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ABSTRACT
Air oxidation of Na3S in Na3S/NayCO3 melts produces copious quantities of NapCOj3
fume. This phenomenon was unexpected and very difficult to interpret in terms.

of previous concepts of fume production by formation and volatilization of ele-

mental Na or NaOH.

Based on the experimental results obtained in this study, the large
quantity of fume which can be generated during sulfide oxidation is a result of
Na oxidation in the gas phase. Oxidation of Na in the gas phase significantly .
lowers the partial pressure of Na. Since the driving force for vaporization is
the difference_between the equilibrium vapor pressure of Na at the gas-melt
inteffaée and the parﬁial pressure of Na in the gas phase, this reduction in
partial préssure of Na significantly increase; Na vaporizétion rates énd allows

fuming to proceed with only mild reducing conditions in the melt.
INTRODUCTION

One of.the pfincipal steps in the kraft pulping process is the recovery of the
pulping chemicals. In the recovery proceés, the black 1iduor from the pulping
process is burned in a recovery furnace. Iﬂ the furnace, the combustion of the
carbonaceous char pfoduced from the pyrolysis of the black liquor occurs in a
molten salt environment consisting principally of NaCOj3 ?nd Na2S. During the
burning of the kraft black liquor a large quantity of fume particles are prbduced
from the volatilization and candensation of the inorganic sodium compounds.

These particles are typically 0.25 to 1.0 uﬁ in diaﬁeter and are composed prin-—

cipally of NapCO3 and NapSO4.
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Fume significantly affects the design'and operation'of the recovery
furnace. These particles form deposits on the heat transfer surfaces, reducing
heat transfer rates and increasing the amount of surface area required for a
given steam load. The fume particles that do not deposit on the heat transfef
surfaces are collected by the electrostatic precipitators and recycled. into
the black liquor. This increases the inorganic content of the.black liquor and

reduces its héating value on a unit weight basis.

Not all aspects of fume are detrimental. The beneficial aspect of the
fume is that it captures the sulfur gases released during black liquor pyrolysis

and combustion. This occurs through the reaction of NapCO3 with SO and 07 to

form Nd9S0O4. This NapSOj; is ‘then removed by the precipitators.and recycled back

into the black liquor. ‘-

* Recent work by Clay et al. (1984) and Cameron et al. (1985) has shown |
that air oxidation of NaS in a NazS/NazCO3 melt can produce large quantities of
Na3C03 fume. The rate of fume generation under oxidizing condltions was found
to be considerably greater than the rate under strongly reducing conditions. |
This phenomenon was unexpected and very difficult to interpret in terms of ‘the-
existing concept of fume formation by elemental Na formation and volatilization
at high—temperature reducing cond1t1ons. This paper describes the mechanisn

responsible for fume generation during air oxidation of NazS in a NazS/Na2C03

meltc
PREVIOUS WORK

Several researchers have used thermodynamic equilibrium calculations to predict

the liquid and gaseOus species present 1n the kraft furnace. Bauer and Dorland
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(1964) were one of the first to apply this technique.to the kraft furnace.
Their study predicted that the volatile fuming species in the furnace are Na and
Najg. They considered NaOH as a liquid species but not as a gaseous species.

Thus they a priori eliminated it as a potential source of fume.

More recently Warnqvist (1973) also applied equilibrium thermodynamics to
the kraft furnace and concluded that in addition to Na and Naj, NaOH is an-:
important volatile compound. Warngqvist believed that the earlier study by Bauer
and Dorland (1954) was flawed fqr not includipg NaOH(g) in the equilibrium

calcqlations.

" As stated by Warnqvist (1973) a major assumption in these equilibrium
treatments is that "the waste liquor/air (oxygen) system as a whole comes to
chemical equilibrium.” This assumption is recognized to be somewhat unrealistic,
but Warnqvist believed that this technique provides an insight into the pro-

cesses and chemical species present in the furnace.

Eduilibrium treatments predict that the majo; fume producing species
are Na, Naz, and NaOH. The Qaporization rate ;f_a chemicél species can be
significantiy affected by the reaction between the volatile species and any
gaseous species, as indicated by Turkdogan (1963). Since furnace gases such as
02 and COy are reactive with Na and Naé, equilibrium treatments cannot be used

to predict the amount of fume generated through Na and Naj vaporization; They

' éan; however, be used to predict the melt composition and the vaporization rate

of nonreactive species such as KCl, NaCl, and possibly NaOH.

Turkdogan (1980) states that there are two possible mechanisms for
enhanced vaporization of a liquid into a reactive gas: (1) the gas may react

with the liquid to form a volatile species or (2) the gas may react with the
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vapor from the liquid, lowering the partial pressure of the vapor above the.

liquid and enhancing the vaporization rate. T

furkdogan gﬁ_gl. (1963,.1980; 1982) have éhown that tﬁe oxidétioﬁ of
many molten metals can producé large aﬁounts of metal oxide fume. Sigce ghér;
are several similaritigs between these fuming systems and fuming during sulfide
oxidation in a carbonate melt, a review of=fuming during oxidation of molten

metals is included here.

