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ABSTRACT

The potentially volatile;, malodorous sulfides (st, CHBSH9

CHBSCH3 and CHBSSCHj) in sulfate black liquros were transformed
to stable compounds by exposure to gamma photon radiolysis. The
product complex following radiolysis of sulfides in aqueous

solution is partly resolved as: polysulfide (from HZS), sulfate
(from H259 CHBSH and'CHBSSCHB), an intermediate, CHBSSCH3 (from

CHBSH)9 and a high molecular weight, amorphous substance (especially

from CH SCH,).
5 5CH;

Variables studied with aqueous solutions and commercial
black liquors have included sulfide concentration, solution pHj
temperature,; oxygen saturation and effects of soluble lignin,
all of which.adjusted to some extent the sulfide degradation kinetics.
Lowering solution pH and increasing initial sulfide concentration,
temperature and/or oxygen pressure increased apparent degradation
yields (G), while lignin (thioligﬁin) acted as a radical scavenger

in the process,

In gamma radiolysis of strong and weak black liquors (pH 12.85
~13.40) at Gammacell temperature (3400), and atmospheric oxygen
pressure, the apparent degradation yields of sulfide are propor-
tional to the respective initial concentrations. Apparent
degradation yields were 0,001-0.003 for CHBSCH3 at 0,20 x 10"3
~1.10 x 102g/1 and 0.002-0.0.85 for CH,SSCH, at O.44 x 10 >g/1~

3 3
39.71 X IO-Bg/l concentration.
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Similarly, in carbonated black liquors (pH 8.20-9.15), the
apparent degradation yields of sulfides significantly correlated
with their initial concentration. The apparent sulfide degradation
yields are 0.015 to 3.427 for HQS at 0.89 x 10_3—265020 X 10-3g/1,
0.006-0.230 for CH.SH at 0.48 x 10™°-28.70 x 10 2g/1, 0.003 - 0.020

3

for CHBSCH3 at 0.60 x 107°-5.22 x 10‘3g/1 and 0.004-0.035 for

CHBSSCHé at 1.03 x 1075-9.11 x 10'3g/1 concentration.

The presence of oxygen( 1 atmosphere_pressure) at higher
concentration of H 5(247.75 x 1073g/1) and CHySH(967.50 x 1073g/1)
in carbonate black liquor (pH 7.50) showed high apparent degradation
yields of 17 and 28 for st and CHBSH, respectively. This is
considered to be due to.a chain reaction occurriﬁg during

degradation of sulfides.

Polysulfide may be generated by radiolysis of acidified
sodium sulfide and sulfate green liquor. The apparent yields of
polysulfide excess sulfur were 3 and 5 for acidification with
carbon dioxide (120 psi) and hydrogen sulfide (270 psi),

respectively.

As part of these studies, new techniques have been developed
for recovery and analysis of sulfides at low concentrations in

aqueous solution,
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1.0 INTRODUCTION

In North America, the pulp and paper industry occupies a
prominent position (ninth) among natural product processing
industries such as oil, mining and food processing industries.
Canada alone produced 16.4% of the world's total supply of pulp,
furnishing nearly 16 million short tons in 1969. Of this amount,
9.3 million tons was chemical pulp of which approximately 73% was

produced by the sulfate (kraft) process (64).

Projections made for chemical pulp production anticipate
that, of sulfate pulp will increase by two and” one-half times,
and that of the neutral sulfite semichemical (NSSC) process will
approximatély double the 1968 figures by 1985 in the United States.
Sulfite pulp production will likely decrease slightly, whereas
soda and dissolving pulp produétion is expected to remain constant
(89). Therefore, the sulfate and NSSC processes are expected to

dominate chemical pulping in the future, as they do at present.

The main reasons for such potential dominance of the pulping
industry by the sulfate process are the comparative simplicity,
rapidity of cooking, applicability to all wood variations and
wood species, favorable pulp and paper prOpertiqs and, most import-
ant of all, the availab;lity of an efficient and economic recovery
process. These intrinsic. advantages have seemed to outweigh .

the drawbacks, which are the requirement of the high initial invest-
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ment and pollution problems of several types, usually of a
complex nature. Opportunities for pollutant formation and .escape

occur at many points throughout the process.

Budgeting for pollution control has become a recognized
factor in pulp mill operation today. Expenditures for pollution
control by pulp mills have reached phenomenal figures during
the past decade. Fortunately, the pulping process.has been modified and
improved through the years in such a manner that stringent
recovery of process losses usually defray part of the capital
costs for additional equipment. Besides, as a public service,
governments have often recognized the need for various forms of
assistance to increase pollution abatement. Such subsidies have
increased the funds available, not only to public agencies con-
cerned with ﬁollution control, but have also provided direct

research grants and tax relief to the industry.

The causes of air and water pollution relate mainly to
dissolved organic wood residues (carbohydrates, lignin and ex-
tractives) and subsequent formation of methyl mercaptan, dimethyl
sulfide, dimethyl disulfide and hydrogen'sulfide in the digester,
as well as during the chemical recovery process. Chemical
recovery involves black liquor concentration, combustion and
reconstitution of the cooking chemicals. During the digester
relief, digester blow, and recovery operations, sulfur-bearing

gases may be lost to the q;mosphere in varying amounts. Other
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minor sources of pollutants are particulate matter . from the

recovery furnace.

The possible formation of water pollutants in sulfate
pulping relates to digester relief, blow, and evaporator con-
densates, as well as to weak wash waters discharged from bleach
plants. These water contaminants constitute sources of biological
oxygen demand (BOD), chemical oxygen demand (COD) and may
contribute to toxicity of the effluents. It is also recognized
that most of the problem causing contaminants relate to the non-
cellulosic components released during the course of pulping,
Among important pollutants, the sulfide and mercaptide ions have

been identified as highly toxic constituents (214).

Recently, various efforts have been made to solve pollution
problems associated with sulfate pulp mills. As is.often the
case, a process designed to resolve one problem may create yet

another. Some solutions proposed for abatement of air pollution

often create water pollution and vicefyersa. Retention and
stabilization of sulfur-containing volatile compounds is difficult.
Methods practiced or proposed for black liquor digester relief

and blow gas treatménts are oxidation (42, 92, 136), chlorination
(60, 75, 201, 205), combustion (39, 50, 51) and absorption and
desorption (1, 171); but none of these has been shown to be
completely successful. Failure of such provisions often relate

to the extreme human sensitivity to obnoxious sulfides, possibly
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evolutionary in nature as an index or warning precaution to
food spoilage. Threshold concentration values of sulfide
detection by humans lies below or at the detection limits of
modern analytical instruments and, while none of the sulfides
(except for hydrogen sulfide) has been directly associated with
human illnesses, they do constitute a considerable nuisance to

the public.

Increased aVailability of high energy isotopes from reactor
by-products provides .the possibilities in the near future for . .
industrial processing, and process control developments. Although.
applications of industrial radiation processing are, generally
_ speaking, in preliminary stages, the limited results indicate

levels of achievements unobtainable by conventional means.,

The application of ionizing radiation to wood product: -~
industries is currently being investigated for wood coatings,
wood plastic combinations, prevention of wood chip deterioration
in outside storage prior to pulping (43, 71) and wood substance
modification to benefit pulp properties and pulping processes
(34, 43, 71, 81, 208).

Considerable information has been made available on the
effects and utilization of ionizing radiation for purposes of
food and drug processing and new packdging technology. Although
limited studies are available on the destruction of micro-

organisms and oxidation of organic substances in industrial
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effluents and waste water streams (118), specific technology
and descriptive literature with pulp mill effluent treatments

are almost completely lacking.

Most works have been only exploratory in nature. Detailed
information is available only for sanitary effluent treatments,
researched mainly in the United States. Treatment of industrial
effluents, usiﬁg radiation, is also described for pesticides
such as dieldrin and DDT (41, 74, 206), decolorization of aqueous
dye solutions from textile mills (74) and for decolorization and
solids precipitation from sulfate and neutral sulfite pulp mill
effluents (113). These treatment schemes offer examples of
significant reductions in BOD/COD, color, toxicity and improved
solids sedimentation and are connected only through highly

reactive species created by radiolysis of aqueous solutions.

The transformations of volatile malodorous sulfides in
sulfate black liquor, and recovery of polysulfide from aqueous
sulfide and greén liquor as induced by gamma radiation, are
little studied. The present study is concerned with application
of gamma radiation to industrial and laboratory sulfate pulping
liquors with the following objectives:

1. To explore influences of gamma photon radiation on

the chemical transformations of characteristic sulfides

in black liquor and carbonated black liquor.
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To determine the effects of system variables, such

as solution pH, lignin concentration, temperature and
oxygen pressure, on transformations occurring with
various sulfide model compounds.

To explore the possibility of recovering polysulfide
from aqueous sodium sulfide solution and sulfate
green liquor.

To estimate the degree of sulfide stabilization
attainable by a radiolytic process.

To reevaluate and possibly improve the analytical
methodology available for determination of inorganic
and organic sulfides in alkaline solutions, as well as

in sulfate black liquor.
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2,0 LITERATURE REVIEW

2.1 Process Chemistry of Potential Air and Water Pollutant

Formation in Sulfate Pulping of Wood

Waste liquor treatment from pulp and paper mills constitutes
a major problem of pollution abatement with this industry (59).
The amount of waste water effluent from sulfate pulp mills,
with attached bleach plant, varies between 30,000 to 130,000
US gal/ton of air-dried (AD) pulp. This waste water has a low
BOD (biolaqgical oxygen demand) when compared to such industries
as canneries, breweries, dairies and the like; but it is the
tremendous volume of water that makes pulp mill waste effluent
treatment so eXpénsive. Substantial improvements have been made
towvards upgrading the effluent quality by developing operating
procedures which minimize the fibre loss, and nonrecoverable
chemical discharge. A considerable amount of research effort and
capital expenditure relating to new and alternate methods of
effluent control - have been added in older mills and are being
incorporated into newly designed mills (1, 39, 60, 92, 120, 130,

136, 171, 203).

Generally, both effluent toxicitf and BOD effects of
sublethal concentrations of mill effluents.are of major:importance,
especially if discharges occur to inland waterways (174). Among
the waste and air pollutants from sulfate mills, sulfides occupy

a special place and command dual attention. In aqueous solution,
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they are known to be toxic to aquatic fauna (21, 214), partic-
ularly to fish, whereas in gaseous form released to the atmos-
phere, they have drawn loud public outcries because of their

obnoxious nature.

Organosulfide emissions from sulfate pulping are associated
with the digester relief, blow tank, pulp washer, oxidation tower,
liquor concentrators, recovery furnace, smelt dissolving tank
and the 1lime kiln., While the range of odor causing sulfide
emissions may differ from mill to mill, the types of compounds
identified as occurring in the above bperations are generally the

same.

2.1.1 Sulfide reactions in the digester

The substances mainly responsible for odor
emissions from sulfate mills are hydrogen sulfide (HS) and
various forms of organosulfides, originating primarily from
reactions with lignin methoxyl groups. First escape of these
compounds from the digester is permitted in the form of conden-
sates and non-condensible gases during the digester relief and
digester blow operations., Approximate quantities of these

compounds are given in Table 2.1 (15, 90).

The hydrogen sulfide is formed through a hydrolytic
equilibria of sulfide ions in the aqueous sulfate cooking liquor.

S + 1‘120@__ HS- + OH-.ooooooooooo.oooo/z-l/

HS- + 1'120(._— st + OH-oooooooooo.oo0000/2-2/
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Thus, it is obvious that the quantity of hydrogen sulfide emitted from
an aqueous system depends on the pH and temperaﬁure of the solution,

with lower emissions occurring usually at high pH(pH 12-13) (176).

High cooking temperatures ( in excess of 180°C) have been shown to
aid the nucleophilic cleavage of the lignin methoxyl group during
sulfate cooking to form methyl mercaptan (76).

Lig-OCHB + S —_— CH‘BS - + Lig-0"

CH,S™ + H,0 2 CH8H — +  OH .......... .. /2-3/
Further reactions with the newly formed mercaptide ions and lignin
methoxyls lead to the formation of dimethyl sulfide,

,Lig-OCHB + CHBS-  — CHzSCHy  + Lig-0" sveive.../2-4/
The order of nucleophile power of mercaptide and hydrosulfide ions
has been shown bj Goheen (76) and Turunen (207) to be far greater than
that of the hydroxide ion (OH), thus explaining the low methanol

content of sulfate cooking liquor,

Reaction kinetics of organiosulfide formations have been studied
extensively (11, 55, 126, 128) and were found to depend on hydrosulfide
ion concentration (128, 166), pH (11, 166), cooking temperature (11),
and availability of lignin methoxyls (55, 126). McKean et al, (128)
were able to show that demethylation during sulfate cooking followed
first order reaction with respect to hydrosulfide ion concentration,
 Andersson (11) estimated that approximately 2.3 to 2.5% of the
| total sulfur charge (at 30% sulfidity) is converted to organic sulfides,
Recent studies by Douglass and Price (55) show that the rate

of mercaptan formation is very accurately proportional to the
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sulfidity at constant effective alkali and liquor to wood ratio
levels. McKean et al. (128) suggested that sulfate cooks could
be made at much lower sulfidity levels (25%) without seriously

impairing delignification rates.

The'formation of organosulfides depends on the availability
of methoxyl groups. Wood methoxyl is known to vary with wood
source. Some observations in this respect were made by Douglass
and Price (55) and McKean et al. (126). At identical cooking

conditions, porous-wood chips (Betula papyrifera Marsh. and Acer

rubrum L.) formed larger quantities of organosulfides than those of

coniferous woods (Picea excelsa Link and Pinus taeda L.). In sulfate

cooking of porous-woods, approximately 10% more organosulfides
are liberated than in comparable .pulping of coniferous wood. The
higher methoxyl content and some labile methoxyl group in porous-
wood lignin (syringyl), were thought to contribute to the basic
differences observed (128). However, the increase in organo-
sulfides was not proportional to the higher methoxyl content of

these hardwoods.

The pH effect upon liberation of hydrogen sulfide and methyl
mercaptan is correspondingly indicated in Eqs./Z-Z/and /2=3/;
Since the pH of the cooking liquor is directly proportional to fhe
alkali chérge, the release of hydrogen sulfide and methyl mercaptan
is highly dependent on residual alkalinity of the black liquor.

Based on vapor. pressure ys. pH measurements of hydrogen sulfide
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and methyl mercaptan at various temperatures, Shih et al.

(176, 177) found that methyl mercaptaﬁ, being é weaker acid than
hydrogen sulfide, was highly sensitive to pH changes above pH 10,
The vapor - pressure curves suggested the desirability of retain-
ing a final pH of 13. 1In view of the high sulfide concentration,
changes in the solution above pH lbcan result also in significant
vapor . pressure changes of hydrogen sulfide. A drop of pH from
13 to 10 can increase vapor. pressure of hydrogen sulfide one-
hundred-fold, eSpecially under highly efficient steam stripping
conditions. Dimethyl sulfide concentration, on the other hand,
is not directly affected‘by pH because its vapor: pressure is

unaffected by the alkalinity of the cooking liquor.

The dependence of the‘formation of organosulfides on
temperature haslbeen demonstrated by Andersson (11), Douglass and
Price (55), DeHaas and Hansen (51) and McKean et al. (126).

Based upon the activation energies calculated from Eq. /2-3/and.
Eq. /2-&/ (11.3 and 7.6 Kcal/Mole, respectively) as compared to
“ that of delignification (30.2 Kcal/Mole), it is suggested that a
rapid cook at high temperature is likely to produce less odor than

a slow cook at low temperature.

The secondary product, dimethyl disulfide (CHBSSCH3),
originates probably during the later stages of cooking and/or upon
digester relief and blow operations. Its formation has been

traced to oxidation of methyl mercaptan by oxygen at ambient
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temperature (55).

LN 2N 2N B BN B BN N J 2-
UCHBSH + 02 —> 2H,0 +  2CH;SSCH, /2=5]
ll-CHBS" + o, + 2H,0 —> Lo+ ZCHBSSCHB--/Z-G/

Digester relief and blow operations are recognized as the
largest points of organosulfur emissions within sulfate pulp
mills. This is so because these compounds are primarily formed
in the digester; and first opportunity to escape from this
confinement is by steam stripping with pressure release and
blowing. From the foregoing overview it is evident that in the
cooking process alone a delicate balance of the main cooking
conditions (sulfidity, pH and temperature) must be maintained

for effective odor control.

2.1.2 Sulfide formation in stock washers

Stock washers can be a ready source of sulfide
emissions and formation of dimethyl disulfide from oxidation of
methyl mercaptan as described in the foregoing section. During
brown stock washing, thé‘slurry pH closely approaches neutrality,
high rate of air flow, turbulehce and temperature increase the
vapor~_pressure of volatile sulfides, especially that of hydrogen
sulfide, methyl mercaptan, and dimethyl sulfide (Table 2.1)

(15, 90).

2,1.3 Gaseous emissions from the black liquor oxidation

tower
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The major benefit of black liquor oxidation is
removal of hydrogen sulfide and methyl mercaptan from the
effluent stréam by converting the volatile reduced sulfur com-
pounds to non-volatile or less volatile states. Thus, inorganic
sulfide ions in the waste liquor are converted to thiosulfate and
oxidation of_methyl mercaptide ions to dimethyl disulfide is
obtained with ease. As seen in Table 2.2 sulfur dioxide and
hydrogen sulfide emissions from oxidation towers are neglible,
dimethyl disulfide being the only major source of emission in

this operation.

2.1.4 Multiple effect evaporator emissions
Multiple effect evaporators are designed as the
first step in concentrating weak black liquor (12-15% solids) to
50-55% solids level; In effect, water evaporation occurs under
vacuum and heat, whereby non-condensible sulfur gases are also
vaporized or stripped during boiling. The vapors vented from the
multiple effect evaporator are condensed by barometric or surface

condensers.

Condensates from the barometric condenser of the multiple
effect evaporator usually contain a limited quantity of hydrogen
sulfide and methyl mercaptan. Discharge of the condensate causes
potential water pollution (90). On the other hand, air pollution
usually occurs from the surface condenser by which the non-

condensible sulfides are separated from the condensate (90).
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Sulfur gases originating from multiple effect evaporators

represent a major emission source of sulfate pulp mills. Black

liquor oxidation preceding evaporation,

however, significantly

reduces hydrogen sulfide and methyl mercaptan emissions during

evaporation (Table 2.2).

Sulfur loses occurring from multiple
processing unoxidized black liguor can be

following reactions (121):
A

+ 210 H S

Nazs H2 — ,

CH.SNa + HOo —25 cH sH
3 2 3

2.1.5 Emissions from direct contact
Most recovery furnaces are

direct-contact evaporators. The sensible

effect evaporators

described by the

+ 2Na0Hoooooooo/2-7/

+ Na"QH.....,.../Z—B/

evaporators
operated in series with

heat in furnace flue

gases is used to raise the black liquor concentration in the

multiple effect evaporators to the firing

solids (90).

concentration of 65-70%

Gas emissions from the direct-contact evaporation are caused

by stripping of dissolved gases from the black liquor by hot flue

gases. Further, pH reductions are also believed to take place due

to 002 and SO2 content of gas streams originating in the furnace.

This causes a considerable shift in hydrogen sulfide and methyl

mercaptan equilibriums.,
o+

+

H + HS-: 81{20000000000000000000000000000/2"9/

H + CHBS-Z CHBSH........................‘./2-10/
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Some recent studies by Buxton (36) and Thoen et al. (198)
indicate that the direct contact evaporator is the major source
of hydrogen sulfide, methyl mercaptan and sulfur dioxide emissions
from sulfate mills. However, gaseous sulfur emissions from
oxidized black liquor are considerably reduced (139). Emission:.
ranges from direct contact evaporation or unoxidized and oxidized

black liquor are shown in Table 2:2 (90).

Practically odor free operation is claimed with the so-
called air contact evaporator as described by Hochmuth (93). 1In
this new design the flue gases are used only for preheating the
furnace air supply which primalily'pass through the black liquor
in direct contact evaporator is used as an evaporation media for
the black liquor. The process has no effective change in black
liquor pH. Any sulfur gases picked up from the evaporator will
be burned in the furnace, thus black liquor oxidation is not

required.

2,1.6 Emissions from the recovery furnace
The purpose of the recovery furnace is to burn the
concentrated black liquor, and to recover sodium and sulfur as

sodium carbonate and sodium sulfide. Useful steam is also produced

at this stage.

A recovery furnace is usually composed of three sections:
the drying and pyrolysis zone, the reducing zone, and the oxidiz=-

ing zone. Each section is designed for the purpose of supplying
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the reactants required to achieve the end results (90, 93).

The concentrated black liquor (65-70% solids) is introduced into
the furnace drying zone where the remaining water is evaporated.
The pyrolysis of blaék liquor produces large amounts of hydrogen
sulfide and a large number of organic sulfur compounds (33, 56,
68). The pyrolysis reaction combines the oxidation and reduction
stages because of introduction of primary air. 1In the pyrolysis
zone the sulfur compounds are either oxidized to the appropriate
oxidation state of the particular sodium salt or reduced to
volatile sulfides (140). The oxidized sulfur salts will fall into
the reducing zone where the oxidized state sulfur is further

reduced to sodium sulfide.

The volatile sulfides formed in the pyrolysis zone are
carried into the upper region of the oxidation zone where the
sulfides are either oxidized to sulfur dioxide or are partially
discharged to the atmosphere directly. If the furnace is
properly operated, the volatile sulfides will be oxidized to
sulfur dioxide in the oxidation zone. When the oxidation zone
is improperly operated, coﬁplete sulfide oxidation will not
occur and the sulfides may escape unchanged from the furnace (140).
This results in considerable sulfur loses and air pollution in

the form of sulfur dioxide and sulfides.

Variables affecting sulfur emissions from the recovery
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furnace were extensively studied by Blosser et al. (30),

Harding and Landry (82), Murray and Rayner (140) and Thoen et al.
(198). A significant correlation was found between sulfur
emissions and furnace operation variables, such as black liquor
firing rate, ratio of secondary air to black liquor firing rate,
per cent excess oxygen in furnace fiue gases, black liquor spray
droplet size, turbulenceAwithin recovery furnace and ratio of
sodium to sulfur in the black liquor. Recovery furnaces are
rarely operated at their optimum conditions (140). Ranges of
emissions as estimated under non-optimum éonditions are given in
Table 2.2 (90). Under optimum conditions sulfur dioxide (0.04~
0.08ppm)’/was the only sulfur containing gas detected by Thoen

et.al. (198).

Newer developments, described by Arhippainen and Jungerstam
(16), Clement and Elliott (38), and Lankenau and Flores (112),
are concerned either with elimination of the direct contact
evaporator (16, 112) or use of newer furnace designs (38). The
use of recovery boiler, in conjunction with economized surface to
recover heat from flue gases, has been shown to provide acceptably
low total reduced sulfur emissions and is claimed to provide for

odor free sulfate cooking (29).

2,1.7 ©Smelt dissolving tank emissions

Hydrogen sulfide and organosiilfide emissions from
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the smelt dissolving tank are minor (Table 2.2) (90) and

usually command little concern.

Under normal operating temperatures, the smelt contains
only hydrogen sulfide. Organosulfides detected in the off-gases
are incidental and have been traced to drafting gases from the
reducing zone of the furnace into the smelt tank and recycle water

coming from evaporator condensates containing organosulfides.

2.1.8 Emissions from the lime kiln
Lime kiln emissions have been found (39, 215) to
include minor amounts of reduced sulfur (0.01-0.83 1b/ADT of pulp)
originating both from the lime mud (193) and the fuel used to

fire the unit (90).

2,1.9 Summary

In the foregoing sections special emphasis was
placed on the formation of various forms of bivalent sulfur
compounds as potential air and water pollutants associated with
sulfate pulping. While under the normal operating conditions
large quantities of these sulfides appear in the gas phase,
equally important concentrations are detected in aqueous streams
originating as wash waters, condensates, and unavoidable spills
throughout the whole pulping operation (21). Most of these
sulfides are formed preferentially in agmeous solution. Their

confinement and retention throughout recovery yields sulfur in
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the form of sodium sulfide useful for regenerating necessary
cooking chemicals. Such treatments not only increase the
overall economy of pulp production, but also help to reduce

air and water pollution.

2,2 Physical and Chemical Treatment of Sulfides in Aid of Air

and Water Pollution Abatement in Sulfate Pulping of Wood

In sulfate pulping about one cubic meter (264 gallons) of
digester condensates are formed per air-dry ton of pulp (173).
The organic components of the condensate, mainly alcohols, acetone,
and terpentines gréatly contribute to the BOD load of this
effluent. Approximately 80 to 85% of the condensate toxicity is
attributed to hydrogen sulfide, methyl mercaptan, dimethyl

sulfide and dimethyl disulfide (18).

The multiple effect evaporators contribute about 4-7 m3/
air-dry ton of pulp. Although these condensates represent low
BOD loads, their sulfide content was found to contribute heavily

to the discharged effluent_toxicity from sulfate pulp mills (173).

Considerable efforts have been expended during the past
decade to remove sulfides from condensates by various procedures.
Most of these attempts have involved treatment with air and steam
(97). On hot-air stripping, most of the sulfur compounds,afe

oxidized and volatile substances escape. The efficiency of
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sulfide removal from condensates by hot-air stripping is over
90% (18, 173). Steam stripping provides higher efficiency for
removal of alcohols and acetone than hot-air (80°C) stripping

(18).

2.2.,1 Some physical and chemical properties of sulfate
pulp mill malodorous sulfides.
Hydrogen sulfide and methyl mercaptan are gases,
and dimethyl sulfide and dimethyl disulfide are volatile liquors

at ambient temperature (25°C) and pressure.

Hydrogen sulfide and methyl mercaptan can dissociate in
aqueous solutions according to the following equilibriums

(126, 169, 176).

X -

}lzs <_———L> Hs + H+...0.‘....................../2-11/
- K - +

Hs <_ s + H...0.....0............Q..OO./z-lz/

CHBSH ﬁ CHBS- + H+..........Q........'.../2-13/

Dissociation constants at 100°C in aqueous solution (169), boiling
point, explosive concentration ranges in air (54), and odor thres-

hold in ambient air (114) are shown in Table 2.3.

2.2.2 Oxidation of sulfides
The gas phase oxidation of the four sulfides,
hydrogen; sulfide, methyl mercaptan, dimethyl sulfide and dimethyl
disulfide, by mixing with air, is explosive within the limiting

concentrations shown in Table 2.3 (54). Harkness and Murray (84)
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have indicated that mixtures of oxygen and dimethyl sulfide

0
explode when heated to 210 C.

Oxidation of hydrogen sulfide with oxygen in gas phase forms

elemental sulfur (205).

2H,S + 0, —> 2H,0 + 25 eooseeee/2=1l/

Sulfide ions in black liquor are readily oxidized by air,
as well as molecular oxygen (17, 73, 133, 135, 202). The practice
of sulfate black liquor oxidation prior to evaporation is a well
accepted process used to stabilize sulfides and reduce odor

problems of sulfate pulp mills.

Black liquor oxidation was found to be accelerated by the
presence of catalysts such as phenolic elements of thiolignin
(115) and/or iron salts from crossion products (137). The mechan-~
ism of sulfide oxidation has been proposed by‘Murray (137, 138)
and is believed to involve two stages, wherein sulfide ions are
first oxidized to polysulfide.

165~ + 70, +  1H,0 —> 257"+ 280H .../2=-15/

Further, the polysulfide ions are oxidized to form elemental
sulfur and thiosulfate at a lower temperature (below 61°C), or
only to thiosulfate at higher temperature (over 71°C).

28 + 2H,0 + 2 + T eeeeces/2=
8 H, 0, —> 25, 4YoH [2-16/

2s5g” + 90, + 120H7385,0,7" +  6Hy0 vvvs../2-17/

Elemental sulfur formed during low temperature black liquor
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oxidation disproportionates in storage to reform some of the
original sulfide ions (135, 137). This reduces the effective-
ness of black liquor oxidation as a means of odor control,

especially over long term liquor storage.

S‘S -+ 120H-—% L}S-- + . 25203-- + 6H2000000/2—18/

Gas phase oxidation of methyl mercaptan with oxygen between
210 and 260°C has been studied by Cullis’ and Roselaar (44). The
products identified included sulfur dioxide, aldehyde, methanol,
methane, carbon monoxide and dimethyl disulfide. The oxidation

mechanism has been described as follows (44, 83):

CH SH + O —>» CH_S» + HO cevcvevvcccoscsnscos 2-1

5 » 4 » /2-19/

C Se + OQCH' + SOseceevcscscccsccsnse 2-20/
3 2 3 2 /

In agueous phase, the methyl mercaptan can be oxidized to
dimethyl disulfide at ambient temperature in the presence of air

as described previously in Egs./2.5/ and /2.6/.

Dimethyl sulfide and dimethyl disulfide gases were found to
be practically unreactive to oxygen at ambient temperatpre.
However, Cromwell (42) claimed that oxidation of sulfides can be
prerformed by treatment of the foul gases with ozone. The mech-
anism of organic sulfide ozonization was also discussed by
Douglass (54). Further, aqueods solutions of dimethyl sulfide are
readily oxidized to dimethyl sulfoxide in the presence of 30%

hydrogen peroxide below 20°C (211).
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At high temperature, dimethyl sulfide can be reacted with
oxygen. Harkness and Murra& (84) have shown that the reaction is
non-explosive at 195°C, exhibiting an initiation and a main stage.
The ma jor oxidation products from this reaction are sulfur dioxide,
carbon monoxide, and sometimes formaldehyde. Similarly, Cullis
and Roselaar (45), studying the gas phase oxidation of dimethyl
sulfide at 200°cC temperature, found that sulfur dioxide, aldehyde,
methanol and carbon monoxide were present among the oxidation

products.

Gas phase oxidation of dimethyl disulfide at 240°C also had
been studied by Cullis and Roselaar (46). The oxidation products

were sulfur dioxide, methanol, carbon monoxide and carbon dioxide.

The oxidation of dimethyl disulfide with moleculér oxygen in
alkaline aqueous solution in the 25 to 152°C range has been
studied by Murray and Rayner (141). The mechanism is considered
to be base-catalyzed disproportionation to form mercaptide and
methyl sulfenic acid (CHSSOH). The latter substance is readily
oxidized further to methyl sulfonic acid (CHBSOBH). However, the
possibility of methyl disulfide reduces the effectiveness of

black liquor oxidation under these conditions (141).

Bilberg (26) studied the behavior and formation of thiosulfate
from oxidized and nonoxidized polysulfide black liquors by
heating with sulfite. He was able to show that non-oxidized

liquors had little influence on the amount of thiosulfate formed,
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whereas the oxidized black liquor resulted in marked increase in

the thiosulfate content,

In summary, proper operation of black liquor oxidation,
combustion of resident sulfide gases collected from the oxidation
tower, air and steam scrubbing of the digester, blow tank and
evaporators condensates, are ».. efficient means of pulp mill odor

control (92).

2.2,3 Chlorination
Malodorous sulfides have been found to react
readily with chlorine, both in aqueous acidic and/or alkaline
solutions., The most likely end products of the chlorination are
elemental sulfur, methyl sulfonyl chloride (CH3302C1), dimethyl

sulfoxide(CEBSOCHs), and methyl sulfonic acid(CHESOBCHB)(50,169,205).

The chlorination of hydrogen sulfide gas produces elemental
sulfur. Sulfur dioxide and sulfur trioxide were formed when

hydrogen sulfide was chlorinated in aqueous solution (50, 205).

The chlorination of methyl mercaptan goes through a series
of complicated reactipns. Douélass (54) indicated that excess
chlorine in the presence of water formed methyl sulfonyl chloride,
methyl sulfonic acid and other unstable intermediate compounds.
In case of inadequate chlorine supply, the products would be
composed of é mixture of methyl sulfonyl chloride, unreacted

mercaptan, dimethyl disulfide and methyl methane thiosulfonate
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(CH soO SCHB). Appropriate reaction mechanisms for the formation
2

of these products have also been proposed (54).

Products from chlorination of dimethyl sulfide are deter-
mined by the reaction conditions, particularly by the presence
or absence of water. Thus, anhydrous chlorination proceeds step-
wise with replacement of all hydrogens on one carbon atom before
any attack at the second carBon atom occurs (164). Chlorination
of dimethyl sulfide in the presence of water is said to be a very
complicated reaction. Bennett et al. (23) have shown that this
produces dimethyl sulfoxide, methyl sulfonyl chloride, dimethyl
sulfone (CH35°2°H5) and methyl sulfinic acid (CHBSOZH). Mechanisms

for these reactions were also proposed by the above authors.

The chlorination of dimethyl disulfide in aqueous solution

produces methane sulfonyl chloride and methyl sulfinic acid (50).

Oxidation of the combined relief and blow gases with chlorine
has been practiced, and it also has proven to be an efficient and
relatively inexpensive method of reducing sulfate pulp mill air

pollution (60).

Direct chlorine oxidation of digester condensates and non-
condensible gases has been practiced (75). The system includes
a first stage of air oxidation in the presence of water, then
treatment of the gases in a chlorination tower, and finally

washing of the gases with water. The process is claimed to
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provide completely odor free operation (201, 205). Recovery
furnace odor gases also can be similarly treated with a small
quantity of chlorine and washed with water (201). Tomlinson
and Ferguson (203) reported odor reductions by passing digester
non~condensible gases through a scrubber in which the absorbant

contained residual chlorine in spent bleach liquor.

