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ABSTRACT
Uxygen absorption across an unbroken gas/liquid interface
enhanced by sulfite oxidation catalyzed with mangenese and iron and

inhibited by sulfate has been studied. Using approximate solutions

to the penetration theory a model was ¢

in oxygen at low OXygen pressures, and zero order at high

oxXygen pressures. A significant increase of ( abaorption was ob-

served Ifor manganese concentrations greater than 1 mM. The bresence

of iron greatly increases the O, absorption rate al manganess oone

i X3

centrations greater than 1 mM, At an ircn

tion with no iron present, Tt is recommended that further work be

done to gquantify simultaneous 50, and 0 with catalysis by Mn/Fe,

2 2 s
Thiosulfate proved to be a powerful inhibitor of the sulfite oxida-
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CHAPTER I
INTRODUCTION
This work is a study of the eénhancement of OXygen absorption
into aqueous solutions by sulfite oxidation catalyzed with manganese
and iron. Some experimental data with thiasaifate, a inown inhibitor
of the reaction, are also presented., The experimental conditions wers
chosen to relate closely to the operating conditions in throwaway

scrubbing systems: 50°C, pH 4=5, oxygen partial Pressures of 0.018

ot

e =6 -1
to 0,878 atm, catalyst concentrations of 10 0 10 " M, and total
. =2
sulfite ( p03

conclusions of this work are applicable to natural oxidation in the

o R
+ 5563 ) concentration of 10 M. The results and

scrubber, and to forced oxidation in the scrubber loop or in & bleed
stream.

Ty

rrocegs Technolos

Throwaway serubbing { Figure 1,1 ) i3 the mosi widely used
process to conirol SGQ emissions into the atmosphere, The process
uses either slurry scrubbing or clear solution scrubbing. fThe 3%2
waste gas is absorbed into the aguecus soclution at a PH of § to 4,

s

Because 5 to 10% o

by

the flue gas is Oys 10 to 100% of the absorbed
862 is naturally oxidized to sulfate. Limestone and/or lime is added
L i pate

to the crystallizer as a source of Ca ° ana alkalinity. fThe solution

is then recycled to the scrubber and a fraction containing 10 to 15%

fute

solids is withdrawn to a solid-liquid Bebaraior wvhere §%$§§§§a3§§
L 3

solids are collected and the liguid portion is returned to the scrube
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ber. The CaSGi/C&SG 4 S0lids are disposed of in ponds or in landfills.,
There are several alternatives to throwaway scrubbing which
are presented by Rochelle and King { 1978 ). oOne suen an alternative,
used mainly in Japan, includes intentional oxidation in the scrubber
loop ( Figure 1,2 )y where the oXygen source is air, and the final
solid product is gypsum. In Japan, the gypsum { G&S&§~2§20 } has been

sold for use in wallboard, It ig also more easily dewatered than

CaSOz waste solids and is more suitable for landfily disposal,
kg

Literature Review

Previocus study of sulfite 0xida€i0§ kinetics has basn carried
out in two different types of experiments: h&meg@ne@&a, in which the
reaction occurs in the bulk of the solution; angd %eteregénégas; in
which oxygen ig absorbed into a sulfite solution,

The sulfite oxidation free radical chain mechanisn Presented
below was criginally proposed by Backstrom {'?93£ ). This mechanism

with some slight modifiecations ( Brimblecombe ang S@eédingg 1974a;

Hayon et al, 1972 ) is generally accepted.

Initiation:
k /
- 4 - {1
3@32 ot ~s&§ + M ) {(1.1)
Propagation:
kg _
*865 + 62 R '305 (1.2)
k “
805+ S0z 3, 505° + +50 (1.3)
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Termination:
k
Radical + Hadical

-—$ Inert Product (1.5)

; +n o, c +% ;
where M is the catalyst at oxidation state +n ( Co 7, §&+2’ ﬁn*59

7
Fe' )

®
Assuming that reaction 1.2 is fast and that reaction 1.5 is
primarily a combination of two *80. radicals, and using the steady
7
state assumpiion for the radical ions, the following rate expression

is derived:

rmgf?ﬂwzﬁﬁﬂygg}g (1.6)

v1/2
5)

Moat of the experimentation done so far in the kinetics of

where K = k§{k?/k

sulfite oxidation has been done with cobalt or copper as catalyst.
t iz generazlly accepied that under homogensous conditions equation

1.6 represents the reaction kinetics catalyzed by cobalt ( Mishra

and Srivastava, 1976: Chen and Barron, 1972; Bengtsson and Bjerie,

1975 ) and by copper { Barron and O'Hern, 1966; Mishra and Srivastava,

R

1976 ). However there is some disagreement under heterogeneous con-

ditions. Several researchers found the kinetics to be zerc order

in sulfite, second order in Oxygen, and first order in cobalt ( Reith
and Beek, 1973; Wesselingh ang van't Hoog, 1970; Sawicki and Barron,

5

974 )+ Others found the oxygen order io be 2

o

19745 Laurent et al,




at low oxygen rartial pressures and 1 at higher Oxygen partial pres-
sures ( Linek and Mayhoferova, 197C; Alper, 19735 Nyvlit and Kastanek,
1975; Onda et al, 1971 ), Astarita et al ( 1964 ) found sulfite to
inhibit the reaction at high Concentrations., 4n excellent review
of the state~ofw-the-art under homogeneous and heterogeneous condi-
tions with cobalt and copper has been published by Linek and Vacek

