 

.a.0 " <0.15 4.75 c1.37 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 1.64 4.62 
, 

20.0 ',<0.15 5.05 , 0.82 4,65 

25.5 . <0.15 5 .. 45 0.89 -4.2,3 
~ , , 

30.0 <0.15 5-.59 2.01 1 3.65 

35.0 <O!1's 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 2.01 .. , 

60.0 <0.15 7.52 2.31 ·1 .16 , 

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

'1 
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Table 54 Catalytic BLOX for Liquor B (1.2 lpm 02' 2500 

rpm, baffle, 3 gpl NiAI, 95°C) 

time (min) 5°32- 8°4 
2-

8 2°3 
2-

... 

\ 
\ 

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 

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 ... 8.71 

60.1 8.7'3 

80.1 8.39 

100.1 .. 9.07 

125.1 8.74 

- , * AlI ionic species concentrations in gr~s per liter (gpl) 

; 
1 
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Table 55 : Catalytic BLOX for Liquor B (l.2 1?D' 02' 2500 

rpm, baffle, --_Lgp1-NiAl, 95°C) 

time (min) 

0.0 . 

2.1 

4.1 

SO 2-
3 

1.14 

0.56 

<0.20 
1 6 • l -_ .. ". .. ' .. -.' '--... 

9.2 

12.6 

16.1 

20 .. 1 

25.1 

i O• 1 

60.1 

80.1 

100.1 

121 .2 

SO 2-
4 

4.67 

5.56 

4.89 

5.18 

5.28 

5.88 

6.56 

7.63 

8.29 

8.44 

8.88 

9.26 

8.76 

8.86 

" 
S 0 2-2 3 

1.03 , 

2.88 

3.13 

3.11 
-~ -.-.--.- --._-
3.06 

2.10 

1. 59 

0.73 

0.41 

.. 

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

, , 
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Table 56 : Catalytic BLOX for Liquor B (1.2 Ipm 02' 2500 
rpm, baffle, 7 gp1 NiA17 ~oC) 

time (min) 

0.0 

2.1 

4.1 

6.1 

9.1 

12.1 

16.1 

20.1 

25.1 

40.3 

60.1 

80".1 

100.1 

121. 3 

SO 2-
3 

1.51 

0.90 

0.72 

<0.20 

SO 2-
4 

5.15 

5.12 

5.15 

5.23 

5.53 

6.31 

7.25 
7.70 J 

8.18 

8.51 

8.56 

8.23 

8.41 

8.59 

• 

S 0 2-
2 3 

0.73 

2.84 

2.62 

2.59 

2.56 

1.80 

0.89 

0.44 

<0.10 

, . 

" 

• 

* AlI ionic species concentrations in grarns per liter (gp1) 

. -
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Table 57 Catalytic BLOX for ,Liguor B Replicate 1 (1.2 Ipm 

tiÎné (~in) 

0.0 

2.1 

4.1 

6.2 

8.2 

12.1 

16.1 f , 
20.L 

, 

25.1 

40.1 

60.1 

80.1 

100.4 

120.9 

O2 , 2500 rpm, baffle, 7 gpl NiAI, 940C) 1 .' 

" . 

50 2-
3 

1.78 

0.91 

<0.20 

.. 

so 2-
4 

4.82 

5.04 

5.11 

5.20 

5.3,8 

5.85 

6.60 

7.25 
7.45 __ 

8.55 

8.11 

8.09 

8.45 

8.41 

0.44 

2.50 

2.65 

2.23 

2.19 

1. 87 
• 1.07 

0.51 

0.16 

* AlI ionic species conc~ntrations in grams per liter (9pl) 

1. Replicate l of Table 56 
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Table 58 : Catalytic BLOX for L1quor B R~plicate 2 (1.2 Ipm 

02' 2500 rpm, ~affle, 7 gpl NiAI, 950 C>-1 

time (min) 

« 

0.0 
2.1 

ë~ 6.1, ' 
1 . 

12.1 
16.1 
20.1 
25.1 

4~ 
60.1 
80.1 

100.4 
125.3 

50 2-
3 

1.29 
0.57 

<0.20 

... .'. 

50 2-
4 

5.17 
5.15 
5.23 

5.38 

5.42 
5.83 
6~48 

7.20 
8.07 

9.34 

8.51 
. '8-;60 

8;53 

8.90 

.. 

• 

S 0 2-2 3 

0.83 
2.36 
2.'63 

2.63 
2.71 

2.45 
1.50 
0.77 

0.44 

:;:"u": 

* AlI ionic species concentrations in grams per liter (gpl) 
1. Replicate 2 Gf Table 56 

~ 
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Table 59: Effect of Liquor, Catalyst Concentration, and 

0 Impeller rpm on Thiosulfate Residence Time 

.~. 