-

fheAincréase in f;ming during-éxidatibn in tﬁese molﬁen'métals~is
attributed to the reaction of the metal vapor with oxygen to form a cdndensed
metal oxide fume. This may be considered to be a counterflux transport process.
Oxygen diffuses toward the molten metal surface, and metal vapor diffuses away
from.the.surface. -At some distance from the surface the metal vapor and oxygen

react to form a metal oxide condensed phase (Figure 1).
(Figure 1 here)

fhis reaction in the gas ﬁhase forms in'a sink for the metal vapor,
reducing its‘partiai preséufe. Since‘the ariviﬁg force for vaporization is the-
difference between tﬁe vapor preséuré of thélmetal and its partialipréssdre iﬁ
thé géé phase; this‘réduction in partial pressufe cén greatly enhance the féte

of véporization;

.The maximum rate of the metal vaporization with this mechanism is equal
to the vaporization rate in a vacuum. - At the maximum vaporization rate, the
metal oxide fume is forming directly at the metal surface. If the oxygen par-
tial press;re-is"increased beyoﬁd this.value, the flux of'oiygen toward the

metal surface 1s greater than the vaporization rate of the metal. Oxidation
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then occurs within the molten metal, fofming a metal oxide film.- Since the con-
centration of the volatile species..is greatly reduced in. this metal oxide film,
the formation of this film results in a significant decrease in the vaporization

rate of the metal.
. EXPERIMENTAL APPARATUS

R . The fume generétioﬁ.éxpefimentslwere conducted by honitoring the fume
producéd from alkali éérbonate/sulfafe/sulfide melts under different atmospheres.
1 The experimental system consisting of an induction heated reactor, gas meters
and fume filter is i1llustrated in Figure 2. The ceramic reactor was normally
charged with approximately 85 g of inorganic salts containing 53 to 80 g of

'Na2C03, 2.0 to 20 g of NasS, and O to 40 g of NaS04.
(Figure 2 here)

Two configurations for introducing the purge into the reactor were
employed during this study. These configurations conéisted of either introduc-
ing: the N2/02 gas mixture directly into the melt or into the reactor above the
melt. Figure.Z illustrates the experimental system with the gases introduced
below the melt's surface. With the gases introduced into the melt, oxygen was
totally consumed by sulfide oxidation. With the gases introduced above the
melt, the sulfide content of the melt was oxidized without any significant
mixing of the melt. This configuration would‘tend to produce a melt with an
oxidized surface and also resulted in a'residual 02 concentration above the
melt. -Thé effect of residual Ozlwas studied by adéing &ifferent amounts of 02‘-

to the carrier gas.

The fume generation rate was followed by filtering the off-gas and

weighing the fume particles. To ensure that this gravimetric method collected
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all the fume particles, the Na content of the off-gas after the filter was
checked with a flame photometer.. Readings.from the flame.photometer showed that

the filter collected essentially all the fume particles. ,

The fume particles collected during sulfide oxidation were typically
white spherical particles approximately 0.25 to 1.0 ym in diameter. Figure 3 is.
a scanning electron micrograph (SEM) of fume particles collected during sulfide
oxidation. Infrared analysis of these fume particles revealed that they are

essentially pure NapCOj3.

(Figure 3 here)-
FUME GENERATION WITH -GAS INTRODUCED BELOW THE MELT'S SURFACE
In this section, the effects of sulfide concentration, sulfate con-

centration, temperature, inlet oxygen content, and gas flow rate on fume genera-

tion with the gas introduced directly into the melt are described.

Typical Egperimental Results with Gas Introduced
Below the ‘Melt's Surface s

In a-typical experiment, the fume generation rate was. monitored by filter-
ing the offfgas.from the reactor for a five-minute period and weighing the fume -
collected. Experimental results typical of the majority of the experiments con-:
ducted using this procedure are illustrated in Table: l.

(Table 1 here)

It can be seen that the gume generation rate remains at a.constant
level until the sulfide is nearly totally oxidized. Abnce the sulfide level
reaches a concentration of approximately 0 1 mole/L, the fume generation rate

rapidly decreases. Although the relative concentrations of sulfide and sulfate
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change significantly during this experiment, little change in the fume genera-
tion rate 1s observed until the sulfide is nearly completely oxidized. This
indicates that the ratio of sulfide to sulfate has little effect on:the fume

generation rate.

Effect of Sulfate Concentration

To detérmine tﬁe effect of sulfate concentrafion on the rate of fume
génératién, the fuﬁe génerafion rate was measured at two different initial
amoﬁnté ofvsulféte in the melt. Thelrate of fume generation was followed uéing
the previously described gravimetric method. The'results of tﬁese experiments

are presented in Table 2.
(Table 2 here)

It can be seen that sulfate concentration in the melt does not signifi-
cantly affect the fume generation rate. Although the melt in Run 43 contained a

.higﬁfiéﬁéi of'sulfate; the fume generation'réte was only slightly different from

that in Run' 39 with no initial sulfate present.

Effect gi_Sulfiae-Conceﬂtratidn

| To determine the effect of sulfide.concentration on the rate of fume
'generatioﬁ, the fume generation rate was measured with différent initial amounts
of sulfide in thé melt. The'efféct of sulfide on the rate of fume generatidn is

shown in Table 3.
(Table 3 here)

It is obvious that the amount of sulfide has no significant effect on

the rate of fume generation.