( 1981 ),

A lesser amount of information is available for the catalyzed
reaction with manganese and iroé, %ssé of the conclusions have bveen
qualitative and no general mechanism or fate expression is available
as yet., Brimblecombe and Spedding ( 1974a ) found the iron order in
the reaction 4o be 1 at a pH of 3.8 and to steadily increase with oH
to an order of 1.8 at PH 5. For the manganese catalyzed reaction they
Proposed a two-rate expression in which the manganese order is one;
the term which dominates at low PH values is firat order in sulfite
and é&e one that dominates at high pH values is second order in sule
fite. Using a homogeneous svstem at 25°¢, Coughanowr and Krause
{ 1965 ) found the mangasnese, sulfur dioxide, angd oxygen orders to be
wo, zero, and 4ero, respectively. Braga and Connick ( 1981 J found
the reaction rate to be independent of the sulfite and OXYZen cor-
centrations, the manganese order to be 3/2, ang the hydrogen ion order
to be -1 in the pH range of 3 to 4.7. 1In acidified solutions, Bassett
and Parker { 1951 } found manganese to be a more effective catalvst

than Co, Fe, and Cu. They contend that this phenomensn ia due to the




greater capability of Manganese to form sulfite complezes, and that
cobalt acts similarly to manganese, yet not ag effective nor as se-
lective towards sulfate. Johnstone and Coughanowr { 1958 ) observed
that 250 ppm of ﬁﬁSGd were as effective as 50,000 ppm of ?e§{§64§§

in the absoption and oxidation of 862 by drops of catalyst solutions.

Hudson { 1980 } experimented with hanganese and jron combined,
He noted that the reaction is zero order with respect to iron, but the
overall rates were significantly greater than those with no iron pre-
sent. He also concluded that éh& rat@'és@s nct depend on the amount
of iron for Fe> 1 Ppm,

Chertkov ( 1959 ) contended that thicsulfate ig a catalyst of
the sufite oxidation reaction. Linek and Mayhoferova ({ 1970 } found
no effect of thicsulfate up to a concentration of ?ﬁms H. However,
more recent data obtained by Hudson ( 1979 ) and Radian ( 1977 )

suggest that thiosulfate is a powerful inhibitor of the reaction,




CEAPTER I
THEORY
Mass transfer with simultaneous chemical reaction involves
such complicated mathematical analysis that an analytical selution

is rarely obtained, In this chapter an effort is made te gimplis

e

he equations and sclutions of the mathematical treatment involved
in the particular problem of oxygen absorption into a sulfite solye
tion in an agitated baten reactor,

The penetration model dictates the fall@wing eXpressions:

D, 52;{:{}23 - o] r (2.1)

é:x2 A

2{'( «2] ~ ;—2]
b, 9TB%T ] L 3 fe?] - (2.2)

{5 xg £3t -

where x is the distance from the surface, DG and Es are the diffie

and,

sivities of cxygen and sulfite, respectively, r, is the rate of ox-
ygen disappearance by reaction, and T, iz the sulfite reaction rate,
wnich is equal to Zra.

In the work bresented here the sulfite conceniration was
maintained at high levels ( 0.07 M ) s0 that its reaction with oxy-

gen could not be limited by sulfite diffusion from the bulk to the

surface, Therefore, equation 2.2 may be dropped from any further

ireatment.




The initial condition for eguation Z.1 is:
[@2] = 0 at t =0, x>0 (2.1a)
and the boundary conditions are:
[32] - [@2]' at t50, x =0 (2.1%)
;fia?] = 0 at t 30, x = co (2.1¢)

where [§2}§ is the equilibrium oxygen concentration in the agqueous
solution at a particular temperature and oxygen partial pressure.

Equation 2.1 has an analytical solution only for the caée
where the rate of reaction is first order in oxygen; that is,

r =k [32]9 ( Danckwerts, 1970 ):

I 1/2
R ° * g (5 23
R = KL[QQQ 1o+ oD ;‘Z«E}
Vi)
The énhgac@ment facter, B is defined as:
= i b k' 1/2
)4 1L P
E = S B 2.4
PR (k%)? 2:4)
L 2 L VL

Since the oxidation rate may not be first order in oxygen,
it is desired to obtain an absorption rate expression for ithe more
s . . m o
general case of mth order in oxygen ( r o=k’ [Cé} )+ Hikita and

Leai { 1964 ) linearized the kinetic rate eguation bu the assumption:



S

' w%{m»?} s
e [0 [

Using the film model they compared the solution obtained by applying
their assumption to the actual solution obtained by numerical methods,

In their nomenclature the kinetic factor, ¥ is defined by

1) 1/2
. 2 k'iegf{“ 1) D,

7 5 @ 2
(m+1) (kp )

—
3]
&
LV

¢ -

They found that the ratio of the enhancement factor with no BEBUMP
tion to that obtained making a use of tﬁeir assumption ( Equation
2.5 ) to have a maximum difference from 1 at a ¥ value of 1.3 for
all values of m. At this ¥ value the enhancement factor ratios are
1.09 and 0.94 for m equal to infinity and equal o 2erc, respectively.
The ratios for all other positive m values fall in between these two
values, the ratio being 1.0 for m equal to 6ne. For ¥ values less
than 0.1 and greater than 10 the enhancement factor ratios are essen-
tially 1.0 for all values of m.

Since the Hikita assumption ( Equation 2.5 ) has proven to be

an excellent one, equation 2.1 is now solved making use of it:

_— & %
= s 7l o
R =k [Czj 1+

(2.7)
Y
\ (k)

where k' is a function of catalyst and sulfite concentrations, pH, and

10



CHAPTER IIT
EXPERIMENTAL APPARATUS AND PROCEDURE
Oxygen was absorbed from nitrogen gas across an unbroken gas/
liguid interphase into an agitated sulfite/bisulfite solution., Con=-
stant pH and total dissolved sulfite were maintained by titrating with
sodium sulfite solution. The G? absorption rate was determined diw
rectly from the quantity of titrant added. ﬁmSGg, ?8864, and §a282§5

were added in varying amounts to catalyze or inhibit the oxidation.