Liquor Cata1 yst1 rpm Residual Oxidation 

Conc. S 0 2-
2 3 Time 

(gpl) (gpl) (min. ) 

t 
-A; 0' 1500 

1 
0.5 72 

A 10 1500 0 .. 5 42 . 
A 5 -1500 

1 

0.5 50 

A 3. 1500 0.4 63 

A . , l 
.,. 

1500 0.5 51 
, 

B 0 800 1.7' '. 96 

,\ B 0 1500 0.3 40 

0 
B 0 2000 0.2 37 

----;\ 0 2500 0.25 41 

B 0 2500b 0.5 26 
B 0 . 3200b 0.5 26 

B - 0 4,000b 0.55 26 

B 10 i500l? -0.3 20 

,B 7 2S00b 0.5 20 , 

B 5 2500b 0~4 25 

B 3 2500b 0.4 25 , -

C o . 2500b 0.5 35 

C 5 2500b 0.5 25 

*b represents with reactor baffle 

1. Catalyst used was nickel a1uminum alloy (NiAI) 

o 166 
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Table 60 Noncatalytic BLOX for Liquor B '(2.4 lpm 02' 800· ; 

rpm, 94°C) 

time 50 2- 2-
4 82°3 

(min. ) ... 

0.0 4.50 2.63 

1.6 4.82 2.94 

3.1 ' . 4.83 3.93 

5.0 4.71 4.7~ 

8.3 ~.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 

54..9 5.22 3.49 

69.8 5.43 3.06 

85.9 5.95 . 2.97 

100. 1~ 5.92 2.16 

115.1 6.33 ~.93 

130. j 6.56 1.66 

tA11 ionic'concentrat~ons in grams per 1ite,r Cgpl) 

" 

. --
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Table 61....: Catalytic BLOX for Liquor B (2.4 1pm 02' 800 rpm, 
5 gpl NiAI, ~6oCl 

time (min) 

0.0 

1.6 

3.9 

5.5 

10.1 

16.9 

25.1 

38.3 

47.8 

60'.2 

70.1 

80.1 

9!Q.3 

100.2 

115.2 

" . 130.5 

* AlI ionic 

50 2-
3 

1.05 

0.43 

<0.20 

• 

.. 

SO 2-
4 

4.81 

4.93 

4". ~l 

~69 
1 

5.12 

4.87 

4.61 

4.67 

4.64 

~. 74 

4.83 

5.06 

5.29 

5.52 

5.68 

5.95 

species concentrations 

'168 
il 
1 : 

1.19 

2.09 

2.13 

2.28 ( 
2.47 

2.67 

3.09 

2.89 

3.90 

3.24 

3.29 

2.92 

2.67' 

2.34 

1.97 

1. 76 .J 

{J 

in grams per liter (gpl) 
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- ~able 62: Effect of Noncatalytic Oxiaation on Thermal Value, 

-Iriquor B (1.2 11i>m 02' 2500 rpm, baffle, 95°C) 

1/ \ 
~---------------------------~-------------------------------
Sample 

1 0 

2 0 

3 0 

4 0 

5 0 

6 0 

ave~age 0 

T 26 

V 26 

average " 26 

K 112 

L 115 

M 110 

p 120 

R 121 

S 120 

T 121 

V 120 

average 117 +/- 4 

N -- -- 180 

\ 
( 

f· 

Thermal 

Value 

(kJ /g) 

12.8 

12. 5 

l~O 
12.6 

12.0 

12. 1 

12.5 +/-

11. 1 

11. 2 

11. 2 +/-

10.6 

10.6 

10. 7 

10.8 

10.7 

10.6 

10.6 

10.6 

10. 7 +/-

10.3 

169 

0.4 

.. 
0.1 

0.1 

Re1atl.ve% 

Decrease 

10.9 

10.3 

10.6 +/- 0.3 

15.4 

15.5- -

14.6 

13.9 

14.6 

15.4 

15.4 

15.4 

15.0 + / - O. 6 

17.6 

, 

.( 

r 
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Table '63: Èffect of Catalytic Oxidation on Thermal Value, 

Liguor B (1.2 lpm 02' 2500 rpJp, baffle, catalyst, 

'950 C)1 

Catalyst 

Concentrat.ion 

(gpl) 

, , 

Time 

(min. ) 

Thermal 

Value 

(kJ /g) 

Relatlve % 

Decrease 



, . ~ 
Table 64: Oxidation of Liquor Organics, Liquor C (1.2 1pm .r-

.. '0, 
°2' 2500 rprn, baffle, 95 o è) 

" 
, 

\ ... 
d 

Res. Chemical ' TOC CO,2- Na6H . :3 
Time Charge 

(mln _ ) (g,pl ) (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 +j- l .5 18. 1 + /- O. 5 

123 0 62.9 21. 1 4.3 

120 0 64.7 21. 0 4.3 

0 123 '0 - 63.7 21. 1 4. 3 

122 +j- 2 0 63.8 +j- O. 9 21 . -1 +/- O. 1 

142 0 62.1 20.2 

120 " 5 (NiAI) 57.2 22.1 4 • 5 

129 5 (NiAI) 57.6 . 