Effect of Oxygen Partial Pressure on Fume Generation Rate

To determine the effect. of inlet oxygen concentration on the rate of,
fume generation, the oxygen level.in the purge was varied. Preliminary studies.
of sulfide oxidation with 0/N2 mixtures introduced below the melt's surface-
have shown that essentially all the oxygen supplied to the melt is consumed by
sulfide oxidation. Therefore, to maintaiq»a constanﬁioff—gas;fléw';ateIfroh.tﬁe
melt,bfhe.nitrogen flow_to tﬁe.;eéc;or-ﬁaé held cogétant and the gxygeg flow was
adjusted. The resuits of a serieé'of expérimeﬁté with va;yiné'inle£ ox;géﬁ co;;
cen;ratioﬁs a;e sﬁown‘in fabie.é.. | | | | | |

(Table 4 here)

As shown in this table, the increase in oxygen to the reactor tends to
increase the rate of fume generation. However, the fume dependence on the oxygen
concentration rate is slight. Although the initial concentration of oxygen in

Table 4 increased by a factor of eight, the fume rate less than doubled.

Temperature Effect

To determine the temperature dependence, fume generation rates were
measured during NaéS oxidation at temperatures rangingAfrbﬁ 927 to 1038?0.‘ By.
ﬁlottiﬁg the lﬁ of the.fuﬁe generatioh rate vs. 1/T, °K;1 it was found that
the fﬁme geﬁerafiop had an Arrheﬁius'tybe'ggmperéture depeﬁdence with an.activ;—’.

tion energy of approximately 20,000 cal/mol, as shown in Figure 4.

(Figure 4 here)

Effect of Nitrogen Flow Rate on Fume Generation
To determine the effect of the volumetric flow rate on the fume genera-

tion rate, the nitrogen flow rate was varied while the oxygen flow rate was
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held constant. Since the oxidation rate is limited by the amount of oxygen:
supplied, the oxidation rate remained the same for each experiment. The results
of these experiments using the gravimetric method of following fume generation

are given in Table 5.
(Table 5 here)

It is evident that the fume generation rate is nearly proportional to

the volumetric purge rate.

Surface Area Effect

The objective of these experiments was to determine ‘if a change in.
the surface area of the bubbles would affect the fume generation rate. To
increase the melt-gas interface, the single purge tube (0.475-cm ID) was

replaced with two purge: tubes (0.158-cm ID).

The fume generation rates from several sulfide oxidation experiments
employing the two purge tubes are shown in Table 6. Also shown in this table

are the fume generation rates for the single purge tube.
(Table 6 here)

It can be seen that the fume generation rate using the‘two purge tube
system is.nearly the same as that for the single purge tube. Therefore, changes

in the melt-gas . interfacial area have little effect on the fume generation rate.

Effect of Different Inert Carrier Gases

To determine the effect of gas phase processes, fume generation was
studied using different carrier gases. The carrier gas is the inert gas with

which the oxygen is mixed. If the rate controlling process for fume generation
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during sulfide-oxidation is. a liquid phase process, the type of. carrier gas used
should .not. affect- therrate of fume generation...However, if the rate controlling
process 1s -a gas phase process, the fume. generation rate could be dependent on
the type of carrier gas used. Fume generation rates using three different -
carrier gases are shown in Table 7.

(Table 7 here)

S

With He as the carrier gas, the fume generation rate was significantly
lower than the fume generation rates observed with either N or Ar as carrier gas.
This indicates that gas phase processes aré significant in fume generation

during 'sulfide oxidation. .

FUMING WITH‘OXYGEN—NITROGEN GAS
INTRODUCED ABOVE MELT'S SURFACE

To determine the effect of the:mode of gas—liquid contact on oxidative

fuming, fume generation during sulfide oxidation was studied with the purge tube

locatea.above the melt. Typical fuﬁe geﬁefagion rates‘during sulfide.okidation

using ghis mode of'gés-melt‘contacﬁvgfe illuséfated ih %igure 5 a;d'6; -
Figure 5‘111ustrates the fume gepe{ation rates for low levels of oxygen

in the purge. At these rates of oxidation,lther; is not much change in the melt

compogition,'énd the rate of fume generation remains essentially constant. Figure

6 illustrates the fume generdtion rates for higher levels of oxygen in the

purge. At these rates of oxidation, the rate of fume generation decreases as

the sulfide content of the melt is oxidized to sulfate.

(Eigure 5 and 6 here)
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These figures'show that'thg oxidation of a sulfide in a sulfide-carbonate
melt With the_oxygen in;roduced above the melt usually results in a decregse in
the fume generation rates compared to that observed under a pure N7 purge. Only
at extremely low 1eveLs‘of oxygen did the fume generation rate in;rease. This
is in distinct contrast to the large level of fume observed when the gas was

introduced into the melt.

In Table 8,~the fume generation rates during éulfide'okidation with
the purge introduced aone the mélt's surface are comparéd to the réfeé with the
purge introduced below the melt's surface. Since the fume generation rate fell
off with time during sulfide oxidation when the purge was introduced above the

melt's surface, the fume generation rates in Table 8 for this configuration are

‘the initial rates. At the same sulfide oxidation rate, the fume generation rates

~with the purge introduced above the melt's surface are approximately an order of

magnitude lower than those with the purge introduced below the melt's surface.
(Table.8 here)

Equal rates of sulfiae oxidation can be achie?ed with both modes of
gas—geitAcéntéct; Thefefore, if fume results from the formation of a volatile
spe;iés during sﬁlfide oxidation, this species should be formed in both modes of
gas—melt contact. Since 1little fumevis generated wﬁen fhe gas is introduced
above the melt's surface, it is unlikely that fume generation during sulfide

oxidation results from the formation of a new volatile compound.