: -
£

Methodology
The experiments were performed in sulfite/bisulfite soiutions

buffered by the equilibrium:

o 5 - + Lo
&35 P — 803 + H {};”}

_ P C e < s ot L
Because bisulfite oxidation would create a H by the stoichiometry,

HSOY + 1/2 0, ——y 80;2 + 1t

(3.2)
the pH of the solution was controlled at a constant value by titrae

tion with Ea?Sﬁi solution, The net stoichiometry of the oxidation

reaction at constant pH is given by:

-2
+ 1/2 0, ——b 80, (3.3

St

Note that sulfite is added to the solution at the same rate

that it is consumed to form sulfate, and that no net production or

11
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consumption of H occurs., Hence, all the concentrations in the
reactor solution are kept constant sxcept for that of sulfate, Pure
thermore, the rate of oxygen absorption will be one half the sulfite
titration rate,
Apparatus

The apparatus is shown in Figure 3.1, It consisted of a three
liter plexiglass batch reactoer, an automatic bﬁre%t%f&isp&nger, an
electrometer, and a titrate demand module. Oxygen and nitrogen were
supplied by two large cylinderé.

The reactor was 14 cm in di&m%téf with an O-ring sealed 1id.
It was baffled on four sides to eliminate vortex effects, The de-
tailed components of the reactor are shown in Figure 3.2, A4 variable
speed agitator with a three bladed 2.5 om marins propsller was uzed,

The agitation speed was measured by counting the revolutions pRYr mifie

ute of a reduced gear shaft turning at 1/12 the speed of the main

i

oy

shaft, 7

o

he agitation speed was kept constant at 470 rpm for all runs,
At 470 rpm there were no gas bubbles in the solution and the gas/
liquid contact area could be estimated assuming & planar asurface.
Figure 3.3 shows the orientation of the various components in the
reactor. All devices were fastened to the reactor 1id by means of
number three and four rubber stoppers,

The %X?g%ﬁfﬁiﬁr@g%ﬁ mixture was introduced to the reactor

through a fritted glass dispesrzion tube above the liguid surface,

The flow rate of each gas was measured by a rotameter and controlled
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by a needle valve,

CQ
( at 1 atm and

was desired to

The fiow ra

16

The flow system is presented in detail in Appendix
te of the gas mixture was maintained at 250 mi/min

T0°F ) for all experimental runs, The low flow rate

avoid a significant amount of 50, siripping.

<

The temperature of the reactor was kept constant at 50°C

perature
saturated witih
of

gvaporation

.
The

&
ke
s

trode calibrated wit

buffers. The

delivery tube,.

The Fisher

of & pH controller with proportional or on/off functions,

versus time,

Procedure

The plexiglass reactor was first filled with one liter of

for two runs performed at 25 and 70°C ) within 2°C by. a
with a mercury on/off thermoregulator,
an electric heating coil submerged in the bath,

was measured by a thermometer,

suifite titrant was added through a slanted

The heat was sup-
The teme
The gas mixture was DY@
waler at the experimentsl temperature to eiiminaﬁe
water in the reactor,

of the solution was measured by a combination elec-
standarized pH 4 phthalate and pH 7 phosphate

glass

A 10 ml

addition with o

-

for pH and cumuiative volume

0.3M

& i

sodium sulfate solution and placed in the water bath a the experi-
mental temperature, Then, the solution was sparged below the liguid
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surface by saturated KE for about 30 minutes in order te strip dis-
sclved oxygen out of the solution, The relatively high sulfate con-
centration was chosen so that the small amount of sulfate ions pro-
duced during the experiment would not make a significant difference
in its conceniration, During this time th PH electrode was cali-

brated and a sodium sulfite solution placed in the automatic burette/

4

-

lispenser, The concentration of the sulfite soclution was 0,2 to 0.8 M
depending on the expected sulfite demand, After these cperaiions were
completed the desired sodium bigu}fit@ and catalyst amounts were add-
ed to the reactor, and the pH adjusted Ey adding either EESG oxr NaOH,
Finally, the gas sparger was removed from the solution and placed over
the surface, and the desired ngﬁz mixture was allowed to flow at a
rate of about 250 ml/min over the solution surface, The automatic
burette/dispencer was started a8 soon as the gas mixture entered the
reactor. Cumulative titrant volume and pH were recorded versus time
on a two pen linear chart recorder.

All of the concentrations of the different solution components
were either constant or insignificantly changed, Therefore, after the
initial run was completed, the catalyst concentration was increased
and a second data point was obtained, In the same manner several data

%

/ were obtained during one experimental run., For the

W
Paian
[
&
oy

point
rate measurement at each catalyst concentration a titrant volume of
1 to 3 ml was added to the reactor solution. Thus, the liguid volume

was increased by 0.1 1o 0.3% for each measurement. These small volume
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changes were neglected,

The catalysts ( Mn and Fe ) were added as Hasgé*ﬁzﬁ and

. . -2 . , .
Fes ¢ (kv T . 5 = i i & 3 L “
;eseé TH,0. The inhibitor ( 5263 ) was added as §323263 5H,0

Pata Analysis

The oxygen absorption rate data was obtained directly from the
rate of titrant { sulfite ) addition to the reactor, The cumulative
titrant volume added to the reactor was read off the recorder cutput
within 0.02 ml. The time required for this addition was also obtained
from the recorder output wiihig 0,02 Qéﬁ. The titrant volume added
to the reactor for each measurement ya3:§ te 3 ml, and the time was
5 to 30 minutes., After it was confirmed that the pH was conatant
( + 0.01 pH units } throughout the experiment, the 32 absorption rate
was obtained in m@les/secwamz by:

. y
R= 1/2 7% x 1073 (3.4)
v A

where V_ is the titrant volume added, ml; C, is the titrant concentra-

tion, M; t is the experimental time, sec; and A is the reactor surface

e

Z
area, 154 cm .