120 5 (NiAI) .56.5 

125 5 (NiAI) 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 
\ 

o 
171 
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Table 65: Effect of Oxidation, Residence Time, and Chemical 

Addi tion on %02 in Reactor Off-Gas, LiquQr Cl 

Time no 
, 

~ (min.) addition 

to liquor 

0 0.0 ., 
10 49.6 

20 89'.7 

JO 95.1 

35 94.8 

40 93.9 

45 92.7 

60 90.0 

70 88.3 

80 89.2 

100 1 89.6 

120 90.9 

140 

150 , 

160-

5 gp1 

NiAI 

5 gpl 

NaOH 

%02 in reactor off-gas 

0.0 0.0 

94.4 94.8 • 
98.2 99.4 

98.1 100.0 • 

97.4 100.0 

- 96.6 100.0 

99.5 

93.7 97.4 
, 94.2 95.0 

94.7 94.6 

94.9 94.1 

94.1 95.1 

~ 

15 gpl 

NaOH 

0.0 

88.3 

.97.9 

99.5 

100.0 

100.~ 

100.0 

99.6 

99.4 

97.3 

95~ 5 

94.9 

9,5.9 

28 gpl 

NaOH 

0,.0 

87. & 
96.6 

. 98.4 

98.6 

98.8 

98.9 
-
99.0 

99.0 

99.1 

99.1 

99.1 

099.0 

1. Chemica1s studied were NiAI cata1yst and NaOH in varying 

concentration 
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Table 66 
>- l, 

: SODABLOX for Liquor A (2.4 1 pm O2 , 1500 rpm, 5 \ 

time (mir}) 

0.0 

2.5 

5.5 

7.5 

10.0 

12.5 

16.5 

22.5 

29.0 

33.0 

38.0 , 

'~pl' NaOH, . 9200) 1 

50 2-
3 

0.23 

0.41 

0.48' 

0.21 

0.21 

0.26 

0.30 

0.30 

0.35 

0.35 

0.39 

50 2-
4 

4 .. 57 

~.67 

4.62 

4.59 

4.53 

4.76 

4.67 

4.57 

4.61 

4.31 

4.61 o • 

1 . 1"3 

1.15 

1.15 

1.17 

1.22 

~.37 

1.45 

1.55 

1. '77 

1.82 

2.04 

5 -0 2-
2 3 

3.13 

2.83 

3.72 

4.75 

4. 71 

5.13 

4.97 

4.71 0 

4.51 

4.51 

4.54 

- 45.5 0.43 4.72 2.20 4.26 

53.0 
, , 0.44 4.86 2.39 4.18 

62.0 • lD 0.43 5.13 1.74 3.44 

73.0 0.39 5.73 
J 

1.93 2.90 

81.0 0.39 6.17 1.97 2.45 

* AlI ionic species concentrations in grâms per liter (gp1) 
\ 

1. W~ th NaOH addition ,/ 

. ' 
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ApPENDIX 2 lC COMMtSSIONING RESULTS' 

Table l : lC Commissioning' l 

Species 

.---sul fi te 
sulfate 

thiosul fate 

sulfite 

- • 

sulfate 

thiosulfate 

sulfite 

sulfate' 

thiosulfate 

Other 
Speci'es 
Present . 

sulfate 

thiosulfate 

thionates 

thiosulfate 

sulfite 
thionates 

sulfate 

sulfite 

thionates 

th.iosu-lfate 

sulfate 

thiosulfate 

sulfi te 

sulfite 

sU,lfate 

219 

\. 

4# 

runs 

44 

38 

39 

7 

7 

7 

7 

7 

7 

-

, 
% elapsed 
change ,time 

, .. 
(hrs.') 

2.0 0.0 

1.3 0.0 

2.8 0.-0 

t.O 
' .. 

4.0 

2.1 4.0 

0.9 4.0 

13\ 7 24.0 

j.O' 24.0 

2.9 24.0 " 
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APPENDIX -2 le COMM!SSIONING RE$ULTS 

~II 
Species Output Linear 

sulfite 

" 

. sul fate 

t 

• thiôsu1.fate 

... 