The second critical experiment in the development of the fume genera-
tion mechanism is the effect of the inert carrier gas on fume generation. The
fuming rate with He as the carrier gas was significantly lower than that with

either N2 or Ar as the carrier gas. This indicates that fume formation is a
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gas—-phase controlled process;' It is also a further indication that fume is not
the result of the formation of new volatile compounds. The formation of such
compounds would be controlled by liquid~phase processes, and the fume generation

rate would then be independent of the type of carrier gas used.

Mechanism for Fume Generation under Oxidizing Conditions

Based on the experimental results obtained in this study, the following

theory 1s proposed to explain'fume generation during sulfide oxidation:

The enhancement of fume generation observed during ‘sulfide
oxidation results from the oxidation of Na in the gas phase.
This -oxidation greatly lowers the partial pressure of Na in

- the gas phase, increasing Na vaporization from the melt.

Sodium sulfide in fhe melt ié é sufficientlyrstrong reducing agent to produce a

signifiéént Na partial preséure; The liqﬁi& and gas ﬁhaée processes occurring
during oxidation-enhanced fume generation are: illustrated in Figure 7. Sodium
and COp are generated in the melt from the equilibrium reaction between NaC03
and NazS,:és giveﬁuby'Eq. (1;.l-The Na And 602' theﬁ.évépérate‘and reacf with 07
diffﬁsing toward tﬁé meit at éomé disfance S from the ﬁelt. A detailed descfip—

1

tion of this fume generation mechanism is presented below.
(Figure 7 here) . : ) -

Liquid Phase Processes

The processes responsible for fume generation during sulfide oxidation
can be separated into those ‘processes occurring in the liquid phase and those
occurring in the gas phase. In the liquid phase, the concentration of Na:in the

melt is assumed to ‘be dependent on the equilibrium given by Eq. (1)..
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L KN ‘
NasCO3 + 1/4 NasS ~— 1/4 NapSO4 + 2 Na + COp (1)

Since the melt used for this study consisted primarily of NayCOj3, the
activity of NajCO3 is assumed to be approximately 1.0. Then assuming ideal
behavior for the NajS and Na)S0O4, the partial pressure for sodium is described
by Eq. (2).

KI/Z [naps) 1/

[XNays0,11/8 [Pco,11/2

PNa (2)
Here, Py is the partial pressure of component-M; Xy is the mole frac-

tion of component M; and K is a constant.

Equation (2) indicates that the equilibrium vapor pressuré of Na is only
very wegkly dependent on the Na3SO; and NajS' concentrations in the melt. This
explains why changes in the NayS0; and NaéS concentrationg have little effect on
the fume generation rate until only a .very low concentration of NaS remains in

the melt.

Gas Phase Processes

The most -significant process occurring in the gas phase 1s. the oxida-
tion of Na, which lowers the partial pressure of Na in the gas. Since the rate
of Na vaporization depends on the difference between the vapor pressure of Na at.
the melt-gas interface and the partial pressure: in the gas, the reduction in

partial pressure increases the Na vaporization rate.

The reactions occurring in the gas phase are represented by Eq. (3)

and Eq. (4).
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2 Na + 1/20; T Naz0 | (3)
Nag0 + COp T NapC03 _ (4)

H
1

These equations are not intended to represent a mechanism, but are intended to

indicate the stoichiometry of the gas phase reactions.

The consumption of COp in‘the gas also increases the rate of Na vapori-
zation. 1If only Na was consumed iﬁ thé.g;s phase reactions, the CO2 generated
would shift the equilibrium represented by Eq. (i) toward the left and result
in a lower vapor pressure for Na.

APPLICATION OF FUME GENERATION THEORY
TO THE EXPERIMENTAL RESULTS

s

Described below is—the'%pplicafion‘of the proposed fume: generation -
theory to the two modes of gas-melt'contéct used during éhis study: In one mode ‘:
of gas—-melt contact, the 0p-No stream ﬁas“introduded above a relatively
quiescent helt. With this mode of oxidation, little fume was observed and the

rate of fume generation decreased as the Oz partial pressure was increased.

In the other mode of gas—melt contact, the 09-Ny stream was introduced
below the melt's surface. This mode of oxidation generated a high level of fume.
Although the fume generation rate was not highly dependent on the 02 content of
the purge, the fume generation rate increased as the 0y content of the gas

increased.

Interpretation gf:Fume Generation with Gas R

Introduced above Melt's Surface

The fume generation behavior observed with the gas introduced above

the melt is very similar to that reported in Turkdogan's (1963) study of fuming
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during the oxidation of ‘molten metals. - ‘At low 09 partial pressure, the Na
evolving from the melt is oxidized above the melt, lowering the:partial pressure
of Na and increasing the rate of Na vaporization. At higher 0s partial pressures,
the 09 penetrates to the melt surface. Oxidationlof the Na and Naj3S then occurs

in the melt.and little fuﬁe 1§ gengraged.
The vapor pressure of Na‘above a.NaZS—Na2C03 melt 1s relatively low
compared to the vapor pressure of the metal systems studied by Turkdogan . (1963,
1980, 1982). The 0 partial pressure required to: penetrate. the boundary layer
to the melt surface is also relatively ioﬁ for Na in the NapS5-Na3CO3 melts com-—
pared to the metal systems. Therefore, with the gas introduced above the melt,
an increase in fume generation is 6ﬁserved Sniy at low 09 partial pressures.,
While in the metal systems, an ipcrease in fume generation occurs even at rela-