Since the SZ/EE relative proportion was measured on a dry
basis and the total pressure in the reactor was 1 atm, the oxXygen
partial pressure of the saturated gas mixture was calculated in atm
by the relation:

1

PN
N
#
k2]
R

- ﬁﬁ&@ )



where XOg is the O, fraction in the Ggfﬁz gas mixture on a dry basis;
and ?Hzo is the water vapor pressure at the expsrimental temperarure,

atm.

=3
o
®
(%}
&
@
o
Q

oncentration at the interphase was estimated by

Py
S
®
2

Mg

[Oz:r -~ B, /H

where H is Henry's constant for oxygen in water, atm/M,

The mass transfer coefficients at 25 and 50°C were estimated
H

by extrapolating the data obtained at 0.088 and 0.878 aim, respec~

tively, to zero catalyst concentrations. The mass transfer coeffi-

cient at 70° was obtained by making a measurement of the G? absorp-

tion rate at 70°C into a soluticn contlaining no catalyst, The k:

Ly

%1

values, given in Table 4.7, were obtained by the relation:

s

= R /P

,m
AW
R

Og ‘

et
1;:4

where

ygen absorption rate,

19



CHAPTER IV
RESULTS AWD DISCUSSION
Three sets of data on oxygen absorption were obtained in 0.% W
%aZSSé solutions with 0,07 ¥ total sulfite at 470 rpm. In the first

set effects of O

2

artial pressure, manganese concentration, and tem-

ol

perature were investigated. In the second set synergistic catalytic
effects of dissolved Fe and [in were examined. In the final set inhibe
iting effects of thiocsulfate in the presence of Fe and Mn were stud-
ied, Additional data on the eff@aés cf pH, dissolved sulfite, and
ionic strengtih are presented in ﬁ;yenéii B.

Manganese

Bxperimental runs with Mn were performed at constant oxygen

pressure with Mn vacying from 10 4 to 0.1 M, BHuns were made at pH 5
with 02 partial pressures from 0.018 to 0.878 atm., A1l runs were made
at 50°C except for single runs at 25 and 70°C., The detailed gxperi-

mental data are presented in tabular form in Appendix A, Table A.1.

A regression analysis on the data obtained at 50°C yielded the

following model in the form of EBguation 2.7:

= * 5, k? [%%j ks
B o= kf [‘:Q T+ 5 = {Zi.»?}
-~ .1 5
(gL} (1 + "‘i:zf:}zj )
oy @ s Q7 F 5 9 / . ¢ 4 5 “
where at 50°C, k, = 3.80 x 107 1/sec-mole, and k. = 6.28 x 107 1/mole.

2

The experimental constants are shown in Table 4.1,




TABLE 4.1: Experimental Constants

Parameter Symbol Temperature
(°c)
Physical ki 25
Absorption 50
Coefficient 70
Oxygen BO 25
Diffusivity 50
76
Henry's H 25 |
Law 50
Constant TG

#* Estimated by:

b

. ¢
% = D, (

g—f

m
pa

¢

A

©

HaQ

| ﬁﬁz@)

Value

4¢§?KTO:§ om/sec
?.G?x?@mg em/sec
1.14x10 ° cm/sec

2,?Gx§ﬁi2 amgfsec
§@?§K?Gm§ em! /sec
5.34%1077 cm /sec

792 atm-1/mole
5 ¢ -

1072 atm~-1/mole

1222 atm-1/mole

Reference

G5t o

Chapter 3%

Sherwood {
*
#*

Sherwood (

21

1975)
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The enhancement factor, E is:

E";”‘ 1 4 2ty [t > (4.2)
[°5])

-
L (a;) (1+k,

A complete compariscn of the experimental data to the values
predicted by the model is presented in Figure 4.1, Overall, the
model predicts fairly accurate values; the greater deviations occur
at low oxygen partial pressures {ﬁé 0,026 atm ), and at high oxygen
partial pressure { 0.878 atm }i The s;a%ter at low BEe1 is repre-
sentative of random experimental error.

Note that the datzs used in developing the model were at con-
stant sulfite concentration, pH, and ionic strength. Therefore, the
model is a function of manganese concentration, oxygen partial pres-

sure, and temperature only. The kinetic constant ﬁ? includes the

effects of the other variables., Some data obtained as a function of

w
«

&s.«.‘é
oy

ite concentration, pH, and iocnic strength are presented and dis—
cussed in Appendix B. No major effect of these other variables was
observed,

The general kinetic factor, ¥ defined in Equation 2.6 may

now be redefined for the particular case in hand.