2.2.4 Photolysis

. A number of studies have been devoted to the
irradiation and photolysis:of sulfides in gas and/or liquid
phases. Malodofous sulfides have been irradiated recently for
the purpose of eliminating the foul smell from sulfate pulp mills
(159, 184). Rayner and Murray (159) studied gas phase photolytic
oxidation of methyl mercaptan, dimethyl sulfide and dimethyl
disulfide as induced by long wave (3,6003) and short wave (2,5378)
ultraviolet radiation., The experiment has shown that oxidation
rates are acceleratéd by radiation at both wave lengths of
radiation. The short wave ultraviolet radiation rapidly catalyzed
the oxidation of methyl mercaptan and dimethyl sulfide. Strafor-
elli et al. (184) studied gas phase gamma radiolysis of hydrogen
sulfide, methyl mercaptan, dimethyl sulfide and dimethyl disulfide
in presence of dry air and indicated that all suifides are finally
oxidized and possibly precipitated on the container walls. Sulfur
dioxide was observed as the common intermediate product for all

sulfides. Maximum sulfur dioxide concentration was observed
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usually at 0:2 Mrad. Within the concentration ranges of 50-
2000 ppm, complete desulfurization required approximately 0.8

to 1.5 Mrad.

- 2.2.4,1 Photolysis of hydrogen sulfide
There is strong evidence that Hrand HSe are
primarily formed by photolysis (2050-22883) of pure hydrogen
sulfide gas (153, 157).
H,S + hy —> Hs + HS* esesceccssasess/2-21]
TheSHr and .Heatoms may subsequently react to form hydrogen and

elemental sulfur as shown in the following schemes (49, 58):

He + st '—>H2 + HSe .oooooo.ooo000000000/2—22/
ZHS'_)HZS + S...co.0000000000000000/2—23/
2Hs°—>H2 + 52/ocooooo.oooo.c.o.oo/z-zu/

Stiles et al. (183), studying the photolysis (2,200 -2,800R)
of solid hydrogen sulfide at low temperafure (77°K), also confirmed
that the primary photolytic step with H,S is loss of a hydrogen
atom, which was detected by electron spin resonance (E:S.R.).
Further, the sulfur chain Gsh) can be detected by E.S.R. spectrav'

when the photolysis products are warmed to 125°K.

The liquid or gas phase addition of HS*to an olefinic
double bond, as promoted by short wave ultraviolet radiation

R ° -
(2,800A), between -78 C and room temperature has been investi-

gated by Vaughan and Rust(210). The thiol is thought to arise via
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the following chain propagation reactions:
HS» + RCH=CH _ RéHCHZSH- 0.0..0.0.0.00.0/2-25/

2
RéHCHZSH + H § —> RCH,CH,SH + HS: veo/2-26/

2
A similar reaction also has been confirmed by Griesbaum et al.
(80), who studied the free radical addition of hydrogen sulfide

to allene.

2.2.4,2 Photolysis of methyl mercaptan
Electron spin resonance studies following

ultraviolet radiolysis of solid aqueous solution and pure solid
methyl mercaptan at 77°K indicafed that the primary photochemical
process results in proton loss from the mercaptan and formation of
a thiyl radical (213).

CH, SH + hy —> caés- + HY  soecssssccees/2=27/
The reaction also has been confirmed by Inaba and Darwent (98)

in studies concerned with the photolysis of gaseous methyl

mercaptan.

Products of complete methyl mercaptan gas photolysis were
analysed by Skerrett and~Thompson (178), and were shown to consist
of hydrogen (80%) and methane (18%); the condensible products were
elemental sulfur and dimethyl disulfide. The quantum yield of

methyl mercaptan disappearance was measured to be 1.7.

However, Inaba and Darwent (98) stated that methane (CHU)

and elemental sulfur do not appear as a result of original
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photolysis of methyl mercaptan but are due to a secondary
processes. The following schemes are proposed by Inaba and
Darwent (98) to be the most important events in the photolysis
of methyl mercaptan.

CH,SH + hv—)CHBS- + Ho . eooesescceossceee/2-28/

3

He + CHBSH—'>CHBS' + H2A;'o.ooocoooococoo/2-29/

20H S' —-> CH SSCH o.oooooooo.oooo000000000'000-00/2-30/
-3 3 3

2.2.&.3 Photolysis of dimethyl sulfide

The primary mechanism of dimethyl sulfide
photolysis was found to be exclusively C=-S bond cleavage.
Mercury photosénsitized decomposition of pure dimethyl sulfide
vapor was investigaed by Jones et al. (100), using mass spectro-
metric techniques. The products, ethane (41%), dimethyl disulfide
(29%), methyl mercaptan (12%) and methane (3%), together with
thioformaldehyde (not measured), were accounted for by simple
combination~disproportionation reactions of the CHé and CHBS°

fragments.

Similarly, Ogoro and Inaba (148) studied the effect of
photolysis time, temperature, pressure and presence of argon or
nitric oxide (NO) on the radiolytic degradation of dimethyl
sulfide gas., The major products were methane,ethane, methyl
mercaptan and dimethyl disulfide. Ethane and hydrogen sulfide

were formed only at high temperature photolysis (above 250°c).
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The possible reactions have been proposed as followss

. *

SCE 'oooooooooooooooooooo,Z-
CH, CHy  + hv —> CH SCH; .. f2-31/
C SC * —_— CHe + CH S“'000000-00000000000/2"‘32/
Hj Hz 3 55

(o]
® 000090000 2—
c%sc,H3€ C,H, + H,S (above 250 C) /2-33/

2.2.4.4 Photolysis of dimethyl disulfide
The direct photolysis of organic disulfides
both in vapour and liquid phases has been investigated. “The
primary step of photolytic decomposition was shown to be form-

ation of two thiyl radicals by homolytic S-S bond 'cleavage.

The photdlysis of vapor phase dimethyl disulfide in the
presence of ethylene (CZHU) and acgtylene ‘CZHé) was first
investigated by Ueno and Takezaki (209). No pressure change was
observed in the reaction with ethylene, while with acetylene an
obvious pressure decrease was observed. Smissman and Sorenson
(179) were able to demonstrate the E.S.R. spectra of a number of
thiyl radicals (RS’ produced by ultraviolet irradiation of
several liquid phase disulfides, including that of dimethyl
disulfide in chlorobenzene solution at 77°K. These results have
been confirmed by Rao et al. (158) in a study of the effect of
pressure (2-25 torr) and temperature (28-186°C) on the photolysis
of dimethyl disulfide at 2,300 to 2,8002, and at 2,288X wave
lengths. The following photolytic schemes have been shown to be

possible:



-31-

CH SSCI{3 + hV——)ZCHBS’*ooootaoo.ooooooooooaoooo/z"'BL’/
CH SSCH + CH.Se—> CH SH  + eCH,SSCH_.eee./2-35/
33 3 3 277773

«C SSCH + CH SSCH —> pOlymerooooun0000..0.000/2-36/
"22550, 32508,

Jones et al. (100), in studies of mercury photosensitized
decomposition of dimethyl disulfide vapour, found two primary
decomposition mechanisms as S-S cleavage (80%) and C-S cleavage
(20%). The major products involve dimethyl sulfide (27%), dimethyl
trisulfide (26%), methyl mercaptan (22%), ethane (13%).and methane
(2%). Thioformaldehyde (CHéS), methyl hydrodisulfide (CHjSSH) and
carbon disulfide are also produced but were proposed by suitable
selfs and cross~-combination and disproportionation reactions of

the primary fragments CH§, CH555 and CHBSS%

2.3 Gamma Radiolysis of Water
Gamma rays are electromagnetic radiation of very short

-llcm) and hence of great photon quantum

wave length (10*8-10
energy., The relative position of gamma rays in the spectrum of

electromagnetic radiation is shown in Fig. 2.1 (163).

In gamma radiation, only part of the radiation energy may be
transferred at an interaction site and the process is not
Selective, There is sufficient energy available to break any bond,
but in practice certain bonds are broken preferentially. The
ionizing photon or particle and the displaced electron are often

both capable of producing further ionization. Thus, one incident
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photon may affect many thousands of molecules.

The passage of gamma radiation (about 1 Mev) through water
or dilute aqueous solutions gives initial electrons, positively
chafged water ions and excited water molecules which are produced
by Compton scattering and by the photoelectric effect (9, 91, 147,
180).

- + *
H20m——>e [ H20 [] H20 0ooooooooooo0-00..00.0000/2"35/
The electrons lose energy by further collisions until they reach
thermal energy (0.025ev) and are then solvated. These events
-11
take about 10 second.

+ HO ﬁ R * O O 0 5 60 00O OO O OO OO O SO S 2-6
e nH, ®aq [2-36/

+
The positive ions, H20 s are energetically unstable and decompose

to H' ions and HO-radicals in about 10~13 second.
-+
H20+—_>H + HOQe oooooooocoooooo00000/2-37/
+ +
or Hzo . + H20 — HBO' + HO: .. 000000/2-38/

The excited water molecules may exist for microseconds only

and then decompose to Hratoms and HO: radicals or perhaps undergo

ionization.
%
H20 _ He + HO‘, ooooooocoo.oooo/2—39/
* - +
H20 —% e + HZO 0000....000.00./2"“’0/

Within the spurs containing e;q, H-and HO»y the various

- +
fragment a t t ", y
gments may reac o form Hz, Héoz, H30, OH , H30 and H,0

as shown in the following schemes,
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He + He —-QHZ'oooooono-ooooaooooocoooooo--oo/z-ul/

HO‘ + Ho'-)HO 0.000..00o.ooo‘0000000000000/2-42/

2 2
e- + HBOT—>H o.‘-."*oooocoooooo:ooooo-cco'000000/2-’4'3/
aq 2 3
eaq + eaq—>H2 + 20H oooooo._-oco0000000/2-’4“’/
e- + HO'% OH— oo.oooooooloooooooooocooao-000/2-u5/
aq
H' + HO'——> H201,1‘00000000.00.0..ooooooooooooo/z-us/

2.3.1 Molecular products
The molecular products, hydrogen (Hz) and hydrogen
peroxide (Héoz),are formed in a spur, but both H, and H202 are
decomposed by a chain reaction. The hydrogen gas escapes readily,
whereas the hydrogen in solution can further réact with oxidiging_
radicals (HO).
H O+ HOr —> H,0 + HY secoseccscscscsess/2=47/

2
Hydrogen peroxide generally reacts with the reducing species

(e- 9 H‘)o
aq
H202 + eaq——) HOQe + HO ................/2-48/
H202 + H‘—'—> HO- + HZO@'oaoooooooooooooo/2.u9/

and on escape of hydrogen from the solution, oxygen is produced.

H202 + HO'_>H20 + HO% 000000000000000/2-50/
HOé + Ho%% H202 + 02 ooooooooooo.oco/2-51/
HOé + HO~-—-—>HZO + Oz\ooaoooooooo'ooa/2-52/

The molecular hydrogen peroxide is usually retained in solution,

and becomes available for reaction with solutes.
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2.3.2 Primary radical species
Both the hydrated electron (e;q) and hydrogen
atom (HJ) are powerful reducing agents, while the hydroxyl radical
(HO?) isa powerful oxidizing agent (123). The solution pH has a

considerable effect on formation of primary radical species.

In neutral solution, the reducing radicals are hydrated
electrons and hydrogen atoms. In acid solution, the hydrated
electrons are readily converted to hydrogen atoms (104).

- +—3
e ’ + H [ H'\-»"ooooooooooo.nooooooooooocqo/2-53/
aqg
In solution, above pH 13, the hydrated electrons are the only
reducing species (124).
H' + OH-_9 e— oocooooo.o-.-oooooo-ooo.a/z-su‘/
aq ‘
Both hydrated electrons and hydrogen atoms are present in the

range of pH 4-11, while the hydrogen atom is the important

reducing species below pH 2(147).

Hydrated electrons react with CO, at a high rate (k = 7.7

x 109 M_l sec -1) (77).

2

+ - -ooootooooooooocooooooooo 2-
co, g —> 0, [2-55/
The COZ- thus formed is able to add to organic radicals to form

carboxylates (172, 217).

Saturated hydrocarbons, as well as alcohols, are unreactive
toward e;q. Hydrated electrons were shown to be the most

efficient nucleophiles, whereby, they may react with carbon atoms
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adjacent to any double bond. The fair reactivity of e;q with
aldehydes and ketones is found to be due to the positively
polarized carbon on carbonyls. In reaction with aromatic
compounds, e; acts as a very reactive nucleophilic agent (10,
172). :

The hydrogen atom (H) is a reducing agent, but it is not as
strong as the hydrated electron (147). Main reactions of the
hydrogen atom with organic compounds are hydrogen abstraction and

additions to double bonds or rings:

RH + H.HHZ + R‘.\ocooouooooo.occoooo/2'56/
ArH + H'-aH-AI‘H'v‘otooooo.oooooooocc.ooooooo/2-57/

The principal oxidizing species found in the gamma radiolysis
of water is the hydroxyl radical (HO.) (9, 147, 180). 1In the
absence of solutes, HO:reacts with reducing radicals, as shown
in Eg. /2-45/ and [2-46/ and addition reaction shown in Eq. [2-42/.
In the presence of solutes, the oxidizing agents undergo four
types of reactions, such as charge..transfer, hydrogen abstraction

addition or displacement,

The presence of hydroperoxyl radicals (HOé) in the gamma
radiolysis of deaerated water has been demonstrated through the

following schemes

0 + . -
HO Hzoz———> H,0 + HO;, N 13 17/
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The hydroperoxyl radical is an acid with a pK value of b.5

(47). It is formed in acid solution, whereas 05 is formed only

in neutral solution (47, 91).

o+ -
HOéz:2 H + Oé ooooo..oo.0.0000.0000000.../2‘59/

It also gives respectively hydrogen peroxide and water by

reaction with itself and the HOe radical.

HO: + HO- HO + 0 o000000000-o/2-60/
2 ZQ_—- 2 2 2

HOe + HO+—> H O + O eoseenssseses/2=61]
2 2 2

2.3.3 Radiolysis of oxygenated water

In gamma radiolysis of aerated aqueous solution

secondary radicals, such as Oén, HO;, H O3 and 05, are formed
: 2

is formed by reacting molecular oxygen with

(47, 91). The 0z,

the hydrated electron:

02 + ead———9 Oé,ooooo-o..-.ouooooo00000/2-62/
The molecular oxygen has been found to be a very efficient

scavenger for the hydrogen atom to form hydroperoxyl radical, the
acid form of the product 0;.

0, +° H —> Hoé......................./2-63/
Further, hydrogen sesquioxide (HZOB) is ppstulated to form via

the following scheme:

HO. + HOé———9 H203 Ooooo.oooooooooloo..o00/2-6u/

The ozonized ion radical (0;) is formed in the radiolysis of

the oxygenated alkaline solution (47). 1In alkaline solution,
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OH reacts with HOs radical to form O.. The ozonized ion radical

is further formed by reaction of 0- with oxygen.

OH- + HO': H20 + 0:,»"»....00..........'/2-65/
’- -. NN EREEEE I I I I A B B R A BN A A BRI A A 4 2-66
0 +  0,— O [2-66/

From the foregoing, it becomes evident that pH has a
significant effect on theryield of molecular and radical yield
in aqueous solutions. Thus.the radical products of H-and HOy, as
well as the molecular products H2 and H202 are varied according
to different pH of the media (87). The hydroperoxyl radical (HO: )

2
is formed in acid solution, but its dissociation reaction to O

2
occurs in neutral solution (Eq. /2-59/) (47). The hydroxyl radical
(HO) behaves like an acid at high alkalinity to form 0O (Eq. /2-65/)
(47). 1In addition, both hydrogen atoms (He¢) and hydrated electrons
(e;q) exist in neutral solution. 1In acid solution, e; is converted
to H: (Eq. /2—53/), whereas in solution above pH 13, H.is readily
reacted to form e;q (Eq. /2=-54/) (10).

The yields (G) of radicals and molecular products (e;q, H,
HOy H2, HZOZ) in the gamma irradiation of water appear to be a
function of solution pH (87). All yields tend to decrease with

increase in pH, except G(HO) and G(BH) which increase from neutral

to acid and from neutral to alkaline media.
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2.4 Radiolysis of Sulfides in Aqueous Solution

Sulfate black liquors usﬁally contain low concentrations of
organic malodorous sulfides and fairly high concentration of
inorganic sulfide. Physico-chemical distinctions of gamma
radiolysis of sulfides in black liquor have not been reported,
although radiation chemistry of organic sulfides, contained in
biological systems, have been studied quite widely. It is this
area of interest that provides useful examples to the radiolysis
of malodorous sulfides as contained in numerous industrial

effluents, particularly that of kraft mill black liquor.

Very low concentrations of sulfides were found earlier to
protect other materials against destruction by gamma radiation in
aqueous solution (165, 220). The sulfur linkage is particularly
reactive toward free radicals and is 1likely to be selectively
damaged by radiation (187). Considerable information is available
on radiation chemistry of simple organic sulfide solutions, as
well as more complicated structures such as sulfhydryl-containing

enzymes.

The high energy of X- and gamma-ray radiolyses of hydrogen
sulfide in aqueous solution forms elemental sulfur (117, 122).

Sulfate was also obtained as the higher oxidation product by
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Nanobashivili and Gvilava (145) and Nanobashivili et al. (14%)
on X- and gamma radiolysis of various metallic sulfide solutions
(sodium, potassium, ammonium, etc.) and aqueous suspensions of
sulfide minerals (pyrites, sphalerites and galenites). These
results were confirmed by Markakis and Tappel (122). The
possible intermediate products and reaction rates of hydrogen
sulfide and radicals produced by pulse radiolysis of water were
studied by Karmann et al. (103), who found also that polysulfide

ions existed.

Radiolysis of mercaptans has also been considerably invest-
igated. X- and gamma-ray radiation of butyl-, amyl- and hexyl-
mercaptans, and thiophenols formed corresponding disulfides and

sulfate ions (144, 145).

The gamma radiolysis of amino acid cysteine (HSCHZCHNHZCOOH)
has been extensively studied because of its association with
biological protective agents (20, 48, 186, 219, 220). Swallow
(186) investigated the gamma radiation of cysteine hydrochloride
solution in aerated and deaerated aqueous solution. In air
saturated‘solutions, irradiation+of cysteine was shown to produce
cystine via a chain reaction. These findings were further confirmed

by Barron and Flood (20) in that the oxidation of thiols by gamma

radiation may be considerably increased in oxygenated solutions.
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The formation of hydrogen sulfide from gamma radiolysis
of cysteine aqueous solution has been investigated by Dale and
Davies (48), as well as Whitcher et al. (219). Markakis and
Tappel (122) quantitatively identified the products of gamma
radiolysis of aqueous cysteine solutions in the presence and
absence of o¥ygen. They found cystine, hydrogen sulfide,

elemental sulfur and sulfate ion as the products of radiolysis.

The chemcial reactions accompanying radiolysis of dimethyl
sulfide are reduction and oxidation by radicals through water
radiolysis. Meissner et al. (129) have determined the absolute
rate constants existing between reactions of hydroxyl radicals

(HO) and hydrated electrons (e;q) formed with respect to pulse

radiolysis of dimethyl sulfide in aqueous solutions. The effects

of solution pH and oxygen on formation of intermediate products,

" - +
such as CHéSCHé, CHéSOCHj and (CH3SCH5)2’ were discussed.

The radiolysis of disulfide in form of cystine has been
considerably investigated. The disulfide bond was found to be
particularly sensitive to ionizing radiation. Protein damage is
readily averted by the radio-sensitivity of cystine which is

contained in usual biological systems. The protection against

radiation is generally afforded through the ready reaction of the

disulfide with the radicals available in aqueous systems (165).
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Ionizing radiation of the organic disulfides cystine in
acidic aqueous solutions ppoduces the thiosulfuric acid (CySSOBH)
through fission of the C-S bond, sulfinic acid (CySOZH) and cysteic
acid (CySOaH) through fission of the S-S bond (69, 78, 175).
Markakis and Tappel (122) idéntified cysteine (CySH), hydrogen
sulfide, elemental sulfur and sulfate ions from gamma radiolysis
of acidified cystine aqueous solutions. A more detailed investi-
gation of gamma radiolysis of cystine aqueous solutions has been
performed by Purdie (156). Yields (G) were determined for the
following products: CySOZH(0.3-1.7), CySOBH(O-l.Z), CySOZSH(O.OS-
0.1), CySSOBH(O.l-O.l), CySH(O-Z.S) and CySSSCy(l.3-5.6).
Mechanisms for the above radio-chemical reactions were also
presented and discussed. Their relevance to the treatment and
stabilization of black liquor sulfides through the particular
radio-sensitivity of the C~S and S-S bonds is believed, thereby,

to be .demonstrated.

2.5 Reaction of Sulfides with Hydrocarbons Induced by Gamma

Radiation in Black Liquor

Black liquor is a very complicated solution. 1In addition
to sulfur compounds, it contains various organic components and
component fragments such as sugars, lignin, extractives and their
derivatives. During gamma radiolysis of black liquor, organic

radicals can be formed either directly by photon attack or



42—

indirectly by hydrogen atom abstraction as initiated by Heand HOs

made available through radiolysis of water.

Organic radicals are considered to be very reactive toward
sulfide compounds. The reactions operate either through abstraction
of one hydrogen atom from the sulfide compounds to form sulfide
radicals, or by addition to the sulfide compounds by direct attack
on the sulfide bond. The addition reaction, as the most
favorable reaction, has been demonstrated by Pryor and Guard (154),
and Pryor and Pickering (155), although the reaction mechanism is
still not clear for this process in black liquor. Pryor and
Pickering (155) have demonstrated, however, that the reaction may
occur with polystyryl radicals and various disulfides (methyl,
ethyl ... etc.) at the S-S bond and by a reaction that could be
regarded as a direct displacement:

Me + RSSR —» M-SR + RS% . cocesecccccccssees[2=67/
Pryor and Guard (154) demonstiated the reaction of phenyl radicals
with disulfide in two schemes: either by attack on the disulfide
bond (Eq. /2-67/ or by hydrogen abstraction (Eq. [2-68/).

M. + RSSR —> M=-H +  RSSR. seeessccsecsess/[2-68/

The attack of radicals on the disulfide bond usually occurs
'to a larger extent than hydrogen abstraction. Pryor and Guard
(154) confirmed that the reaction rates of phenyl radicals with
disulfide bonds in dimethyl- and diethyl disulfide were as high

as 98% and 93%, respectively.
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Other possible reactions able to increase the molecular
weight of sulfides are addition of thiyl radicals (HS* and CHjSO
to large molecular weight hydrocarbons. Addition of the methane
sulfenyl radical (Cﬂssd to derivatives of cyclohexene and butyl-
methyl sulfides have been illustrated by Readio and Skell (161)
and Huyser and Kellogg (96). Addition of benzenethiol (CGHSSQ to
allene has also been shown by Heiba (88). The sulfhydryl radicals
(HS)) which are able to add to allene and conjugated olefins, have

been demonstrated by Griesbaum et al. (80).
2,6 Gamma Radiolysis of Pulp Mill Effluents

Only one previous publication (113) treats radiolysis of
aqueous pulp mill effluents. However, the work does not deal
directly with ionizing radiation effects on chemical reactions,
but investigated some practical aspects (residual color and 'COD)
of irradiated effluents. Thus Lenz et al. (113) investigated the
effects of gamma radiation of aerated. strong and weak effluents
originating from effluent streams of sulfate linerboard and
neutral sulfite semichemical (NSSC) mills. The extensive treat-
ment (approximately 16-32 Mrad) significantly removed and even
eliminated effluent color, and simultaneously reduced the level
of chemical oxygen demand (COD) to 50 to 80% of the original.
Further, the treatment brought the solution pH within the neutral

range and promoted flocculation and precipitation of solids.
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3.0 MATERIALS AND METHODS

3.1 Model Compounds

Recent chemical analyses of sulfate black liquors con-
sistently show the presence in varying amounts of hydrogen
sulfide (HZS)’ methyl mercaptan (CH,SH), dimethyl sulfide

3
(CH SCHB), and dimethyl disulfide (CHBSSCHB) (67). Hydrogen

3
sulfide and methyl mercaptan are present as sodium salts in a
dissolved state under alkaline conditions, but are easily freed
from the solution upon neutralization and acidification. Dimethyl
sulfide and dimethyl disulfide can be stripped quantitatively
from their respective alkaline solutions both by degassing with

nitrogen or by 1liquid/liquid extraction techniques.

Due to the complexity of black liquors, the calibration of
analytical techniques, as well as most radiolysis experiments of
the present study, were carried out on model systems including the
above mentioned substances. Further reagents, such as sodium
ﬁydroxide (NaOH), silver nitrate (AgNOB), 95% ethanol (CZHSOH),
40% hydrochloric acid (HC1), boric acid (H3B03), carbon dioxide
(COZ) and oxygen gas were secured from local chemical supply
houses. All chemicals were reagent grade and the water used for

dilutionfdissolution was distilled water.
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3.2 Black Liquors

For practical extrapolation of results some commercial
black liquors were analysed. Further, to observe the range of. the
variation in the four major sulfate black liquor sulfides (Hés,
CHBSH, CH SCH and CH SSCHB), liquor samples were secured from

3 3 3

four different mills of one company and one further sample was
obtained from another company, as well as one from pilot cooking
conducted by the Western Forest Products Laboratory (Vancouver),
Pulping Section. 1In addition, two polysulfide black liquors
were obtained from vapor and liquid phase cookings done by the
Pulp and Paper Research Institute of Canada, Montreal, P.Q. The
respective black liquors were shipped in polyethylene containers
during the winter months (November, December), immediately
recharged upon arrival into sealed glass containers and stored in
a cold storage room at 5°C in the dark. The source and composition

of respective black liquors can be found in Table 3.1.
3.3 Analysis of Aqueous Sulfide Solutions

On reviewing the pertinent literature on sulfide analysis
two points became clear: (1) The analytical techniques hitherto
proposed are far from quantitative, and (2) for complete analysis
of sulfides in aqueous alkaline solutions at least two methods have
to be used. Heasons for this were briefly mentioned in the

introduction of model compounds. Thus, under these conditions
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two methods of analysis were used for characterising black

liquor sulfides.

3.3.1 Potentiometric determination of sulfides in sulfate
black liquor
The pulping industry is not the first to run into

problems of sulfide analysis (182). Early papers originating
with the petroleum industry deal with this problem as related to
“aweetening"- or desilfurization of gasoline. The alkaline extracts
of raw gasoline are found to contain sodium sulfide, mercaptans
and organic sulfides and are thus, except for liquid and other
organic solutes, somewhat similar to sulfate pulping black

liquors.

First efforts of potentiometric precipitation of heavy metal
sulfides are reported by Dutoil and Weiss (57). The use of
silver nitrate as titrant was first reported by Treadwell and
Weiss (204) in 1919, and applied to pulping black liquor analysis
by Borlew and Pascoe (31) in 1946, The silver nitrate method
was sabstantially improved by Tamele and co-workers (190, 191,
192) for hydrogen sulfide in mixtqre with mercaptans and was
further refined for the analysis of dissolved sulfides in pulping

black liquors by Bilberg (26) and Collins (40).

- The great popularity of the silver nitrate method is due to

the large insolubility and easy flocculation of silver sulfide in
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ammoniacal alkaline solution and the accuracy by which potential
changes accompanying formation of such precipitates can be
followed. For classical titrations the analysis is carried out

in sodium acetate buffered solutions using a potential calibrated
sulfide coated silver electrode (190). To date, difficulties were
reported in locating the proper end points in sulfide ion titra-
tions by classical methods. Since the titration curve is
asymmetrical, an unusually large and rapid drop in potential is
shown without a readily detectable inflection point just prior to
reaching the equivalence point. To further aggrevate the problem,
satisfactory results are obtained only with 0.002 M or greater
sulfide concentrations; 1large errors arise below this limiting

concentration of silver sulfide (111).

To resolve some of these difficulties several modifications
of the silver nitrate method have been proposed. The TAPPI
Standard T625 ts-64 (13) gives the closest procedure to that
proposed by Borlew and Pascoe (31). Coshen and Bauman (37)
determihed sulfide and mercaptan in black liquor by employing a
vacuum tube circuit and a "magic eye" or tuning control tube for
detecting the sharp potential inflection occuring at the equiva-
lence . points. Olsson and Samuelson (149) used anion exchange
resin to separate the sulfide from the organic constituents

(non-sulfur) of black liquor. The sulfides retained on the resin
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are sequentially eluted and quantitatively determined by
potentiometric titration with mercuric chloride (HgClz) in the
preéence of sodium hydroxide. Swartz and Light (188) studied the
sulfide ion-selective electrode as an analytical tool for the
analysis of sulfide in black liquor, and claimed that silver

reduction also occurred,

Bilberg (26), comparing the black liquor potentiometric
titration of silver nitrate, mercuric chloride and cadmium
sulfate (Cdsou), found that the method based on mercuric chloride
titration gave the least effect with components in black liquors
other than the sulfide. Frant and Ross (70) recently proposed
the use of an anti-oxidant solution for storing black liquor.
Further, a known cadmium activity solution is added to the black
liquor and the sulfide is determined quantitatively by measuring
the decrease of cadmium activity in the solution with a cadmium
activity electrode. Other methods, such as that by Bethge et al.
(24) for the colorimetric determination of hydrogen sulfide and
mercaptans in industrial effluents, have been proposed recently.
Although precision and accuracy were found to be satisfactory for
hydrﬁgen sulfide, inaccuracies were reported in simultaneous
determinations with methyl mercaptan due to the expected short
l1ife of mercaptan complexes formed in the presence of hydrogen

sulfide and some interference of oxygen. Thus, the potentiometric
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titration with silver nitrate is accepted as the easiest and
most accurate sulfide determination method if correct inter-

pretation of the titration curve is made.

3.3.1.1 Experimental

303010101 Apparatus

The potentiometric titration apparatus used
in these studies was manufactured by the Radiometer Cooperation,
Cdpenhagen, Denmark, and consisted of a Model TTT-ll Automatic
Titrator and Type ABU-1 Autoburette unit coupled with an X-Y
recorder for automatically recording titrant volume and associated
change in potential. The electrodes were Corning triple purpose
glass electrode (No. 476024) (119) and Radiometer type silver-
silver electrode (P4011, KT). The silver sulfide electrode was
prepared by electrolytically'coating a layer of silver sulfide

(AgS) on the silver electrode (31).

3¢3.1.1.2 Theory of silver nitrate potentiometric
titration
The solubility product or ion product constant
of silver sulfide is extremely low (Ksp= 1.6 x 10‘“9, 25°C). The
activity product (asp) of the silver ions (aAg+) and the sulfide
ions (as-—) is constant at a particular temperature:

2
asp = aAé+' aS?'e_oo-oooooooooooooooooooo/B—l/
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The titration cell consists of a silver sulfide-silver
electrode and a high pH glass reference electrode. The cell may

be written as:

Ag/AgCl// 0.1N HC1// Sample Solution// AgZS/Ag......../B-Z/

The difference of potential between the two electrodes when
both are immersed in a solution containing sulfide ions (s"") can

be expressed as:

E=K+anap +

&
K + len(qspj

F
a -~

-

M.

or El = K]_ —‘za%ln a ---oo-ooooooooocooooooooooo000000/3-3/

S
Where:
E1 = potential
Kl = constant
R = gas constant
T = absolute temperature
F = faraday

It should be noted that the sulfide ion activity (as--) in
Eq. /3-3/, being a strong base, will contribute to the acid/base
balance in accordance with the following schemes:

s - + H30+ — HS- + H20 ooooooooooo-00000.0000000/3-1-"/

- >
HS +H30 e—st + HZO oocoooooooo-'ooooooooooooc/B-S/
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Eq. /3.3/ also indicates that the potential difference
(El), is dependent on the sulfide ion activity (as--). Tame le
et al. (190), studying behaviour of the silver electrode in
potentiometric titration of sulfide ions in cases of extreme
dilution, indicated that if the solution contains hydrosulfide
ion (HS-) concentratioﬁs below 10-5N, the high negative potential
drops abruptly on further dilution and approaches a low constant
value. Thus, the limiting concentration for normal sulfide ion

response in potentiometric titration becomes 10'5N or greater, if

spurious behaviour is to be avoided.