tively high 09 partial pressures.’ -

Interpretation of Fume Generation with Gas

Introducéd below Melt's Surface

The fuming behavior during sulfide oxidation with the gas introduced
below the melt's surface was considerably different than that observed with the
gas introduced above the melt. .The major difference was the relatively high
level of fuming during NajS oxidation. The effect of Oy partial pressure was
also significantly different in the two modes of gas—-melt contact. With the
gas streamvintroducéd 5elow the‘melt's surféce, increasing the 02 partial
pressu;e in the ﬁurge resulted in a slight inéfease in the rate of:fume genera-—
tioﬁ. This con;rasts to the deérease in fumévg;neration witﬁ an increase in 09
partial preséure when the éas was introduced ébove the melt; The Na2S con-
centrétionlin the melt had.differénf effééfs on tﬁe rate of fuming in the two

modes of melt-gas contact. With the gas introduced above the melt, fuming rate
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decreased as the Hay$ was oxidized to NanS04. With the gas introduced below the
melt's surface, the level of Nas8 concentration had no effect on the fuming rate

. . . . . \
until only low levelis of Has$ remained :in the melt.

With the gas introduced below the melt's surface, fume is generated
in the bubble as it rises in the nmelit (Figure 8). The liquid surrounding the
bubble is continualily renewed, and as a result of the 1iquid fliowing past the
bubble the gas in the bubble way undergo toroidal circulation. The basic dif-
ference between this mode of oxidation and oxidation with the gas introduced

above the melt is the nixing of the liquid at the gas-meit interface.
(Figure 8 here)

In a gas-—-liquid reaction, the reaction rate may be limited by (A) gas
side mass transfer, (B) liquid side masé transfer, (C) the chemical kinetics, or
(D) a combination of these processes. Siﬁce the oxidatioﬁ of Najp$ in a car-
bonate melt is an extremely fast reaction and preliminary experiments showed
that it is independent of NayS concentration, it is probable that this reaction
is mass transfer limjited. When the purge tube was located above the melt's
surface, oniyllow levels'of fume were observed during sulfide oxidation. In

this mode of oxidation, the reaction is limited by liquid side mass transfer.

“Since large amounts of fgme were generated during sulfide‘oxidation
when the gas was introduced below the melt's surface, the melt at the liquid-
gas interface is unoxidized in this mode of sulfiderxidation. The sulfide Qxi—
dation reaction is then limited by either gas side mass transfer or By chemical
kinetics. If kinetics limigs the oxidation rate, the majority of the chemical
species in the melt at the interface sﬁould be oxidized and the fraction of oxi-

dized species should be dependent on the Oy partial pressure in the purge gas.
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This situation would be similar to that with the purge tube introduced above the
melt. The fume generation rate should be low and should -decrease as the 09
partial pressure in the gas is increased. Since a high lével of ‘fume was pres-—
ent and the fuming rate increases with an increase in 02 partial pressure, the
oxidation rate is not kinetically limited, but is likely gas—phase mass transfer

limited.

The effect of different carrier gases on the fume generation rate,
shown in Table 7, also indicates that the sulfide oxidation rate is not limited
by the chemical kinetics. Helium, the carrier gas in which the diffusivities
are the highest, produced the lowest fuming rate. If the Na»S oxidation reac-
tion was limited by the chemical kinetics, the carrier gas would not affect the
reaction rate. The vapor pressure of the volatile species would not be affected
by the carrier gas and the only effect the carrier gas would have would be on
the rate of flux of the volatile specles from the surfacé. Carrier gases with
higher diffusivities such as He would have higher fluxes of the volatile species
and would produce higherlfuming-¥ates. Since He produced the lowest fuming
rate,'the reacfioﬁ rate and fume'generation process are not 1imi£ed By theAchem—A

ical kinetics.

As the gas bubble rises in the-melt, the melt at the interface is
constantly mixed. This mixing of the melt and the fast rate of the oxidation
reaction results in the reaction being controlled by gas—side mass transfer.
Figure 9 illustrates the relative 0, Na, and NajS .concentrations at the inter-

face during NasS oxidation.

(Figure 9 here)
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The ‘02 partial pressure in the gas falls to near zero at -the interface.
Since the melt is renewed at the interface faster than it 1s oxidized, the Na and

NasS concentrations at the interface are nearly identical to those in the bulk melt.

In this eitcation, Na evolves from the melt and is oxidized near the
1nterface in the gae. This oxidation lowers the partiai pressure of Na in the =
gas and significantly enhances the rate of Na evolution. Since the melt at the
interface is constaﬁtly renewed,‘its composition remains constant as the 07 in
the bubble is consumed. The~fume generation rate is constant as long,ae suf-”~
ficient 09 remains in the gas to rapidly oxidize the Na eyolving:from the melt.
The fume generation rate observed then depends on the time requrred,for_coneump—

tion of the 02 in the bubble.

The rate of 0y consumption is described by Eq. (5).

d(NOZ)
dt

= 5 Kg (Pg, - Poy*) (5

Here, P02 is the partial pressure of 02 in the bulk gas; POZ* is the partial
pressure at the interface, Kg is the gas phase mass transfer coefficient, No2 is

moles of 02; and S is interfacial surface area.