. i
¥ - ﬁc z“? 5]@2] ) (é,,ﬁ}
)

() (1 + ﬁgéé
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At the lowest experimental 62 partial pressure ( 0,018 atnm ) the ¥
values are 0.82 and 15.7 for Mn concentrations of 2,7 and 100 mh,
respectively. At the highest 0, pressure ( 0.878 atm ) the ¥
values are 0,31 and 6.0, respectively. Therefore, the error ine
troduced by the assumption used in solving Bguation 2.1 is up to
6% at low manganese concentrations; the error becomes neglegible
as the manganese concentration is increased,
Effects of Manganese Concentration,-

The predicted and msasﬁxeé eff;cts of Mn are illustrated
for three 02 partial pressures by ?iguré 4.2, At ilow Mn concens=

. -

trations ( € 1077 M ) the absorption rate is dominated by physical
absorption; hence, the slopes of the curves approach zero, As the
Mn concentration is increased, the kinetic effect becomes the domi-
nating factor and the slope of the curves increases until it reaches
a value of 0.5, Therefore, the kinetics of the oxidation reaction
are first order in manganese,
Effects of Oxygen Partial Pressure,.—

Figure 4.3 illustrates the calculated and predicied mass
transfer coefficient as a function of O partial pressure. At 6.3 mM

2

Mn the 32 absorption rate is close to being 1i

)

ited by physical abe-
sorptions hence, the mass tranasfer coefficient has a weak dependenc
in oxygen. At 30 mM Mn, the kinetic effect becomes the dominating
factor and the mass transfer coefficient is a strong function of O

2

partial pressure. As can be geen in Bquation 4.3, the ternm containing
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the 02 concentration effect in the overall kinetic factor is negli-
gible at low oxygen partial Pressures; hence, the mass transfer coef-
ficient is independent of 02 partial pressure in this region. As the
02 pressure is increased, the 82 concentration becomes significant
and the mass transfer coefficient drops at an increasing rate., The
slope of the curve drops until it reaches a value of -0.5,

The kinetic rate expression for sulfite oxidation derived from

the above model ( Equation 4.1 ) is:

rzM : (4.53)

1+ kz[ﬁé}

where the rate, r is in moles/l-sec.

o

The rate is first order in manganese. 1t is first order in oxygen a
low oxygen concentrations and Zere oxygen at high oxygen concentra-
tions. The same phenemenon of a drop in oxygen order as the 02
concentration is increased was also observed by other researchers

Linek and Mayhoferova, 1970: Alper, 1973; Nyvlt and Kastanek, 1975:
¥ H

o

Onda et al, 1971 ). In their work using cobalt as catalyst under sime
ilar heterogeneous conditions they alsc found the catalyst 1o be first
order; however, the oxygen order drop was from second to first.
Effects of Temperature,-

Since the oxygen absorption model contains two kinetic rate
constanis, two experimental runs were performed at two significantly

: /e 5 o * - -
different temperatures ( 25 and 70°C }. The value Q, defined below,



28

which was a constant in each run was adjusted for the best statis-

tical fit %0 the experimental data,

D, &, [0,] *

14k, [02]*

The @ values were 6.85 x 10”10 and 1,06 x 16“13 at 70°C and 25°¢C,

(4.5)

respectively. Substitution of Arrhenius expressions for the rate

constant in Equation 4.5 at 25 and 70°C, and use of k? and kg values

. .
at 50°C gives a system of 4 equations. The solution of the equations
yields the activation energies: Ea? = 18,1 Kecal/mole, and

¥

W

3

5 = 23.4 Kcal/mole, Figure 4.4 shows the predicted and measured
mass transfer coefficients for runs at 25, 50, 70°C. Even though k.,
A
differs at 50 and 70°C, the combined effects of temperature o rate
Oonstants, diffusivities, and oxygen solubility gives @2 absorption

rates which are nearly independent of temperature at 50 te 70%C.

Manganese and Iron

Experimental runs were performed with constant Fe and varying
Mn, and with constant Mn and varying Fe. The experiments were per-
formed at pH 4 and 50°C. Preliminary experiments gave no effect of
FeSOé at pH 5, probably because of a low solubility of Pe. The detail
ed experimental data are presented in tabular form in Appendix 4,
Table 4.2,

It is generally accepied that iron is & boor catalyst for sule

fite oxidation compared to manganese ( Bassett and Parker, 1951;
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Johnsions and Coughanowr, 1958 }, However, using iron and manganese
together Hudson ( 1980 ) found iron to have some significant effect,
In his words: "It is noted that although the order of the reacticn
with respect to iron is 2ero, the results obtained with and without
iron are different. Therefore, iron does influence the rate of
reaction, but the rate does not depend on the amount of iron for
Ye > 1 ppme™

The results of this work for the effects of iron in the joaal-3c e

ence of manganese are illustrated in Pigure 4.5, Thege experiments

]

¢

re done at different 32 partial pressures with 0.01 M MnSO,. It

4

was found that the iron order in the reaction rate is about 0.3

e

Even though the order of iron is relatively low, at 0,088 atm 99 and

K
H
[}
e

M Mn the mass transfer coefficient was found to be 0,035 and

5

0.055 cm/sec for 0.0 and 1077 M Fe, respectively, Therefore, the

ke

presence of iron significantly accelerates the reaction

*

The results for the effect of Mn in the presence of ¥Fe are
presented in Figure 4.6. The order of manganese with no iron present
at pH 4 is about 1; the same result was found for pH 5. However,
the presence of iron even in amounts as small as 0,3 mM greatly en-
hances the rate. No simple kinetie expression could model the dige
continuity as @2 absorption goes from control by physical absorption
to conirol by reaction enhanced mass tranafer, Instead, it is pro-
posed that in the presence of iron at a “threshold" manganese concen~

4

5 - « P N
tration { 1 to 2 mM ; the manganese complexes in water change to a
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more active form. This does not necessarily mean that the Mn order
is increased, but that the manganese catalytic activity is increased
to yield greater reaction rates., That is, the kinetic rate constant
is significantly increased by the change in the form of the manganese,
Linek and Vacek ( 1981 ) in their review article on sulfite
oxidation catalyzed by ecobalt and copper point out that the role of

the catalyst has not yet been satisfactorily elucidated. There is no

gene

]

al agreement on the catalytic role of manganese either, Bassett
and Parker ( 1951 ) contend thé% the a;tive complex ia %n(SGa);g.
Brimblecombe and Spedding ( 1974bv Ve in;aréer to explain the zero
order sulfite concentration dependence observed by some researchers,

suggest that manganese is first oxidazed to form MnOOH which would

found on the possible

43

be the limiting reaction. No information wa
catalytically active manganese-iron sulfite complexes.