In typical analysis, to a 150 ml beaker equipped with a
magnetic stirrer, 20 ml of 20% sodium hydroxide, together with 5
ml of about 30% aqueous ammonium hydroxide solution, and a layer
of paraffine oil was needed. Under continued stirring an aliquot
of the sulfide sample containing at least 0.005 g of sodium sulfide
(equivalent to about 2 ml of strong black liquor) was injected into
the solution by using a 5 ml syringe. The sample was then titrated
with 0.05 or 0.1 N silver nitrate solution. The volume of titrant
and potential read-out were recorded automatically on the recorder
in the X-Y mode. The end point for the mono-sulfide was read at
the first inflection of the titration curve. The reactions for
the titration:are as follows:

ST + 2Ag+___> Ag,S (black ppt)ecececececcecese/3=6/

CI{BS- + Ag+_%CHBSAg (yellow ppt)oo.u..oo./B"?/
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The following calculations give sulfide and mercaptan inr

grams per liter (g/l):

ml of AgNOB(O.OSN)

NaZS = 1.951 X ,oooo.o-o.ooooao/B—B/

ml of liquor sample

ml of AgN03(0.05N)

or st = 0-852 X 00000000000000/3‘9/
ml of liquor sample
ml of AgNOB(O.OSN)
CHBSNa = 3.505 X oooo.ootoooo.oo/B"lO/
ml of liquor sample
ml of AgNO_(0.05N)
or CHBSH = 2.“05 X 3 oooo.ooooooo./s—ll/

ml of liquor sample

The potentiometric titration curves for four sulfate and two
polysulfide black liquors are shown in Fig. 3.1. Obviously, two
inflection points "a®" and "b" can be identified as sulfide
titration end points. According to usual reading of these cufves,
black liquor shows mercaptan content., By convention (67, 188),
inflection point "b" is taken as endpoint for calculating the
solution sulfide content., The difference of reading between
inflection points "a" and "b" can affect the sulfide calculation

as shown in Table 3.2. This indicates that gross errors are
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introduced by the practice of reading inflection "b" for mono-
sulfide calculations. This will be discussed further in a

later section.
3.3.1.1.3 Interpretation of titration curves

The behavior of sulfide ions in black
liquor is complicated. Trace quantities of elemental sulfur may
exist in both white and black liquors. The elemental sulfur also
may be formed by oxidation of black liquor monosulfides on contact
with air. The secondary reaction with methyl mercaptan is
considered as follows (102):

CHBS- + So—ﬁ CHBSS-o.ooo-o0000.000000000000/3‘12/

S + r—— 0 60 0000000000000 00000 -
n-1 sn /3 13/
Their effect on sulfide determination by silver nitrate
potentiometric titration is proposed as (102):

- +
ZCHjSS + 2A8g —m> 2CH SSAg

3 .
2CH SSAg >  Ag.S + CH SSSCH
3 2 3 3
2CH 55° + 2Ag7 ———> Ag.S + CH SSSCH veveeesss/3=14/
3 2 3 3
S 208
.
‘N Ag _— Agzsn
Ag S _ + o
g2 n Agzs S n-1

S+ ZAg ———> Agzs + 5° 1----------/3-15/
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Titration curves of Fige 3.2 show sodium sulfide in alkaline
solution, white liquor (WL 1-3), and black liquor (BL. 1-2)
samples with and without CHBSNa addition as titrated with silver
nitrate. Similarly, Table 3.3 shows the accuracy of sulfide
determination with known quantities of hydrogen sulfide and
methyl mercaptan in alkaline solution, with and without 1%
thiolignin as additive. On the titration curve inflection point
"a" is taken for calculation of sulfide, "a"="b" for bound

mercaptan, "b"-"c" for free mercaptan.

These results confirm that inflection point "a" is due to
mono-sulfide, and inflection "b" originates from bound mercaptan.
This also indicates that one mole of bound mercaptan is precipitated
by one equal mole of silver nitrate in stoichimetric ratio as
shown by calculations in Eq. /3-14/. The addition of 1% thio-

lignin did not seem to affect the titration results.

Fig. 3.2 clearly indicates that alkaline sulfide solution,
as well as kraft liquor, give similar potentiometric traces to
those obtained with black liquor. This also indicates that
inflection "b" is caused by presence of the mercaptide ion.
Titration curves of sulfide and mercaptan mixtures having no
inflection at "b" were shown by Tamele et al. (192), as well as
Cashen and Bauman (37). However, Felicetta et al. (67) reported

that inflection "b" was indeed present for mixtrues of sulfide and
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mercaptan. Their reaéoning, and decision to calculate the sulfide
content ffom inflection point "b", was unclear and can not be
followed., For quantitative demonstration, a 10 g/l sodium

sulfide solution was prepared by dissolving the appropriate amount
of reagent grade sodium sulfide in 1 N NaOH solution with and
without 1% thiolignin added. One ml of the sodium sulfide
solution gave a titration curve typical for excess free mercaptan.'
The inflection points at "a" and "b" were read for calculation

of -sodium sulfide with results tabulated in Table 3.4. The data
indicate that sodium sulfide calculated from inflection point "a"
agrees well with the original quantity of sulfide added. However,

great error was found if sodium sulfide was calculated from

inflection "b",

Bilberg (26) proposed that the presence of aromatic polyhydroxy
compounds (such as 1lignin or thiolignin) in black liquor reduces
the silver ion which may contribute to errors with silver nitrate
titration. From Table 3.4, it is obvious that there is little
difference in titration responses of alkaline sulfide liquor

samples with and without added thiolignin.,

3.3.1.1.3.1 Effect of mercaptide ion concentrations on

titration

The potentiometric titration of sulfide and

mercaptide ion mixture is based on silver sulfide being precipitated



-56-

first at a high negative potential followed by considerable

change in potential after all of the sulfide ion has reacted.

The precipitation of silver mercaptan commences at a lower
potential and on completion of mercaptide ion precipitation,
another sharp change in potential occurs. Again, elemental sulfur
interferes with this procedure as it reacts with the mercaptide
jon and its product, as shown in Eq. /3-12/, imparts to the
electrode a potential close to that observed from the mono-

sulfide ion.

In order to demonstrate the effect of the presence of
mercaptide ion on outcome of the sulfide determination, a certain
volume of commercial pulp mill white liquor (WL 1-3) and black
liquor (BL 1-2) were pipetted into the titration cell. 1In a
series of titrations (using the above mixture as stock solution)
various quantities of sodium mercaptan solution were added and the
solution was titrated immediately with 0.1 N silver nitrate.

The titration curves reproduced in Fig, 3.3, show clearly the
case of excess elemental sulfur and its effect on mercaptan,
whereby all the mercaptide ions are converted to organo poly-
sulfide (CHBSS'). The excess elemental sulfur remains unreacted.
By increasing the quantity of mercaptan solution to react with
excess elemental sulfur, free mercaptan inflections were obtained

on the titration curve. Thus it is reasoned that there are few if

any methyl mercaptide ions in black liquor, since most of the
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mercaptide ions are converted to organopolysulfide in black liquor.
3.3.1.1.3.2 Titration of inorganic polysulfide solution

As shown in Eq. /3-15/, polysulfide-
sulfide is precipitated and elemental sulfur is released by
titration of polysulfide solutions with silver nitrate. A poly-
sulfide sample was prepared by dissolving 0.164 g of elemental
sulfur in 20 ml of 10 g/1 sodium sulfide alkaline solution under
nitrogen atmosphere. The solution was shaken for three days on
an automatic shaker at room temperature (25°C). A golden~yellow
polysulfide solutidn was 6btained. For titration 0.25 ml samples
of fhe polysulfide solution were transferred with microsyringe to
the titration cell and titrated with 0.1 N silver nitrate. For a
further series of titrations, varying amounts of sodium mercaptan
were added to 0.25 ml portions of polysulfide solution. As seen
in Fig. 3.4, two inflection points are found again on these
titration curves of inorganic polysulfide solutions. A similar
pattern waé reported earlier by Bilberg (26), and recently by
Papp (151) and Murray et al., (142) for titration of a sé6lution
'containiﬁg sulfide and polysulfide. Bilberg (26) and Papp (151)
further showed that when the polysulfide solution was pretreated
with sodium sulfife, the inflection "b" disappeared. The following
chemical reaction is thought to be involved:

Sn. + (n-1)503 —_— (n-l)5203 + S---.-../3-16/
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By adding varying amounts of sodium mercaptan, inflection point
"b" gradually became the constant value "B" (Fig. 3.4). This is
taken as further proof that inflection point "b" of the black
liquor titration curve is due to the presence of organic and
inorganic polysulfides in the solution, rather than mono-sulfide

alone.,
3s3¢1ele3.3 Titration of oxidized sulfide liquors

Black liquor was oxidized in a 500 ml jar
equipped with a rubber stopper and with inlet and outlet tubes.
A 400 ml liquor sample containing about 10 g/1 sodium sulfide in
1 N sodium hydroxide, with and without 1% thiolignin added, was
purged with oxygen through a porous glass gas~dispersion tube
immersed in the solution. The oxygen flow rate (44 ml/min) was
controlled by means of a reducing valve and measured with a
calibrated rotameter. Simultaneous to oxygen purging the solution
was stirred by a magnetic stirrer. Foam was reduced by adding a

few drops of octanol.

The change in sodium sulfide concentration was determined
from time to time by withdrawing one ml samples of solution.
These were mixed with 4 ml of 16.6 g/1 sodium mercaptan solution,
and the mixed solutions were then titrated with 0.1 N silver nitrate.

Changes in sulfide and bound mercaptan concentrations due to the
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treatment are shown in Table 3.5. As expected, quantities of
dissolved sulfide and bound mercaptan gradually decreased as
oxidation progressed., The potentiometric titration qf oxidized
sodium sulfide with 1% thiolignin in alkaline solution before
addition of sodium mercaptan shows that the sulfide end point was

well defined (Fig- 305)0

3.3.1.1.3.4 Titration of dimethyl sulfide and dimethyl
disulfide in alkaline solution
Black liquor usually contains a small

quantity of dimethyl sulfide and dimethyl disulfide. Swartz and
Light (188) claimed that the end-point break in silver nitrate
potentiometric titration of black liquor is caused by the presence
of organosulfide compounds, such as methyl mercaptan and dimethyl
sulfide, which may supply ions to the system. It is agreed that
there is a considerable effect of mercaptide ions on the titration
procedure. 1In order to test the interference caused by dimethyl
sulfide, an experiment was done including the mixing of 1.0 ml of
dimethyl sulfide with 100 ml1 1 N sodium hydroxide solution. The
solution was titrated with silver nitrate after having been stirred
for 30 min at room temperature. This solution gave no sulfide ion
potential. The same procedure was applied to dimethyl disulfide
and, as expected, it gave organo-sulfide potential. For comparison,

potentiometric titration curves of dimethyl sulfide, dimethyl
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disulfide, elemental sulfur-mercaptan and methyl mercaptan
alkaline solutions are shown in Fig.»3.6. The potential: of
jonized disulfide (Curve II) and sulfur-mercaptan (Curve III)
alkaline solutions are very close. Accordingly, the reaction of
dimethyl disulfide in alkaline solution may be proposed as
follows:

CH_ SSCH + OH ———> CH_SS~ + CH;0H ceesee/3-17/
3 3 3

3.3.1.1.3.5 Titration of mercaptan in the presence of

elemental sulfur

Potentiometric titration of mercaptan in
black liquor results in poorly defined titration curves (Fig. 3.1).
As previously discussed, this may be explained as due to presence
of elemental sulfur in solution, since this is capablé of reacting
further with mercaptide ions and forming organopolysulfides (Eq.
/3-12/). In order to test this point, different amounts of
elemental sulfur were dissolved in aliquot portions of 20 ml
methyl mercaptan alkaline solqtion by shaking for three days under
nitrogen atmosphere at room temperature. The silver nitrate
potentiometric titration was conducted by sampling 4.0 ml of the
prepared solution. Titration curves are reproduced in Fig. 3.7,
while bound sulfur and bouhd mercaptan were calculated from Eq.
/3-10/ and are tabulated in Table 3.6. The potentiometric

titration of mercaptan in the presence of elemental sulfur was
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dependent on the ratio of mercaptan.to elemental sulfur. As
shown in Table 3.6, as long as the amount of elemental sulfur

was greater than the corresponding mercaptan concentration no
free mercaptan inflection point was detected on the titration
curves, The excess elemental sulfur remains unreacted or
dissolved in the strong alkaline solution in the form of

sulfide (Eq. /2-18/). This is also indicated by data of Table
3.6, as well as Fig. 3.7 (Curves II and III). Conversely, when
mercaptan concentration is greater than elemental sulfur, organo-
sulfide and free mercaptan are shown by the titration curves

such as Fig, 3.7 (Curve II).

As a result of this it may be proposed to keep‘the ratio of
elemental sulfur to mercaptan sulfur greater than-one during
sulfate cooking by adding small amounts of elemental sulfur.
Thereby the methyl mercaptide ions should react with sulfur to
form organ0p01ysu1fide before they react further to form dimethyl
sulfide and dimethyl disulfide. Organopolysulfide is considered
to be less volatile than.methyl mercaptan. Part of the air pollution
problem associated with sulfate pulp cooking might be abated by
reducing methyl mercaptén, dimethyl sulfide and dimethyl disulfi-

de .to the less volatile organopolysulfides.

In summary, sulfate black liquor potentiometric titrafion

yields two inflection points: The first break ("a") is considered
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to be mono-sulfide, the second inflection ("b") is thought to
be due to the presence of organopolysulfides in unoxidized and

organic/inorganic polysulfides in oxidized black liquors.

Most of the mercaptide ion in black liquor may be bound by
traces of elemental sulfur present in black liquor to form
organopolysulfide which also contributes to the potentiometric
titration. Determination of methyl mercaptan by potentiometric
titration in sulfate black liquor is most difficult, as mentioned
above. Correct interpretation of the titratién curve gives
considerable promise for accurate determination of sulfide in

oxidized black liquor.

It is proposed that partial abatement of air pollution
originating with the sulfate pulping process might be obtained
by adjusting the elemental sulfur to mercaptide sulfur ratio
during the cooking stage. The mercaptide should be bound by
elemental sulfur to form organopolysulfides which are less

volatile than methyl mercaptan.,

3.3.2 Gas: liquid chromatographic (GLC) determination of

organic sulfides in black liquor

During the sulfate pulping process approximately
2.3 to 2.5% of the sulfur charge is converted to organosulfur

compounds, mainly methyl mercaptan, dimethyl sulfide and dimethyl
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disulfide. These, on escape from the black liquor, constitute the

main sources of malodorous emissions (11).

Part of this spectrum of sulfide emissions, suitably
identified and determined by potentiometric titration techniques,
has been discussed at length in the foregoing section. Although
mercaptide ions do respond to potentiometric titration their
concentration limitations cause severe problems, especially below
0,002 M concentration. This is due to the limited response of
the silver sulfide electrode below the above concentration. Thus,
this technique becomes unsuited for analysis of mercaptans in
commercial black liquors where the usual concentration does not

exceed 0,002 M,

Colorimetric analysis of hydrogen sulfide and methyl mercaptan
in sulfate effluents has been reported, but the technique has been
found to be extremely tedious for black liquor analysis (24).

Other techniques, such as that of Bialkowsky and DeHaas (25)
employing wet-chemistry and Felicetta et gl.(67) who combine mass
spectroscopy and titration methods, although capable of quantitative
analysis, were found to be too involved and unsuited for routine

black liquor analysis.

In recent years a large number of papers have been published
on gas liquid chromatography of sulfides (2, 3, 33, 52, 55, 86, 95,

125, 127, 134, 160, 184, 199, 200, 205, 218). Many of the papers
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deal descriptively with chromatographic conditions (2, 3, 86,
127, 134, 169, 205), while others concentrate on improvements

in sampling techniques (55, 66, 95, 160, 221).

The direct analysis of sulfides in dilute aqueous solution
(such as kraft black liquor) presents numerous problems in gas
chromatography. Considerable interference is eXperienced from the
water peak, which usually requires specially selected sample

preconditioning attachments at the chromatograph sampling port.

Only 1limited attempts have been made on direct determination
of malodorous sulfur compounds in aqueous effluents. The techniques
developed to liberate the volatile solutés from aqueous solution,
followed by gas chromatography without water interference, include
distillation either at elevated temperature (62) and/or reduced
pressure (146). Stripping with a stream of inert gas was developed
by Swinnerton et al. (185) and considerably improved upon by Rayner
et al. (160). Rayner et al. (160) determined methyl mercaptan,
dimethyl sulfide and dimethyl disulfidé by first collecting the
samples in a stripping cell to eliminate the considerable dispersion

of samples in continuous gas streams.

Douglass and Price (55) described a novel stripping technique
which takes advantage of changing solubility characteristics of

sulfides with solution pH. They followed sulfide formation kinetics
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by acidifying a known quantity of pulping liquor with excess
sulfuric acid. Using chromatography, the vapor above the aqueous
solutions was sampled and analyzed and the results converted to
quantitative figures with the aid of conversion (liberation)
factors. While reproducibility of the technique was quite
acceptable, it does not account for more than one~third to one-
fourth of the mercaptan originally present in the sample. 1In a
similar study McKean et al. (127) described dimethyl sulfide
analysis by a slightly different technique. A calibration curve
is prepared for the compound by heating the aqueous solution of
known dimethyl sulfide concentration to a constant temperature and
. subsequently sampling the vapour phase with a microsyringe through
a septum. Gas chromatograph analysis followed, This technique

requires a calibration curve for each (heating) temperature.

Recently, Matteson et al. (125) reported that malodorous
sulfur compounds can be extracted with carbon tetrachloride from
-steam distillates of kraft black liquor. Thereby, they repeatedly
extracted the oily distillate with carbon tetrachloride and
subjected the extract to gas liquid partition chromatography (GLC).
Further improvements of this technique were reported by Andersson
and Bergstrdm (12), who acidified the black liquor-carbon
tetrachloride mixture to a pH of 9.3 with saturated boric acid

solution. The organic layer was sampled and the sulfide content



-66-

determined by GLC. It was claimed that both dimethyl sulfide ahdi
dimethyl disulfide are rapidly and almost completely extfacted
(98%) into the carbon tetrachloride layer by this technique but
only part of the methyl mercaptan could be recovered. Thus, a

conversion factor has been developed for methyl mercaptan.

On the hardware side, important improvements have been made
available with columns and packings (3, 33, 160) and especially
detectors. Among known detectors, Thermal Conductivity Detector
(TCD) was often employed, since it responds universally to all
types of compounds. Low sensitivity of TCD, however, has been a
great handicap to accurate analyses. Especially poor response-
was obtained for low concentrations of organosulfides such as found
in black liquors. Large advances were made with the Flame Ioniza-
tion Detector (FID) which has shown high sensitivity (1000 times
lower detection limits than with TCD) for hydrocarbons and alkyl
sulfides, but weak responses to hydrogen sulfide and sulfur di-
oxide (2,33, 160). It gives no response to carbon disulfide and
water. It is known that in the presence of sulfur, halogens in the
organic structure cause significant reduction in sensitivity, where-

by the detector becomes of limited ‘value in work with sulfides.

Possibly the largest recent improvements in sulfur detection
were made with introduction of the Flame Photometric Detector (FPD)

in 1966. The FPD is the first inexpensive detector, operated on
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principles of spectroscopy, for sulfur and phosphorous containing
compounds to be coupled with gas chromatography. The use of

this detector was first reported by Stevens et al. (181) as an
automated gas chromatographic analysis system for sub-ppm levels

of sulfur compounds in ambient air. The analytical system developed
for gas analysis required the use of 36-feet of 0,085 in (ID)

Teflon column on 30/60 mesh Teflon coated with polyphenyl ether

and 0.5 g of orthophosphoric acid. Further improvements and results

on this system are described by Mulik et al. (134).

The detector is comprized essentially of a burner jet,
reflective (collimating) mirror and narrow pass filter (394 nm
for S, and 526 nm for P). The photomultiplier tube responds to
the chemoluminescent characteristic light emitted by S at 394 nm
wave length when sulfur is burned in a hydrogen-rich flame. The
light monitored by the photomultiplier tube is fed to an electro-

meter and recorder.

The FPD is a mass flow rate dependent detector and as such the
detector will yield a peak area independent of the volume of
carrier gas eluted with the sample. It requires a pérticular
calibration curve for every compound, as it has no linear portion
at all (straight lines are obtained on log-1log plots with slopes
between 1.5 to 2,0 which has been found to be constant over a 500

fold range). While its specificity to hydrocarbons is good, the
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detector sensitivity for S is 10,000 fold the sensitivity for
hydroéarbons (86)., The filters are not completely selective as
to S and P, with the sulfur filter phosphorus also detected at
100 fold lower sensitivity. The good ppb detection for S is
obtained only under careful tuning of the instrument as described

by Stevens et al. (181)

3.3.2.1 Experimental
3:.3.2.1.1 Chemicals
Dimethyl sulfide (bp. 37-38°C) and

dimethyl disulfide (bp. 109-111°C) were obtained from Eastman
Organic Chemicals; hydrogen sulfide. (bp. -61.8°C) and methyl
mercaptan (bp. 7.6°C) from Matheson of Canada Ltd.3; boric acid
and carbon tetrachloride were reagent grade. The sulfate black
liquor (2-1) was obtained from Canadian Forest Products Ltd.,
Port Mellon, B.C. and the white liquor (3-1) containing 38 g/1
effective alkali and 14.4 g/1 sodium sulfide was obtained from
Department of Environment, Western Forest Products Laboratory,

Vancouver, B.C.
3.3.2.1.2 Gas liquid chromatography (GLC)

A MicroTek MT-150 gas chromatograph,
equipped with a Melpar flame photometric detector (FPD) and flame

ionization detector (FID), dual channel electrometer and dual pen



-69-

recorder was used for these studies. The column was prepared by

using a coiled glass column 7 feet long and % in (0OD) packed with

didecylphthalate on 60/80 mesh Chromosorb P (25:75 by weight).
The chromatograph operating parameters were as follows:

Carrier gas: Nitrogen, 45 ml/min

40 psi inlet pressure

Oven temperature: b min at 25°C for H,S and CHBSH

Program: Oven temperature rise from 25°C to
125°c @ 22°C/min for CH SCH, and
CHBSSCH3

Detector temperature: 150°C

Detector gas flows H,t 150 ml/min

Air: 30 ml/min

0, 15 ml/min

The calibration curves for st and CHBSH were prepared
directly by taking measured volumes of the gases with gas tight
micro syringes at known pressure and temperature., The samples
were taken through- flexible rubber hoses connected to a manometer
on one end and to lecture bottles of the gas on the other. The
gas samples so taken were injected through rubber septums into an
inverted volumetric flask containing 100 ml CClu. Similarly,
liquid sulfide samples (dimethyl sulfide and dimethyl disulfide)

were withdrawn with appropriate microsyringes and mixed with CC1

A
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in the above manner., Thus dilution series were prepared for all
four sulfides and injected directly into the gas chromatograph.
Under the above describéd conditions typical chromatograms were
obtained which could be further evaluated as to characteristic

retention times and detector response with changing concentrations,

Retention times of sulfide peaks eluting under the particular

chromatographic conditions are described as follows:

Hydrogen sulfide (Hés) 1 min 50 sec
Methyl mercaptan (CHéSH) 5 min 25 sec
Dimethyl sulfide (CH3SCH3) 8 min 30 sec
Dimethyl disulfide.. (CHSSSCHj) 18 min 25 sec

Calibration curves constructed from the information obtained
in the above described manner are presented in Fig. 3.8. As
anticipated the concentration vs.detector response relationships
were all straight lines when plotted on log-log scale (wifhin the

described concentration range).

Calibration curves for determining dimethyl sulfide and di-
methyl disulfide in black liquor (above pH 12) were also prepared.
One hundred ml of the black liquor (2-1) was thoroughly extracted
with 8 x 50 ml carbon tetrachloride and then further stripped with
nitrogen gas at room temperature for 12 hours. The treated black
liquor was tested for no residual organic sulfides by extraction of

5 ml samples with 5 x 5 ml carbon tetrachloride which was combined
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and examined by GLC analysis. The organic sulfides free ice-
water-cooled black liquor was transferred into a 25 ml volumetric
flask equipped with a rubber septum. Appropriate amounts of
dimethyl sulfide and dimethyl disulfide were then injected into
the black liquor samples. The solution was theroughly shaken and
stored in the cold (5°C) overnight. Further 5 ml of the organo-
sulfide solution was syringed into a 20 ml separation funnel and
thoroughly extracted with 5 x 5 ml cafbon tetrachlokride. The
calibration curves of black liquor organosulfide concentrations
vs, detector response (represented by peak height) are shown in

Fig.3.9.

3.3.2.1.9 Sample procurement for gas liquid

chromatography (GLC)

As stressed earlier, no cbnvenient
single technique is available for simultaneously and quantitatively
determining all black liquor sulfides. Following a critical
examination of the available techniques, liquid/liquid extraction
with carbon tetrachloride),,' v as originally proposed by
Matteson et al. (125) and 1ate£ modified by Andersson and Bergstroéom
(12), was chosen as most suited for sample procurement and

analysis by gas liquid chromatography.



72w

'3,3.2.1.3.1 Carbon tetrachloride liquid/liquid

extractian

Before applying the 1/1 technique,
extraction efficiencies on both enriched white and black liquors
were determined.  While white liquor needed no preparation for
this determination, 100 ml portions of the black liquor were pre-
extracted five times with 100 ml portibns of CC1, followed by
stripping with nitrogenbgas for 24 hours in order to remove

sulfides present.,

Extraction efficiencies were tested on two replicate 5 ml
liquor samples to which varying amounts of dimethyl sulfide

3

(0.845 x 10 ~° to 0.212 X 10-3g) and dimethyl disulfide (1,057 x

3 to 0.264 x 10-3g) were added. The solutions were prepared in

10~
20 ml separatory funnels equipped with silicone-neoprene rubber
septums, The heterogeneous liquor-sulfide mixture was shaken by
hand for 2 min and allowed to stand for at least 15 min. Following
standing, the mixture was successively extracted five times with

10 ml CClu by shaking each time for 1 min and allawing sufficient
time (usually 15 min) for clear separation of the two layers. The
combinéd organic layer (bottom) was drained into a 25 ml volumetric
flask and immediately made up to mark with fresh CClu. The sulfide

content of the supernatant.liquid was determined by gas liquid

chromatography. Recovered quantities and efficiencies are
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indicated in Table 3.7 and Fig,3.10.

For determining dimethyl sulfide and dimethyl disulfide in
experimental black liquor samples, the same procedure was followed
except that 10 ml of cooled black liquor (-5°C) was extracted with

5 x 5 ml CClb in 20 ml capacity separatory funnels.

Carbon tetrachloride extraction seems to be selective to
sulfur compounds in black liquor. As shown in Table 3.7, the
extraction efficiency of dimethyl Sulfide and dimethyl disulfide
is similar for both white and black liquors. This indicates little,
if'any, interference by dissolved lignin and carbohydrates or
other organic and inorganic solutes usually found in commercial
black liquors. The extraction efficiencies for dimethyl sulfide
and dimethly disulfide, however, were significantly different being
in the order 90 to 94% and 78 to 81% respectively. It also appears
that change in concentration over the four fold range of 0.212 x
1073 to 0.845 x 10-3g in 5 ml sample had no detectable effect on
extepaction efficiency of dimethyl sulfide by carbon tetrachloride.
Similar observation was made on dimethyl disulfide as shown in

Table 3.7,

In order to test effect of solution pH on extraction
efficiency of dimethyl sulfide and dimethyl disulfide, the
buffered solutions were prepared between pH 1.5 to 13.5 by mixing

certain portions of 0.1 M potassium hydrogen phosphate with 0.1
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M HC1 or 0.1 M NaOH as described in the Handbook of Chemistry

and Physics (94).

Aqueous solutions of 100 ul dimethyl sulfide and dimethyl
disulfide in 100 ml distilled water were cooled to 5°C overnight.
To 5 ml buffered solution 1.0 ml of the aqueous solution was added
in a 20 ml test tube equipped with a rubber septum. The solution
was well mixed with the syringe, shaken several times and cooled
to 5°C. The solution thus prepared was extracted five times with
10 m1l aliquots of CCl . Sulfidé concentrations were further

determined by gas liquid chromatography.

The efficieﬁcy of CC1u.liquid/iiquid extraction of dimethyl
sulfide and dimethyl disulfide was considerably affected by pH
of the solution as shown in Fig 3.11. There was relatively little
change in efficiency between pH 1.5 to 7.0 where nearly 100% ‘of
dimethyl sulfide and 95% of dimethyl disulfide was recovered. A
rather sharp drop was observed by increasing the pH from 7.0 to
10.0 where the efficiencies dropped 10% for dimethyl sulfide and
15% fpr dimethyl disulfide. There waé relatively little change

between pH 10.0 to .13.5.

3¢3.2.1.3.2 Acidification of black liquor with

boric acid

The analysis of carbon tetrachlor-

ide extracts by gas liquid partition chromatography was designed to
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provide both qualitative and quantitative information on.black
liquor sulfides. Identification of a given sulfide compound
involved evaluation of comparative and relative retention time
data as provided by standard reference compounds. Further
substantiation of all peaks obtained from black liquor extracts
was made by enhancement of the initial peak through addition of
known quantities of known compound to the black liquor before the

extraction step.

The rather disturbing inaccuracy of the methyl mercaptan
determination in black liquor by the previously described potentio-
metric titration technique prompted further search for a more
accurate method. As indicatedbby the experiments of Douglass and
Price (55) and Andersson and Bergstrém (12), both dissolved
hydrogen sulfide and méthyi mercaptan can be stripped from aqueous
solutions acidification of the black liquor. This can be

followed by 001u liquid/1iquid extraction.

For this experiment, extraction was done after adjusting
liquor pH to approximately 6.5 with boric acid (HéBO ). This also
coincides with maximum extraction efficiency as determined for

dimethyl sulfide and dimethyl disulfide (Fig.3.11).

Boric acid is a tribasic acid. Dissolved in water the
various hydrogen atoms undergo dissociation to different extents.

The three dissociation constants at 20°C(K1, K

> and KB) can be

calculated from the following equations (94):
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HﬁBOBZ;:j: ; M HéBOB- K, = 7.3 x 10720, ... /3-18/
-+ -2 _

HZBO; < H *  HBO, K2 = 1.8 x 107 '2..../3-19/

HBo;'z::Z H o+ BO;-- Ky = 1.6 x 10‘1“..../3-20/

Since the boric acid is a weak electrolyte, the law of mass

action may be followed for the respective dissociation (94):

(H+) X (HZBOE)/(HBBOB)z Kl oooooooooaooo;onococoooonoocco/B"Zl/

+ - -
(H ) x (HBo3 )/(HZBOB) Ké............................../3-22/

(H+) x (BO---)/(IEO--) K...."O.'..0..0.‘............./3-23/
3 3 3

The magnitude of the dissociation constants indicates the extent

of ionization at given_ concentrations.

The relationship between black liquor (Bl 1-4) pH and boric
acid addition is shown in Fig,3.12. Above pH 6.8 the black liquor
pH is a function of boric acid concentration while below pH 6.8
only small change in pH is observed with increased amounts of boric
acid. This alloﬁs fairly good control of black liquor pH when

pH 6.5 is chosen as target acidity for treated samples.

Changes in gas chromatograms due to black liquor acidification
are illustrated in Fig.3.13. The appearance of Hés and CHBSH is
quite obvious while position of the earlier peaks remained
unchanged following aéidification. The boric acid acidification

of black liquor was carried out in a vessel, hermetically closed

with the aid of a rubber septum. The predetermined amount of
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solid boric acid (1.1 g) was weighed into the vessel together
with 20 ml of CClb' The black liguor (5 ml) was added with a
syringe through the rubber septum. Contents of the vessel were
shaken vigorously until all the boric acid dissolved. The vessel
and contents were then frozen overnight in an inverted position
and the organic layer sampled and analyzed by gas liquid

chromatography next day.

During the course of GLC analysis of the various black
liquors the expected compouhds, hydrogen sulfidey, methyl mercaptan,
dimethyl sulfide and dimethyl disulfide were identified in
accordance with earlier findings of Felicetta et al. (67) and
others. No further compounds were detected with the exception
of "X" (Fig.3.13) although Thomas (200) reported propyl mercaptan,
ethyl disulfide and propyl disulfide in digester blow and relief
gases entering the lime kiln. Similar results were indicated by
Thoem and Nicholson (199) following infrared analysis of relief
gases. In addition the possible existence of methyl hydrogen
disulfide (CH3SSH) in black liquor pyrolysates has been proposed

by Brink et al. (32).

'In this study an unidentified compound "X" (Fig.3.13) was
found as a constant and rather large component of the liquid/
liquid extraction of black liquor. The compound was present in

CClu extracts of both normal and acidified black liquors of all
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sources (including polysulfide black liquor). In some samples
the concentration of the unkown was quite high. Limited further
experiments indicated that the unknown contains no ionizable
hydrogen and is a volatile sulfur compound with a boiling point

slighter higher than that of dimethyl sulfide.
3.4 Chemistry and Analysis of Polysulfide

3.4.1 Significance of polysulfide as an extention to sulfate
pulping
Polysulfide pulping is one of the few methods by
which stabilization of wood carbohydrates occurs during alkaline
pulping. This results in yield increases and some improved

physical properties of pulps produced thereby.

By impregnation of wood chips with polysulfide liquor the
carbonyl end groups of polysaccharides are oxidized to carboxyl
groups, thus stabilizing the carbohydrates against alkaline
degradation (8, 196, 132). The ability of a polysulfide solution
to stabilize polysaccharides increases with the concentration of
elemental sulfur and with the ratio of polysulfide excess sulfur
to sulfide sulfur in alkaline solution (109, 197). The yield
increases of polysulfide pulping afe caused to a large extent by
retention of glucomannan in coniferous woods (109, 167) and
Xylan in porous woods (110, 167). The modification of lignin by

formation of carbonyl groups is believed to increase the rate of
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delignification (131, 143, 167).

Pulp yield increases are found to depend mainly on the
amount of elemental sulfur added, degree of impregnation,
pulping conditions, and wood species being pulped (108).

Maximum pulp yield increases are usually in the range of 2=-5%,
based on oven-dry wood (53, 108, 167, 212). The pulp yield
increases of porous wood are moderate and only about one-~half of
those obtained with coniferous woods. It may be that xylan in
porous woods is not as effectively stabilized by polysulfide

cooking as glucomannan in coniferous woods (167).

As for pulp properties, Sanyer and Laundrie (167) reported

that the strength properties of loblolly pine (Einus taeda L.)

polysulfide pulps were comparable with those of sulfate pulp,
except for the slightly lower tear strength. Requirements for
bleaching chemicals were about the same as those expected for
sulfate pulps of the same Kappa number. Dillen and Noreus (53)

indicated that Scots pine (Pinus sylvestris L.) polysulfide

process pulps have of higher viscosity for cooks carried to low

Kappa numbers than similar pulps originating from conventional

sulfate cooks.

3.4.2 Composition and nomenclature of aqueous polysulfide

solutions

The anions in an aqueous polysulfide solution are

considered to be HS-, S--, OH and a variety of polysulfide ions
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generally designated as Sns--. A whole series of polysulfide
ions from SS  to S7S-- has been isolated in crystalline form as
sodium or potassium salts (197). Electrolytic procedures were
also»developed by which reduction of sulfur can = _ provide.
mixtures of still higher homologs of Sas-- and either SGS" or
S7S--(65). According to the nomenclature of Teder (197), each
polysulfide ion can conveniently be considered to consist of one
atom of sulfide sulfur /S(-II)/ and n atoms of polysulfide
excess sulfur /5(0)/.