... 

. Range 

(microsiemens) 

30 

10 

, 30, 

-10 

30 

10 

3 

1 

" 

. , 

220 

.. 

" 

Concentration 

Range 

(ppm) , 

0-35 

0-7 

'0-25 

0-7 

O-sn-
0-7 

0-3 
"> 

1 

" , . 

~. --------"'-------~ • .....:.- -''1_~--

~ Integration 
Method 

peak height 

peakneight; 

. 
p~ak height 

peak heigpt 

pèak area 

~k area 

peak area 

.. 

0 
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APPENDIX 2 : le C0MMISSIONING RESULTS 
Table III 

Species 

sulfate 

thiosulfate 

'sulfite 

sulfate 

t.hiosulfate 

sulfite 
, 

sulfate 

thiosul!ate 

sl,:11fite 

. .. 

IÇ Commi'ssion,ing III 

(' 

Typical 

Range' 

(gpl) 

4-6 

2-5 

O.M-0.30. 

6-l0 

0-2 

0-0.15 

>10 

<0.5 

0 

" .. } 

, Dilution 

Factor. of 

Bla'ck Liquor 

Sample 

l,OOOx 

lOOOx 

1 OOOx 
..... 

2000x 

~OOOx 

2000x 

5000x 

5000x 

5000x 
\ 

221 

......... ' t, , 

Output 

Range 

(rnicrosiemens) 

10 

la 
la 

NA 

la' 

-

, . .. 

/ 

, ' 

\ , 
...... ""'-..I._~-
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APPENDIX 3 . ESTIMATION OF EXPERIMENTAL ,~RROR . 

0 I* Table IV : Experimental Uncertainty Estimates 

ionic' Method Number Average Standard 

species Data relative Deviation 

Points %error (gpl) 

" ~ 
sulfite le . 5 15 0.03P 

(S03 2-) \ 

sulfate, le 50 4 0.20 P 

(S{) 2-) 
4 

\ 

thiosu1fate le 32 3 O.15 P 

(S203 2-) 

0 
\ 

'trithionate 1 titration 19 4 ~22P 

\ 

~S306:; 
oxala/ le 15 8 0.12 

(C#4 2-) 

J 
·carbonate le 4 3 " 0.48 
. (C032~) 

l' 

hydroxide- titration 6 

* Pp" repfesents pool~d standard deviation estimat~s 

1 

• 222 
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1 APPENDIX 3 

Table V 

ionic 

species 

Total 

solids 

Total 

sulfur 

Thermal 

v'alue 

TOC 

Calcium 

Sodium 

pH 

ESTlMAT~ON OF EXP~RlMENTAL ERROR 
'\ 

Experimental Uncertainty Estimates 11* 

Method 

ov-en 

drying 

wet 

combustion 

bomb 

calcirimetry 

Technicon 

Autoanalyzer 

Atomic 

Absorption 

Atomic 

Absorption 

pH 

meter 

Average 

relative 

%error 

2 

2 

·'3 

3 

19 

3 

l 

# 

points 

6 

6 

6 

4 

4 

9 

43 

Standard 

Deviation 

0.2 (wt. % ) 

0.11 (gp1 ) 

11 

0.39 (kJ/g) 

1.5 (gpl ) 

4.7 (mg)1) 

1. aP (gpl) 

o .19 P 

* "p" rep~sents pooled standard deviation estimates 

223 
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APPENDIX 3 ESTIMATION OF EXPERIMENTAL ERROR 

Table VI . Computa tion Of Poo1ed Standard Deviation For . 
Sul fate Data From Rep1icate Run~ 

Tirne 5·°4 
2- m-l /\.2 -"2 run g. (rn-l) s· 

l. l. 

(mi n. ) (gp1 ) 

. 0 AB 4.17 3 0.0169 0.0506 

AC '.l 3.89 

AD 4.00 

AE 4..14 1 

1.1 AD 4.04 1 0.0125 0.00125 

AE 3.99 
1-

1.5 AB 3.9~ 1 0.000'2 0.0002 

AC • 3.96 1 
.4 

2.1 AE 4.09 1 0.0032 0.0032 

AD 4.01 

3.1 AB 4.22 '2 0.005 0.01 
, 

AD 4.08 

AE 4.13 
, . ----... , 

4.1 AD 4.08 1 0.0512 0.0512 

AE 4.40 
Q 

4.5 AB 4 :"06 l 0.00045 0.0004.5 
' J 

AC 4.09 

~iJ 

224 
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Table VI cont'd 
, . 

Time run 

, (min.) 