Having Fe and Mn in solution can easily give enhancement
factors of 20 to 100, Most limestone slurry srubbers yield 10 to 209
oxidation of absorbed 892 when oxidation is limited by physical ab-
sorption. Therefore, it should be feasible to operate with a combi-
nation of Fe and Mn to obtain 100% oxidation in the scrubber. Oper-
ation at low pH would be required to keep the iron in solution, which
may result in corrosion problems and may limit 882 absorption, 4
source of Fe and Mn may also be required if the desired amounts are
not present in flyash or in limestone, The high concentrations of

dissolved Fe znd ¥Mn may result in solid waste disposal problems,
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Thiosulfate

In order to observe the effect of thiosulfate two experimental
Tuns were performed at different conditions: 1) pH 4 and 3 mM Fe, and
2) pH 5 and 0,0 M Fe. Both runs were done at 50°C, 0,01 M ﬁn804, and

0.088 atm 0. with variable thicsulfate concentration., The detailed

no

experimental data is presented in tabular form in Appendix A, Table A,3,
As illustrated by Figure 4.7, thiosulfate is a powerful inhib-

itor of the sulfite oxidation reaction. At a thiosulfate concentration

of 1.0 mM the absorption rate %as redaéeﬁ by a factor of about 203

which corresponds to a reduction in the reactor velocity by a fgct&r

of about 400, 4t this peint the absorption rate for the experimental

run at pH S was below the physical abscrption rate. Thus, the reac~

tion rate was neglegibly small and any further addition of thicsulfate

would result in accumulation of QS in the bulk soclution. The same

o

sbservation is true at 2.0 my thiosulfate for the experimental run at

L.
£

b
f—

4 and 3 mM Fe,

;

Hudson ( 1979 ), Radian ( 1977 )» and Rochelle et al ( 1982 )

lave also observed that thiosulfate is a powerful inhibitor of sule

fite oxidation.
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CHAPTER V
CONCLUSIONS AND RECOMMENDATIONS

1. Under heterogeneous conditions, with 0.01 M total sulfite,

0.7 W Na o et et , - .
Ju5 M ngusﬁ, and pH 5.0, the rate of sulfite oxidation catalyzed by

Manganese is given by:

where,

M

Ky = 0473 x 107 exp(~-18,100/RT

=

i
wn

*

o
W

¥
e
<o
\

exp(-23,400/RT)

]

The rate is {irst order in O t low O o g , ;
8 gt T in U, at low Y, par ial pressures, and zero
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required A maromre ; - o
juired. A manganese concentration of o mM gives an enhancement of

. o .
5. The presence of iron greatly enhances the oxygen absor-

ption rate at Mn concentrations sreater 4hme - i
pt at Mn concentrations greater than 1 mM. At iron concene

trations of 0.3 to 3 mM and pH 4, there is z

o

hreahold manganese

gcontinuous ene

concentration of 1 o 2 mM above which there is a

[& 9
[

hancement of 20 £ hyei )
hancement of 20 to 100 from physical absorption. In the presence of
Fe, 5 mM Mn gives an enhancement of 20 to 50

G to 50,
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4. Thiosulfate is a powerful inhibitor of the sulfite oxida-
tion reaction, A 1 mM thiosulfate concentration reduces the reaction
velocity by a factor of about 400,

Hecommendations

1. There is a need for fundamental research to guantify the
role of the catalyst; that is, to determine which complexes are
catalytically active and under which conditions they occur. Also,

further research is needed to determine the Mn/Fe interactions in
sulfite solutions,

2, Further work should be éQSE’ﬁﬁ quantify simultaneous
absorption of 802 and 62 with catalysis by Mn/Fe, These results
could be directly applicable as an innovation in throwaway slurry

scrubbing,
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TABLE A.1: Experimental Data - Mn Catalyzed Oxidation;

PH 5, 470 rpm, 0.01 M Kaﬁﬁ@5, and 0,3 M NaZSGd

RUN T [1n P, Ry, E ke
() (M) (atm)  (mole/sec-cm® (em/sec x iﬂﬁ)
< 1019

1 50  0.00009 0,018 1.24 1.04 7.35
0,00063 1.62 1.36 9,62

0.0012 1.7% 1.45 10,3

0.00%3 3,52 2,95 20.9

0.010 8.06 6.75 47.7

0,030 10,1 8.47 59.9
2 50 0.00027 0,026 2.27 1.34 9.47..

0.00063 2,71 1.59 11.2

0.0012 2,73 2,19 15.5

0.003%3 6.33 3,72 2643

0.010 8439 4.94 34.9

0.0%0 1%,5 7.94 5641

3 50 0.00009 0,088 5.95 1.02 7.21
0.00027 6.55 1.12 7.92
0.,0006% 7.95 1.%6 9,62

0,0012 10.8 1.85 13,1

0.0033% 16,2 2,79 19,7

0.010 26.7 4,59 22.5

0,030 42.1 7.22 51,0

4 50 0.00027 0,105 8,66 1,25 8,84
0.00063% 8.71 1.26 8.91

0.0012 11.6 1,68 11,9

0.00%3% 18,3 2.64 18,7

0,010 30,4 4,39 31,0

0.030 45.9 6,62 46,8
5 50 0.00027 0,132 10.6 1,21 8.55
0.00063 11.5 1.%1 9.26

0.0012 1243 1.41 9.97

0.003%3 19.4 2.21 15.6

0.010 35.5 4,06 28,7

1. 030 57.4 6.58 46,5

( continued )
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TABLE A.1: ( continued )

o

WJT

Js
S
o
(]