S(-11) = (SH ) . (s" ) + 2(8 8 )eeunn.s/3-24/

S(O) =Zn(sns--)ooocooo;oooooo.ooooooc-000000..0.0.0/3-25/

Total amounts of sulfide and excess sulfur can be determined
analytically. The average number of excess sulfur atoms per

polysulfide ion(n) is expressed as:

n =Zn(SnS--)/Z(SnS--).-............-............./3-26/

The average number (n) is a theoretical concept which cannot be
obtained from conventional chemcial anaiysis of polysulfidé
solutions. 1In practice, XS, the ratio of polysulfide excess sulfur
S(0) to sulfide sulfu; S(~II) is used to characterize polysulfide

solutions.

X
s

S(0)/s(-1II)

Zn(sri_s“)/ﬂ HS™) + (5 ) + Z(sns"')]......./B—z?/

Small values of n are observed with solutions of high alkalinity
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and low xs, while large n values occur with solutions of high
Xs and low alkalinity. By practical considerations in technical

polysulfide solution n is always considerably larger than Xs (1387).

Aqueous polysulfide solutions have deep color ranging from
yeilow to red with increasing Sn in the chain. WYWhen polysulfide
solutions are acidified slowly to below pH 9, the polysulfide
decomposes into HS and elemental sulfur. Thermal decomposition
over 90° of polysulfide in alkaline aqueous solution is strong due

to decomposition into sulfide and thiosulfate (195).

3.4.3 Preparation of aqueous polysulfide solutions

Polysulfide solutiohs can be prepared by dissolving

elemental sulfur in pure sulfide solution. Direct solution of

elemental sulfur into sulfate white liquor, which is highly

alkaline, causes extensive thiosulfate formation (189, 195). By

partial oxidation of white liquor with air in the presence of

black liquor, polysulfide can be formed. Besides the polysulfides,

large amounts of thiosulfate, and small amounts of sulfite and

sulfate are produced simultaneously (27). Barker (19) claimed

that sulfide in white liquor can be selectively oxidized to poly-

sulfide with manganese oxide.

Other ways of producing poljsulfides have been proposed,
such as electrolysis of sodium sulfide or expelling hydrogen

sulfide from green liquor by carbon dioxide and recovery of
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elemental sulfur by Claus' process (212). Partial reduction of
sulfate and cathode reduction of sulfur dioxide to form poly-
sulfide have been reported (7, 35). Hydrogen sulfide can be
decomposed to elemental sulfur by irradiation with ultraviolet,
alpha-particles or by passing the gas through an electric arc (35).
The recovered elemental sulfur may be dissolved in sulfide solution

for the preparation of polysulfide.

As a new approach, gamma radiolytic generation of poly~-
sulfide in carbon dioxide and hydrogen sulfide acidified sulfide

solution was attempted in these studies.
3.4.4 Polysulfide determination

The analysis of polysulfide in agueous solutions
became important with the discovery of advantages provided by the
presence of polysulfide in sulfate pulping liquors (197). The
determination of polysulfide sulfur /S(0)/ presents numerous
problems (28, 197). The classical methods of analysis were

reviewed and summarized by Blasius et al. (28) in 1968.
3.4.4.1 Gravimetric analysis

The technique is based on converting poly-
sulfides into hydrogen sulfide and elemental sulfur. The latter
is determined gravimetrically. The reaction sehemes can be

expressed as:
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B . quartz catalyst
Na S —> HS > H,5 + (n-1)s ../3-28/
2 n 2'n 90°¢

3.4.4.2 Volumetric analysis

Total sulfur in polysulfide can be determined
by iodometric titration in acid solution:

stn + 12 —_— ZHI + nS 00--00......-0.0/3-29/

In alkaline solution, the sulfur is quantitatively oxidized to
sulfate. Thus the polysulfide sulfur can be calculated from the

difference of total sulfur and sulfide sulfur.

Polysulfide sulfur can be reduced quantitatively to sulfide
with sodium amalgam:

Na,SS + 2n NaHg —> (n+1)Na,5 + 2anmA../3-30/
Thus the polysulfide sulfur can be calculated from the difference
of iodine consumption of mono-sulfide sulfur and the total reduced

sulfide sulfur.

The reaction of polysulfide sulfur with sulfite to form
thiosulfate is also known:
\ + + e o0 00000 -
Na,SS n Na2503-———> Na,$ n Na,S,0, /3=31/
The thiosulfate can be determined iodometrically when the sulfide
+

and the excess sulfite are precipitated by Zn++ and srt ’

respectively.
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Similarly, the polysulfide sulfur will react quantitatively
y |
with cnnide to form thioci%ate and the thiocyanate can be
analysed by iodometric titration.

Nazssn + n CN- —> NaZS + n SCN_ .0000...../3—32/

The above described methods are usually too difficult to
perform for direct analysis of polysulfide cooking liquors, as
they become involved and time consuming, due to interference from
the impurities found in such liquors. Recently, several methods
have been developed which allow quantitative determination of

polysulfide sulfur in white or black liquors.

Johnsen (99) developed an acidimetric method for the deter-
mination of polysulfide sulfur in sulfate white and black ligquors
by using hydrochloric acid titration. Similarly, Ahlgren (5)
modified the Scandinavian standard procedure (Scan-N 2:63) (170)
for the analysis of polysulfide sulfur, hydroxide, sulfide and
carbonate in polysulfide cooking liquor. This new technique uses
hydrochloric acid as titrant. Olsson and Samuelson (149) developed
a quantitative method for determination of sulfide, thiosulfate and
polysulfide in black ldquors by subjecting the liquor sample to
anion exchange chromatography for the separation of inorganic
sulfur compounds from organic impurities in the sample effluent.
Further separation of thiosulfate and most of the sulfides is made

by elution from the anion exchange resin with NaNOB. Polysulfide



-85-

and the remaining sulfides are subsequently eluted with a mixture

of Na250 and‘NaNO3 solution. During elution, the polysulfide

3
sulfur is transferred into thiosulfate. Both eluates contain
sulfide and thiosulfate which can be determined potentiometrically.
Rice and Zimmermann (162) determined sodium sulfide, thiosulfate,
sulfite or polysulfide in white liquor by combination of argento-
metric, acidic iodine and alkaline iodine (hypoiodite) titration.
‘The TAPPI method (T624 ts - 66) (14) analyses polysulfide sulfur by

reacting the excess sulfur with sulfite to form thiosulfate which

can be titrated quantitatively by acidic iodine.

In this study, the polysulfide sulfur was determined by redox
titration, described by Ahlgren and LeMon (6), and spectrophoto-
metry.(195). For the redox titration, the apparatuis consisted of
a Radiometer pH meter, equipped with Platium (Sargent 5-30440) and
Calomel electrodes. The equipment was completed by adding an
automatic titrator and X-Y recorder. The polysulfide sample
(sodium tetrasulfide) was obtained from Hooker Chemical-Corporation,
New York. The sample (0.9 ml) for analysis was transferred into
a vessel containing 50 ml of saturated sodium chloride solution and
conditioned in a water bath at 90° + 1°C. The titration cell can
be expressed as: ’

Pt//NaCl(sat.) :3?§i§on /] KC1, HgCl,/HgCl,(S)/ Hg ees../3-33/

Then, the solution was titrated slowly with 0.5 M sodium sulfite
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(ca, 2 ml/min). The potential change due to addition of the
titrant was recorded automatically. The end point was determined
by reading the volume of sulfite solution consumed at the
iﬁflection point of the titration curve as shown in Fig 3.14.

The end point is also indicated by disappearance of 'yellow color
in the sample solution. The polysulfide excess sulfur is calcul-

ated according to the following formula (6):

5.8 + n S0 +  HO0 - n S04 + HST + OH .../[3-34/
Results of five determinations gave an average of 313.1 + 3.0 g/l
excess sulfur for the samples prepared. Comparing results of the
above redox titration of polysulfide sulfur with different methods
such as iodometric, acidimetric, ion exchange following potentio-

metric titration and copper column method, the value obtained is

in good agreement with those reported above (6).

Excess sulfur in polysulfide was determined spectroscopically
according to the procedure described by Teder (195). The calibration

curve of polysulfide sulfur was prepared by mixing varying amounts

of commercial polysulfide with 3 M NaCl and 10~% M NaoH aqueous

solutions. The prepared polysulfide sulfur concentrations ranged

from 79.1 x 1o'u b

to 474.5 x 107 g/1. Absorption curves were
obtained for the solution on a Unicam Sp. 800 spectrophotometer
with 1 cm sample and reference cell (containing a blank solution

of 3 M NaCl and 10_2 M NaOH aqueous solutions). The average of



-87-

two absorbance replications at 285 nm wave length was plotted
against excess sulfur concentration and is shown in Fig,3.15.

This wave length (285 nm) was selected for reasons of 1east
interference on absorptivity of varying hydrﬁxyl ion concentra-
tions and the ratio of the polysulfide sulfur to that of sulfide
sulfur concentration (195). It was pointed out by Teder (195)
that generally good agreement is obtained between the spectro~
photomefric procedure and acidimetric or redox titration of poly-~
sulfide solutions without the lignin present. The accuracy of

the spectrophotometric method is not affected by the presence of
other bases, such as carbonate ions in the sample, whereas the
acidimetric method will be disturbed by the presence of high base
content. Polysulfide samples with high lignin concentrations were
found to be less suitable for analysis by the spectrophotometric
method (195). However, the spectrophotometric method proved to
have great advantages as it is less complicated and time consuming
than other methods such as iodometric, acidimetric, ion exchange:

followed by potentiometric titration and redox titration.

The sulfide sulfur / $(-II)/ is determined by pretreatment of
the polysulfide solution with excess sulfite solution at 50°C until
disappearance of the yellow color. The monosulfide sulfur can be
analysed by silver nitrate potentiometric titration as described

previously.



.88~
3.4.5 Determination of sulfate in polysulfide solution

The sulfate in the polysulfide solution,
obtained as oxidative component from the gamma radiolysis of
acidified sﬁlfide solutions, can be accurately determined by
tu:bidimetry(GB). The method is based on conversion of sulfate
ions to barium sulfate (Basou) under conditions which lead to a
colloidal suspension. The method is valid for concentrations as

low as parts per million (ppm) (63).

The calibration curves for sulfate determination was constructed
by pipetting 2, 5, 10, 25, and 50 ml of a standard potassium
sulfate solution (0.0905-g/1) to 50 ml volumetric flasks. The
measured solutions were diluted to the mark with distilled water.
The sulfate solution was then poured into a 100 ml beaker contains=
ing 10 ml of salt-acid-glycerol (500 ml 20% NaCl : 10 ml conc.

HC1 : 500 ml glycerol) conditioning solution and 0.3 g of barium
chloride (BaClz.Zﬂéo) were added. The mixed solution was stirred
for one min, let stand 4 min and transmittance was measured at

460 nm wavelength with a Spectronic-20 spectrophotometer. A blank
solution for zero adjustment was also prepared with the same
procedure except without adding potassium sulfate solution. The
calibration curve of transmittance (%) VSe. Hésou concentration is

shown in Fig,3.16.

In typical analysis of the sulfate in polysulfide solution



-89~

is determined by placing 5-10 samples of polysulfide solution

into a 100 ml beaker containing 10 ml of 10% hydrochloric acid
solution. The solution is boiled for 10 min to expel carbon
dioxide and hydfogen sulfide gases, filtered and diluted to

50 ml with distilled water. The barium sulfate colloid suspension
was further prepared according to the procedure described above

for the calibration curve preparation.
3.5 Black Liquor Characterization

The various industrial and experimental sulfate black
liquors (Table 4.1) were analysed as to pH, density, total solids
and lignhin concentration prior to storage. These data were
thought to indicate origin and history of cooking, of which only

limited informaﬁion was available,
3.5.1 Determination of pH

A Radiometer pH meter, equipped with a Corning
high pH glass electrode (No. 476024) was used. Calibration of the
meter was effected with a pH 12.72 buffer solution (Fisher Sci.).
All pH determinations were done at room temperature (25°C) within

one week of receipt of the samples.
3.5.2 Density

The density of black liquors was determined at
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25°C with the aid of a calibrated pycrometer (50 ml). Density
values were détermined relative to distilled water (at 25 C).
The average densities were calculated from three replications for

black liquor.
3.5.3 Total solids

Total black liquor solids were determined by
TAPPI Standard T625 ts-64 (13).  According to this method 10 ml
of black liquor is weighed into a tared weighing bottle to the
nearest 0.,0001 g. The sample is dried overnight in an oven at
105° + 3°¢ (24 hr.). The samples are then cooled and the residue
reweighed at room temperature. Average solid content was calculated

from four independent replications of each black liquor.

This technique received severe criticism recently and has
been discussed at length by Parker et al. (152). The problem
associated with the TAPPI standard (13) are ascribed to incomplete
evaporation of water and air oxidation during drying both of which
result in higher yields. Several temporary remedies to these
problems were suggested by Parker et al. (152), however, the

method remained substantially the same.
3.5.4 Lignin determination

The accurate and rapid determination of dissolved

lignin in pulping waste liquors is of - considerable interest.
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For this purpose various techniques have been suggested, but
ultraviolet spectroscopy has gained most popularity for both
fundamental and applied lignin analysis (101, 105, 106, 107).

Most studies on 1lignin ultraviolet spectroscopy are limited to the
280 nm absorption. Unfortunately, absorption at this wavelength
is élso strongly influenced by dissolved carbohydrates and their
degradation products (106, 107). Little information is available
on the disturbed wavelength region between 205 to 280 nm (101,

105, 106, 107).

While sulfite spent liquors show characteristic absorbancies
at 205 and 280 nm, sulfate black liquors have an absorption
maxima only at 205 nm. The absorption at 280 to 290 nm is much
less defined and is usually related to carbohydrate degradation
products, Evidence of such effects was given by Kleinert and
Joyce (106). The distinct maximum at 205 nm was shown to originate
from the aromatic nucleous of lignin (105), which was found to

give good linear response with change in concentration (101).

Black liquor lignin concentrations were determined by
comparing absorbancies of ethanol diluted black liquors with a

calibration curve prepared with purified thiolignin.

The thiolignin was prepared by acidification of a spruce
sulfate pulping liquor (3-1) with 10% hydrochloric acid to pH

3-4. The precipitated thiolignin was collected by centrifuging
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(6,620 G) and repeatedly washed with distilled water until no
further brown color was detectable in the wash water. The"
centrifuged thiolignin wasair-dried and purified by filtration
from ethanol solutions followed by evaporation to dryness. The
proceduré of purification in ethanol solution was repeated twice

and the residue washed with dry ether followed by vacuum drying.

The calibration curve in Fig,3.17 was prepared by dissolving
various amounts of the dried thiolignin in 95% ethanol and plotting

the concentrations against absorbancy obtained at 213 nm.

Black liquor samples were diluted to 2500 and 5000 parts with
95% ethanol. The absorbancies were measured with a Unicam Sp, 800
spectrophotometer using a 1 cm quartz cell and 95% ethanol as
reference. Similar absorption curves were obtained for all sulfate
and polysulfide black liquors. All liquors examined exhibited the
distinct absorption maximum at 213 nm and a flat shoulder at 285
nm. Slight shifts in absorption maxima were observed with lignin
concentrationAin black liquors; shifts occurring towards the

shorter wavelength (210 nm) with decreasing concentrations.
3.6 Acidification of Sulfate Black Liquor with Carbon Dioxide

Preliminary experiments showed that sodium sulfide and
sodium mercaptan are quite inert to gamma irradiation in ageous

alkaline solution at high pH levels (pH 12-13.5). However, below
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pH 9, both hydrogen sulfide and mercaptan are readily decomposed

by gamma-radiation.

Further, practical reason for acidification of such liquors
is due to the fact that sodium sulfide concentration is but
little changed (20-30%) during sulfate cooking (73, 168). A high
sulfidity cooking liquor gives high sulfur to sodium oxide ratio
(S/Nazo) in the combustion furnace, whereby large amounts of
hydrogen sulfide and sulfur dioxide are emitted to the atmosphere.
At the same time this also produces a smelt with undesirably high
melting point (72, 79). This problem is generally remedied by
acidification of the black liquor to aid recovery: - of an appreciable

proportion of the sulfide charge as hydrogen sulfide.

The acidification can be conducfed by carbonation of black
liquor using pulp mill stack gases (COZ) (166); and the evolved
hydrogen sulfide can be absorbed in green liquor (168). During
acidification, lignin phenolic groups are liberated, resulting in
lignin precipitation (166). It is further assumed that the
residual hydrogen sulfide and organic sulfides can be easily
stabilized by exposure to gamma radiation. In acidified black

liquor, odor of the precipitated lignin was found to be eliminated

by gammé radiation.

Acidification of black liquor was originally patented by



~-9hL-

Gray et al. (79). According to their method the black liquor
is pressure carbonated and the treatment is followed by stripping
with vacuum. The procedure was reported to aid recovery of 55-62%

of the total sulfur from black liquor.

The carbon dioxide acidification apparatus used in the present
experiments consisted of a 50Q:m}l glass vessel for containing 400 ml
black liquor and a magnetic stirrer. Carbon dioxide gas was
admitted through a dispersion tube and degree of acidification was
monitored with a pH meter. The CO2 flow rate was controlled by a
rotometer reducing valve which had set at 54 ml/min. The five 100
ml capacity gas traps each contained 25 ml carbon tetrachloride
and 25 ml of 20% NaOH. During black liquor acidification, changes
in pH were recorded automatically. The relaéionship of pH change
and the volume of 002 bubbled through 400 ml samples of various
black liquors at 25°C is shown in Fig«3.18. Carbonation is

considered to be completed when black liquor pH reached about 7.4.

The sulfide content of acidified black liquor (HéS, CHBSH’
CHéSCHéand CHBSSCHj) was determined by syringing 5 ml of ice-water-
cooled liquor into a 25 ml volumetric flask through a rubber
septum. The flask contained 20 ml carbon tetrachloride and 1.0
g boric acid. The solution was then shaken vigorously several

times during inverted storage in a -5°C freezer for 7 to 8 hours.
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Sulfides collected in the carbon tetrachloride layer were analyzed
quantitatively by GLC and the results read from the calibration

curve presented in Fig,3.8.

The boric acid contained in the carbon tetrachloride further
acidifies the carbonated black liquor to about pH 6.5. Concentr-
ations of hydrogen sulfide and methyl mercaptan in the carbonated
blaék liquor are too low to be determined accurately by silver
nitrate potentiometric titration. However, the above procedure
has been found convenient and accurate for sulfides determination.
The efficiency of hydrogen sulfide and methyl mercaptan carbon
tetrachloride liquid/liquid extraction was not determined. However,
the results appear to be reasonably quantitative by considering
that the solubility of hydrogen sulfide is 41.9 g/1 in carbon
fetrachloride and only 3.8 g/1 in water at 20°C and 1 atmosphere
pressure (116), while the methyl mercaptan is highly soluble in
carbon tetrachloride (no data available) and only slightly soluble
in water (94). Thus most of the hydrogen sulfide and methyl

mercaptan should be easily transferred into the organic solvent

phase.

The efficiencies of dimethyl sulfide and dimethyl disulfide
extractions were tested by preparing 50 ml organosulfide (42.4 x
-3 _ _ -
10- g/1 CHBSCHB and 52.8 x 104_3 g/1 CHjSSCHB) enriched carbonated

black liquor (1-1). The black liquor had been preextracted with
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5 x 50 ml carbon tetrachloride prior to enrichmentf‘ Five ml of
the prepared solution were syringed into a 25ml volummetric flask
which contained 1.0 g boric acid suspended in 20 ml carbon
tetrachloride. The solution was then shaken vigorously

several times during inverted storage in a -5°C freezer for 7 to
8 hours. GLC analysis followed and the sulfides were determined
according to the calibration curves presented in Fig,3.8. The
results are compiled in Table 3.8. Average efficiencies of
dimethyl sulfide and dimethyl disulfide were 92.9% and 86.9%

respectively.,
3.7 Gamma Radiation
3.7.1 Cobalt-60 gamma photon source

The gamma ray source used in these studies,; was
a Gammacell 220, manufactured by Atomic Energy of Canada Limited
(AECL). The Gammacell was initially loaded with 8610 curies
cobalt-60 as pellets in 6 pencils and 6,860 curies of cobalt-60
as slugs (total, 15470 curies). The radiation shield consists of
a large steel-encased lead barrier with provision for housing the

cobalt-60 source.

Cobalt-60 has a half 1life of 5.24 years. Dose rate measure-
ments according to ferrous sulfate chemical dosimetry on March 26,

: 6
1968 gave 1.26 x 10 + 2.5% rad/hr radiation intensity being
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certified by AECL. The sample chamber dimensions of this
irradiator are 8.13-in in height and 6-in diameter., The
irradiator controls consist of drawer movement control switch
(for raising or lowering the sample drawer manual control, a
digital timer (calibrafed in hours, minutes and seconds) and
mode selector switch for selection of time range. The Gammacell

ambient temperature is 34°c.
3¢7.2 Gamma ray dosimetry

The linear energy absorption coefficient varies
considerably for different absorber materials. Absorption of
gamma rays is a function of absorber mass. Thus the gamma ray
intensity within the steel vessel used for treatments of the
present study must be affected by the wall thickness of the steel
vessel. 1In order to determine the dose available to samples
processed in the vessel, ferrous sulfate dosimetry was conducted.
Methods described by Weiss (216), Spinks and Woods (180) as well

as 0'Donnell and Sangster (147) were followed.

The technique calls for triply distilled water for dilution
and preparation of dosimetry solutions. This was prepared by
using distilled water which was further distilled from 2% reagent
grade potassiﬁm permanganate (KMnou) and potassium dichromate

TKCrzo ) solutions, followed by exposure to gamma rays for 20
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Mrad. The dosimetry solution contains 0.0014 M reagent grade
ferrous sulfate (Fesou), 0.001 M sodium chloéoride and 0.4 M

spectro grade sulfuric acid. A pre-irradiated 2 x 7.5 cm glass
test tube containing 20 ml of the prepared dosimetry solution was
saturated with oxygen by bubbling oxygen through the sample for 2
min. The tube thus prepared was placed in the steel vessel and
irradiated for 241 sec on October 19, 1970. Simultaneously, an
aliquot dosimetry sample was irradiated outside the vessel for the
same period of time. The ferric ion (Fe+++) concentration formed
was determined by spectrophotometry on a Unicam Sp. 800 ultraviolet
spectrophotometer at 305 nm Qave length. The absorbed dose (D) was
calculated as follows: |

0.965 x 10° (A)
D = ..,

rad
edpG(Fe+++)
Where: A = absorbance at 305 nm
e = 2204 1/mol.cm, absorptivity of ferric ion at 25°C (180)
d =1 cm, sémple thickness
p = 1.024 g/ml, density of dosimetry solution at 25°C

G(Fe+++) = 15.5 mol/100 ev(180)
As for absorbance measurement, an aliquot of the non-irradiated
stock solution was used as blank and the absorbance determined

o :
at room temperature (25 C).

The absorbed dose (D) calculated from the three replications
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of ferrous sulfate désimetry outside the vessel were 106.18,

105.70 and 106.65% based on the value calculated from the AECL
certified value. In contrast, the absorbed dose (D) inside the
vessel was 94.48, 93.66 and 92.14% of the certified value. Thus
fhe average difference between inside and outside the vessel is
12.75%. This indicates that the steel vessel reduced the absorbed
gamma ray dose by 12.75%. All further dose calculations were based
on these values by taking the above losses into account where

applicable.

3.8 Sample Preparatioﬁ and Analysis for Experimental Gamma
Radiolysis of Aqueous Sulfide Model Compound Solutions and
Sulfate Black Liquors
The four major sulfides (Nazs, CHBSNa,.CHBSCﬁB and CHBSSCHB)

which contribute to sulfate pulp mill odor problems, have been

studied at ambient Gammacell temperature (BQOC) and normal oxygen
pressure. The radiolysis of dimethyl sulfide and dimethyl disulfide
in aqueous solution and black liquor (2-1) were also studied
extensively with response to a number of obviously important
variables such as solution pH, lignin concentration, témperature

and oXxygen pressure. In these studies, the sulfides were irradiated

at concentrations closely resembling the conditions under which the

compounds occur in black liquor. The experiments were designed to
follow major changes in concentration with increasing doses of

absorbed radiation energy.
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The model experiments were conducted on sulfides, obtained

from regular chemical suppliers as described in Section 3.1.

Further to the analyses, potentiometric titration always
refers to the procedure described in Section 3.3.1, the gas
liquid chromatography (GLC), the modified boric acid acidification
and carbon tetrachloride extraction technique as described in
Section 3.3.2, and turbidimetry as described in Section 3.4.5.
Modifications of these procedures will be indicated where

necessary in the following sections.
3.8.1 Gamma radiolysis of aqueous sulfide model compounds

The gamma radiolysis of sulfide model compounds
involves aqueous solutions of sodium sulfide»(NaZS), methyl
mercaptan (CHBSH), dimethyl sulfide (CHBSCH3) and dimethyl

di fid o] .
isulfide (CHBSS Hﬁ)
3.8.1.1 Sodium sulfide

Sodium sulfide solutions were prepared at
two pH levels (pH 12.46 and 8.38). The pH 12.46 solution was made
by dissolving 10g of reagent grade_Na25-9H20 in one liter of
distilled water. The solution at pH 8.38 was prepared by dissolving
15¢g Na25~9H20 in one liter of distilled wafer. Ad justment to pH
B.38 was achieved by acidification with 0.1N hydrochloric acid.

A light yellow colour was observed after acidification, indicating
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that part of the sulfide had been oxidized to elemental sulfur.

Five ml samples of the sodium sulfide solution were transferred
into 10 ml test tubes through rubber septums. The samples were
irradiated with an absorbed dose of 0, 0.1y 0.3, 0.5, 0.7, 0.9,
1e55 2.0y 2455 340, 3¢5, 4.0, and 4.5 Mrad at Gammacell ambient

temperature.

Analysis for residual sodium sulfide was made by silver
nitrate potentiometric titration (Section 3.3.1) while polysulfide

sulfur was determined by UV spectrophotometry (Section 3.4.4).
3.8.1.2 Sodium methyl mercaptan

Sodium methyl mercaptan solutions of pH 13.54,
12.54 and 10.70 were prepared by bubbling methyl mercaptan gas
into an ice-water-cooled 2N sodium hydroxide solution. The pH
of the solution was adjusted by adding 0.1N hydrochloric acid.
Five ml of the cooled sodium methyl mercaptan solutien were then
syringed through septum to ice-water-cooled and oxygen-flushed 10
ml test tubes. The aqueous mercaptan solutions were irradiated at
ambient Gammacell temperature in the closed tubes to one of 0, 0.1,

0.2, 0.3, 0.5, 0.7, 0.9, 1.5, 2.0, 2.5 and 3.0 Mrad absorbed doses.

The sodium-methyl mercaptan was analyzed by silver nitrate
potentiometric titration (Section 3.3.1). Formation of dimethyl

disulfide was determined for the mercaptan solution of pH 13.54
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by GLC analysis. The pH of the samples was also measured.

Sulfate formation also has been found as a radiolysis
product of methyl mercaptan. Ten ml of the pH 10.70 methyl
mercaptan solution were syringed into an oxygen flushed 50 m1
test tube and irradiated up to 4 Mrad at Gammacell temperature.
The irradiated solution was further acidified to about pH 3 by
adding 0.1 N hydrochloric acid, boiled for 10 min to expel the
residual methyl mercaptan and filtered through a filter paper to
obtain a clear solution. Three ml of 3 M barium chloride were

then added whereby precipitation of sulfate was observed.
3.8.1.3 Dimethyl sulfide and dimethyl disulfide

A comparative study was made by radiolysis
of dimethyl sulfide and dimethyl disulfide in alkaline solution

and in a commercial sulfate black liquor (2-1),

The dimethyl sulfide alkaline solﬁtion was prepared by
syringing 55 pl dimethyl sulfide through septum to an ice-water-
cooled and oxygen saturated volumetric flask containing 500 ml
0.25 N sodium hydroxide solution. The same procedure was also
followed for preparation of the dimethyl disulfide alkaline
solution. The organic sulfide black liquor solution was prepared
by dissolving 80 ul of dimethyl sulfide and dimethyl disulfide
in 500 ml of cooled, oxygen saturated black liquor (2-1) contained

in a volumetric flask. The solutions thus prepared were thoroughly
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mixed by shaking and then fefrigerated at -SOC for three days.,

The initial pH values of the solutions were 13.12 and 13.14 for
the alkaline and black liquor, respectively. From these stock
solutions 10 ml portions were syringed through septum to ice-
water-cooled and oxygen flushed @ = 50 ml test tubes. The samples
were then irradiated to 0, 0.1, 0.3, 0.5, 0.7, 0.9, 1.5, 2.0, 2.5,
3.0, 3.5, 4.0, and 4.5 Mrad at ambient Gammacell temperature.
Residual sulfide concentrations after irradiation were determined

by the GLC method.

In order to isolate larger quantities of the products from
the gamma irradiated dimethyl sulfide alkaline solution, 5 ml
dimethyl suIfide dissolved in 50 ml 0.25 N sodium hydroxide
solution was stirred and irradiated for 5 Mrad in a 500 ml volume-
tric flask. Following irradiation the solution was placed in a
60°C water bath for 4 hours to distill off the residual dimethyl
sulfide. The solution was then thoroughly extracted with chloro=:
form. The organic layer was further washed with distilled watér
three times. On evaporation of the excess chloroform the residue
was dried in vacuum at room temperature, which provided a white
amorphous substance. The infrared spectrum of the substance was
obtained by dissolving the sample in small amounts of ether and
applying the paste to a potaésium bromide window. The infrared

spectrum was run on a Perkin Elmer Model 21 double beam spectro-



~104-

photometer. A sample spectrum from the product is shown in
Fig.3.19. No sulfate precipitation was observed by adding 3M

barium chloride to the acidified aqueous solution (pH 3).

A similar procedure was also followed for the radiolysis of
dimethyl disulfide in alkaline solution. However, the chloroform
extract could not be isolated; whereas precipitation of sulfate
has been observed on addition of barium chloride to the acidified,

irradiated solution.

Due to the fact that aqueous dimethyl sulfide and dimethyl
disulfide solutions are relatively inert to gamma radiation,
variables such as solution pH, dissolved lignin content, temper-
ature and oxygen pressure were studied. These are considered as
affecting the radiolysis degradation of dimethyl sulfide and

dimethyl disulfide according to the following processes.
3.8.1.3.1 Effect of pH

Due to difficulties found with black
liquor, pH was studied on buffered solutions of dimethyl sulfide
and dimethyl disulfide in model systems. Solutions with varying
pH were prepared by mixing desired proportions of 0.1 M hydro-

chloric acid (HCl), potassium dihydrogen phosphate (KHZPOQ) and

sodium hydroxide (NaOH) (94).

The dimethyl sulfide solution was prepared by dissolving about
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5 nul dimethyl sulfide in 50-60 ml oxygen saturated buffer
solutions. Similarly, dimethyl disulfide solution was prepared
by mixing about 8 ul dimethyl disulfide to 50-60 ml oxygen

saturated buffer solution.

From the above stock solutions 5 ml portions of ice-water-
cooled organic sulfide solutions were then syringed through
septum to 10 ml capacity ox&gen flushed test tubes. The samples
were irradiated to 3 Mrad at ambient Gammacell temperature. The
initial and final (after 3 Mrad irradiation). organic sulfide
concentrations were determined by GLC analysis following the usual
5 x 10 ml carbon tetrachloride extraction. No change was found

in the pH of the buffer solution after 3 Mrad gamma-radiation.
3.8.1.3.2 Effect of dissolved lignin

Concentration of dissolved thiolignin
could not be effectively controlled in black liquor without
dilution or condensation. Thus, by necessity, the effect of
dissolved thiolignin was best studied again on aqueous solutions

of dimethyl sulfide and dimethyl disulfide.

Five hundred ml aliquot samples of 165.0 x 10 5g/1 dimethyl
sulfide and 190.0 x 10 g/l dimethyl disulfide solutions were
prepared in 0.25 N soddum hydroxide. The sodium hydroxide

solutions were saturated with molecular oxygen at ice-water
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temperature. The solutions thus obtained were mixed thoroughly
and stored in a freezer (fSOC) for three days. To-5 ml portions
of these stock solutions various quantities of thiolignin
(Section 3.7.4) were added to provide a concentration range of
10-120 g/1 by weighing the appropriate amount of thiolignin into
10 ml test tubes. Then, 5 ml of ice-water-cooled organic sulfides,
containing the alkaline solution, was syringed through a septum to
the test tubes. The mixtune was shaken thoroughly until the
thiolignin was dissolved, and kept in the freezer (SOC) for two

days. The samples were then irradiated to 1.5 and 3.0 Mrad.

The residual dimethyl sulfide and dimethyl disulfide
concentrations were estimated by GILC following 5 x 10 ml carbon
tetrachloride extraction. The pH of the 3 Mrad irradiated

solutions was also measured.
3.8.1.3.5 High temperature and high pressure

A portion (30 ml) of cooled black
liquor (1-3, 2-1) samples was introduced into a pre-cooled and
oxygen flushed stainless steel pressure vessel (3.5 x 8.7 cm,
wall thickness, 0.7 cm) through a rubber septum which could be
inserted into the vessel outlet. This was designed for transfering

samples in/out of the vessel by a syringe.

The high pressure and temperatufe apparatus used in the
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present studies is shown in Fig.3.20. Gas connections were 316
stainless steel 1/8-in diameter tub%ng joined by Swedge-Lock
connectors. Temperature control was achieved by a calibrated
power regulator. Automatic temperature records were obtained
with the aid of thermocouples (iron-constantan) and strip-chart

recorder.