10.2 AB 

AD 

15.1 AB 

AD 

AE 

20.3 AD 

AE 

AC 

AB 

25.3 , AB 
, AC 

AD 

AE 

30~ 2 AC 
,AD 

AE 
_of ' 

35.3 AB 

AC 

AD 

? 

50 2-
4 

(gp1) 

4.25 

4.04 

4.48 

4.33 

4.84 

5.19 

5.40 

5.41 

5.08 

5.81 

6.29 

. 5. 79 

6.35 

6.89 

6.50 

7.09 

7.14 

7.27 

7.11 

-==----

m-l 

i 

2 

3 

3 

,. 

r 

2 

, 
2 

~ 

225 

/\2 s· l 

0.0221 

0.0687 

0.0263 

0.0908 

0.09' 

0,. 007 4 
, .. 

, J 

'" I!J 

'" (rn-l ) s. 2 ' 
.1 

0.0221 

0.1374 

. 0.079 

O. ~7 24 

0 .. 18 

0.0145 

~ 

• 

'1',\ ... 
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Table VI cont'd .,-'-. ' 

//'''? 

Time 

(min. ) 

40.2 

45.3 

,50.0 

60.2 

aï: 0 

100.1 

run 

AC 

AQ 

AE 

AB 

'AC' 

AD 

AE 

AC 

AD 

11 

AE 

AC 

AC 

AD-

AE 

AC 

AD 

Ae 

, ' 

7.71 

7.40 

7.65 

7.55 

7.75 

7.57 

7.58 

7.87 

7.,68 

8,.30 

7.83 

7.72 

7.99 

8.02 

_7.81 

8.03 

8.35 

m-1 

r 2 

é. 

3 

1 

't-

1 

1 

2 

2 

:t 1 • 
" 

226 

Â 2 s· 
~ 

JO 

0.027 -

0.00856 

0.0181 
-

(0; 11' 

0.0273 

0.0597 

. ' 

(m-1)~2 <1 

0.0541 

0.0257 

0.0181 

... ./' 

0.11 

0.0546 

Or 1l95 

, \ 

4), 
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'- Table VI cont 'd 

0 
Time run 50 2- rn-l, /\.2 (m-l )~, 2 s· 4 l ~ 

(min. ) (g-pl) 

, 
123 AC 8.2-7 3 0.07,65 o .0229 

AB ~. 
AD 8. 

AE 8.45 

1> 

10.5 N ' 5. 78 1 0.0685 o . 068 5 
p 5.41 

15.2 N 6.94 1 0.0'032 o .0032 

p 6.86 

.J 

'0 16.1 S 6.67 1 0.0392 o .0392 

'R 6.39 

20.1 5 7. 73 1 0.1058 0.1058 

R 7.27 , 

. , 20.8 N 8. 16 1 0.0008 o. 0008 

p 
J 

8.20 

" 25.8 ,N 9. 16 1 0.2178 0.2178 

5 -8.59 
" 

40 5 9. 15 1 0.0032 0.0032 

R 9~23 

227 



1. 9327 

'" 
1. 9327 

= = 0.0387 '. . 
50 

, ., 
, , 

so that, sp = O. 20 ~pl 

o 
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APPENDIX 4 CALCULATION OF TRITHIONATE CONCENTRATION FROM 
MERCURIC CHLORIDE TITRIMETRIC METHOD 

Nomenclature: 

VA volume of acid (mU 

Va volume of base (1) 

NA' NB normalities of acid, base (N) 

Vs equivalent base for thiosul fate reaction (ml) 

VK1 equivalent base for for 1<1 induced alkalinity 
(ml) 

" Veff equivalent base for polythionate reaction (ml) 
VT total base required for sum of aIl reactions 

(ml) 

bl black liquor 

In this case the experimentally meas~red parameters from 

ti trations are: 

= 2.0'0 ml 

= 23.50 ml = 0.02350 1 

== J).00492 N " 
= .·0:00816 N 

, . 
AIl other paramet~ a're calculated va~ues.· 

T9 calculate the conceptration of trithionate in 
'1 

, presen~e of thiosulfate and sulfate, consider 

the 

th~ 

concentration data (gpl, at 15 minutes 

sulfate, thioiulfate, and trithionate . 

in Table 50 for 
\ 

15 5.00' 1.46' 3.53 ..... 0.8 

229 
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~~l that the stoichioJiletric equations for trithionate ijnd . 

thiosulfoate from Section 3.5.2 are: 

2S30 6
2 - + '3HgC1 2 + 4H20--+ HgC1 2'2HgS + 8H+ + 4C1- + 

••• .- •• (21) 

2S20 3
2 - + 3HgC1 2 +'2H2q~ HgC1 2'2HgS + 4H+ + 4C1- + 

•••••• (22)c 

1. Trithionate Stoichiornetric Re lation 

To calculate ~he cqncentration of trithiQnate get 
_stoichiornetry equation (21) 