[n] Pos Ry, B Kk,
(M) (atm)  (mole/sec- cm® (cm/sec x 103)
X 1{3?‘“}}

0.00063 0.184 14,4 1.78 8.3%4
0.0012 17.5 144 10.2
0.00%3% 2545 2.09 14.8
0,010 46,3 %:79 26,8
0.030 73.6 6.02 42.6
0.00027 0,267 17.3% 100 7.07
0.0006% 19.3% 112 7.92
C.0012 25, 5% 1.46 10.3%
0.,0033% 39,8 2450 16,5
0.010 6041 3.47 24.5
0,030 85,0 4.91 34,7
0,00067% 0.878 62,1 1.07 7.56
0L.0012 72.4 Te25 8,84
0.003%3% 85,6 1,65 1167
0.010 159, 2475 19.4
0,030 240, 4.14 29, %
0,10 547 . 5+89 41.6
0. 00009 0,097 5.67 1.00 4.61
0. 00027 6,26 1,11 5,11
0.00067% 6,59 1,17 5. 38
0.0012 6.53 1.16 5.3%
0.0033% 7.88 1.39 6,45
G.010 12.4 2.28 10.5
0.030 19,0 3,36 15.5
0,10 35,1 586 27.0
0. 00027 0.069 6.48 i .01 11.5
U.00063 7.94 1.24 1441
G,0012 11.6 1,80 20,
0.0033 18,1 2,62 3241
0.010 32.4 5.04 57.4
0,030 47,7 Ted1 84,5
0.10 83,7 1%.0 148,



TABLE A.2: Experimental Data - Mn/Fe Catalyzed Oxidation;

PH 4, 50°C, 470 rpm, 0.01 M NaHSO;, 0.3 M Na,S0,
RUN P, [1n] [Fe] R, E k.
(atm) (M) (M) (mole/sec-cm (cm/sec x 305}
x 1019
11 0.059  0.010  0.0001 71.8 18,5 130,
0.0003 84.2 21.6 153,
0.0007 91.8 23,6 167.
0.0010 95.6 24.6 174.
0.0030 « 110, - 28,3% 200.
120,088  0.010  1.x ?ﬁii 23.2, 4.00 28.3
5.x 10 o 27.8 4.79 33.9
1.x 102 47.0 8,10 5742
3.x 10 63.2 10.9 77.0
0.0001 71.8 12.4 87.5
0,0003 91.3 15,7 111,
0.0010 90.2 15.6 110,
0.0030  1%0. 22.4 158.
13 0,1%2 0,010  0.0001 67.0 7.69 S4.4
0.0003 100, 11.5 81,2
0.0007 130, 14.9 106.
0.0010 146, 16,8 119,
0.0030  185. 21.2 150,
14 0.184 0.010 0.0001 93,4 7.72 54.4
0.0003 132, 10.9 76.9
0.0007 153, 12.6 89,1
0.0010 170, 14.1 99.0
0.0030 188, 15.5 110,
15 0.088  0,00009  0.,0003 5.97 1.03 7.28
0.00063 6.97 1,20 8,48
0.0012 7.66 1,32 9.33
0.0033 80,1 13,8 97.6
0,010 167. 28,8 204,
0.030 220, 37.9 268,
0.10 224, 38,6 273,
{contimued)
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TABLE A.2: ( continued )

RN P, ™ [Fe] R
2 Oz
(atm) (M) (M) (mole/secwon?

x 10" 9)
0.00009 010 5.92
0.0020 66.5
0.003%0 118.
0.,0050 187,
0.0070 215,
0.010 247,
0.030 356.
0,10 232,
7 0.088  0.00027 5,80
0.0012 7.71
0.003%3 35,1
0.010 206,
0.030 280,
0.10 300,
0.00009 5.86
0.,00027 6.0%
0,00063 5.97
0.0012 6.32
0.00%3 8.93
0.010 22.4
0.030 46,0
0.10 67.3

e IR I GO o SN
* - L3
PO AN T b A B O O

L3

»

NIV N O N R s
3 30
o

.

® LI

*

T
R R U N
"®
e UV G RN

»

-

L3
G O

R R I VAN R s

*

-

o

B T SN R S Y
-~

»

L]
DD o O

e

L] £ 3 *®
b P WD ] A A b

»

Rl ¢ AW 3 e o

.

IR ATE I o JER SRS, N, B
w

QAT B -
.
<



TABLE A.3: Experimental Dats - Thicsulfate Inhibit

50°C, 0.088 atm ?Q£ 470 rom, 0,01 M NaHSO

0.3 K Nazso .

5?

ed Oxidation:

) 7 - ) -
RUN oH [n] e | 1559 l R,
{(11) (M) (M) (mole/sec—cms X ?G?G)
19 5.0 0,010 0.0 0.0 21.6
0.0001 6.2
0.0002 5,99
; L 0. 0005 3,89
0.0010 0.756
0,0020 *
20 4.0 0.010 0,003 C.0 120,
0,0007 83,7
0.,0002 76,1
0.0005 49.3
00,0010 12.6
0.0020 U.648
0,0050 %

The minimum oxygen absorption rate that is posgible

to measurs

in the experimental apparatus used in this work is about

4

~11 / 2
e x 10 mole/sec-cm™ g

than the minimum values,



APPENDIX B

SULFITE, pH, IONIC STRENGTH, AND ELECTROLYTE DATA
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Experimenital runs were made at constant mangangse concentra~
tion with total sulfite varying from 0.0005 to 0,10 M. The runs were
made at 50°C and pH 5,0 with 0,088 and 0.262 atm O,, and with 0.0 27 ¢