Irradiation of samples thus prepared was done in the Gammacell

6 rad/hr (March 26, 1968). A

at a nominal dose rate of 1.26 x 10
proper dose correction factor for the steel pressure vessel has

been applied as determined by Fricke dosimetry (Section 3.7.2).

Irradiation temperatures of black liquor samples were
controlled by a heating mantle and power regulator. The relation

between setting and temperature is shown in Fig,3.21.

Five hundred milliliters of the organosulfide enriched black
liquor (1-3) and carbonated black liquor (2-<1) samples contained .
in a septumed volumetric flask were thoroughly shaken and stored
in the freezer (5°C) for three days. From the stock solution, 30
ml of the cooled black liquor was syringed into an ice-water-cooled
and oxygen flushed steel pressure vessel and placed under 50 psi
oxygen pressure., The solution was stirred magnetically for a
period of 10 min. The closed vessel was then irradiated to a

total of 3 Mrad dose at heating mantle power regulator settings of
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20, 25, 30, 40 and 45 (50 to 120°C).

The effect of oxygen pressure (between 25 to 100 psi) on
the radiolytic degradation of dimethyl sulfide and dimethyl
disulfide in black liquor (2-1) and carbonated black liquor (2-1)

portions was also studied at ambient Gammacell temperature (BUOC).

The control samples were prepared by the same procedure

except without gamma irradiation.,

After irradiation, the vessel was removed from the Gammacell
chamber and cooled to -5°C overnight. The excess pressure was
then released while the sample was frozen within the container.
The sample was further stored in the vessel and allowed to thaw
in ice~water. The solutién was sampled with a 10 ml syringe for

further analyses by GLC.

3.8.2 Gamma radiolysis of sulfate and polysulfide black

liquors

Two 120 ml open glass beakers containing 80 ml
black liquor (3-1) were irradiated at ambient Gammacell tempera-
ture (34°C) to 0, 0.06, 0.12, 0.24, 0.37, 0.49, 0.61, 0.92, 1.22,
1.52, 1.83, 2.13 and 2.44 Mrad. The solution was periodically
sampled for analysis by potentiometric titration of monosulfide
and polysulfide. Four ml of the black liquor sample were periodically

withdrawn by a pipette for silver nitrate potentiometric titration.
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The consumption of 0.05 N silver nitrate at inflection "a"
and Yb" was taken to correspond to the monosulfide and poly-

sulfide species, respectively.

In another series of experiments, the effects of gamma
radiation on dimethyl sulfide, dimethyl disulfide and the
unidentified sulfur compound (X) in the various sulfate and
pOlYSQ1fide black liquors were studied. Ten ml of the ice-
water-cooled black liquor were syringed into oxygen flushed and
cooled (OOC) 50 ml test tubes which were equipped with rubber
septums. The samples were then irradiated in the Gammacell for
0, 1.0, 2.0, 3.0, 4.0 and 5.0 Mrad, - then chilled in ice water.
In the meantime - the control samples (0 Mrad) were conditioned
in a 34 + 0.5°C water bath. The organosulfides were determined by
5 x 5 ml carbon tetrachloride extraction followed by GLC analysis
(Fig 3.9). The quantity of the unidentified sulfur compound (X)

was estimated from dimethyl sulfide calibration curve (Fig 3.9).

3.8.3 Gamma radiolysis of carbonated sulfate and polysulfide

black liquors

The various sulfate and polysulfide black liquors
were carbonated by saturation with carbon dioxide. From these
stock solutions 10 ml samples were syringed into oxygen flushed

and ice-water-cooled 50 ml test tubes. Radiation doses of 0, 1.0,
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2.0, 3.0, 4,0 and 5.0 Mrad were used. Following irradiation,
the samples were immediately chilled in ice-water. Similarly,
the control samples (0 Mrad) were conditioned in a 34 + 0.5°C

water bath.

The sulfides were analysed by injecting 5 ml of the
appropriate sample into a 25 ml septumed volumetric flask con-
taining 20 ml carbon tetrachloride and appropriate quantity of
boric acid (1.0 g) acidifies the carbonated sample to pH 6.5.

The sulfides such as hydrogen sulfide, methyl mercaptan, dimethyl
sulfide, dimethyl disulfide and the unidentified sulfur compound
(X) were determined directly by GLC by comparing the detector
response plotted in the calibration curves (Fig,3.8). The
unidentified sulfur compound (X) was also estimated from the

calibration curve of dimethyl sulfide (Fig.3.8).

3.8.4 Effect of oxygen, air and nitrogen atmosphere on
gamma radiolysis of sulfides in the carbonated

black liquors

A 500 ml carbon-dioxide-acidified black 1liquor
(1-1) was prepared in a septum sealed volumetric flask. The
solution was further enriched with sulfides by bubbling hydrogen
sulfide, methyl mercaptan, and adding 1oo‘p1 dimethyl sulfide
and 150 pl dimethyl disulfide to the solution. The solution thus

obtained was shaken vigorously and stored in a freezer (5°C) for
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three days.

Ice-water~-cooled 50 ml test tubes were flushed with oxygen,
air or nitrogen,as required for various experiments, and sealed
with rubber septums. Ten ml of the acidified black liquor was
syringed to each test tube. The samples were then homogenized
and irradiated at Gammacell temperature to 0, 0.5, 1.0, 2.0 and
3.0 Mrad. The control samples (0 Mrad) were also prepared by the
same procedure and conditioned in a water bath held at 34 + 0.5°c.
- A:fter the treatment, control and gamma irradiated samples were
cooled in ice-water and stored in a -5°C freezer for four hours.
Five ml portions‘of the cooled solution were syringed to 50 ml
septumed volumetric flasks containing 45 ml carbon tetrachloride
and an appropriate amount of boric acid (1.0 g) to reduce the
solution pH from ?.5 to 6.5. The sulfides were then analyzed

quantitatively by GLC.

3.9 Regeneratioﬁ of Polysulfide from Sodium Sulfide and Green

Liquor

During the course of these investigations 4t was discovered
through chemical analysis fhat irradiated sodium sulfide solutions
contained substantial amounts of polysulfide. This indicated that
increased stability of aqueous sodium sulfide solutions is attained
not only through an oxidation of sulfide toward higher valence

states of sulfur (sou"), but also through formation of polysulfide;
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This phenomenon may provide a new opportunity for industrial

manufacture or regeneration of polysulfide.

Experiments were conducted in a 50 ml stainless steel vessel
(3.5 x 15 cm, wall thickness 6.7 cm). A proper dose correction
factor has been determined for the vessel by ferrous sulfate
dosimetry (Section 3.7.2). Forty ml of various concentrations of
aqueous sodium sulfide and a pulp mill green liquor (1-2) were
placed in the vessel and irradiated at Gammacell temperature up
to 70 Mrad. The irradiation apparatus was similar to that
depicted in Fig.3.20. An air pressure driven magnetic stirrer was
used for mixing of the sulfide solution and carbon dioxide or

hydrogen sulfide gas.

After irradiation, the excess gas pressure was relieved and
one gram of sodium hydroxide was added to stabilize the residual

.hydrogen sulfide.

The polysulfide excess sulfur was determined by ultraviolet
spectrophotometry as described in Section 3.4.4. The formation
of sulfate was measured as turbidity produced by treatment of the

solution with barium chloride (Section 3.4.5).
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4.0 RESULTS

4.1 Gas Liquid Chromatography (GLC) Calibration Curves for

Sulfides

The calibration curves for hydrogen sulfide, methyl mercaptan,
dimethyl sulfide and dimethyl disulfide, generally found in
acidified black liquor, are shown in Fig, 3.8, whereas the calibra-
tion ‘curves presented in Fig 3.9 were prepéred for dimethyl sulfide
and dimethyl disulfide as obtained by liquid/liquid extraction

with carbon tetrachloride from unacidified black liquor (2-1).
4.2 Black Liquor Characteristics

A limited number of sulfate black liquor characteristics,
such as pH, solids, density, lignin content and various sulfides

have been determined. The results are given in Table 4.1.
4.3 Irradiation of Aqueous Sulfide Model Compounds

The degradation of sulfides induced by gamma radiation, was
studied on sodium sulfide, methyl mercaptan, dimethyl sulfide
and dimethyl disulfide as model compounds. The effects of such
variables as solution pH, lignin concentration, temperature and

oXygen pressure were investigated.
4.3.1 Sodium sulfate

The gamma radiolysis of aqueous sulfide solutions
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of pH 12.46 and 8.38 were studied. Degradation of sodium sulfide
is exponential with dose. Changes in sodium sulfide concentration
and formation of polysulfide excess sulfur are shown in Table 4.2

and Fig. 4.1.

The yields of sulfide degradation (G(-Nazs)) and formation of
polysulfide excess sulfur (G(S)) are determined with the aid of
initial slopes of curves found in Fig. 4.1. The relationship
between sulfide solution pH and G(-Nazs) and G(S) are shown in

Table “’03.

The solution pH greatly affected the degradation yield of
sulfides and yield of polysulfide excess sulfur. The sodium
sulfide degradation yields (G(-Nazs)) increase from 5.0 to 7.5,
when solution pH is decreased from 12.46 to 8.38, Meanwhile, the
yields of polysulfide excess sulfur (G(S)) increased from 0.1 to 1.1

when the solution pH was decreased from 12.46 to 8.38 (Table 4.3).
4.3.2 Sodium methyl mercaptan

Gamma radiolysis of'methyl mercaptan in agueous
solutions of pH 13.54, 12.54 and 10.70 was studied. The mercaptan
degradation as induced by gamma radiation, the observed pH changes
and formation of dimethyl disulfide from mercaptan solution of pH
13.54 are shown in Table 4.4 and Fig. 4.2. The apparent methyl

mercaptan degradation yields (G(-CHBSNa)) were calculated from the
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initial slopes of curves in Fig. 4.2 and are given in Table 4.3.

The exponential plot of mercaptan degradation rate (slope)
obviously increases as the initial solution pH is decreased from
13.54 to 12.54 and 10.70 (Fig, %4.2). Similarly, values of mercaptan
degradation yields are greatly affected by solution pH; G(-CHjSNa))
of 2,5, 11.3 and 15.4 correspond to solution pH 13.54, 12.54 and

10.70 (Table 4.3).

Two products, dimethyl disulfide (Fig.4.2) and sulfate, were
discovered in irradiated aqueous methyl mercaptan solutions. The

actual quantity of sulfate was not determined.
4.3.3 Dimethyl sulfide and dimethyl disulfide

The results of gamma radiolysis of dimethyl sulfide
and dimethyl disulfide in a selected black liquor (2-1, pH 13.1%4)
and alkaline solution (pH 13.12), are presented in Fig.4.3.
Numerical values and respective pH changes are shown in Tables 4.5
and 4.6. The apparent degradation yields of dimethyl sulfide
(G(-CHjSCH5)) and dimethyl disulfide (G(-CHBSSCHB)), calculated
from the initial slopes of curves found in Fig. 4.3, are tabulafed

in Table 4.7.

The results indicate that radiolytic degradation of dimethyl
sulfide and dimethyl disulfide in black liquor as well as in

alkaline solution is exponential with dose. Degradation yields
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were significantly higher in aqueous alkaline solution than in
black liquor. As shown in Table 4.7, the corresponding degrada-
tion yields of dimethyl: sulfide and dimethyl disulfide were 0.73,
0.89 for aqueous alkaline solution, and only 0.50, 0.43 for black
liquor, i.e., a definite protective effect in black liquor is

observed.

The experiment also indicates that up to 4.5 Mrad dose the
pH of black liquor is only slightly affected by the gamma radiation

treatment (Table 4.6).

Sulfate has been found to be a product of gamma radiolysis
of dimethyl disulfide agqueous solution but the concentration is
too low to be determined quantitatively by the usual wet chemistry
({barium salt gravimetric) method. On the other hand, sulfate could
not be detected in irradiated dimethyl sulfide solutions, however,
an unidentified amorphous carbonyl group containing substance was

detected and analysed by infrared spectrum reproduced in Fig,3.19.

The effect of solution pH, lignin concentration, temperature
and oxygen pressure on the degradation yields of dimethyl sulfide
and dimethyl disulfide were studied in some detail as indicated in

the following series.
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4.3.3.1 Effect of solution pH

The relation of solution pH versus percentage
decomposition of sulfides, degradation yields (G), and degradation
yield to initial concentration (mole) ratio (G/Co) are shown in

Table 4.8 as well as Figs. 4.4 and 4.5.

The results show a high correlation of solution pH on
degradation of dimethyl sulfide and dimethyl disulfide as induced
.by gamma radiation. The per cent degraded dimethyl sulfide (91.2
to 44.0%) decreased linearly as solution pH was increased from aéid
(pH 0.5) to strong base (pH 13.5). Similarly, the degradation
percentage of dimethyl disulfide (82.3 to 65.0%) decreased almost
linearly as solution pH was increased from pH 1.5 to 10.1, then
it slightly increased from 70.3 to 73.8% as the pH was further

increased from pH 11.5 to 13.0.

The degradation yield of dimethyl sulfide (G(-CHSSCHB))
decreased linearly from 0.43 to 0.17 as the solution pH was
increased from strong acid (pH 0.5) to strong base (pH 13.5).
While the degradation yields of dimethyl disulfide (G(-CH3SSCH3))
increased slightly from 0.47 to 0.50 when solution pH was
increased from 1.5 to 5.5, the yield decreased from 0.48 to 0.36
when the solution pH was increased from 5.5 to 10.1. Again, the

yield increased slightly from 0.36 to 0.39 as solution pH was

increased from 10.1 to 13.5.
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Since initial concentrations of dimethyl sulfide and/or
dimethyl disulfide were varied in the samples having various
solution pH(Table 4.8), it would be more logical to compare the
respective degradation rates by yields to initial sulfide
concentrations (G/Co). As shown in Fig, 4.5, dimethyl sulfide
G/Co also decreases linearly as the solution pH is changed from
strong acid to strong base, whereas G/Co of dimethyl disulfide
is decreased almost linearly from strong acid to pH 10.1 and

G/Co then slightly increases from pH 10.1 to 13.5.
4.3.3.2 Effect of lignin concentration

The relationship of lignin concentration to
percentage decomposition, and degradation yields (G) of dimethyl
sulfide and dimethyl disulfide following irradiation between 1.5 /
to 3.0 Mrad are shown in Table 4.9 and Fig, 4.6. The results reveal
that the presence of lignin (thiolignin) affects the radiation
degradation of the organosulfides in diverse ways. The lignin
in solution may gradually inhibit radiation degradation of the
organosulfides as lignin concentration increases progressively up
to about 50 g/l. On further increase of the lignin concentration
from 50 to 120 g/1, the percentage of sulfide decomposition
increases slightly for both 1.5 and 3.0 Mrad dose. Similarly,

the average degradation yield (G) of dimethyl sulfide and dimethyl

disulfide decreased obviously from 0.53 to 0.34, as lignin



-119~

concentration was gradually increased from 0 to 50 g/l, there-
after on further increase of lignin concentration (50 to 120 g/l)

the degradation yield increases only slightly.
b.3.3.3 Effect of temperature

Black liquor (1-3) and carbonated black
liquor (2-1) enriched with dimethyl sulfide and dimethyl disulfide
were irradiated for 3 Mrad under 50 psi initial oxXxygen pressure

between 60 to 115°C.

The effect of solution temperature on decomposition rate of
dimethyl sulfide and dimethyl disulfide, degradatiom yields (G),
and relation of sulfide degradation, the Change of black liquor
pH of gamma irradiated and control (without irradiation) samples

was compared in Tables 4.10 and 4.11 as well as Figse. 4.7 and 4.8,

The results indicate a significant effect of temperature on
degradation rate of organosulfides, in both irradiated and control
black liquors, as yell as carbonated black liquor samples. However,
the temperature did not confound the effect of radiation as the
rate of organosulfide degradation of the irradiated liquors was

considerably faster than that observed on the control samples.

The percentage of dimethyl sulfide and dimethyl disulfide

decomposition in black liquor (1-3) under 50 psi initial oxygen
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pressure, following administration of 3 Mrad (305 min) radiation
dose, shows that increasing thg temperature from 60 to 115°C
significantly increased the decomposition rate of dimethyl sulfide
from 52.88 to 77.45% for the gamma radiation treatment and by the
same relative amount of 34.79 to 56.25% for the control samples.
Concurrently, dimethyl disulfide decomposition increased from
71.98 to 100% for the irradiated samples and only from 56.79 to
83.27% for the control samples. Similarly, dimethyl sulfide
degradation yield (G(—CHjsCHB)) increases linearly from 0.44 to
0.64 as the temperature was increased from 60 to 115°C. The
dimethyl disulfide degradation yield (G(-CHBSSCHB)) also increased
linearly from 0.34 to 0.46 with increase in temperature from 60

to 83°C (Table 4.10).

Dimethyl sulfide and dimethyl disulfide in carbonated black
ligquor under 50 psi initial oxygen pressure, irradiated with a
3 Mrad (297 min) dose, also shows that an increase of temperature
from 77 to 115°C greatly increases dimethyl sulfide decomposition
percentage from 59.24 to 87.68% for the gamma radiation treatment
and only 33.86 to 59.22% for controi samples. With the same
temperature changes, dimethyl disulfide decomposition percentage
increased from 53.82 to 97.79% for the irradiated samples and
only 36.17 to 78.86% for control samples. Similarly, the dimethyl

sulfide degradation yield (G(-CH3SCH3)) increases linearly from
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0.17 to 0.25 and dimethyl disulfide degradation yield (G(—CHSSSCHB))
increases from 0.18 to 0.34, when the maximum temperature was

increased from 77 to 115°C (Table 4.11).

Black liquor (3-1) pH is considerably decreased by irradiation
at elevated temperature. On the irradiated samples (3 Mrad) pH
decreased from 12.51 to only 11.42, when the maximum temperature
was increased from 60 to 115°C and samples were kept under 50 psi
initial oxygen pressure (Table 4.10). This indicates that gamma
irradiation significantly lowers the black liquor: pH when it is
irradiated at higher temperature. O0On the other hand, the carbon-
ated black liquor pH was little affected by gamma irradiation

under the temperature range (Table 4.11).
L.3.3.4 Effect of oxygen pressure

Dimethyl sulfide and dimethyl disulfide in
black liquor (2-1) and carbonated black liquor (2-1) were
irradiated for 3 Mrad at Gammacell temperature (BHOC) under
various oxygen pressures (25-100 psi). The effect of oxygen
pressure on decomposition percentage of dimethyl sulfide and
dimethyl disulfide, degradation yields (G), and comparisons of
sulfide degradation between irradiated and control samples, are
tabulated in Tables 4.12 and 3.13 and presented graphically in

Figsl4.9 and 4.10.

The results reveal that degradation of organosulfides in both
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black liquor and carbonated black liquor increases obviously as
oxygen pressure is increased. 1In contrast, the degradation of
organosulfides, as induced by gamma radiation, is usually

considerably higher than that obtained with comparable control

samples.

Decomposition percentage of dimethyl sulfide in black
liquor (2-1), at ambient Gammacell temperature following 3 Mrad
(297 min) dose, shows that variation of oxygen pressure from 25
to 100 psi increased the degradation linearly .from 66.16 to 87.67%
for gamma irradiated samples, and only from 29.33 to 57.41% for
the comparable control black liguor. The rate of dimethyl disulfide
decomposition increased from 46.72 to 77.87% for irradiated black
liquor samples and only from 30.22 to 42,08% for the comparable
control samples when the oxygen pressure was increased from 25 to
100 psi. Similarly, the apparent degradation yield (G(-CHBSCHB))
of dimethyl sulfide nearly doubled (0.16 to 0.31) and the apparent
degradation yield of dimethyl disulfide also increased froﬁ 0.08
to 0.14, when the oxygen pressure was increased from 25 to 100 psi

(Table 4.12).

The decomposition percentage of dimethyl sulfide and dimethyl
disulfide in irradiated carbonated black liquor (2-1) was also
investigated under 25 to 100 psi oxygen pressure. For irradiated

dimethyl sulfide samples the decomposition percentage increased
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from 66.16 to 87.67% and only 29.33 to 57.41% for the comparable
control samples. The decomposition percentage of dimethyl
disulfide increased from 46.72 to 77.87% and 30.22 to 57.03% for
gamma irradiated and comparable control samples, respectively,
when the oxygen pressure was increased from 25 to 100 psi.
Similarly, the calculated degradation yield of dimethyl sulfide
(G(-CHéSCHj)) increased from 0.21 to 0.28 and 0.16 to 0.26 for
dimethyl disulfide as the oxygen pressure was increased from 25
to 100 psi. These yields are definitely modest considering the

substantially excess quantity of available oxygen.

4.4 Gamma Radiolysis of Sulfate and Polysulfide Black Liquor

(pH 12.85-13.40)

Black liquor (3-1) was irradiated at Gammacell ambient
temperature. Four ml samples were periodically withdrawn and
analysed for monosulfide (S ) and polysulfide (SnS") by silver
nitrate potentiometric titration. The consumption of 0.05N
silver nitrate for monosulfide (~430 mv) decreased to almost zero
and polysulfide (-250 mv) gradually increased to attain maximum
when the black liquor was irradiated to about 1 Mrad. Further
irradiation is expected to induce polysulfide degradation (Table

4.14 and Fig 4.11) due to possible competing reactions in the

mixture.

The pH of the black liquor was found to be little affected by
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gamma radiation up to 2.44 Mrad (Table 4.14).

Gamma radiation induced degradation of dimethyl sulfide,
dimethyl disulfide and the unidentified sulfur compound (X) in
various black liquors is shown in Tables 4.15, 4.16 and 4.17 as
well as in Figs. 4.12, 4.13 and 4.14, respectively. The degradation
of dimethyl sulfide (Fig. 4.12) and dimethyl disulfide (Fig, 4.13)

are also exponential with dose.

Apparent degradation yields of dimethyl sulfide (G(-CHBSCHB))
and dimethyl disulfide (G(-CHBSSCHB))Hof the various black liquors
were calculated from the initial slopes of respective sulfide
degradation curves as shown in Figs. 4.12 and 4.13. The results
are also shown in Table 4.18. Due to the low concentration of
dimethyl sulfide and dimethyl disulfide in process  black liquors
(Table 4.1), the sulfide degradation yields are considered to Be
greatly affected by their initial concentration. The plotting of
dimethyl sulfide and dimethyl disulfide degradation yield (Tables
4.5, 4.6 and 4.18) vs.  initial organosulfide( concentrations
(Tables 4.1, 4.5 and 4.6) are shown graphically in Figse 4.15 and

4.16 for dimethyl sulfide and dimethyl disulfide, respectively.

The results show that the degradation of dimethyl sulfide and
dimethyl disulfide in black liquors was exponential with dose
(Figs. 4.12 and 4.13). The gamma radiation degradation yields of

dimethyl sulfide (G(-CHBSCHj)) and dimethyl disulfide (G(—CHBSSCHB))
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in black liquor are very low and range from 0.001 to 0.003

for dimethyl sulfide and 0.002 to 0,085 for dimethyl disulfide
(Table 4.18). As shown in Figs. 4.15 and 4.16, the apparent
degradation yields correlate strongly with the initial concentration
of organosulfides. Dimethyl sulfide degradation yields increased
considerably from 0.002 to 0.56 when its initial concentration

in black liquor (2-1) was increased from 0.56 x 10-3 to 171.8 x
10-3g/1 (Fig, 4.15)., Similarly, dimethyl disulfide degradation

yield (0.045 to 0.885) in black liquor (2-1) greatly increased

as the concentration was boosted from 17.08 x 10"3 to 207.5 x

10'3g/1 (Fig. 4.15).

4.5 Gamma Radiolysis of Carbonate Sulfate and Polysulfide Black

Liquors (pH 8.20-915)

The extent of radiolytic degradation of hydrogen sulfide,
methyl mercaptan, dimethyl sulfide, dimethyl disulfide and of the
unidentified sulfur compound (X) is shown in Tables 4.19, 4.20,
b.21, 4.22 and 4.23 as well as in Figs. 4.17, 4.18, 4.19, 4.20 and
4.21. The exponential degradation patterns of hydrogen sulfide,
methyl mercaptan, dimethyl sulfide and dimethyl disulfide were

further plotted in Figs. 4.17, 4.18, 4,19 and 4.20, respectively.

Apparent degradation yields given in Figs. 4.17, 4.18, 4.19

and 4.20 of hydrogen sulfide (G(-HZS), methyl mercaptan (G(—CHBSH)),

dimethyl fid - ' “"and j i -
m vyl sulfide (G( CHBSCHB)) and dimethyl disulfide (G( CHBSSCHB))
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in various carbonated black liquors, were calculated from the
initial slopes of the respective sulfide degradation curves. The

degradation yields of the sulfides are further shown in Table b,24,

Tﬁq results indicate that the degradation of hydrogen sulfide,
methyl mercaptan, dimethyl sulfide and dimethyl disulfide in the
carbonated black liquors was exponential with dose (Figs. k.17,

L"ols, Ll'.l9 and U.ZO).

The initial concentration of sulfides in the carbonated black
liquor varied according to different sources. The sulfide
degradation yields (Table 4.24) were also plotted against the
initial concentration of sulfides in the respective liquors from
Tables 4.19, 4.20, 4.21 and 4.22. The correlations of sulfide
degradation yields and their initial concentration are shown in
Figs. 4.22, 4.23, 4.24 and 4.25 for hydrogen sulfide, methyl mercap-

tan, dimethyl sulfide and dimethyl disulfide, respectively.

The sulfide degradation yield varies with sulfide species
and highly correlates with its initial concentration existing in
the carbonated black liquor. Hydrogen sulfide degradation yields
(G(-Hés)), as shown in Fig, 4.22, increased linearly from 0.015(1~-2)

to 3.427(4-1L) when the initial concentrations were increased from

-3 -3
0.89 x 10 to 265 x 10 “g/1. Methyl mercaptan degradation yields

(G(-CHBSH)) increased similarly from 0.006(4-2v) to 0.230(1-3) when
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3 to

the initial concentration was increased from 0.48 x 10"
28.70 x 10'3g/1(Fig.u.23). The dimethyl sulfide degradation

yield <G(-CHBSCH3)) showed a linear relationship with increasing
yield from 0.003(1-4) to 0.020(1~-2) when the initial concentration
was increased from 0.60 x 10~3 to 5.22 x 10 g/l (Fig 4.26).
Similarly, dimethyl disulfide degradation yield(Gk-CHBSSCHB))
increased linearly from 0.004(1-2) to 0.035(2-1) as its initial
concentration was increased from 1.03 x 1072 to 9.11 x 10™3 g/1

(Figo Llr.25).

L.,6 Effect of Nitrogen, Air and Oxygen Atmospheres on Gamma

Radiolysis of Sulfides in Carbonated Black Liquer (pH 7.50)

The carbonated black liquor (1-1) enriched with hydrogen
sulfideymethyl mercaptan, dimethyl sulfide and dimethyl disulfide
was irradiated in nitrogen, air or oxygen atmosphere. The comp-.
arative effects of nitrogen, air and oxygen atmospheres on gamma
radiation degradation of the sulfides are shown in Table 4.25 as
well as Figs. 4.26, 4.27 and 4.28. The exponential degradation
patterns of hydrogen sulfide, dimethyl sulfide énd methyl mercaptan

are also plotted in Figs. 4.26, 4.27 and 4.28, respectively.

3

-in nitrogen, air and oxygen were calculated from the initial slope

The apparent degradation yields of HZS’ CH SCH.3 and CHBSH

of respective sulfide degradation curves as found in Figs. 4.26,

b,27 and 4.28. The compérison of nitrogen, air and oxygen on
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degradation yield of hydrogen sulfide, methyl mercaptan and
dimethyl sulfide is shown in Table 4,26, In this case, dimethyl
disulfide is either degraded by gamma radiation or generated by
radiolysis of methyl mercaptan. The degradation of methyl
mercaptan and dimethyl sulfide in nitrogen, air and oxygen is

graphically presented in Fig, 4.28.

There are indications that the degradation of hydrogen sulfide,
dimethyl sulfide and methyl mercaptan is also exponential with
dose in nitrogen, air and oxygen atmospheres. As shown in Table
h.26, the sulfide degradation yields in nitrogen, air and oxygen
atmospheres are correspondingly 8.5, 9.7 and 16.7 for hydrogen
sulfide, 10.2, 18,5 and 28.0 for methyl mercaptan, and 0.19, 0.43
and 0.74 for dimethyl sulfide. The degradation of dimethyl di-
éulfide as shown in Fig, 4.28 is greatly affected by the presence of
nitrogen, air and oxygen in carbonated black liquor; air and

oxygen have the greatest effect on the degradation rate of dimethyl

disulfide.

In the presence of oxygen in carbonated black liquor, the
high degradation yields of hydrogen sulfide (16.7) and methyl
mercaptan (28.0) indicate that the degradation reactions of the

sulfides, induced by gamma radiation, created chain reactions.
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4.7 Regeneration of Polysulfide by Gamma Radiolysis of Sodium

Sulfide Solution

A preliminary test shows that only insignificant amounts of
polysulfide are formed by direct radiolysis of sodium sulfide
solutions and green liquor (at pH above 12). However, if the
solutions are acidified by carbon dioxide or hydrogen sulfide, the

polysulfide yield greatly increases,

The formation of polysulfide excess sulfur and sulfate by
gamma radiolysis of sodium sulfide solutions and green liquor (1-2)
ﬁnder 120 psi carbon dioxide or 270 psi hydrogen sulfide pressure
is shown in Table 4.27. The apparent yields of polysulfide excess
sulfur (G(S)) ranged from 1.47 to 2.96 for carbonated sodium
sulfide solution; and 3.06 to 4.92 for hydrogen sulfide acidified
aqueous sodijum sulfide solutions and green liquor. The apparent
yields of sulfate (G(Hésou)) are relatively modest, from 0.16 to
0.40 for the carbonated sulfide solutions and only 0.03 to 0.08
for the hydrogen sulfide acidified sulfide solution. This shows
that the yield of polysulfide excess sulfur is much higher than

the yield of sulfate formation.
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5.0 DISCUSSION
5.1 Analysis of Total Sulfides in Sulfate Pulping Liquors

The mechanisms of formation and available analytical
techniques of malodorous sulfides have been described at length
by Sarkanen et al. (169), Douglass and Price (55), and McKean
et al. (128). The main steps in these reactions leading to the

various sulfides can be summarized as shown in Fig. 5.1.

In this work, an unidentifi;d sﬁlfur compound (X) present in
substantial quantities in both natural black liquor and acidified
black liquor was shown by carbon tetrachloride liquid/liquid
extraction and GLC analysis. The presence of this unknown (X)
has not been reported in the literature. It is believed that it
is not an artifact of storage and analysis. This statement is
based on the observation that if fresh.black liquor was stripped
with nitrogen gas, - GLC analysis of the collected gas also
showed the presence of the unknown (X) in the gas phase. The few
tests indicated that the unknown compound (X) contains no ionizable
hydrogen. 1Its retention time in GLC is very close to that of
dimethyl sulfide (Fig.3.12), thus it should be a volatile organic
sulfur compound with a boiling point slightly higher thaﬁ that of
dimethyl sulfide. Exact identification of the unknown (X) was not

accomplished,
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Organic polysulfides in black liquor may be largely formed by
reaction of the mercaptide ion with elemental sulfur. A possible
s'cheme may be proposed as (102):

CHBS" + S ——>CHBSS-......................./5-1/
This reaction is also indicated by experiments in which methyl
mercaptan was added to black liquor and white liquor at room
temperature. Analysis followed by silver.nitrate potentiometric
titration in which the inflection point "b" in the titration

curves was resolved to be due to the presence of organic poly-

sulfide (Fig.3+2).

Another, possibly new reaction was also observed by stirring
dimethyl disulfide in 1 N NaOH solution at room temperature,
whereby alkaline hydrolysis of the sulfide leads to the disulfidé

ion:

CHBSSCHB + 0H —> CHBSS_ + CH, OH cosecsos/5=2]
This reaction has been demonstrated by potenfiometric titration
(Fig. 3.6) and was discussed at length in Section 3.3. However,
in alkaline hydrolysis of dimethyl disulfide, the formation of
methyl mercaptan can not be observed from Fig.3.6. This seems to
be in agreement with findings of Mufray and Rayner (141) in that
dimethyl disulfide is not hydrolyzed to mercaptan by treatment with

0.1 N NaOH at room temperature, but that mercaptide is formed

(o]
only at 100 C under nitrogen.



-132-

Considerable difficulties were met during these investigations
with respect to selection of suitable techniques which would
provide means of assessment of total sulfides and adequate sen-
sitivity needed for the description of intricate valence changes
in sulfide energetics taking place in irradiated black liquors.

To this end no single technique was available in the literature

which could account for all the sulfides in black liquor.

For the purpose of this study, analysis of sulfides in
unacidified black liquor was followed by silver nitrate potentio-
metric titration for hydrogen sulfide (inflection point "a") and
organic polysulfide and inorganic polysulfide (inflection point

"b") as discussed in Section 3.3.

A technique of corrected interpretation of the potentiometric
titration curve was developed quite independently from other

researchers whose findings appeared just recentiy in the literature

(142, 151).

The results herein indicate that during the potentiometric
titration of six sulfate and two polysulfide black liquors (Fig.
3.1) obviously two inflection points (4 and'®) appear as sulfide
end points. According to the older convention, inflection point
"b" is taken as end point for sulfide and no existence of mercaptan

was assumed. The difference of readings between points "a" and "b"
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can be up to 112% but is, on the average, between 10 to 20%

(Téble 3.2). The validity of these observations was checked with
aqueous alkaline model solutions (Section 3.3.1.4). The results
clearly indicate that both the model solutions and white.liquor
give similar titration curves as black liquor. It is also
indicated that the inflection point "b".is caused by the presence
of the mercaptide ion in that one mole of found mercaptan is
precipitated by an equal quantity of silver nitrate, as shown by

the calculations in Eq. /3.14/.