'1 S3062- - 4H+ 

since 1 OH-,. 1a+ 
'. 

then 1 S3062,- - 40H-

. '1 2-. Sl.nce mo .. wt. $j06' = 192.2 
, 

samp1e size (black liguor) ;:: 2.00 ml = 0.00200 1 

4S0 2-
4 

2S0 2-
4 

from 

2-therefore, 53°6 = 0.25 ) x 192.2 g/rnol, x 
1/0 .• 00,2 1 -

50 that, 

. . 
2. 5imilarly. ,for tetrathion'ate get! 

3 .. , Thio5U 1 fa te' Correction 

1 5 2°32- iiE 2H+ 

~) 1 5 2°32- == 20H-, 

230 
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srnce mol. wt. S~032- = 112.2 

normality of base = NB = 0.00816 N 

sample volume size = 2.00 ml = 0.00200 1 

then the vol ume of base t corresponding to a known 

thiosulfate concentration in gpl for a 2 ml black 

liquor a1iquot is equal ta: 

Vs = -----
liter (bl) 

, 
50 that, 

---.. 
'-,-

.1 mole 

x------

4.' . KI AlkalinItY--Correction 

1 liter 

------'x 0~002 1 

0.00816 mol 

, ,. 

~ . 
(iii) 

Proceeding directly to step 9 Section 3.5.4 the 

-equation for equivalet:lt a1kalinity from KI is given by, 

NAVA 
VKI = (i v) 

NB 

From iv get 

( 0 • 00492) (2. 00) 

VKI = = 1.'21 ml. 
(0.00816 , 
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6. 

\ 
Calculation of Total Equivalent NaOij 

The total base required i s the sum of equivalent NaOH 

fro.m both titration~ (step 10) so, 

VT = VB + VK1 (v) 

SO V T = '23.50 + 1.21 = 24.71 ml 

Cal culation of Base Used in Thiosulfate Oxidation 

From step Il, Section 3.5.4 and equation iiI calculate 

base used in~thiosulfate reaction. 

~s = (4.37) (1.46) = 6.38 JIll 

so Veff = 24.71 - 6.38~= 18.33 ml 

7. Cal culation 'of Tri thionate Concentration 

8. 

'0 

From i 

S 3062 - = (24 025) ( 1 8 •• 33 x 

== 3.59 gpl , 

.... 

" . 

Correct:i..ng for water evaporation from the liquor during 
, " 

an exper~ment (a factor of 0.982 in this case), 

Calculation of Tetrathionate Concentration 

Calculated- as S406~- get fram ii 

S4062- = (28050)(18.33 x IO-3~ (0.00816) 

= 4.20 gpl 

Correcting for water evaporation duri-ng" an experiment, , ' 

S4062- = 4.20 x·0.982 = ~ .• 12 "gpl 

232 
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9. Equivalent .Trithionate 5ulfur as 5u,1fate 

For 

10. 

1 
To obtain' equivalent, amount of su1fur as sulfate from 

tri thionate. mul tipI y . by appropriate mol ecular' we'ight . 
ràtios to f·irst convert to sulfur and then to sulfate .. 

Note: molecular weights: 

32.1 for 50 

96.1 for 5°4 
2-

.,. 
192.2 for 5 3°6 

2-

112.2 for 8 2°3 
2-

-- _. ._-

i Il ustra tion use step 7 resu1t for trithionate. 1 , , 
5 2-

"'1. \ 

therefore, °4 = 3.53 x 96.3/192.2 x 9 6 . 1 /3 2.~ 1 

= 3.53 x 1.5 

= 5.29 gpl 804 2-

Eguivalent Thiosulfate Sulfur as Sulfate 

Calcula te sul fate sulfur from thiosul fate irt a similar 

way as done for 'tri thionate in 9):, 
2 2- ' 504 - = S203 x 64.2/112.2 x 96.1/32.1 

2~ 
= 1. 71 ( 520 3 ) - ( vi) 

50/- = (1. 71 ) ( 1. 46) = 2. 50 9 pl.:. I"',.} 

, . 

Il. Sulfur Balance Calculation on Sulfate Basis 

ie. 

To obtain sulfate in black liquor if aU thionate and 

~hiosulfate had been convert~d to sulfate, add su1fati 

from liteps (9') and (l0) respectively" to sul fatr 
concentration from lC measurement .. 