Since Pp, >> Pp,* , Eq. (6) can be written as:
= S Kg Po, o - (6)

THe partial pressure of 07 in the gas is shown in Eq. (7):
N02

POy = ———— x Pt )
2 NNZ + N02

Here, Pt is the total pressure, and Ny, 1is moles of Njp.

£l
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For the experimental conditions used in this study the 09 content in
the gas during sulfide oxidation is much less than the Ny content of the gas.
The partial pressure of 07 is then approximated by Eq. (8).

N02

“P. - __ % . : ..
02 NNZ Pt (8)

The rate ‘of 02 consuﬁption is then given by Eq. (9)

4(N02) NOZV }
T = S Pt Kg — (9)

NNZ

Ddring sulfide oxidation, the fume genefation rate remains constant until the 0
level in the gas bubble falls below that required to rapidly oxidize the Na
being evolved. The weight loss of the melt due to fuming (or fume generated

during this period) is then described by Eq. (10).

C--5sK : - ©(10)

. Here, F is the weight of material evolved from the melt during the fuming

period, and K is a constant.

Dividing Eq. (10) by Eq. (9) gives the change in fume with the 0

content of the gas bubble, Eq. (11)

_aF ___ K Ny
d (NOZ) Kg Pt NOZ-

(11)
Once the 09 level in the bubble falls to the level where the Na evolved
is not oxidizéd, fume generation essentially stops. Eqdation (11) can then be

integfated Bétweeﬁ ihe foliowing boundary:coﬁditions.
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1) .For initial moles 'of Oy in bubble (NOZI)’ fume generation
: (F) =.0. This boundary condition is simply that no -fume is .
generated until the gas 1is -introduced :into the melt and the
oxidation process begins.

2) For 0y remaining in bubbleiwhen fuming stops (NOZF), fume
generated = measured fume (FM). This condition is that once
the 07 concentration in thg bubble falls below that required to
rapidly oxidize the Na evolving from melt, fuming stops and the

fume present in the Bubple is the measured fume Fy.

fM ; K Ny, Nogp dNo,, (12)
. dF = = s N
o kg Pt NOZI N02 .
" K Ny
2
Fy = —— [1In (Ng,-) - 1In (N . .
M= Xg e 0217 095 (13).

To test this model of fume generation, the fume generation rates were
plotted vs. the 1ln of the initial 0; flow rates, Figure (10), for the three dif-
ferent carrier gases in Table 7. From Eq. (13), this plot of the 1ln of the ini-

tial O3 molar flow rates vs. the fume generation rate should yleld a straight line.
(Figure 10 here)

As illustrated in Figuré 10, Eq. (13) accurately describes the effect of
02 on fume generation during sulfide oxidation with the purge introduced below
the melt's surface. In Figure 10, fume generation is clearly a logarithmic

function of the initial 0y content of the purge.’

. The lower fume generation rate in He is due to 02 having a higher dif-
fusivity in He than it has in either Ar or Nz. This higher diffusivity results

in faster consumption of the 09 and hence a shorter time for fume generation.
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. The penetration theory first proposed by Higbie (1935) predicts that
the mass transfer coefficient should be proportional to the square root of the

diffusivity, as given by Eq. (1l4).
Ka @ Dpl/2 , (14)

Then from Eq. (13), the fume generated as.the bubble passes through the melt
should be inversely proportional to the square root of the interdiffusivity of

02 in the carrier gas.

To confirm this, the diffusivities for 02 in the three inert carrier
gases were calculated using the Wilke and Lee (1955) modification of the

equation by Hirschfelder, Bird and Spotz.(1949).

Table 9 }ists the calculated diffusivities of 03 in the three carrier
gases used in this study, the predicted fuming rates relétive to the N3-02
system, and the actual fuming rates relative to the N2=09 system. The actual
relative fuming rates in this table are the averages of the relative fuming
rates for different 02 levels. Tﬁe predicted relative fuming‘rates are based on
the change in the gas mass'transfer coefficient resulting froﬁ changes in the
diffusivities of 02 in fhe carrier gases. As shown in this table, the actual

relative. fuming rates are quite close to those predicted on the basis of changes

in Og'diffusivitiesAin the carrier gases.

(TaBle 9 here)

This mechanism for enhanced fuming under oxidizing conditions accurately
explains the effects of the experimental variables on fume generation during
sulfide oxidation. The major effects of the experimental variables on fume

generation and their relationship to the proposed mechanism are summarized below.
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(A) Fume generation’during sulfide.oxidation with the Ngp—0) gas system intro-

duced above melt's surface..: .

1. Fume generation with a Ny2—-09 gas was normally less
than that with a pure Njp. " This results from the
sulfide oxidation rate being liquid side mass
transfer limiéed inﬁtﬁiéfﬁo&é of gés-melt cont;ct.

" The meit at ghe gas-melt 1n£erface is oxidizedAand

the vapor pressure of Na is low in this oxidized state.

~2. Only at very low Oy partial pressures was the fume

This results when the low 03 partial pressures.are not
sufficient to oxidize the melt's surface. Sodium
then vaporizes from.the'meit and is oxidized in the
gas above the melt. This creates a Na sink ;nd

increases the rate of Na vapérization,

: generation rate greater .than that with a N7 atmosphere.

| (B) Fume generation during sulfide oxidation with the N3-03 gas introduced
| : C ‘ C

|

below the melt's surface.