Although discrepancy oriéinating from using inflection "b"
for calculating the sulfide content in aqueous solutions was
reported by Felicetta et al. (67),reéentlykpublished figures by
Murray et al. (142) and Papp (151) support the above observations.
Data obtained on model solutions and tabuléted in Table 3.4 now
clearly indicate the correctness of this procedure. It should be
pointed out that most of the mercaptide ion in black liquor is
converted to organopolysulfide (CHjSS_) by reaction with elemental
sulfur as shown in Eq. /3.12/. The addition of elemental sulfur
to sodium sulfide solution formed polysulfide which also developed
an inflection point "b"™ by silver nitrate potentiometric titration
as discussed in Section 3.3.1.1.3.2. This further supports the
observation that the inflection point "b" in the black liquor
titration curve is due to the presence of organic and inorganic

polysulfides in the solution rather than to the mono-sulfide ion.
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For the unionizable organosulfides such as dimethyl sulfide,
dimethyl disulfide and the unidentified sulfur compound (X), the
technique of carbon tetrachloride 1iquid/1iquid extraction and
GLC were adapted. Further, it was found that methyl mercaptan
could also be determined by low temperature acidification of black
liquor, with excess of boric acid suspended in carbon tetrachloride
solution and followed by GLC analysigSection 3.3.2). 1In carbonated
black liquor samples the total sulfides (HZS’ CH3SH, CHBSCH,
CHBSSCHBand X) were directly determined by the low temperature
boric acid acidification and quantitative 1iquid/1iquid extraction

of the sulfides with carbon tetrachloride followed by GLC

analysis (Section 3.6).

Liquid/1iquid extraction with carbon tetrachloride of
dimethyl sulfide, and dimethyl disulfide from unacidified black
liquor, has been found to have quite acceptable efficiency and
recovery rates (80-90%) depending on the type of organosulfide
involved (Séction 3.3¢2.1.3.1)s On carbonafed black liquor, the
extraction efficiency was further improved up to 3-7% by boric

acid treatment (Table 3.11).

The concentration of methyl mercaptan in unacidified black
liquor (Table 4.1), as well as that of hydrogen sulfide and methyl
mercaptan in carbonated black liquor (Tables 4.19 and 4.20), were

found to be too low to respond to silver nitrate potentioﬁetric
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titration (Section 3.3.1). However; the carbon tetrachloride
liquid/iiquid extraction procedure was found convenient and accur-
ate enough for interpretation of the sulfide energetics even at

these low concentrations,

Although the efficiency of hydrogen sulfide and methyl
mercaptan carbon tetrachloride liquid/1liquid extfaction was not
determined due to technique diffiiculties, the method is considered
to be reasonably quantitative when the high respectiﬁe solubility. -
of hydrogen sulfide and methyl mefdaptan in carbon tetrachloride
solution are considered. As discussed previously (Section 3.6), the
solubility of hydrogen sulfide is 41.9 g/l in carbon tetrachloride
and only 3.8 g/l in water at 20°C and 1 atmosphere; whereas the
solubility of methyl mercaptan in carbon tetrachloride is very high
(no data available), and it is only slightly:-soluble in water (12).
Thereby, most of the sulfides should be easily transferred into

the carbon tetrachloride phase on liquid/liquid extraction.

It was felt that methods suggested earlier for liber-
ation (62, 146), stripping (55, 160, 185) and extraction (12, 125)
were either too technical or largely inadequate for the purposes
of this investigation. Although the method finally adopted could
never duplicate the efficiencies (98%) of the Andersson and Berg-
strdm (12) technique, it was far superior to the method suggested

by Douglass and Price (55) and McKean et al. (127) in both
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efficiency and reproducibility. The great sensitivity'of
the flame photometric detector (FPD) operated in conjunction with
the MT-150 gas chromatograph contributed greatly to the success of

this analytical techniques.

5.2 Gamma Radiolysis of Sulfides in Aqueous Solution and Sulfate

Black Liguor

In order to study the degradation of sulfides in black
liquor, sulfide model compounds such as sodium sulfide (Nazs),
sodium methyl mercaptan (CHBSNa),‘dimethyl sulfide (CHjSCHB) and
dimethyl disulfide (CHBSSCHB) were irradiated in aqueous solution

and black liquor at various pertinent experimental conditions.

Black liquors usually contain a high concentration of inorganic
sulfide, organic components and minor amounts of organic sulfides
(Table 4.1). The organic components are complicated in black
liquor; they consist of various forms of carbohydrates (cellulose
and hemicellulose residues), lignin, extractives and their
derivatives. The radicals formed through gamma radiolysis of water,
and the organic components of .. black liquor,may be particularly

reactive toward the sulfide linkage.
5.2.1 Hydrogen Sulfide

Only a few investigations on sodium sulfide

radiolytic degradation yields in aqueous solution have been
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reported'in the past, In this study, the apparent degradation
yield of sulfide (G(fNazs)) in aqueous solution is pH dependent.
Values of G(aNaZS) are found to range between 5.0 and 7.5 for
sulfide solutions at pH 12.46 and 8.38, respectively (Table 4.3).
Further investigations of apbarent degradation yields df hydrogen
sulfide (G(-HZS)) in carbonated black liquors (Fig.4.24) show that
the degradation yields (0.015 to 3.427) correlate significantly
with initial hydrogen sulfide concentrations (0.89 x 10"3 to
265.20 x lo-jg/l). The comparison of hydrogen sulfide degradation
yield of a carbonated black liquor (1-1) in presence of nitrogen,
air and oxygen are correspondiﬁg 8.5, 9.7 and 16.7 (Table 4.26).
The degradation of sulfide in aqueous solution and carbonate

black liquor is exponential with dose (Figs., 4.1, 4.17 and 4.26).

The formation of polysulfide and sulfate by gamma radiolysis
of sodium sulfide aqueous solution was found to prevail in this
study (Table 4.2 and 4.27). This is in agreement with earlier
reports by Loiseleur (117) who reported in 1942 that elemental
sulfur was formed by X-ray radiolysis of hydrogen sulfide in
aqueous solution. Further, Markakis and Tappel (122) reported
that in gamma radiolysis .of 6x10"3 M hydrogen sulfide aqueous
solution with a dose of 107 rady 60% of the sulfur was recovered

as elemental sulfur and 5% as sulfate.

Only limited information is available on the yield of
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polysulfide from gamma radiolysis of aqueous sulfide solution.
Herein it was found that the yield of polysulfide excess sulfur
(G(S)) was pH dependent (Table 4.4). The polysulfide excess
sulfur generated from aqueous sodium sulfide solution acidified
with CQ%(lZO psi) and HZS(270;psi), was determined as a function
of irradiation dosage, initial sulfide concentration and pre-
irradiation acidification treatment (Table 27). " The response

to the dose effect was found to increase linearly at constant
initial sulfide concentration when aqueous sulfide solutions were

acidified by CO, or H,S (Table 4.27).

The hydrogen sulfide gas acidified sulfide solutions gave
considerably higher yields of excess sulfur (G(S) = 3.06 to 4.92)
than those expected in carbon dioxide acidified 1iduors (G(s) =
1.47 to 2.96). This may be due to increase of sulfide concentra-

tion by Hzg gas treatment.

Other experiments (Table 4.27) show the effect of gamma
radiolytic generation of polysulfide from sulfate green liquor
(35 g/1 Nazs) acidified by hydrogen sulfide gas. The yield of
polysulfide excess sulfur attained at 30.0 and 60.0 Mrad was 3.8 and

6.6 g/1(G(S) = 3.81, 3.3&)_respective1y.

While the optimum conditions for generation of sulfide to

polysulfide by gamma radiation has not been obtained in this
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study, the results indicate that conditions may be optimized to
obtain maximum excess sulfur and minimum sulfate yvields. Such
limitations are prerequisite to maximum generation of polysulfide
by gamma radiolysis from sulfide solution and sulfate green

liquoro

The mechanism of formation of elemental sulfur and  polysulfide
by gamma radiolysis of sulfide aqueous solution may be proposed
from the schemes of sulfide reaction with H» and HO- radicals as

formed by the radiolysis of water.,

HO- + HZS—)HS' + HZO co'ooooocooooooconoooo/S“B/
H* + st_éHS' + H2 ..-...........-......./5-1&/

2HS —> HZS L S .........o...ocoo000000/5-5/

R Sy

2 S
HSs —> H’,ZS2

Karmann et al.(103), studying pulse radiolysis of . hydrogen
sulfide in aqueous solution, found that He,; HO:.and e;q reaction

with HZS is very fast.

109 M-lsec -1 ..ooo.ooooovooooo00000/5-7/

10

K(BH- + HéS)

M-lsec_looooooooc0000000/5-8/

103 X 1010 M-lsec-laoooooooooo.o000/5-9/

k (HO« -+ HZS) 1.1 x 10

k(e. + H.S
< ( 2)

aq
The reaction of € with HéS is shown as:
aq
eaq"' st—9 SH + Hooooooooo.oo00000000000000/5-10/
"—>S- + Hoooooooooooooooooooootooao/S‘ll/

2

The rate constant of k(HO-:+ HZS) is independent of pH within
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the pH range of 2 to 6. 1In alkaline solution H,S is dissociated
to HS  which is able to react with HO- to form the intermediate
(SHOH) .

HO+ + SH —> (SHOH);.......;........;.........../5—12/

k(H0« + SH ) = 5.4 x 107 M lsec ™ uveeiannnnonss/5-13/
Only S~ can be formed by gamma radiolysis of alkaline sulfide
solution.

(HSOH)™  + SH-——e-HZO + Hsé'.............../5.14/

Hs;'———> s+ SH eoesosssnsssoee/5-15/

Therefore, there is no overall change in radiolysis schemes of
sulfide in alkaline solution. This affords an explanation for

the low yield of excess sulfur from gamma radiolysis of high pH

sulfide solutions.

In this study, the apparent yields of sulfate (G(stou)) from
gamma radiolysis of carbon dioxide acidified sodium sulfide
solution range between 0.16 and 0.40; and even lower suifate
yields were obtained between 0.03 to 0,08 in hydrogen sulfide gas
(270 psi) acidified aqueous sulfide solution (Table 4.27). This
relatively higher yield of sulfate in carbon dioxide acidified
sulfide solution as compared to that of hydrogen sulfide gas
acidified sulfide solution is rather difficult to explain.
However, if is worthy of note that the sulfate yield by gamma

radiation is controllable to a minimum by hydrogen sulfide gas
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acidification of sulfide solutions.

The yields of sulfate in this investigation were substantially
lower than that reported by Nanobashvili and Gvilava (145). They
showed that gamma radielysis of 0,005 -~ 0.5 M sodium sulfide
solution gave sulfate yields (G(stou)) up to 60. They also
proposed that the chain reaction of sulfide oxidation to sulfate
may be fundamentally maintained by the HOé radical tﬁrough

radiolysis of water (145).
5.2,2 Methyl mercaptan

Gamma radiolysis of methyl mercaptan in aqueous
solution is scarcely reported; but ionizing radiation (X~ and
gamma rays) of cysteine aqueous solutions has been considerably
investigated due to interests in radiostability of biological

systems(9, 186).

The results of gamma radiolysis of methyl mercaptan in
aqueous alkaline solhhions (Table 4.4 and Fig, 4.2) show that the
degradation of mercaptan is pH dependent. The mercaptan degrada-
tion yields (G(-CHBSNa)) in the presence of air are 2.5, 11.3 and
15.4 for pH 13.54, 12.54 and 10.70, respectively. The products of
radiolytic transformation were found to be dimethyl disulfide and

sulfate, quther, investigations on the degradation yield of



~142-

mercaptan (G(—CHBSH)) in carbonated black liquor (Fig,4.23)
indicate that the degradation yields (0.006 to 0.230) are also
significantly correlated with initial concentrations of methyl

-3 -3
mercaptan (0.40 x 10 = to 28.70 x 10 “g/1).

Degradation of mercaptan was obviously affected by the
presence of oxygen. Difference in mercaptan yields was observed
with irradiated carbonated black liquor (1-1) in the presence of
nitrogensair and oxygen atmospheres. The corresﬁonding.G(-CH SH)

3
was 10.2, 18.5 and 28.0 (Table 4.26) at initial pH of 7.50,

Degradation of mercaptan in aqueous solution and carbonated
black liquor was found to be exponential with dose (Figsl.2, 4.18

and 4.28).

These results are in agreement with the gamma radiolysis of
cysteine in aqueous solution by Swallow (186). In air saturated
solution, the yield of cystine (CySSCy) from gamma radiolysis of
cysteine-hydrochloride solution (pH 1.9 - 3.3) may reach as high
as 24, 1In deaerated solutions, the yield of cystine: is reduced

to 3.

Furthermore, Allen (9) also repofted that cystine yields from
radiolysis of cysteine solution were a function of oxygen, pH and

initial concentration of cysteine. In oxygenated solutions, the
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cystine yields (G(CySSCy)) increased with increasing cysteine
concentration; while in neutral solutions cystine yields as high
as 60 were obtained under certain conditions, whereas the yields

in acid and alkaline solutions were lower.

The extensive literature on the radiolysis of ~SH functional
group containing compounds has well established the fact that free
radical attack at the -SH is the main initiating process (4,

61, 150, 156, 187).

The high yield in the oxidation cysteine to cystine in the
presence of oxygen is reported to be the result of a chain
reaction. Swallow (186) has postulated the following schemes:

RSH + HO—>RS* + H,0 cosoocscecscecasccs/5=16/

RS + RSH—>RSSR + Hf.eeeeccscccocecoscas/5~17/

He + 0,—> HOz coeasscssscccssacce, 0vcee/5=18/

HOy  + RSH—> RS* + Héoz,.,,....,..,,.,./5-19/
However, the release of H* as indicated by Eq. /5-17/ seems
unlikely., Thus the following schemes are proposed to be pre-
dominant in this process. Unfortunately, they fail to explain
the pH effect (14).

RSe + oé—-—e~Rsoz_.,e.o..,o.....o.,.,,oa.y.o./s-zo/

RSO, + RSH—>RSSR + Hoé\,oeo,a.......o../5-21/

Nanobashvili et al. (144) illustrated that disulfides and certain
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sulfo compounds were obtained from radiolysis of butyl-, gmyl-9
hexyl- and other mercaptans. The higher oxidation stage is
observed by the increasing yield:; of sulfate ions, and consequently

decreasing pH of the aqueous solutions,
5.2.3 Dimethyl sulfide and dimethyl disulfide

As shown in Table 4.7, the degradation yields in
alkaline model solutions were G(-CHBSCH3) 0.730, G(—CHBSSCHB)
0.885. Relatively speaking, these yields are considerably higher
than those obtained in black liquor G(-CHBSCH3),O.503, G(-CﬂjsSCHB)
0.427 at the similar pH values (pH 13.12 - 13.14) and irradiation
levels. This indicates a scavenging and protective effect of

black liquor organic components on the degradation of organosulfides.

The degradation of dimethyl sulfide and dimethyl disulfide
model compounds in alkaline solution and black liquor is also

exponential with dose (Fig., 4.3).

The effect of dimethyl sulfide and dimethyl disulfide
degradations induced by gamma radiation is greatly affected by
solution pH (Figs, 4.4 and 4.5), lignin concentration (Fig, 4.6),
temperature (Figs, 4.7 and 4.8) and oxygen pressure (Figs, 4.9 and

L.10).

As shown in Table 4.8, as well as in Fig,4.5; the dimethyl
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sulfide degradation yield to initial concentration (G/Co)
decreased linearly when solution pH was decreased from strong
acid (pH 0.5) to strong alkaline solution (pH 13.5). While G/Co
of dimethyl disulfide was also décreased almost linearly from
strong acid to pH 10.1, then it increased slightly from pH 10.1

to pH 13.50

The products and mechanisms of gamma radiolysis of dimethyl
sulfide have not been investigated. Meissner et al. (129) were
able to measure the rate constants in the reaétion of dimethyl
sulfide with hydrated electrons (e;q) and hydroxyl radical (HO-«)
by pulse radiation. The reaction rate constant of dimethyl
sulfide and HO. (K(HO- + CH3SCH3)) is 260 times higher than that

of egq (K(eaq + CH SCHB))°

3
K(HO' + CHBSCHB) = 5.2 X 109M-1sec-100.0000000000/5-22/
- Y = 7=l ..-1 .
K(eaq + CHBSCHB) 2,0 X 10 M "S€C " eessecccssese/5-25/

As discussed in Section 2.3, higher concentration of HOrwas found
in acid solution, whereas higher concentration of e;q existed only

in alkaline solution.

The slight increase of G/Co of dimethyl disulfide in strong
alkaline solution (pH 10-13.5) is difficult to understand due to
the unclear degradation mechanism. However, the higher yvields of
oxidizing.species (HO- , HOé and HZOZ) in radiolysis of 2aqueous acid

solutions may increase degradation yields of dimethyl sulfide and
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dimethyl disulfide in low pH (acid) solutions.

As shown in Table 4.9, as well as in Fig.4.6, the presence
of lignin in alkaline solution shows a significant scavenging
effect due to competition for reaction radicals (produced through
water irradiation) between lignin and organosulfides. It seems
likely that the great energy absorbing capacity of aromatic
lignin protects organosulfides from degradation. Lignin concen-
trations in sulfate black liquor usually range from 18 to 48 g/l
(Table 4.1). According to Fig. 4.6, decomposition values of both
dimethyl sulfide and dimethyl disulfide decrease consistently with
up to 50 g/l thiolignin concentration, with some inconsistencies
being evident for dimethyl disulfide at higher irradiation
dosages. Similar observations can be made for G(-CHBSCHS) and
G(-CHBSSCHB) in that a clear scavenging trend is indicated only

for the average G values at 50 g/l lignin concentration.

The degradation of dimethyl sulfide and dimethyl disulfide
by gamma radiation is also a function of temperature and oxygen
pressure. At the initial oxygen pressure of 50 psi, the organo-
sulfide degradation yields increased linearly as the temperature
was increased from 60 to 115°C for the black liquor (Table 4.10,
Fig. 4.7) and carbonated black liquor (Table 4.11, Fig.4.8). On
the other hand, at Gammacell ambient temperature (Bboc), the

organosulfide degradation yields also increased linearly as oxygen
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pressure was increased from 25 to 100 psi for black liquor
(Table 4.12, Fig,4.9) as well as carbonated black liquor (Table

h.13, Fig, 4.10).

As discussed in Section 2.3.3 on gamma radiolysis of water,r
oxygen is a very efficient scavenger for reducing species such
as H-and e;q; and various oxidation species (HO;, 035 Og and
HZOZ) are generated. Thereby, the degradation yields of dimethyl
sulfide and dimethyl disulfide are greatly affected by the oxygen
pressure. This has been confirmed by Purdie (156); Markakis and
Tappel (122), and Forbes et al. (69), on radiolysis of cystine

aqueous solutions. They were able to demonstrate that oxidation

products were greatly increased in the aerated solutions.

pu
In this study, due to low initial concentrations of dimethyl

sulfide and dimethyl disulfide in black liquors, the apparent
degradation yields were low, They do, however; correlate signi-
ficantly with fheir respective initial concentrations in black
liquors (Table 4.18, and Figs.%4.15 and 4.,16) and carbonated black

liquors (Table 4.24, and Figs.4.24 and 4.25).

The effect of nitrogen, air and oxygen atmospheres on gamma
radiolysis of dimethyl sulfide in carbonated black liquor (1-1)
is shown in Table 4.25 as well as Fig,4.27. Dimethyl sulfide

degradation in nitrogen, air and oxygen is exponential with dose
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(Table 4.25 and Fig. 4.28).

The degradation yields (G(—CHjSCHé)) are 0,185, 0.426 and
0.741 for presence of nitrogen, air and oxygen, respectively.
Gamma radiolysis of dimethyl disulfide, in conjunction with
methyl mercaptan in the presence of nitrogen, air and oxygen in
carbonated black liquor, shown in Fig. 4.28, suggests that the
presence of oxygen and air promoted the formation of dimethyl
disulfide in the radiolysis of methyl mercaptan and greatly
elevated the degradation of dimethyl disulfide. These results
conform with the earlier observations that the presence of oxygen
is very beneficial to the increase of methyl mercaptan, dimethyl

sulfide and dimethyl disulfide degradation rates.

The infréred spectrum reproduced in Fig.3.19 reveals that a
product of gamma irradiated dimethyl sulfide shows strong absorp-
tion at 171()‘cm-1 which is assigned to the carbonyl group. The
product is a nonvolatile, stable, amorphous substance. However,
sulfate ions have not been detected from the gamma radiolysis of
dimethyl sulfide aqueous solution, whereas they were present in
irradiated solutions of dimethyl disulfide. This is further
evidence that stabilization of organosulfides in black liquor can

be obtained by gamma radiation.

The products and mechanisms of gamma radiolysis of dimethyl
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sulfide and dimethyl disulfide in aqueous solution have not been
investigated, except by Meissner et al. (129), who showed some
intermediate compounds from pulse radioiysis of dimethyl sulfide
. aqueous solutions. Radiation of cystine has been studied in
considerable depth. The effects of solution pH and oxygen on
radiation degradation of the organosulfide and their possiﬁle
mechanisms, are thoroughly discussed in the following sections

to help to explain the degradation of dimethyl sulfide and

dimethyl disulfide in model solution and black liquors.

Change in the three absorption maxima of the intermediate
compounds were observed following impingement of the pulse by
Meissner et al. (129). Pulse radiolysis of dimethyl sulfide in
alkaline solution produces absorption maximum at 35008. Further
absorptions occur at 29OOK'and 47008

HOos + cnsscnj———a CHBSOHCHB.......u......,..o...../5 -24/
CHBSOHCHgg___ CHBSOCH (3500A) + H veeeeonenee/5-25/
HO» + CH SCHj———e-CHBSCH- (29003) + H,0 .....{/5-26/

2HO- + 2CH,SCH—> (CHSCH )2(0700A) + 20H ..../5-27/

The intensities at these absorption maxima (intermediate
products) were shown to be dependent on solution pH and presence
of oxygen. In oxygenated solutions, the absorptibn maximum at

29002 disappeared, because the O2 was shown to react readily with
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CHBSCHé radicals. With increasing pH from 7 to 13, the absorp-
tion at 29OOR (CHjSCH;) increases slightly in contrast to the
substantial change observable at 35OOX (CH3SOCH3), whereas the
absorption at U?OOX((CHBSCHé);) decreased rapidly when the solution

pH was raised to 9.

The disulfide bond is particularly sensitive to ionizing
radiation. The radicals formed through gamma radiolysis of water
attacked the -S5-S-group as the main initial process (4, 150, 156,
187). Due to the limited solubility, radiolysis of dimethyl
disulfide has not been favored for theoretical studies. However,
the radiolysis of cystine (CySSCy) aqueous solutions has been
considerably investigated by many researchers. Markakis and Tappel
(122) determined the products of gamma radiolysis (between 10“-8 X
107 rad) of cystine in 100 x 10-uM hydrochloric acid solutions‘and
found cysteine (CySH), hydrogen sulfide, elemental sulfur and
sulfate. In these experiments the yields of cysteine (0-11 x 10-uM)
and hydrogen sulfide (0-1.8 x 10-uM) were lower than the yields
of elemental sulfur (0-140 x 10-uM) and sulfate (0-85 x 10-uM).

For the stabilization of disulfides it is particularly important
to note that the formation of sulfate was increased greétly in

aerated cystine solutions (122).

The details of initial products resulting from gamma radi-
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olysis (8 x 10“ rad) of cystine acidified aqueous solutions

(3 x 10uM) were first analyzed by Grant et al. (78), using paper
chromatography and electrophoresis. The sulfur products of the
oxygenated or aerated solutions were cystine disulfoxide (CySOZCy)
with yield (G) of less than 0.1, cysteic acid (CySOBH) with yield
of 0.3-1.5, cysteine sulfinic acid (CySOzH) with yields of 0.1

or less, and cysteine (CySH) with yields of 0,1 to 0.9. Similar
studies were also conducted by Forbes et al. (69). The yields of
oxidized sulfur compounds were affected by factors such as radiation
dose, solution pH and the presence of air. During the ionizing
radjiation (X- and ¥-rays) treatment of cystine, the products were
derived from both fission of the S-S bond (e.g. CySOzH and CySOBH)

and fission at the S-C bond (e.g. CySSOBH).

Purdie (156) studied the gamma radiolysis (10“ rad) of 3 x
10-UM cystine water solutions. The products, which have been
determined, were cystine disulfoxide, cysteic acid, cysteine
sulfinic acid, cysteine, cystine thiosulfonic acid (CySOZSH),
cysteine thiosulfuric acid (CySSOBH) and cystine trisulfide
(CySssCy). The principal oxidation products in aerated solutions
wvere CySOzH(G ='0.9-1.7) and CySOBH(G = 0,7-1.2). In deaerated
solutions, the yields of CySOZH(G = 0.3-1.2) were relatively lower,
and CySOBH was present in only trace amounts. Similarly, only
trace amounts of cysteine were detected in aerated solutions

(G = 0=0.7). Substantially higher yields of cysteine were
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obtained in deaerated solutions (G = 0.4-2.5). Cystine tri-~
sulfide, on the other hand, was produced in .significant amounts
in both aerated (G = 0.4-0.6) and deaerated (G = 1.0) solutions.

The yields of minor products of CyS$SO.H and CySOZSH correspond

3
to 0.1 and 0.05 for both aerated and deaerated solutions.

Several schemes have been proposed for the radiolysis of
cystine and the related disulfides in aqueous solution (69, 78,
156, 175). These reactions may provide an explanation of the oxidation
of dimethyl disulfid. aqueous solutions as induced by gamma

radiation.

The disulfide bond is readily attacked by HO* to form sulfenic
acid (RSOH). |

RSSR + HO+ ——> RSOH + RS eescesccscoes/5-28/
The sulfenic acid is very reactive and may react in various ways

in aerated solutions to form RSO, and sulfenic acid (RSOZH)S

3
RSOH + Oé-—ﬁRSO; + Hl .oooooooo.ooo'/5-29/
2RSOH ——> RSO, H + RSH sesssscccees/5=30/
RSOH + H20 _9 RSOZH + H2 0000000000000!5"'31/

The formation of sulfenic acid and thiosulfonic acid are also
proposed via a displacement reaction (69):
RSSR + HOé—‘ﬁ RSOZH + RS'oootoooaoo-oo/S-BZ/

RSSR + HOé——> RSSO, H  + R eoevcossssoces/5=33/

Purdie (156) proposed the following reactions of formation
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disulfoxide (RSOZSR), sulfenic acid (RSOZH) and sulfonic acid

(RSOBH) in aerated solution:

Rs. + 02————->R50é\,ooooooooo.‘oooaooo-noooo00000/5-31',’/
RSOé + RS"_'%RSOZSR oo-ooaooooooonoooo.ooocoooo/S"BS/

ZRSOé —_— RSOZSOZR ooo-oooc'o--00.0000000000/5-36/

RS0,50,R + Hy0 —>RSO,H + RSO3H .eseesses./5-37/

3

The trisulfide (RSSSR) is formed during the radiolysis of
cystine both in aerated and deaerated solutions (156):

RS* + RSSR—> RSSSR + R eesocccccacsoaes/5-38/

The formation of sulfate wés observed from the gamma
radiolysis of dimethyl disulfide in aqueous alkaline solution.
Markakis and Tappel (122) also confirmed that sulfate was formed
by the gamma radiolysis of cystine agueous acidic solutions.
Forbes et al. (69) indicated that thiosulfuric acid (RSSOBH) is an
intermediate for the formation of sulfate from the ionizing
irradiation of disulfide in neutral or alkaline solution.

2RSSOBH + 2H,0—>2RSH + 2stou............../5-39/

These processes indicate the strong tendency of sulfide
stabilization in aqueous solutions via various oxidation trans-
formations. The mechanisms should be directly applicable to

gamma radiolysis of sulfides in sulfate black liquors.,
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5.2.4 Unidentified sulfur compound (X)

The gamma radiation degradation of the unidentified
sulfur containing compound (X) in unacidified (Table 4.17, Fig
4.14) and acidified (Table 4.23, Fig. 4.21) sulfate and polysulfide
black liquors has followed a pattern similar to that observed with the
radiation degradation of organosulfides, discussed in detail in the

previous sections,

5.3 Kinetics of Gamma Radiolysis of Sulfides in Aqueous Solutiqn

and Black Liquor

The indirect action of radicals from water decomposition alone
is not sufficient to explain the mechanism of the gamma radiolysis
of sulfides in black liquor. The sulfate black liquor contains
very high concentration: and complicated inorganic and organic
compounds, in the highly concentrated aqueous solution, and the
hydration shells of the hydrated molecules or ions are overlapping.
This affects a number of physico-chemical properties and profoundly
changes the microscopic Vvolumes of the solution at the moment of
energy dissipation in the tracks or spurs of ionizing particles

(22).

Radicals produced from the radiolysis of water and hydrocarbons
in black liquor are able to react with the sulfides in numerous

ways. As radiation proceeds; the reacted sulfide molecules will
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likely remain in the solution, still capable of further reaction
with other radicals with a frequency equal to the unreacted
sulfide molecules. A complete description of the chemical
reactions by gamma radiolysis of black liquor is impossible.

However, tentative schemes are illustrated in Fig, 5.2,

The fundamental radiolytic reactions of sulfides in black

liquor are proposed as follows:
k T

H20 M"”“bf‘[' + Ho’oooeoeooooooaoooooooooooo/s—uO/
koI ,
RH(OrganiC)H Re + H',coooooooooooooecooo0000/5-“!1/
k-
S + He _1—> Product oo-oooooooooneooooaooeoo/5-u’2/
ka
S + HO'———> Product oooooeooooooeocooooeeaoo/s-LI’B/
k3 _ .
s + R._—> Product oeoouooooeocooo-ooocoooo/s-uu’/
¢
kl
‘S bt S) + H'_—9 Product oocooooooooooon¢/5-b’5/
o .
¢
k2
(SO - S) + HO¢ ———> Product oococooooooeoooo/5-46/
L]
k
(SO - S) + R.—39 Product oooeoooooeoooooo/S‘“?/
k
RH + He "_u% Product ooooocooooooooeooeo/5—u8/
k

RH + HO* _—5—> Product oooooaooooooooeooeo/S"L"9/

RH + Re — Product o--ooooooeooooo0909/5'50/
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Where, I = dose rate, absorbed energy intensity; in 100 ev/g

L}
= PN } . -1
kw, ko, k1-6 and k1_3 specific rate constant, in M
min~1
S°= initial sulfide concentration, in molecules
S = sulfide remaining in solution after irradiation time

ty; in molecules

S =~ S = concentration of the transformed sulfide, in

o
molecules
Let, Gw = primary yield of gamma radiolysis of wafer, in molecules
/100 ev
Go = primary yield of gamma radiolysis of organic compounds,
in molecules/100 ev
2§§Ll = G,I+G, I - ky(S)(H) - k;(5,-5)(H ) - i, (RH) (H* ) +.../5-51/

HO:) G, I - k,(s)(HO.) - k;(so-s)(Ho-) - kg (RH) (HO) essofb-52/

F\ r
o o
. ot

= GOI - kB(s)(Rﬁ - k;(so-s)(Ro) - k6(RH)(R-)a....o..../5-53/

!
[N ot
wn

i

e = (kp(H) %y (HO )+ B (RJ(S) wvvuennnnencnnnnns/550/

The reactions are rapid, and the system can reach a steady state
in a small fraction of a second. If Eqs. /5-51/, /5~52/ and
/5-53/ are taken as zero; the system of equations can be solved for

the various radicals as shown below.
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Gy,I + GgI
v ° oo000000000000000000/5_55/

(g.) =
ky(S) + Kk (So-S) + Ik, (RH)
G I
(HOO) = d oooqoo.oooooo--ooooo/5-56/
k,(8) + ky(5,-8) + k5 (RH)
G I |
(Ro) = 0ooaooo-oooooooooo.oo/S—S%/

k3(s) + k;(SO-S) + k6(RH)

The steady:statevalues of (He), (HO+) and (Re) (/5-55/,
/5-56/ and [f5-57/) are substituted into Eq. /5-54/. The radicals
react as readily with the transformed sulfide molecules as with
the .sulfide in its original form. Thus these are assumed:

B L
klbofkl’ k? 0§k2 and k3cn k3

ky(GyI + GoI) ko Gy, I kqGoI
- _d(s) . 1w 27w 370
__é;l__ = — ‘ SRS - + - - -(8)
ky(So) * Xy (RH) kp (So) *+ kg (RH) ky(8,) *+ kg(RH)

oooooooo.oooo-ooooooooooo./5-58/

In pure water, (RH) = 0, GoI =0
d(s 2G
TSI
(s,)
When t = 0, (S) = (s_)
- 2G,
1n(s) = ln(So) - w It

(So)
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log(S) = 10g(SO) - 0°868 GW Itoo.ooooooooooooocoonoooc000/5-59/
(s_)

(o]

Where It = D(Dose)
This indicates that there is a linear relationship of logarithmic
sulfide concentration and radiation time(t) for the gamma

radiolysis of sulfide at constant dose rate(I).