(S042-)tot. = (5Q42-)IC + (504
2-)step 

= 5.00 + 5.29 + 2.50 = 

233' 

, 2-
9 + (5°4 )step.10 
12.8' gpl 

" 

---- -- - -
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~ . 
Calculation of Expected Sulfur as Sulfate 

'. 
Calculate the expected sulfate assuming 

thiosulfate conversion from its peak , 
expected value can be , estimated by taking 

quanti ta ti ve 

value. The 

the maximutn 

thiosulfate value obtained in noncatalytic oxidatien, 

converting it to equivalent sulfur a~ sulfate, and 
r.. • adding to initial sulfate concentration; That is, from 

vi get: 

(S04 2-)exp = (S042-')initial + 1. 7l(S2032-)max 
= 4.00 + (1. 71 ) (5. 2) = 12. 9 gp 1 

, 
The value of· 5.} gpl thiosulfate was obtained as the 

average value peak for thiosulfate fr~ a series of 

noncatalytic oxidatlon runs. N'ote that this maximum . 
thiosulfate conc~ntration eannot be obtained from a 

eatalytic run because of the rap1ù sequential 

decompos~tion of thiosulfate te trithionate which masks 
the tr'ue peak. . ' 

. 
Caléulation of % Deviation, wi th Balance 

• 

Cale.ulate % difference with - the expeeted' value if 

polytpionat~ species is presu.med to be trithionate. 

(12.8 - 12.9) '-% differenqe = x 100 = -0.8% . 
12.9 

," 

.234 



, . 

o 

o 

o 

~ - . 

14. 'Sulfur Imbalance Based on (Tl:!trathiona'te 

, 
\ 

If the pôlythionate was tetrathionate then f rom steps 8 

and 11 

(S04 2-)tot. = 5.00 + (1.71)(4.12) + 2.50 

= 14.5 gpl 

(14.5 - 12.9) 

% difference = x 100 = 12.4% 

12.9 

Fr.om this calculation i t appears 

~cies .... present ü~ tr i thiona te. 

235 
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APPENDIX 5: TREATMENT OF EXPERIMENTAL DATA FOR SULFATE 

KINETIC RATE MODEL 

The ensuing procedure was us'ed to formulate databases 

from ~he replicate experiments. 

1 . For each liguor the thiosulfate (A), and sulfa'te (B) 

concentra tion data from aIl repl i cat~, sets were 

statistically av.eraged at the various times th,ey were 

taken du ring an experiment: 
~ 

Average sulfate and thiosulfate data points were 

plotted vs. time and smooth, curves were dtawni 

3. Sulfate and thi6sulfate coricent~ations were 

int,etpolated from the smoothed cur~es at predetermined 

time intervals: 

4. 'l'ime and interpolated sulfate, thiosp.lfate 'data were 

tabulated; 
. 

From the sIJIoothed sul fate curves rate data was obtained 

at regular- time intervals by n"umèrical computer 

differentiation to ensure maximum possibl~ accuracy i 

,6. Time (t), thiosulfate (A),' sulfate (B), and sulfate 

rate data (dB/dt) weré tabulated and entered ihto the 

"7. 

-8. 

t 
program;' 

Whenever a new rate expression was tested, a program 

line stipulating the; ,new expression 'was inserted into 

the program replacing the oid one ( 

The program' was. run yielding the least squares 

estiItlates of the rate constants, powers, and SUIn of 

squa~es r~sid.ua l Si 

9. In ~he case where the powers were set to' 2 and 3, l east 

squares estimates of rate constants . were given for 

these fixeq val ues of the powers; 

• 10. Model rate data was compared with experimental rate 

datai if the fit was bad- it \lias discarded; 

236" 
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Il. If the rate gata was a good approximation, to 

exper irnenta 1, predicted sul f a te va lues were f ound by 

plottin9 model ra te data X dB/dt) vs. t and numerically 

integrating the area under the curve at the chosen ti~e 

interva ls. Note that the area under the curve i s 

by: 

:r 
dB 

Area = -- dt = 
dt 

(vii ) d 

12. 

o 
) 

Thése values,' B (T) - B (TO ) , were added to the ini tial 

sulfa te present in the black l iquor "bef6re oKidation, 

B(r
O

) te obtain BCT} 50 that ~h~ general expression is 

denoted by: l Œ' 

" {
ddBt" } dt B ('l') = B ( T

O
) ..: 

o 

(,viii) . 

13. After obtaining -a Il the model sul fate data, i t was 
t " ~ ~ • ~ 

p10tted Wi th the e"xper i~~nta l data ~nd the goodness of 

fit was inspected visua"llYi 
" 

1'4. % difference between predic,ed a!1d ex-perimenta'l data 

. (.", 

.was "aiso calculated and the model was considered 

.$qtisfactory if the predi,ction. was consis,tently within . 
a 5% maximum errer limi tat~on. 