1. Sulfide oxidation in this mode of gas-melt contact
produces large quantities of fume. This results
from sﬁlfide oxidation being gas—side mass transfer
limited. The melt at the gas-melt interface has a rela-
tively high Na vapor pressure. As soon as this Na evolves
“from the melf it is oxidized in the gas phase. This
oxidatidﬁ drastically lowers the partial pressure of the Na

in the gas and increases the vaporization rate.

1o
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The rate of fuming is nearly proportional to the Nj

purge rate. This results from the rate of oxygen -
consumption in ‘the 'gas bubble being inversely proportional
to the No flow rate, Eq. (9). Therefore, as the Nz

purge rate increases, the time required fof complete

consumption of the 07 in the .gas is also increased

‘and more fume is generated.

The fumé generation rate depends logarithmically on the
initial Oy content of the gas.: This results from the rate

of ‘consuimption of 07 in the gas bubble being proportional

" to the 07 concentration. The rate of 02 consumption is

then anlogarithmic function. This logarithmic dependence of

thie fuming rate is predicted by ‘Eq. (13).

The bubble size and hence surfaée area had no effect

on the fume generation rate. This results from the

rate of sulfide oxidation, Eq. (9), and the rate of

fume generation, Eq. (10), both being directly propor-

. tional to the surface area. Since the surface area

drops out when these quations are combined, Eq. (}1))
the surface area of the gas bubble does not affect the
fume generation rate.

Fume generation during.;ulfide oxidation is not dependent

on  the NaySO4 and NajS content of the melt. This results

from the very weak dependence of Na vapor pressure: on the con-

centration of these compounds, Eq. (2).
Carrier gases with higher 0O interdiffusivities produce

lower fume generation rates. This results from higher
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interdiffusivities producing faster rates of 02 con-
sumption. .Since the 0z in the bubble is consumed
faster, fuming.lasts fo; a shorter period of time and

less fume .is produced.
DISCUSSION

The experimental results of this study demonstrate that enhanced fume
generation during NapS oxidation results from the Na oxidation in the gas phase.
Although fume generation was studied in rising gas bubbles, the mechanism for
enhanced fume generation can occur .anytime an oxidizing atmosphere contacts a
reduced melt. .All this mechanism requires is that there is enough mixing in the
melt that the melt's surface is renewed faster than it is oxidized. This may
occur anytime turbulent conditions exist. Therefore, this mechanism likely has

a significant effect on the amount of fume generated in the kraft furnace.

Although the vapor preséurenéf Na in the melts used for this study is
relatively low, the reduction-in gas—side resisténéé td Na vaporization
resulting from gég phase ﬁa oxidétioﬁ can result in significant quéntities of
Na based fuﬁe. The’maxihum rate of Na vaporizétion under these conditions is

the rate in vacuo and is gi@en by the Léngmﬁir equafion.

Py
IMax = —————— | (15)

Y 2t RT My,

Here, Jpax is the maximum vaporization rate; Pﬁa is the vapor- pressure of Na;

and My, is Na's molecular weight.

From estimates of bubble diameter, terminal velocity and melt 1level,

the melt-gas interfacial area present during the fuming experiments 1s in the
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range of a 100 cmz. With this surface area, the Langmiur equation predicts that
the minimum Na vapor pressure necessary to produce the observed fuming rate is
107 atm at 1200°K. From the free energy, the equilibrium Na vapor pressure for
reaction (1) is estimated to be approximately 2 x 10~% atm. The vapor pressure
of Na is then three orders of magnitude greater than that requiredjto prodﬁée

the observed fuming rate.

'fhé actuai fuming fate is leséAéﬁan fﬁe maximuﬁ‘for 3 ;easons: ljlfume
is generated only as long as Oy is present in the gas bubble, 2) all Na gas
phase oxidation may not occur at the gas-melt interface and 3) thenpartial oxi-
déiioﬁtof\tﬂé melt m;y pr;dﬁée a Na VApor‘pressure leéé than thaﬁ predicte&‘from
the equilibrium_calculgtion. This analysis shows that the Na vapor pressure in

the melt is more than sufficient to produce the observed fuming rate.‘
CONCLUSIONS
The major conclusions reached in this study are summarized below:

l. Fume production is a dynamic process, dependent on mass transfer
processes and chemical reactions. This implies that fume in
a kraft recovery furnace is more than an equilibrium phenomenon,
and that fume production is a potentially manipulatable process.

2. Sodium vaporization can be significant during sulfide oxidation
in a NapC03-Na8 melt and can result in large quantities of NapCOj3
fume. This was an unexpected result, since Na is a reduced species
and was previously not thought to be present during an oxidative
process. |

3. Fume produced during sulfide oxidation results from the oxida-

tion of Na vapor in the gas phase., This oxidation of Na produces a
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:Na sink'in the gas phase, reducing the partial preésure of Na and
the mass "transfer resistance to vaporization. This vapor sink

significantly increases the rate of 'Na vaporization.
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Table 1. Typical experimental fume generation results with purge
introduced below the melt's surface

Run 38
Initial Melt Composition = ' .. Purge = 1 L/min at 2.1% O
NapC03 = 0.77 ‘mole ’ ' ; Temperature = 927°C
Na2S = 0.03 mole . -
Calculated Composition Fume Concentration
Time, NajS0y, Nas$, Fume Generation Moles NayCOj3
s mole/L ' mole/L Rate, g/min Mole No

755 0.136 . 0.549 0.0099 0.00214
1280 0.231 . : 0.455 : 0.0104 0.00224
1760 0.318 0.368 0.0106 0.00288
2240 0.405 0.281 0.0104 0.00224
2721 . 0,492 0.195 . 0.0099 0.00214
3114 © 0.563 0.124 0.0088 0.00190

3639 0.656 0.029 0.0005 0.00011




Table 2. Effect of sulfate level on-fume generation rate.