According to Eq. [/5-58/, the degradation of sulfide in black
liquor which usually contains high organic components, is expressed

by Eq. /5-60/3

_a(s) . gwx +e I . G, I . G, I )
at-
‘ k), (RH) k. (RH Kk
(55) + = v (s,)) + __éi_—l (s,) + 6 (i)
1 ké | k;

When t = 0, (8) = (s )
G, + G G,
log (S) = log (So) - 0.434 +:
k, (RH)
4 k. (RH)
(So) + - (so) 5'
ke i,
G0
+ ‘, It ....'........0000000000.0/5-61/
k. (RH)
(s ) + _6'
o ]

)
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Where It = D(Dose).

It is also illustrated that the logarithm of sulfide
concentration decreases linearly with radiation time(t) at
constant dose rate(I). The presence of organic components give

scavenging effect and reduce the yields of sulfide degradation.

In this study, the dose rate(I) is constant, so that the
plot of logarithmic sulfide concentration versus irradiation
time (t) is a straight line for sulfides in both pure water
solutions (Tables 4.2, 4.3 and 4.5 as well as Figs 4.1, 4.2, and
4.3) and black liquors (Tables 4.6, 4.15, 4.16, 4.19, 4.20, 4.21,
4.22, and 4.25 as well as Figs. 4.3, 4.12, 4.13, 4,17, 4.18, 4.19,

b.20, 4.26, 4.27 and 4.28).
5.4 Effect of Gamma Radiation on Black Liquor pH

The pH of black liquor is little changed when black liquor
is irradiated at Gammacell ambient temperature (Tables 4.6 and
4.12). However, a significant decrease in the pH of black liquor
was observed for both control and gamma irradiated samples
(Table 4.10) as the solution temperature was increased from room
temperature to 115°C (under 50 psi initial oxygen pressure).
Decrease of pH with the irradiated samples was greater than that
the control samples under similar oxygen pressure. On the other

hand, the temperature effect on the pH change was not significant
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for either irradiated and control samples of carbonated black

liquor (Table 4.11).

In gamma radialysis of the oxygenated black liquor, the
oxygen molecules are considered to add to the organic radicals
to form relatively stable peroxy radicals:
R+ 0,—> RO, coecsoessssssssssssecsccsecscse/5=62/
Under certain conditions these organic peroxy radicals are able
to abstract hydrogen from the substrate of organic components:

ROé + RI‘I"—>R02H -+ R‘oooooooco‘ooe-ooooo/5-63/

The schemes presented in Eqs. /5-62/ and /5-63/ are chain
reactions. Autooxidation proceeding in the above schemes also
may be suspected due to heating the black liquor under oxygen

pressure.

In addition, organic molecules in aqueous solution may be
oxidized to CO2 and Hzo when they are exposed to radiation for
a sufficiently long time (91). Thus the pH of black liquor
decreases by oxidation at elevated temperature with or without
radiation. However, since gamma radiation can speed up the
oxidation process of both carbohydrates and po;sibly the lignin

f;actions in black liquor, the pH is greatly decreased.,
5.5 Oxidation of sulfides in black liquor

The gamma radiolysis of sodium sulfide solution at pH 12.46
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showed the lowest degradation rate (Fig. 4.1). When black liquor
(3-1, pH 13.27) was irradiated in an open vessel in free contact
with air, the consumption of silver nitrate (AgNOB) decreased
rapidly to almost zero, as indicated by the inflection point P
on potentiometric titration curve, whereas for the inflection
point "b" it increased to a maximum and then decreased as shown
in Table 4.14 and Fig.4.11. These results are similar to those
observed on black liquor oxidation by Murray et al. (142). They
stated that oxidation of sulfide ions in black liquor proceeded
in two steps. The first step involves oxidation of sulfide into
an inorganic and/or organic polysulfide (inflection point "b"),
The second step involves the oxidation of polysulfide ion to the

final oxidation products (thiosulfate and elemental sulfur).

As for organic sulfides, the methyl mercaptide ion in black
liquor is readily oxidized to dimethyl disulfide at ambient
temperature in the presence of air. Extenéive oxidation of
dimethyl sulfide and dimethyl disulfide was also observed in
black liquor (1-3) and carbonated black liquor (2-1). ‘Under 50
psi initial oxygen pressure, the oxidation degradation rates of
the organic sulfides increased greatly as the temperature was
increased from 60 to 115°C (Figs. 4.7 and 4.8). At constant
temperature (34°C), the rate of degradation of organic sulfides

increased with increasing oxygen pressure from 25 to 100 psi
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(Figse 4.9 and 4.10).
5.6 Applications

This pioneering research for treatment of sulfate pulp mill
effluents to eliminate pollution and recover polysulfide from

green liquor may find useful applications in various ways.

5.6.1 Treatment of digester and blow relief, and evaporator

condensates

The sulfate pulp mill relief condensates contain
malodorous sulfur compounds such as hydrogen sulfide, methyl
mercaptan, dimethyl sulfide and dimethyi disulfide, and various
volatile organic compounds formed during the course of pulping,
along with minor amounts of black liquor and fibres (95, 120, 125).
The amount of condensates is about one cubic meter per air-dry ton
of pulp. The BOD load is mainly attributed to the presence of

high methanol content (173).

Gamma radiolysis of aerated digester and blow relief
condensates will reduce the toxicity and BOD load because methanol
in the condensate is readily oxidized to aldehyde and formic acid

by gamma radiation (85).,

Amount of evaporator condensates is about 4 to 7 cubic meters

per air-dry ton of pulp (173). Though it does not contribute to
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BOD to a large extent, it contains poisonous sulfides. With

respect to purity, of course; the condensates can be recycled
in pulp mills for preparing the cooking liqﬁor, but only half
the available amount of total condensates is required for this

purpose.

The toxicity of the evaporator condensates can be greatly
reduced by gamma radiolysis of the aerated solution before it is

discharged to sewers.
5.6.2 High sulfidity and polysulfide recovery processes

Carbonation of high sulfidity black liquor and
stripping of hydrogen sulfide before combustionwill reduce the
emissions of sulfur dioxide and hydrogen sulfide from the combustion
furnace, as well as reduce the ratio of smelt sulfur to sodium oxide
(S/Nazo)-. According to the method of Gray et al. (79), black
liquor is carbonated with lime kiln and flue gases under pressure,
followed by vacuum stripping of hydrogen sulfide. This process
can recover 55 to 65% of black liquor total sulfur. By gamma
radiolysis of the aerated, acidified black liquor, the residual
sulfides compounds in the carbonated black liquor are stable

enough for further treatment such as condensation.

The treated sulfate black liquor is fermentable with yeast;

the recoverable thiolignin has no obnoxious smell.
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The regenerated hydrogen sulfide in carbonated black
liquor may be either absorbed in white liquor for the preparation
of conventional sulfate cooking liquor or pressurized in green

liquor and irradiated to form polysulfide.

Regeneration of polysulfide from gamma radiolysis of green
liquor can be effected by acidification either with carbon dioxide
or hydrogen sulfide. Hydrogen sulfide acidification usually gives

higher efficiency of polysulfide formation than carbon dioxide.

The regenerated polysulfide,containing carbonate,can be
causticized by calcium oxide or calcium hydroxide, as practiced

with conventional green liquor causticization for sulfate cooking

(194).
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6.0 CONCLUSION

The work contained herein describes new, improved methods of
total sulfide analysis of adequate sensitivity and quantitative
reproducibility required to describe gamma radiation initiated
changes in sulfide energetics occurring in sulfate black liquors
and carbonated black liquors. Model experiments were run for the
investigation of variables influencing the rate of sulfide
stabilization in aqueous solutions. The information gathered
from these model experiments was used in formulating a proposal
for an industrial black liquor stabilization process, based on
the radiolytic oxidation of sulfides in aqueous solution in the

presence of excess oxygen.
6.1 Sulfide Analyses

Sulfate and polysulfide black liquor analysis by silver
nitrate potentiometric titration shows two equivalent end points.
It is shown that the two equivalence points arise from two different
forms of sulfide; namely, the first inflection point (~430 mv) is
considered to be monosulfide, the second inflection (=250 mv) is
due to presence of organic and inorganic polysulfides. The organic
polysulfide is formed by the reaction of methyl mercaptide ion with
elemental sulfur. Inorganic polysulfide is generated by the

oxidation of sulfide ions.
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In black liquor; methyl mercaptan can not be directly
analyzed by potentiometric titration due to its low concentration.
However,; the quantitative detefmination is afforded by acidification
of the black liquor sémple to pH 6.5 with suspensions of boric
acid in carbon tetrachloride and analysis of the organic layer

with gas liquid chromatography (GLC).

Dimethyl sulfide and dimethyl disulfide in black liquor can
be determined by carbon tetrachloride liquid/liquid extraction

and GLC analysis.

Residual sulfides in carbonated black liquor, such as
hydrogen sulfide, methyl mercaptan, dimethyl sulfide and dimethyl
disulfide, may be quantitatively determined by GLC following
adjﬁstment of the sample pH to 6.5 with boric acid and low tempera-~
ture extraction with carbon tetrachloride (liquid/liquid

extraction.
6.2 Gamma Radiolysis of Sulfides in Aqueous Solution

Part of the products resulting from the gamma radiolysis of
sulfide model compounds in aqueous solution have been identified.,
Polysulfide and sulfate are formed from radiolysis of sodium
sulfide, dimethyl disulfide and sulfate from methyl mercaptan. An
amorphous substance was obtained from dimethyl sulfidey, and sulfate

from dimethyl disulfide. This indicates that oxidation of sulfides
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is the most important reaction of gamma radiolysis of sulfides

in agueous solution.

The apparent degradation yields of sodium sulfide (G(-Nazs)
in aqueous solution are pH dependent. 1In sulfide solutions at
pH 8.38, G(-Nazs) is 7.5, gradual reduction in degradation yields
(G(—Nazs) = 5,0) is observed with solutions at strongly alkaline
(pH 12.46) condition. The apparent degradation yields of sodium
methyl mercaptan are also greatly affected by solution pH;
G(~CHBSNa) values of 2.5, 11.3 and 15.4 were calculated correspond-
ing to solution pH values of 13.54, 12.54 and 10.70, respectively.

Again, degradation of this compound shows the same trend as above.

The apparent degradation yields of dimethyl sulfide
(G(-CHBSCHB)) and dimethyl disulfide (G(-CHBSSCHB)) in alkaline
solutions (pH 13.12) were obviously higher than in black liquor
(pH 13.14). The degradation yields of dimethyl sulfide and
dimethyl disulfide correspond to 0.73 and 0.89 for aqueous
alkaline solutions and only 0.50 and 0.43 for black liquor.

Further, lower solution pH and lignin concentration, increased

temperature and oxygen pressure promoted development of higher

degradation yields.

In gamma radiolysis of sulfate black liquor, sodium sulfide

concentration is generally decreased as it is converted to poly~
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sulfide, In this study, maximum polysulfides were obtained about

1 Mrad at 34°C9 and then degraded for further radiation.

The apparent degradation yields of dimethyl sulfide (0.001-
0.003) and dimethyl disulfide (0.002-0.085) were significantly
correlated with their initial concentration in black liquors

(pH 12.85-13.40).

Degradation yields of hydrogen sulfide (0.,015-3.427), methyl
mercaptan (0.006-0,230), dimethyl sulfide (0.003-~0.020) and
dimethyl disulfide (0.004-0.,035) in the sulfate and polysulfide
carbonated black liquors (pH 8.20-9:15) were also shown to be

significantly correlated with their initial concentration.

The presence of oxygen in the sulfide enriched carbonated
black liquor (pH 7.50) increased the radiolytic degradation
yields of hydrogen sulfide (16.7), methyl mercaptan (28.0),
dimethyl sulfide (0.74). The higher degradation yields of
hydrogen sulfide and methyl mercaptan are considered to be due to

chain reactions.,

’

Degradation of hydrogen sulfide, methyl mercaptan, dimethyl
sulfide and dimethyl disulfide by gamma radiation in aqueous
solution and carbonated black liquor is exponential with dose.
Similarly, the exponent’  with dose was also found to characterize

the degradation of dimethyl sulfide and dimethyl disulfide in the
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various unacidified black liquors.

In radio-chemi¢al reactions of oxygenated black liquors
and carbonated black liquors, the degradation of malodorous
sulfides is considered to be oxidation, polyaddition and
combination of oxidation and polyaddition products. The volatile
malodorous sulfides are thus stabilized in the black liquor after
gamma radiation treatment. Advantages of these reactions in
processing of black liquor are proposed to relate to abatement

of air pollution from sulfate pulp mills.

Gamma radiation induced oxidation of sulfide and mercaptide
ions, and organic components in the aerated sulfate pulp mill
effluent, is further expected to reduce toxicity éﬁd biological
oxygen demand (BOD) of pulp mill effluents. Thus, the radiation
treatment is also proposed to reduce major problems of water

pollution.

Polysulfide can be generated by gamma radiation of carbon
dioxide or. hydrogen sulfide acidified sodium sulfide and sulfate
green liquors. The apparent yields of polysulfide excess sulfur
" (G(S)) were 2.96 and 4.92 for acidification with carbon dioxide
(120 psi) and hydrogen sulfide (270 psi), respectively. However,
further optimization of the reaction condition to obtain higher
yields of polysulfide is necessary for industrial polysulfide

cooking liquor regeneration.
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Table 2.1 Release of volatile sulfur compounds from digesters and washers.

Release 1b/air-dry ton of pulp.

i C C C Tot ef,
Mill S0, H,S CH,SH H,SCH, HySs Hy otal R
E 3

Skoghall 0.070 0.081 0.080 0.231 15
(Batch) '
Kopmanho kmen* 0,450 0,044 0.008 0.502 15
(Batch)

b3
Norrsundet 0.049 0.021 0.070 15
(Continuous)

ak
Lovholmen 0.118 0.045 0,001 0.164 15
(Continuous) :
(Batch) . 0.01-0.12 0.002-0,004 0.40-2.50 0.,20=1.50 0.72-4.12 90 :
aV]

Brown Stock 0.01-0,02 0.01-0.12 0.10-0.25 0.01-0,02 0.01-0,02 0.14%4-0.43 90 R
Washers ’ '

From condensate (turpentine and blow condensates) only.



Release of volatile sulfur compounds from sulfate recovery systems (90).

Table 2.2
Release, lb/air-dry ton of pulp
C - Total
SO2 Hés CHBSH CH3SCH3 HBSSCH3

Oxidation
tower 0"0.01 0001-0.02 0.05-0010 . 0.02-0.08 0005-0115 0013-0035
Multiple effect
evaporators
A. 0-0.01 0.10-3.0 0.10-1.5 0.05-0.08 0.01-0.02 0.26-4,61
Bo 0-0.01 0-01""0002 0-10-0.30 0105-0015 0.05-0115 0.21“0.63
Contact
Evaporators
Ao 200‘-8.0 5.0-3000 0050-2050 0.10-0030 OQ].O"O'L”O 7070‘“‘1.20
Bo 200_800 0010-200 0.05-0-25 0.01-0.10 0001-0020 2.17"10055
Recovery
furnace 10.0-15.0 1.0-5.0 0.1-0.10 0.01-0.02 0.01-0.02 11503-20.14
Smelt tank 0.,0-0.01 0.02-0.05 0.02-0.05 0.01-0,02 0-0.01 0.05~0.14

Lime kiln No data available.

A. Unoxidized black liguor,

B. Oxidized black liquor,

~802~



Table 2.3 Physical characteristics of sulfate pulp mill malodorous sulfides.

Boiling ExPlosivé conc. Dissociation Odor threshold
Compound point, range in air, % const. at 100°C in ambient air

°C (54) (169) ppm (114)
H,S -61.80 b.3-45.5 K, = 2.1 x 10"7(A)  0.00047

K, <10"1% (B)
CHy SH 7.6 2.2-9.2 k= 4.3 x 1011 (¢)  0.0021
CHBSCH3 37.0-38.0 3.9-21.8 0.001
CHBSSCH3 109-111 No data available
K _ a,

A. H,ST2HS + HY seevennnd/2-11/ §
B. Hs'é s + H+...,,..,,./2-12/ '
c. CHBSH& cH,sT o+ H .ev./2-13/,



Table 3.1 Sulfate and polysulfide black liquor sources.
Code No. Company Location Wood Species Sulphidity Kappa
% ' No.
1 -1 Weyerhaeuser Everett Douglas-fir 30 26,7
1 -2 Weyerhaeuser Longview Douglas~fir 19.2. 22.7
- - 3 Weyerhaeuser New Bern 65% Loblolly pine 21.0
N.C. 35% Pond pine
1 -4 Weyerhaeuser Springfield Douglas-fir 21.4 50.0
2 -1 Canadian Forest Port Mellon
Products B.C.,
3 -1 Forest Products Vancouver Spruce
Laboratory B.C.
L - 11 Pulp Paper Res. Montreal
Inst. of Can. P.Q.
b - 1v Pulp Paper Res. Montreal

Inst. of Canada

PoQo

=01z~



Table 3.2

Effect of inflection point "a" and "b" in potentiometric titration
curves on calculation of hydrogen sulfide in black liquor.

HZS Calculation, g/1

Black Liquor Inflect, Inflect. Differences

Sources pt "a® pt "b" g/l %

1 -1 b.25 b.76 0.50 11.8

1 -2 0.95 1.50 0.55 57.3

1-3 3,42 3.84 0.4z 12.3

1 -4 2.42 2.86 0.4k 18.2 N
2 -1 2,63 3.19 0.56 21.3 v
3 -1 1.71 2.83 1.12 65.2

b.- 1L 8.80 9.41 0.61 7.0

L

-1V 0.81 1.72 0.91 111.7




Table 3.3 Accuracy of potentiometric titration of sulfide in alkaline
solution in the presence of methyl mercaptan.

Added, mg Found, mg
Source Na_S CH_SNa Thio- Na S inflect. % Bound Free Na- Total pAga't
2 lignin 2 Na- mer- mercap- for
pt "a® captan tan %
' inflect.
a - b
10.0 66.5 - 9.3 93.0 19.1 k5.1 64.2 96.5
Nazs
Solution* 10,0 67.7 1% 9.8 98.0 21.2 Lbh.s5 65.7 97.0
1
v
White 22.6 55,1 - 18.7 82.7 40.3 16.1 56.4 102.3
Liquor 19.9 57.8 - 1905 9800 37.? 2001 57.8 10000’
(1-3)

* Reagent grade Nazs in 1N NaOH Solution,



Table 3.4 1Interpretation of the potentiometric titration curve as
affecting the accuracy of sulfide determination by
addition of methyl mercaptan.
Added Found
Nazs, mg Thiolignin, % Nazs inflection Error, % Na, S inflection Error
pt 'lali, mg pt "b", mg
10.0 - 9.3 -7 22.1 +120.5
10.0 - 10.7 +7 22.9 +129.1
10.0 1.0 9.8 -2 22,0 +119.7
10.0 1.0 9.8 -2 22,4 +124 .4

~-CIz2=-



-214-

Table 3.5 Determination of sulfide and bound mercaptan by
addition of excess of Na-mercaptan to oxidized
alkaline sulfide solution with and without
thiolignin as additive.,

Oxidation**
With 1% time, min, 0 5 10 20 50 70 80
thiolignin  Na,s, g/1* 9.8 9.3 8.8 6.2 1.2 0.4
Bound ‘

Na-mercap-
tan, g/1* 21.2 37.6 27.4 20.5 17.8 17.4

Na,S, gf/1* 12.4 10.0 9.0 5.5 4.0
Without 1%

Bound
thiolignin

Na-mercap-

tan, gf1* 22.8 29.4 20.9 19.5 10.9
*n = 2

*#0, flow rate = 4% ml/min in 400 ml liquor sample,
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Table 3.6 Potentiometric titration of methyl mercaptan
in alkaline solution in the presence of elemental
sulfur.

CH_SNa 11.22 11.22 11.22 11.22 11.22 11.22
S in 3

Elemental 0 4.0 8.0 20.0 38.4 457.0
Sample Sulfur
*mg Approx. Mercap. 0 2.8 1.4 0.6 0.3 0.02

s/so

Apparent Sulfide 0 0.51 O 1.01 1.11 1.42

Bound S 0 3.62 6.83 10.42 11.24 11.22
S Found

Total 0 4,13 6.83 11.82 12.43 12.62
mg

% 0 103.3 85.% 59.1 32.1 2.8

Bound Mercap-

tan 0 3.62 4,42 11.22 11.24 11.22

Apparent

Mercaptan S 11.22 7.21 6.83 0 0 0
Mercap~-
tan S Total 11.22 - 10.83 11.25 11.22 11.64 11.22
Found % 100.0 96.5 100.3 100.0 103.7 1000
mg

*pH = 13.3 - 13.6

n=2,
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Table 3.7 Efficiency of 5 x 10 ml carbon tetrachloride
liquid/liquid extraction of the organosulfides
from 5 ml sulfate white and black liquors.

Liquor Sulfur compound added Sulfur compound found
" - o,
CHySCHy CHBSSCHs CHBSCHg % CH3SS5CHy %
x10'3g xlO-Bg x10-3g XIO—Bg
White liquor (pH = 13.6)
" " 0.766 90.7 0.835 79.0
n " 0.769 91.0 0.826 78.1
" " 0.764 90.4 0.825 78.0
Average 0.766 950.7 0.828 78.3
0.423 0.529 0.400 94.6 0.427  80.7
" L 0.390 92.2 0.415 78.4
Average 0.395 93.4 0.421 79.6
0.212 0.264 0.200 94.3 0.215 81.4
u " 0.195 92.0 0.206 78.0
Average 0.198 93.4 0.211 79.9
Black liquor (pH = 13.1)
0.845 1.057 0.774 91.5 0.805 76.2
" " 0.780 92.3 0.855 80.9
Average 0.777 91.9 0.830 78.5
0.423 0.529 0.405 95.7 0.421 79.6
" " 0.394 93.1 0.430 81.4
Average 0.400 94.6 0.426 80.5
0.212 0.264 0.190 89.6 0.208 78.8
" " 0.200 94.3 0.206 78.0
Average 0.195 92.0 0.207 78.4



-217-

Table 3.8 Efficiency of 20ml carbon tetrachloride 1liquid/
liquid extraction of organic sulfide compounds
from 5 ml boric acid (1.0g) treatment carbonated

black liquor (1-1).

Organosulfides added

Organosulfides found

CHBSCHS CHBSSCHB CH;SCHy CH3$s§I13
x 107g x 10 3¢

0.212 0.264 0.198 93.6% 0.234 88.6%

" " 0.191 90.1% 0.222 84.1%

" " 0.201 95.0% 0.232 87.9%

Average 0.197 92.9% 0.229 86.9%
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Table 4.1 Characteristics of sulfate and polysulfide black liquors,
sulfides, x 1070 g/1
Source pH Solids Density Lignin H_S CH,SH CH,SC nxn CH_SSCH
% (n=b) g/ml, 25° g/l 2 & BN 33
(n=3) (n=2) (n=4) (n=3) (n=3) (n=3) (n=3)
1 1 13.21 20.1 1.0953 37.5 L254,8 53.57 0 6.49 7.58
1 2 12.87 12.4 1.0657 33.9 953.1 14.90 1.10 10.73 6.53
1 3 13.07 13.4 1.0706 44y.3 3419.6 49,67 0 8,10 3.00
1 L 12.85 14.1 1,0727 37.0 2422.8 34.07 0.25 0.36 0.44
2 1 13.25 13.3 1.0695 35.7 2625.1 50.43 0.56 102,00 17.08
3 1 13.27 12.6 1.0668 30.3 1714.6 12.87 0.20 85.00 2.10
L 1L 13.40 14.1 1.0744 48,6 8796.5 83.67 0.39 50.21 39.71
L 2V 13.22 5.5 1.0304 18.6 811.5 11.23 0 4,48 5,06




Table 4.2 Gamma radiolysis of sodium sulfide aqueous
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solution and formation of polysulfide excess
sulfur at Gammacell temperature (34°C).

Dose Nazs Molecu. pH Poly=-S* Nazs Molecu. pH Poly-S*
Mrad g/1 x10°° x10"%g/1 g/1  x1020 x103g/1
0.0 3.37 260.2 8.38  16.3 3.19 246.4 12.46 0.0
0.1 3.29 254.2 8.73 16.9 3.17 244.6 12.48 0.5
0.3 3.13 241.5 8.49 17.5 3.03 234.0 12.46 3.5
0.5 3.03 233.7  8.59 18.9 2.96 228.4 12.52 5.1
0.7 2.87 221.6 8.84 21.8 2.88 221.9 12,42 6.1
0.9 2.76 213.2 8.89 22,0 2.75 212.0 12.49 7.6
1.5 2.61 201.2 9.32 26.3 2.80 216.2 12.49 11.6
2.0 2.49 191.5 8.71 30.1 2.79 214.9 12.53 14.7
2.5 2,39 184.3 8.80 32.8 2,70 208.3 12,44 16.00
3.0 2.29 176.5 9.03 34,0 2.66 205.1 12.49 16.5
3.5 2.21 170.5 9.25 34,2 2,64 204.5 12.51 18.5
b.o 2.16 166.8 9.07 39.0 2.62 202.1 12.47 19.0
k.5 2,05 158.4 9.14 41.6 2,60 201.7 12.33 20,2

Replications, n=2,

* Polysulfide excess sulfur.
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Table 4.3 Effect of solution pH on gamma radiation
degradation yield (G)* of sodium sulfide and
sodium methyl mercaptan and yield (G)* of
polysulfide excess sulfur.

Initial pH# 8.38 12,46

Na,S conc., # g/1 3.37 3.19

G(-Na,s)™ 7.5 5.0

a(s)”t 1.1 0.1

Initial pH# 10.70 . 12.54 13.54
caéswa conc., # g/1 6.59 7.46 8.61
G(-CHBSNa)+ 15.4 11.3 2.5

* Apparent G, Molecules/lOO ev.

# From Tables 4.2 and 4.4,

+ G calculated from initial slope of curve in Figsl4.1 and
b2,

G(S) Yield of polysulfide excess sulfur.



Table 4.4 Gamma radiolysis of sodium‘methyl mercaﬁtan'in:Various'pE Solutions
at Gammacell temperature (34°C), .

Dose
Mrad

CHBSNa’ g/1 . 8.61 8.60 8.59 8.55 B.51 8.47 B.U5 | 8.48 8.21 8.26
Molecu. x 10 740.0 739.4 737.7 734.3 731.3 727.9 726.4 728.2 705.5 709.8
CHy SSCHy |

x 1072g/1 6.67 9.25 11.35 13.60 15.15 15.90 17.00 17.47 - 18.58 20.47
pH 13.54 13.55 13.53 13.53 13.54 13.55 13,48 13.46 13.42 13.35
CHBSNa,\g/l 7.46 7.16 7.09 6.76 6.%1 6.51 " 6.42 6.45 6,27 6.21
Molecu. x 10-° 641.3 614.8 608.8 580.8 576.5 559.2 551.2 554.2 538.7 533.5
pH 12.54 12.46 12.4k5 12.42 12.43 12.3; 12;57 12,34 12.32 12,27
CH SN2, g/1 6.59 6.42  6.03 6.17 5.6  5.26 5.13  5.21 L4.80 L.h8
Molecu. x 10°° 566.2 551.2 535.2 530.0 48L.9 L51.7 bl41.1 4h7.9  412.6 385.0
pH 10.70 10.85 10.93 10.93 11.05 11.10 11.24 11.41 11.48 11.57

Replications, n=2,

=122~

e



-222~-

Table 4.5 Gamma radiolysis of model compounds of dimethyl
sulfide and dimethyl disulfide in aqueous alka-
line solution at Gammacell temperature (34°C).

CHBSCH3 CHSSSCH?

Dose 2 3 20

Mrad x1073g/1 Molecu.x10%° x10™2g/1 Molecu.x10 pH
0.0 91.0 8.82 163.6 10.46 13.12
0.1 86.5 8.38 153.3 9,.81 13.15
0.3 78.2 7 .58 136.5 8.73 13.13
0.5 69.8 6.76 125.0 8.00 13.13
0.7 59.5 5.77 117.0 7.48 13.15
009 5105 0599 10505 6.?5 13'017
1.5 36.3 3.52 84.1 5.38 13.15
2.0 30.2 2.93 75.8 L.85 13.16
2.5 24.0 2.32 61.9 3.96 13.15
3.0 21.2 2.05 52.9 3.38 13.17
305 16.0 1.55 L"708 3005 13.15
4.0 10.5 1.01 42.1 2.69 13.14
b,s 6.3 0.61 33.5 2.14 13.13

Replications, n=4,
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Table 4.6 Gamma radiolysis of dimethyl sulfide and dimethyl

disulfide in sulfate blaci liquor (2-1) at

Gammacell temperature (34°C),

ose , CH, SCHy . § .CHBSSCHB o
Mrad x10 “g/1 Molecu.x10 x10 “g/1 Molecu.x10 pH
0.0 171.8 16.65 207.5 13.27 13.14
0.1 171.4 16.61 203.6 13.02 13.14
0.3 169.3 16.42 202.9 12.97 13.14
0.5 162.5 15.77 200.6 12,83 13.14
0.7 161.0 = 15.61 195.8 12,52 13.14
0.9 135.8 13.16 180.1  11.52 -
1.5 127.9 12,40 178.6 11.42 13.14
2.0 . 121.9 11.82 169.8 10.86 -
2.5 117.5 11.4%0 145.3 9.29 13.12
3.0 99.8 9.67 140.6 8.99 -
3.5 9k.o 9.11 133.9 8.56 13.12
4.0 89.0 8.63 128.6 8.18 -
4.5 82.8 8.0 117.8 7.53 13.10

Replications, n=4,
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*
Table 4.7 Gamma radiation degradation yields(G) of dimethyl
sulfide and dimethyl disulfide in alkaline aqueous
solution and black liquor (2-1).

Sources. G(-CHSSCHB) G(-CHBSSCHB)
Agq. Solution , 0.73 0.89

(pH 13.12)

Black liquor 0.50 0.43

(pH 13.14)

* Apparent G, Molecules/100ev.

G Calculated from initial slope of curves in Fig, 4.3.



Table 4.8 Effect of solution pH on gamma.-radiolysis (3 Mrad) of dimethyl
sulfide and dimethyl disulfide.

Initial pI‘I 0.5 2.5 '4'.’4' 5.5 6.5 705 80'4‘ 9.7 10.1 1105 1300 13.5

' -3
CHBSCHB, x 10 “g/1

Initial

conc . 91.0 91.0 91.0 91.0 91.0 88.0 80.0 75.0 75.0 75.0 75.0 75.0
Final :

conc. 8.0 1600 22.5 25.5 2&‘02 2600 2900 2905 3300 35.0 37.0 LPZ.O

Decomp., % 91.2 82.4 75.3 72.0 73.5 70.5 63.8 60.7 56.0 53.3 50.7 44,0

o 0.43 0.39 0.36 0.34  0.35 0.32 0.26 0.24 0.22 0.21 0.20 0.17

G/Co** 293.5 266.2 245.7 232.1 238.9 226,0 201.9 198.8 182.3 174.0 165.7 140.9

R A A

Initial pH 1.5 2.5 4.4 5.5 7.0 8.4 9.7 10.1 1.5 12.5 13.0 15.5
CH SSCH , x10'3g/1
3 3

Initial 165.,0 170.0 178.0 182.0 184.0 170.0 160.0 160.0 160.0 160.0 160.0 160.0

conc.
Final 29,0 - 26.5 32.5 36.0 44,5 50.0 54.5 56.0 47.5 44,0 L42.0 U47.0
conce. ’ .

Decomp., % 82-“ SL”QL" 8107 80.2 ?5.8 70.6 65.9 65.0 ?0-3 72'5 7308 70.6
G* - 0.47 0.49 0.50 0.50 0.48 0.41 0.36 0.36 0.38 0.40 0.40 0.39

G/Co*x* 286.3 271.5 264,6 258,8 245.8 227.2 211.9 :211.9 223.7 235.4 235.4 229.5

* Molecules/100ev.

*%* Molecules/Mol. 100ev.,
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Table 4.9 Effect of lignin concentration on gamma radiolysis
of dimethyl sulfide and dimethyl disulfide in aqueous
alkaline solution.

Lignin Conc.

g/1 0.0 10.0 30.0 50.0 70.0 100.0 120.0
1.5 Mrad, CHBSéHj initial conc., Co=165.0 x 107> g/1
CHéSCHé,xlO—Bg/l 105.8 119.6 131.3 133.3 126.1 - 128.7
Decomp., % 35.88 27.52 20.42 19.21 23.58 - 22.00
G*(~CH_ SCH, ) 0.61 0.47 0.35 0.33 0.40 - 0.38

3.0 Mrad

CHBSCHB,XIO-Bg/l 69.0 85.0 96.0 95.0 88.0 82.0 81.1

Decomp., % 58.18 50.00 41.82 42,42 46.67 50.31 50.91
G(—CHéSCHé) 0.50 0.41 0.36 0.36 0.40 0.43 0.44

1.5 Mrad, 03355033 initial conc., C0=190.0 x10 °g/1

CHésSCHj,xlo‘Bg/l 102.5 139.0 140.0 139.0 145.0 135.0 130.0

Decomp., % L6.05 26,84 26.31 26,85 23,68 28.95 36.84
G(—CHjSSCH3) 0.60 0.35 0.34 0.35 0.31 0.38 0.47
3.0 Mrad

CHéSSCHj,xlO'Bg/l 75.00 104.0 102.0 96.0 90.0 86.0 91.5
Decomp., % 60.35 U45.26 46.23 L9.47 52.63 54.74 51.84
G(-CHéSSCHé) 0.39 0.29 0.30 0.32 0.33 0.36 0.34
Average G** 0.53 0.38 0.34 0.34 0.36 0.39  0.41
pH 3 Mrad 13.12 13.07 12.81 12.10 10.90 10.12 9,08
*Molecules/100ev,

** Average G value of dimethyl sulfide and dimethyl disulfide.
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Table 4.10 Effect of temperature on gamma radiolysis of dimethyl
. sulfide and dimethyl disulfide in black liquor (1-3)
under 50 psi initial oxygen pressure.