1 
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APPENDIX 5 : SULFATE KINETIC RATE MODEL 

Table VII : ~atabase for Liquor C for ~redieted Sulfate 
Concentration from Integration 

. ' 

time D' (expt. ) D' ( cale. /interp.) 50 2-
4 

(min. ) (gpl /min. ) (gpl /min. ) (gpl) 
j 

10 0.063 0.079 4.15 

12 0.074 0.085 4.31 

14 0.102 O. 092 4.49 

16 0.114 (;). 1 4.6S 

18 '0.117 0.11 4.89 

20 0.129 0.121 5.12 

22 0.152 0.134 5.38 

24 .. 0 • ..165 0.148 5.66' 

26 0.162 0.16 5.97' 

2,8 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 
a 

" 

" 

238 

f 
~. 



o 

0 

o· 

, . 
'--

, . 
Table VIII; ~iguor C Dàtaba~e For Sulfate Model 

t ime (min:) 

10 

12 

14 

·16 

18 

20 

22 

24 

26 

28 

.30 

34 

36 \ 
40 

45 

" 
\) 

''''\ 

*A11 ionic species 

(gpl) 

' .. 

SO 2--
4 

4.15 

4.3 

4.46 

4.68 

4.90 

5.1,8 

5.45 

5.75 

6.b8 

6.42 

'6.68 

7.04 

1.20 

7.48 

7.80 

concentrations 

1 

239 . 

3.87 

3.57 

3.27 ' 

2.97 
e .. 2.67 

2.37 

2 '.07 

1.77 

1 .47 

1 • l 7 

0.87 

0.50 

0.18 

0.16 

O. 00 

are in grams 

, 

D' 

(gpl/rnin.,) 

0,063 . 
:'0.074 

0.102 

0.114 
0.117' 

0.129 

·0.152 
o . 165 -

0.162. 

0.15 

0.112 

0.p9 

0.075 

0.062 

0.00 

per liter 

, r 



, ' 

-0 c 
CI . -

-=-= ~c • c - ~ ., Je. Je - "Cf -.......... c ... 
e ari 

• • 
-a = • 

IIC 
... 
0 

1-
..:1 
... .s 

.-.. t' 
~ 10 

CI 
c~ f 

" • m-

0 
c:i~ 'C 

"'" 
10 ... 
"'" • QI 

1 
• QI 

~ 

• 10 
~ 

"'" CI 
fil 

~ 
0 
~ 
Il 
QI 
fol 

• 
~ c-

--- l 
I 
! > l 

.pt 
c !lit c 

CI' CI' C ca 1 c c= CI' cC 
Ct .... oz ca ta .... N g .... ... ... C c:: c: CI -= • . . • . . . c:5 

. 
CI' CI CI c:: c:: c:: CI CI ,- f (aUlw/rdJ) l~/HP 

,-
\,). 

240 
<> 

" 
~~4 r 

- 1 

fJ;I . " 



0 = • N • 
'='-fi! --..... r 

~ • • . .. 
Cc = rEtIl "I:J = = N 

• • -s= CIl 

'a.. 

! 
= a.. 
ac .e · -- .t' .., 

""- IG - t ...... 

0 ~ '0 
IG ..... .... 
U = 1 -= · ..... 
U 
.tJ 

~ .... • C' • 
.... 
0 

\ 
.tJ • 

\ 
"- le 

~"'t • - ... 
;: 
e 

8 
g, 

= · c= = = = = c c g c = r = ~ 
..,. ... ca le QI G 0':) 

o:t C\J C\J .... ~ ~ c: = = 
ci 

. . é 
. • . . . . . 

= = = a' a = = = = 
0 (-ulm/til) lP/aP ' , 

" 

2'41 



0 = = • or 

/ 

=- C 
ci; ca · -- ~ .. • • ~ ~ .. 

-= ari ta 

• 
U 

• ... = ~ :s 
C7I .... 
~ 

= 
... .e 

C\1 • t' ~ 

• .-.. ., ..., -:s 
.......... i' =-="'-' 1 

0 
• .--< , ... ...... .. 

• /t = 1 ca 
ë .. ".., 

:1 
• ... = :s 

CD la 

• ë .... 
-0 .., 
la .. .. 
• ... ... ... 

1> .. ... 
, = ! = l'ac • 

B ~ = c i CD c CI 0 il == CD CD ... CD 1 CD ,C; = .... ... ..... ... c= CI CI = . • - • • . • .' . ci . 
CI CI 0 Ct Ct Ct o. CI 0 Ct 

•• (-u.w/tdJ) \p/gp 

{' 
242 

'f _ 

~. 0 

,. ' 
> • -- . - -