Time,

Purge Rate = 1.0 L/min at 2,1% 02, and Temperature = 982°C

Run 39
NayCO3
Nas$

NajpS0y

0.77 mole
0.03 mole-
0.00 mole

Fume Generation Rate,

min -

10

15 -~

20
25

0.0157°

0.0159
0.0161

g/min

0.0145

0.0158 -

30

35
Ave.

0.0158

‘ ‘Std. Dev.

* 0.0006

Run 43

NasCO3 =:0.57 mole
Najs . 0.03 mole -
NaS04 = 0.30 mole ..t

Fume Generation Rate,
© i g/min-

0.0125 -

0.0127

0.0121

0.0149

0.0103

0.0103

Std. Dev.

0.0130 + 0.0019



‘Table. 3. Effect of sulfide.level on fume.generation rate. .
Conditions: Temperature = 954°C

1.0 L/Min

N2 Flow Rate

02 Flow Rate = 0.021 L/minA

Fume Generation Rate .

Na)COj3 mdlei NajzS mole Sulfiéity, % g/min £ Std. Dev.
0.77. - 0.03 3.7 0.0142 + 0.001
0.60 0.20 25,0 0.0136 + 0.001

0.55 0.25 31.0 0.0144 + 0.001




Table 4.

Run

45

46

47
48
49

Effect of oxygen level in the purge on fume generation rate.

N3
L/min

1.02
-1.02°
1.02
1.01
1,02

Temperature =.927°C

0y -
L/min

0.0105
0.021
©0.042.
0.063
0.084

Fume Generation Rate,
g/min

0.00892
0.0105
0.0121
0.0145
0.0146




o

Table 5. Effect of purge rate on fume generation.
Initial Melt Conditions: NayC03 = 0.77 mole
NapS = 0.03 mole
Temperature = 927°C

No, A CAir, ‘Toﬁal N2, ‘ Fume Generation Rate *

Run L/min L/min L/min Std. Dev., g/min

| 50 0.04 0.1 0.48 0.00680 £ 0,.,00032
‘ 51 ... 0.6 0.1 0.68 -, 0,00850 + 0.00076
52 0.8 0.1 0.88 0.01004 £+ 0.00042

38 -0.9 0.1 .0.98 - 0.01024 £ 0.00032

53 1.06 0.1 l.14 0.01204 * 0.00042

54 1.23 0.1 . 1.31 0.01474 * 0.00198




Table 6.

Run No.~
127
128

129

Effect of

Temp.,

953

957

957

two purge tubes on: fume generation rate.’ -

PN

Fuming Rate,

Ny Flow Rate, 0 Flow Rate, . g/min

L/min . L/min *+ Std. Dev.
1.03 . 0.020 0.0129 + 0.001
1.03 " '0.0426 0.0163 + 0.001 -

1.01 . -0.0634 0.0156 + 0.001

A

Fuming Rate
with Single
Purge Tube,

g/min _
0.0126
0.0156

0.0172



Table 7. 'Effect of .carrier gas-.on fume generation.. -.
Fume Generation Rates Using N, Ar, and He
Conditions: Ny, Ar, He = 1.0 L/min He
02 = 0.01 to 0.20 L/min
Temperature = 955°C - -
. Op Purge Rate, L/min . -
Cas System 0.0 - . 0.03 0,05 - 0,10 0.15. - . -0.20
Fume Generation Rate; 'g/min
Ny=0p. 0.0078 - 0.0128 0.0156  0.0184  0.00232 0.0210
Ar—dzl 0.0086 0;0126 0.0139 0.0168 0.0182 0.0192

He-09 0.0053 0.0076 0.0083 0.0114 0.0133 0.0142




Table 8. Effect of purge tube locatiom on fume generation during sulfide
oxidation.

Initial Conditions

+NagC03: = 0,77 mole Y
Nas§: . = 0.03 mole
Temperature = 955°C -+~ '

Purge Introduced Below Melt's Surface' - Purge.Introduced Above Melt's Surface

Oxidation Rate, Fume Rate, : Oxidation Rate, Fume Rate,
mole' 07 consumed/min x 104 g/min  mole Oy comsumed/min x 104 - g/min
9.38 04010675 - Lo 0 0484 0.00146
9.46 0.0134 3.88 0.00100
R T S 7.80 0.00115
- 12,00 0.00079

17,70 - - 0.00044




Table 9. Effect of gas diffusivity of fume generation.

Diffusivity Predicted Relative Actual Relative to
* Av, Error, to N9-02 Fuming Rates, N2-02 Fuming Rates
Gas System cm?/s g/min + 1 Std. Dev., g/min
N9o=0o 2.44 = 0.1 1.0 1.0
Ar-09 2.38 * 0.1 1.01 0.93 * 0.10

He-09 8.08 + 0.3 . 0.55 ) 0.58 + 0.07
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Figure 4. Effect of temperature on fume generation.
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Figure 5. Effect of. oxygen on fume generation with buxjge introduced above melt

at low oxygen levels
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Figure 6. Effect of oxygen on fume generation with purge introduced above mélt
at high oxygen levels.
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