%gf Temp. 60 77 83 103 115
3 Mrad, CH,SCH, initial conc., Co=160.00x10'3g/1
CHjSCHj,xlO-Bg/l 75.83 60.00 53.08 50.42 36.08
Decomp., % 52.88 62,50 66.83 68.28 77 .45
G*C—CHBSCHB) 0.44 0.52 0.55 0.57 0.64
Control, 305 min, CHBSCH.3 intial conc., Co?160.00x10‘3g/1
cnssCHj,xlo‘Bg/l 104.55 87.08 73.75 71.76 70.00
Decomp., % 34.79 U45.58 53.91 55.21 56.25

3 Mrad, CHBSSCHj initial conc., Co=130.00x10-3g/1

CHBSSCHé,XIO"Bg/l 36.42 13.50 1.77 0.60 0.00
Decomp., % 71.98 89,62 98.64 99.54 100.00
G*(-CHéSSCHj) 0.34 0.42 0.46
Control, 305 min, cagsscnj initial conc., Co=13o.00x10'3g/1
CHBSSCHj,xlo-Bg/l 56.17 45.00 34.92 36.47 21.75
Decomp., % 56.79 65.38 73 .14 71.95 83.27
3 Mrad 12.51 12.26 11.18 11.11 10.00
pH
Control 12,67 12.61 12.45 12,47 11.42

Replications, n=3
* Molecules/100ev,



-228-

Table 4.11 Effect of temperature on gamma radiolysis of dimethyl
sWlfide and dimethyl disulfide in carbonated black
liquor (2-1) under 50 psi initial oxygen pressure.

Max. Temp. 77 83 103 115

Oc.

3 Mrad, CHBSCHB initial conce., Co=5u.17x1o‘3g/1
CH3SCH3,x10-3g/1 22,08 16.25 11.92 6.67
Decomp., % 59.24 70.00 78.00 87.68
G*(-CHéSCHB) 0.17 0.20 0.22 0.25

Control, 299 min, CHBSCH§ initial conc., Co=54.17x10‘3g/1
CHBSCHB,x10—3g/1 35.83 29.13 23.08 21.37

Decomp., % 33.86 46.22 57.39 59.22

3 Mrad, CH,SSCH; initial conc., C0=97.92x10 7g/1

CHBSSCHS,xIO-Bg/l 45.21 10.25 4.09 - 2.16
Decomp., % 53.82 89.53 95.82 97.79
G*(—CHBSSCHj) 0.18 0.29 0.31 0.34

Control, 297 min, CHySSCHy initial conc., C0=97.92x103¢g/1

CH3SSCH5,x10—3g/1 62.50 38.33 25.67 20.71
Decomp., % 36.17 60.80 73.78 78.86

Mrad 7.94 8.12 8.07 7.92
pH ’

Control 8.19 8.00 8.14 8.10

Replications, n=3
*Molecules/100ev,
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Table 4.12 Effect of oxygen pressure on gamma radiolysis of
dimethyl sulfide and dimethyl disulfide ig black
liquor (2-1) at Gummacell temperature (34°C).

Oxygen Pressure

psi 25 50 75 100
3 Mrad, CH_SCH initial conc., C0=63.01x10"3g/1
casscaj,x1o'3g/1 31.50 11.17 7.51 3.95
Decomp., % 50.00 81.70 87.99 93.73
G*(—CHBSCHB) 0.16 0.27 0.29 0.31
Control, 294 min, CHySCH; initial conc., Co=63.01x10'3g/1
CHBSCHj,xlo-Bg/l 45,58 35.17 23.17 18.08
Decomp., % 22.90 Ly.18 63.23 71.31
3 Mrad, CHBSSCH3 initial conc., Co=h3.63x10'3g/1
CHBSSCHB,x1073g/1 19.08 12.25 6.00 4.58
Decomp., % 56.26 71.92 86.25 89.50
'G*C-CHBSSCHB) 0.08 0.11 0.13 0.14

Control, 294 min, CH_SSCH; initial conc., Co=43.63x10"3¢g/1

CHjSSQHB,xlo-Bg/l 35.42 27.68
Decomp., %«1 18.79 36.56

22,25

49,00

9.71
7774

Replications, n=3,
* Molecules/100ev,
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Table 4.13 Effect of oxygen pressure on gamma radiolysis of
dimethyl sulfide and dimethyl disulfide in carbon-
ated black liquor (2-1) at Gammacell temperature
(34°c).

OxXygen pressure 25 75 100
psi

3 Mrad, CH;SCH; initial conc., Co=54.17x10"3¢g/1

CHBSCHS,xlo'Bg/l 18.33 10.27 6.67
Decomp., % 66.16 81.04 87.67
G* (=CH,SCH, ) 0.21 0.26 0.28

Control, 294 min, CH,SCH, initial conc., Co=54.17x10 2g/1
3

CHBSCHB,XIO-Bg/l 38.28 26.00 23.07

Decomp., % ' 29.33 52,00 57.41

3 Mrad, CHBSSCH3 initial conc., Co=97.92x10"3g/1

CHBSSCHj,xlo_Bg/l 52,17 38.64 21.67

Decomp., % L6.72 60.72 77.87
G*(éCHBSSCHB) 0.16 0.20 0.26

Control, 294 min, CHBSSCH3 initial conc., Co=97.92x10'3g/1
CHjSSCHj,xlO-Bg/l 68.33 64.17 L42.08

Decomp., % 30.22 34,47 57.03

Replications, n=3,

*Molecules/100ev,



-231-

‘Table 4.14 Potentiometric titration of mone-and polysulfide
in 4 m1 gamma irradiated black liquor (3-1).

Consumption of 0.,05N AgNOB, ml

Dose Monosulfide® PolysulfideP pH
Mrad

0.0 7.24 Lh.52 13.32
0.06 6.64 L.60 13.32
0.12 6.56 » L.65 13.32
0.24 6.42 L.96 13.31
0.37 5.20 5.12 13.31
0.49 L.bo 5.46 13.32
0.61 2.74 6.14 13.32
0.92 0.32 6.80 13.31
1.22 0.26 5.85 13.29
1.52 0.19 4.os 13.29
1.83 | 3.64 13.30
2.13 2.79 13.25
2,44 1.87 13.25

Replications, n=2,

Radiolysis at Gammacell temperature (34°C)

a, Inflection "a" of potentiometric titration curve.
b. Inflection "b" of potentiometric titration curve.
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Table 4.15 Gamma. radiolysis of dimethyl sulfide in sulfate and
polysulfide black liquors. .

Dose : ' ' . ,

Mrad ‘0.0 1.0 2.0 3.0 b.o 5.0
1-2 -3 .
CHBSCHé,x10~ e/l 1.10 0.96 0.73 0.60 0.46 0.37
Molecu.x10%7 106.6 93.4 70.8 57.8 44,6  36.2
1-4 _

CHéSCHé,xlO 3,8/1 0.25 0.21 0.11 0.06 0.01 -
MOlecu.XlOl? 2“’.2 20.’4’ 10.3 . 305 1.0 -
2-1 3

CHSSCH3,x10- g/l 0.56 0.45 0.30 0.19 0.14% 0.07
Molecu.x10%7 54.6  43.6  29.1 18.4  13.6 6.5
3-1 3

CHBSCHj,xlo yell 0.20 0.09 0.06 0.02 - -
Molecu.x10}7 19.4 12.0 5.8 2.3 - -
L-IL

CHBSCHS,xlo'B,g/l 0.39 0.31 0.21 0.07 0.04 0.01
Mo1ecu.x1017 38.1 29.1 20.4 6.8 3.6 1.0

Replications, n=3
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Table 4.16 Gamma radiolysis of dimethyl disulfide in sulfate and
polysulfide black liquors.

Dose .

Mrad ‘ 0.0 1.0 2.0 3.0 L.o 5.0

1-1 5

CH,ySSCHy ,x10” -Ya! 7.58  4.30 3.44 2.96 1.71 1.06
18

Molecu.x10 48.5 2745 22,0 18.7 10.9 6.8

1-2 3 : : _

CHBSSCHB,XIO yg/1 6.53 5.00 3.67 2.90 1.03 0.71

Molecu.xlo18 19.2 15.4 9.3 5.1 bl 3.1

CHﬁSSCHB,xlo 3.00 2.41 1.41 0.81 0.69 0.49

Molecu.x1018 41.8 32.1 23.0 18.5 6.6 b.5

-5 >

CHBSSCHB,xlo sg/1 - 0.44  0.27 0.15 0.09 0.03 0.01

Molecu.xlo18 2.8 1.8 1.0 0.6 0.2 0.1

2-1

CH3SSCH5,x10'3,g/1 17.08 15.42 11.36  9.15 7.65 5.58

5 .

Molecu.xlol 109.3 98.6 72.7 5805 u‘809 35.7

3-1 5

CH;SSCH,,X10 yell 2.10 0.69 0.44 0.27  0.16 0.07

Molecu.xlo18 13.4 9.4 2.8 1.7 1.0 0.4

G-1L 5 |

CH3SSCHy,x1077,g/1  39.71 35.90 30.29 23.87 21.15 18.66

A 8

Molecu.x10t 253.9 229.6 193.7 152.8 135.3 119.3

L-2v -3 ‘

CHy SSCH, ,X10 »g/1 5.06 4,63 3.16 2.27 1.34 0.52

Molecu.x101® 32.4 29,6 20.2 14.5 8.6 3.3

Replications, n=3
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Table 4.17 Gamma radiolysis of unidentified sulfur compound (X)

in sulfate and B

temperature (34°C)

olysulfide black liquors at Gammacell

Dose

Mrad 0.0 1.0 2.0 3.0 L.o 5.0
1-1 4

X,x10 “,g/1 6.49 5.11 3.58 1.91 0.64 0.28
1-2 4

X,x10 “,g/1 10.73 6.98 L.38 2.30 1.08 0.69
1-3 -3

Xyx10 “,g/1 8.10 6.37 1.31 0.36 0.22 0.11
1-4

x,x10'3,g/1 0.36 0.21 0.09 0.05 0.02 0.01
2-1

X,x1072,g/1 102.00 92.15 79.12 69.38 62.50 59.17
3-1 _4

Xyx10 “,g/1 85.00 56.10 47.39 33.50 24.51 20.34
b-1L 4

X,x10 “,g/1 50.21 L44.58 25.63 23.33 18.54 12.17
b-2v _g

X,x10 ~,g/1 L.hs 2.67 1.63 1.05 0.78 0.53

Replications, n=3_
Quantitative determination

from dimethyl sulfide

calibration curve.
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Table 4.18 Gamma radiation degradation yield(G)* of dimethyl
sulfide and dimethyl disulfide in the various
sulfate and polysulfide black liquors.

Sources G(-CHBSCH3) G(-CHBSSCHB)
1-1 0.034
1-2 0.003 0.006
1-3 0.016
1-4 0.001  0.002
2.1 B 0.002 0.045
3-1 0.001 , 0.014
b-1L 0.002 0.085
B2V 0.005

* Apparent G, Molecules/lOOev.
G Calculated either from initial slope of curves in Figs, 4.12,

4.13 or estimated from Table 4.15.
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Table 4.19 Gamma radiolysis of hydrogen sulfide in carbonated
sulfate and polysulfide black liquors at Gammacell
temperature (34°C). '

Dose

Mrad 0.0 1.0 2.0 3.0 L.o 5.0

1-1 :

H,S, x10‘3,g/1 116.44  34.65 15.45 7.00 2.21 0.69

Molecu.x10%? 205.8  61.2  27.3 12.4 3.9 1.2

1-2 -3 '

H,5,x10 y2/1 0.89 0.42 0.23 0.15 0.10 0.04

Molecu.x1019 1.6 0.7 0.4 0.3 0.1 0.1

1-3 3

H,S,x10 " ,g/1 182.19 94.71 30.93 16.10 8.00 2,04

Molecu.x101? 322.0 167.4 54,7 28,5 14.1 3.6

1-4

H,S, x107°,g/1 2.57 0.74 0.42  0.23 0.13 0.08

Molecu.x101% 4.5 1.3 0.7 0.4 0.2 0.1

2-1

H,S,x1070,g/1 16.23 9.28  2.79 1.67 0.59 0.30

Molecu.x1019 28,7 16.4 4.9 3.0 1.0 0.5

-1

H,S5,%x10 »2/1 2.87 1.00 0.54  0.41 0.20 0.13

Molecu.x101? 5.1 1.8 1.0 0.7 0.3 0.2

oIL

H,5,x107" ,g/1 265.20 159.45 131.40 81.19 15.42 6.99

Molecu.xlo19 L468.7 281.8 232.2 143.5 27.3 12.3

ha2v -3 g

H,5,x10 " ,g/1 3.11 1.18 0.56 0.41 0.18 0.14

Molecu.x101? 5.5 2.1 1.0 0.7 0.3 0.3

Replications, n=3



-237-

Table 4.20 Gamma radiolysis of methyl mercaptan in carbonated
sulfate and polysulfide black liquors.

Dose _

Mrad 0.0 1.0 2.0 3.0 L.o 5.0

1-1 _

CHSSH,xlo’Bg/l 4.13 1.70 0.65 0.46 0.30 0.17

Molecu.x1018 51.8  21.3 8.2 5.7 3.7 1.4

1-2 _3

CHySH,x10 g/1 1.57 0.70 0.35 0.18 0.08 0.04

Molecu.x1018 19.6 8.6 b.1 2.3 1.0 0.5

1-3 -

CHBSH,x1o'3g/1 28.70 17.25 11.05 8.00 3.63 1.22

Molecu.x1018 359.3 216.,0 138.4 100.1 45.5 15.3

1-4

CHssH,xlo'Bg/l 7.30 4.16 1.55 0.67 0.36 0.19
8

Molecu.x10' 91.4  52.1 19.5 8.4 4.5 2.4

2-1 3

CH3SH,x10_ g/1 13.15 7.84 4,27 1.40 0.67 0.35

Molecu.xlo18 164.7 98.2 53.5 17.5 8.4 Lh,2

3-1 -3

CH;SHyx10 g/1 1.25 0.59 0.33 0.19 0.10 0.05
18

Molecu.x10 _ 15.7 7.4 L. 2.4 1.2 0.6

L-1L 3

CH SH,x10 " g/1 73.87 49.75 32.73 22.55 10.38 6.80
8 .

Molecu.xlol 925.,0 623.0 409.9 282.4 129.9 85.1

42V 3

CHBSH,xlo‘ g/l 0.48 0.21 0.10 0.06 0.03 0.01

MOlecu.1018 6.0 206 1-3 008 O.l& 0.1

Replications, n=3



-238-

Table 4.21 Gamma radiolysis of dimethyl sulfide in carbonated
sulfate and polysulfide black liquors.

Dose

Mrad 0.0 1.0 2.0 3.0 4.0 5.0

1-1 -3

CHBSCHj,xloa 1.16 0.90 0.49 0.23 0.07 0.03

Molecu.xlo17 112.1 87.6 47.5 22,6 6.8 2.9

1-2 3

CHjSCHj,xlO- 5,22 3.96 2.64 1.97 1.20 0.81

Molecu.x1017 506.0 383.9 255.9 191.0 116.0 79.5

1-3 _3

CHySCH;,x10 1.62 0.91 0.69 0.46 0.31 0.13

Molecu.xlo17 156.7 88.5 67.2 Li,6 30.4 12,6

14 3

CHBSCHé,xlo- 0.60 0.42 0.19 0.13 0.04 0.02

Mo1ecu.x1017 58,2 bo.7 18.4 12.6 L,2 1.6

2-1

CHBSCHB,XIO-B 1.62 1.05 0.66 0.54 0.31 0.23

Molecu.x1017 156.7 108.3 63.7 52,3 30.4 22.0

3-1 -3

CHySCH;,x10 3.27 2.48 1.83 1.10 0.79 0.69

Molecu.xlo17 313.4 240.1 177.7 106.3 76.3 - 66.6

4oL -3 -

CHBSCHB,xlo 4.53 3.32 2.15 0.94 0.61 0.49
17

Molecu.x10 439.5 321.5 205.2 90.8 59.1 Lb7.5

L-2v -3 '

CHBSCHj,xlo 0.95 0.76 0.42 0.17 0.08 0.04
1

Molecu.x10 7 92.1 737 Lbo.7 16.5 7.8 3.9

Replications, n=3,
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Table 4.22 Gamma radiolysis of dimethyl disulfide in carbonated
sulfate and polysulfide black liquors.

Dose

Mrad 0.0 1.0 2.0 3.0 b.o - 5.0
CHySSCHy,x10 »8/1 .81 2.40 1.65 1.35 0.65 0.39
Molecu.x1017 “307.4 153.7 105.5 86.3 b1.6 25.2
1-2

CHéSSCH?,xlO-B,g/l 1.03 0.60 0.38  0.25 0.16  0.10
Molecu.xlO17 - 65.7 38.6 24,1 15.6 10.1 6.6
1-3. _

CHBSSCHB,xlo—B,g/l 2.06 1.43 1.04 0.55 0.28 0.15
Molecu.xlo17 131.7 91.4 66.5 34.3 18.1 9.6
1-4

cnjsSCHs,x1o'3,g/1 1.80 0.92 0.48 0.26 0.12 0.06
Mo1ecu.x1017 T 114.9 59.0 30.5 16.8 7.7 3.6
2-1

CHBSSCHB,XIO_B,g/l 9.11 5.70 L4.80 3.93 2.83  1.65
Molecu.x1017 582.5 364.5 306.9 251.1 181.2 105.5
3-1 _

CH;SSCHy,X10 3,g/1 1.11 1.09 0.62 0.33 0.26 0.14
Molecu.x1017 105.9 69.9 39.6 27.1 15.1 8.7
L-L -

CHBSSCHB,XIO-B,g/l 8.00 L.72 2.68 1.83 1.53 1.03
Mo1ecu.x1017 511.6 301.8 171.4 116.8 98.1 65.9
-2V 5

CHjSSCHB,xlo- yg/1 2.93 1.62 1.12 0.64 0.35 0.21
Molecu.x1017 187.6 103.6 71.8 ho.7 22.4 13.4

Replications, n=3,
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Table 4.23 Gamma radiolysis of unidentified sulfur compound:
(X) in carbonated sulfate and polysulfide black

liquors.
Dose
Mrad 0.0 1.0 2.0 3.0 b,o 5.0
1-1
X,x10™3 0.47 0.32 0.14 0.06 0.03 0.01
1-2
X, x10™3 1.38 0.60 0.38 0617 0.02 0.06
1-3 3
X, x10~ 6.22 4,28 3,78 2.95 2.25 1.18
1-4
X, x10~3 0.36 0.18 0.12 0.08 0.04 0.01
2-1 3
X, x10~ 3.70 2.47 1.42 1.27 0.90 0.44
3-1 -3
X, x10 2.88 1.89 1.08 0.73 0.32 0.11
X, x10 18.15 14.38 10.00 5.23 3.79 3.01
b=2V g
X, x10 1.31 0.94 0.44 0.20 0.14 0.06

Replications, n=3,
Quantitative determination from dimethyl sulfide calibration curve.
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Table 4.24 Gamma radiation degradation yields(G)* of hydrogen
sulfide, methyl mercaptan, dimethyl sulfide and
dimethyl disulfide in the various carbonated black

liquors.
Sources pH# G(~H,5) G(-CHySCH) G(—CHéSCHs) G(-CHySSCHy)
1-1 8.20 2.720 0.049 0.004 0.025
1-2 8.50 0.015  0.018 0.020 0.004
1-3 8.75  3.147 0.230 0.010 0.007
1-4 8.45 0.051 0.063 0.003 0.009
2-1 9.00 0.306 0.107 0.008 0.035
3-1 8.50 0.053 0.013 0.012 0.006
h-1L 9.15  3.h27 0.518 0.020 0.034
Y-2v 8.20 0,055 0.006 0.003 0.014

* Apparent G, Molecules/100ev.

G Calculated either from initial slope of curves in Figse.4.17,
4.18, 4.19 and 4.20, or estimated from Tables 4.19, 4.20, 4.21,
and 4.22,

# 1Initial pH.
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—

Table 4.25 Effect of nitrogen, air, and oxygen atmospheres on
gamma radiolysis of sulfides in carbonated black
liquor{l-1). \

Dose

Mrad 0.0 0.5 1.0 2,0 3.0

H,S, x1077g/1

N,-atmo. 607.50 472.50 342,00 146.92 105.00

Molecu.x10°° 107.4 83.5 60.4 26.0 18.6

Air-atmo. 387.00 256.00 109.33" 8.45 2.93

Molecu.x10%0 68.4 45.3 19.3 1.5 0.5

0,-atmo. 247.75 21.34 14.68 6.99 1.93

Molecu.x10°° 43.8 3.8 2.6 1.2 0.3

CHySH,x1077g/1

N,-atmo. 1935.00 1741.50 1665.00 1135.50 1035.00

Molecu.x10°° 242.3 218.1 208.5 142 .2 129.6

Air-atmo.  1645.00 1246.50 976.50 335.50 98.25

Molecu.x10°° 206.0  156.1 122.3 uz.0’ 12.3

0,-atmo. 967.50 L81.50 323.25 229.95 32.41

Molecu.x10%0 121,2 60.3 40.5 28.8 b1

CHBSCHg,xlo-Bg/l

N,-atmo. 108.00  103.25 95.45 86.40 81.90

Molecu.x1019 10&.7 100.1 92.5 83.8 79.4

Air-atom. 107.40 85.95 80.35 58.80 52.88

Molecu.x101? 104.1 83.3 7749 57.0 51.3

0,-atmo. 106.25 81.45 7555 54,00 38,82

Molecu.xlo19 103.0 79.0 73.2 52.3 37.6

CHBSSCHB,XIO-Bg/l

N,-atmo. 2295.,00 2340.00 2070.00 1752.00 1305.50

Molecu.xlo20 146.8 149.6 132.4 112.0 83.5. ..

7 e A Y L T LT e e

Air-atom. 2565.00 2835.00 2695.00 2272.50 1287.00

Molecusx10°° 164.0 181.3 172.3 145.3 82.3

O,-atmo.  3217.50 3195.00 2835.00  2137.50  967.50

Molecu.le20 205.7 204.3 136.7 61.9

181.3

Replications, n=2
Initial pH 7.50
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Table 4.26 Effect of nitrogen, air and oxygen atmospheres on
gamma radiation degradation yield(G)* of hydrogen
sulfide, methyl mercaptan and dimethyl sulfide in
the carbonated black liquor(1l-1).

Atmospheres G(-H,S) G(~CH,SH)  G(-CH3SCHy)
Nitrogen 8.5 10.2 0.19
Air 907 1805 0.’-"3
Oxygen 16.7 28.0 0.74

* Apparent G, Molecules/100ev.
G Calculated from initial slope of curves in Figs, 4.26, 4.27

and 4.28,
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Table 4.27 Gamma radiolysis of carbon dioxide and hydrogen
sulfide acidified sodium sulfide and sulfate green:
liquor.

Treatment Initial Dose Poly-5 stou
Na,S,g/1 Mrad g/l G(S) g/l G(H,50,,)

CO,, 120 psi during irradiation, Na,S5 solution.

A. 20 11.8 0.875 2.23 0.218 0.18

5 min%* 20 11.8 0.975 2.49 0.189 0.16

B. 20 11.8 0.575 1.47 0.222 0.19

B. 20 1.2 0.060 1.53

B. 20 5.9 0.310 1.58 0.240 0.40

COp, 120 psi during irradiation, Nazs solution.

1 hr.* 20 5.9 0.375 1.91 0.188 0.31

2 hr.* 20 5.9 0.525 2.68

3 hr.* 20 5.9 0.515 2.63

L hr.x* 20 5.9 0.580 2796 0.160 0.27

5 hr.* 20 5.9 0.375 1.91 0.182 0.30

A. 20 5.9 0.485 2.48 0.183 0.31

HZS’ 270 psi during irradiation, Nazs solution.

1 hr.* 80 11.8 1,200 3.06

B. 80 11.8 1.550 3.95

B. Lo 17.2 2.450 4,92 0.118 0.07

B. 80 70.8 9.400 b.09 0.540 0.08

HZS’ 270 psi during irradiation, green liquor(1-2)

B. 35.1 30.0 3.800 3.81 0.204 0.07

B. 35.1 60.0 6.625 3.34 0.197 0.03

A ¢ Non~-preirradiation stirring.

B ¢ Stirring during irradiation.

* ¢ Pre~irradiation stirring only.

G : Molecules/100ev.
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Figure 2.1 The spectrum of electromagnetic radiation(163)
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Figure 3.2 Potentiometric titration curves of sodium sulfide solution, sulfate white
liquor(WL,1-3) and black liquor(BL,1-2) and added methyl mercaptan.
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Figure 5.3 Potentiometric titration curves of sulfide in sulfate white liquor(WL,l 1-2)
and black liquor(BL, 1-2) in the presence of methyl mercaptan.
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Figure 3.4 Potentiometric titration curves of sodium polysulfide
in presence of methyl mercaptan.
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Figure 3,5 Potentiometric titration curves of sodium sulfide in 1% thiolignin containing

~ alkaline solution with and without oxidation and addition of sodium methyl

mercaptan.
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Figure 3,6 Potentiometric titration curves of dimethyl sulfide,
dimethyl disulfide, sulfur-mercaptan and methyl mercaptan
in alkaline solution. -

CSAMPLE,  ml

- =43507 I 10(CH3SCH3)  100(IN NaOH)
I 10(CH3SSCHy) ~ 100(IN NaOH)

- 350t h b 1 00016 g(S) 4.0(Na-mercaptan)

: v 4.0(Na-mercaptan)

- 250}
- 150F 1 T
E_ 50 \
150}

I 1 i

L 1

0 2.50 5.00

750
0IN AgNO3, ml ,



-252-~

- Figure 3,7 Potentiometric titration curves of methyl mercaptan
with and without added elemental sulfur in alkaline

solution.
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Figure 3.8 The calibration curves for hydrogén sulfide, methyl
mercaptan, dimethyl sulfide and dimethyl disulfide
in carbon tetrachloride.
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Figure 3.9 The calibration curves for dimethyl sulfide and
dimethyl disulfide in black liquor.
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Figure 3,10 Steps of carbon tetrachloride liquid/liquid extraction
of dimethyl sulfide and dimethyl disulfide from white
liquor(WL) and black liquor(BL).
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Figure 3,11 Effect of solution pH on the efficiency of carbon
tetrachloride liquid/liquid extraction.
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Figure 3.12 Change of black liquor(1-4) pH as a function of added
boric acid concentration.
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Figure 3 13 Gas liquid chromatography(GLC) of carbon tetrachlorlde extracts
of acidified and unacidified black liquor(2-~1) samples.
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Figure 3.14 Redox titration curve of a polysulfide solution with sodium sulfite

saturated sodium chloride solution.
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Figure 3.15 Calibration curve for speétroscopic determination of polysulfide
excess sulfur in 3M NaCl and 0.01M NaOH solution.

2.0 -~

-~
(@)
|

“O92f

. N85
N
!

ABSORBANC
<)
Q
T

N
N
l

] ] ! ]
0 100 200 . - 300 - 400

POLYSULFIDE EXCESS SULFUR, g/l, x10°




Figure 3,16 Calibration curve of transmittance and concentration for sulfate solution.
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Figure 3,17 Calibration curve of thiolignin concentration versus absorbance,at 213nm,
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Figure 3.18 Relationship of black liquor(BL) pH and carbon dioxide volume bubbled.
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Figure 3.20 Schematic drawing of high pressure and temperature‘irradiation apparatus,

A, Gas . supply
B. Reducing valve
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" Figure 3.19 Infrared spectrum of the radiolysis product of aqueous dimethyl sulfide.
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Figure 3.21 Relationship of powerstat setting and pressure vessel
temperature.
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Figure 4.1 Gamma radiolysis of sodium sulfide aqueous solution and formation of
' polysulfide excess sulfur at Gammacell temperature(34°C).
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Figure 4,2 Gamma radiolysis of various pH sodium methyl mercaptan solutions at

o
Gammacell temperature(34 C).
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Figure 4,3 Gamma radiolysis of dimethyl sulfide and dimethyl disulfide in aquedus
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Figure 4.4 Effect of solution pH on gamma radiolysis(3 Mrad) of dimethyl sulfide and
dimethyl disulfide.

o T0] =N A——a CH3SCH3
| 0 CH3SSCH;
80}t |
N
> 701 ) 4
C370 2:) 3
- N '
A ™
! g
60F
< Q
S o
T
& 5o A
]Sj
Q') .
40} | S 0I5 |
| S SR ST N TR SO N g S T N TR TN W
0 2.0 40 60 80 100120 140 0 20 40 60 80 100120 140

SOLUTION pH



Figure 4.5 Effect of solution pH on ratios of gamma radiation(3 Mrad) degradation
yield(G) and initial concentration(Co).

290

N
@)
o

N
W
S

N
Q
]

A—a CH3SCHy
00 CH3SSCHj

" G(=)/C, Molecules/Mol-100 ev
S
(&)

()
4 ‘lil
>

] ! | i 1 | Al | | :
20 40 60 80 100120 140
SOLUTION pH

-lle-



272~

Figure 4.6 Effect of lignin concentration on gamma radiolysis
of dimethyl sulfide and dimethyl disulfide in
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Figure 4.7 Effect of temperature on gamma radiolysis of dimethyl
sulfide and dimethyl disulfide in black liquor(1-3)
under 50 psi initial oxygen pressure.
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Figure 4.8 Effect of temperature on gamma radiolysis of dimethyl
sulfide and dimethyl disulfide in carbonated black
liquor(2-1) under 50 psi initial oxygen pressure.
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Figure 4.9  Effect of oxygen pressure on gamma radiolysis of dimethyl
sulfide and dimethyl disulfide in black liquor(2-1) at

Gammacell temperature(quc).

A—a~A confro/“
o2 3 Mrad CH3;SCH;

00 coONltrol CH

* 294 min
100 © ® IMrad '3 |

SSCH;

90

) o
&) Q

19))
S

DECOMPOSITION, %,
(8]
()

N
S

30

AL &

20-’:’ O" 1 .

o 1 I L 1 1 L { ]
25 50 75 100 25 50 75 100

OXYGEN PRESSURE, psi



-276-

Figure 4.10 Effect of oxygen pressure on gamma radiolysis of dimethyl
sulfide and dimethyl disulfide inocarbonated black liquor
(2-1) at Gammacell temperature(34 C).
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Figure 4.11 Potentiometric titration of mono- and polysulfide in 4 ml
gamma irradiated black liquor(3-1).
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Figure 4.12 Gamma radiolysis of dimethyl sulfidg in sulfate and polysulfide black
liquors at Gammacell temperature(}{; c).

0 10 20 30 40 50

Dose(Mrad), 66.77min/Mrad

100

80k

60

40%
30}

20

Molecules, x1 077
S

0

Time(rin), 9.35X10°

-8z~

log(s) vs. dose plot

Oe v/I[/min

100 200 300 400 |




Figure 4.13 Gamma radiolysis of dimethyl disulf%de in sulfate and polysulfide black
liquors at Gammacell temperaturer34 C).
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Figure 4,14 Gamma radiolysis of an unidentified sulfur compound(X) in
sulfate and polysulfide black liquors at Gammacell
temperature(34 C).
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Figure 4.15 Relation of initial concentration and gamma radiation
yields of dimethyl sulfide in black liquors,
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Figure 4.16 Relation of initial concentration and gamma radiation
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Figure 4.17 Gamma radiolysis of hydrogen sulfide in c%rbonated sulfate and polysulfide
black liquors at Gammacell temperature(34 C).
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Figure 4.18 Gamma radiolysis of methyl mercaptan in carbonated sulfate and polysulfide
black liquors at Gammacell temperacz ure(34°C).
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Figure 4.19 Gamma radiolysis of dimethyl sulfide in carbonated sulfate and polysulfide
black liquors at Gammacell temperature(34 °c).
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Figure 4.20 Gamma radiolysis of dimethyl disulfide in carbonated sulfate and polysulfide
black liquors at Gammacell temperature(34 C).
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Figure 4,21 Gamma radiolysis of an unidentified sulfur compound(X) in
carbonated sulfate %nd polysulfide black liquors at Gamma-
cell temperature(34°C).
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Figure 4.22 Relation of initial concentration and gamma radiation degradation yields
of hydrogen sulfide in carbonated black liquors.
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Figure 4,23
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of methyl mercaptan in carbonated black liquors.

(4-1L)o

X(1-3)

72-1)
-4)

1 |

i i i L.t 1
¢

CH;SH initial concentration, g/, x10

Relation of initial concentration and gamma radiation degradation yields

!
4 . & 12 16 20 40 _, 60 80 -

_682-



Figure 4.24 Relation of initial concentrstion and gamma radiation degradation yields .
of dimethyl sulfide in carborated black liquors.
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Figure 4.25 'Relation of initial concentration and gamma radiation degradation yields
of dimethyl disulfide in carbonated black liquors.
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Figure 4.26 Effect of nitrogen, air and oxygen atmospheres on gamma radiolysis of
gen sulfide in carbonated black liquor(1-1) at Gammacell temperature
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Figure 4.27 Effect of nitrogen, air and oxygen atmospheres on gamma radiolysis of
dimethyl sulfide in carbonated black liquor(1-1) at Gammacell temperature
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Figure 4.28 Effect of nitrogen, air and oxygen atmospheres on gamma radiolysis of
methyl mercaptan and dimethgl disulfide in carbonated black liquor(1-1)
at Gammacell temperature(34 C).
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Figure 5,1 Formation of malodorous'sulfides from sulfate cooking.
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Figure 5.2 'Proposed radio-chemical reactions in gamma radiolysis of sulfate black

liquor,
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