&

&;g{ﬂﬂ;ﬂ" E&f‘ 3@‘»}{\55— ?% ?”ine S

it
fm»

ifite was added to the reactor as NaH30,
and the procedure was the same as that for the catalyst scans de-

scribed in Chapter 3. After each §a§305 addition the pH was read-

The experimental data are shown in tabular form in Table B.1.
Some preliminary calculations using approximate equations { Hikita
and Asai, 1964 ) suggest that the rise in the abscrption rate with

sulfite at low sulfite concenirations is not a sulfite concentration

effect; but that the surface reaction is being limited by the sulfite

£

iffusion from the bulk. A1 a sulfite concentration of 0.005 ¥ the
reaction is no longer limited by sulfite di iffusion, A4t the lower
Mn concentrations ( 0.0027 and 0.0033 M ) the absorption rate de-
creases with sulfite ( % 0,005 M )i suggesting that sulfite inhibits

the reaction at high concentrations. The same eifect was alsoc ob-

dorit

served by Laurent et al { 1974 ), Onda et al { 1971 ), Astarita et al

N

1964 ), and Wesselingh and van't Hoog ( 1970 Je At high catalyst

pr—

concentrations { 0,027 M ) the absorption rates were approximately
constant at sulfite concentrations greater than 0.00% M suggesting

that the reaction is zero order with respect to sulfite,

45



TABLE B.1: Bxperimental Data - Dependence on Sulfite Conceniration:

pH 5, 50°C, 470 rpm, and 0.3 M Eazsﬁé

RUN Py, (] [rotal suifite] Ry, .
(atm) (M) (M) (mole/sec-cm® x 10 )
21 0,088 0,027 0.0005 31.5
0.0010 69,6
0.003%0 109,
0,010 135,
0,030 148,
22 0.262 0,027 0.0005 100,
0,.0010 137,
G.O030 215,
0,010 218,
0.03%0 216,
G.10 205,
23 0.088 0,003%% 0.0005 56,8
0.,0010 69.8
0.0020 76,7
G,0050 78,4
0.010 71.5
0,020 60.5
0,050 50,8
0,10 43%.4
24 0.262 0.0033 00005 BELO
C.,0010 105,
G, 0020 114,
0.0050 115,
0.010 105.
0,020 90.5
0,050 80,4
0,10 59,2

{ continued )




TABLE B.1: ( continued )

47

RUN Po, [n]  [Tota1 Sulfite] §6z
(atm) (M) (M) (mole/sec—cm® x %Oqo)

25 0.088 0.0027 0.0010 46.9
0.0030 52,6
0.010 51.2
0.030 42.8
010 32,4

26 0.262 0.,0027 00,0005 68,0
0.0010 76.9
0,0030 85,8
0.010 81.6
0.0%0 £8,3
0,10 5G,2

®
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P Data

The experimental pH runs consisted of 52 absorption rate mea-
surements in the pH range of 4 to T+ The experiments were performed
at 0,088 and 0.262 atm POz’ and 0,001 ang 0.05 M total sulfite. All
the data were collected at 50°C and 0.01 M Mn, Each experimental run
was started at pH 4 and the pH was adjusted for every measurement by
adding concentrated NaOH. The procedure was similar to that described
in Chapter 3.

. .

The experimental data gre shown in tabular form in Table B.2.
At the nger sulfile concentration ( 0;601 M ) the 02 absorption rate
increased with pH until reaching a maximum at pH 53 there after it

decreased with increasing pH. At the higher sulfite concentration

(0,05M )

o
e

e absorption rate varied in the Same manner with pH,
but it reached a maximum at a pH of 5.5 and 6,0 for 02 partial pres-
sures of 0,088 and 0,262 atm, respectively. A similar effect of !

o

was observed by Brimblecombe and Spedding { 1974b ) who for the
ra;;3 in "pure" water in the range of pH 4 to 8,5 found
the rate to be a maximum at pH 6.0.

Ionic Strength Data

Since all but a negligible ionic strength is supplied by
ﬁaaSO& in the experimental data presented in this thesis, the ionic
e
strength effect was observed by measurements at §ag88é concentrations
e %

in the range of 0.0% to 1.0 M, The experimental run was made at

50°C, pH 5, 0.088 atm Po,e 0.01 M NaHS04, and 0.0033 M MnsO,.



TABLE B.2: Experimental Data - pH Dependence; SO'C, 470 rpm,

0.01 M MnSO,, 0.3 M Na,S0 .

4 2774
uN P, |Total sulrite] pu Ry, .
{atm) (M) mole/sec—-cm” x 10" )
27 0.088 0,001 4.0 38,7
4.5 S0, 3
5.0 98,1
5.5 91,2
6.0 51.8
; 6.5 40,2
7.0 34.8
28 0.088 0,050 4.5 133,
5.0 198,
5e5 235
£.0 81.6
6.5 76.7
7.0 52.9
29 0,262 0,001 4,0 132,
4.5 115,
5.0 307,
5¢5 170,
£.0 201,
6.5 198,
7.0 184,
20 0,262 0,050 4.0 24.
4.5 92.7
5.0 137,
55 242,
6.0 367,
£.5 216,
740 209,



The experimental data is presented in Table B.3,

absorption rate increased with increasing sodium sulfate until reach-

The @2

ing a maximum at a concentration of 0.2 M, there after it decreased
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with increasing Na

Blectroly te Data

In order to observe the effect of the

e b

concentration.

enviroment on sulfite

oxidation under heterogeneocus conditions some data was collected in

%gﬁ@d and ﬁg@lg solutioc
surements of 02 abgorpt

tration from 0.09 mM

MgCl The experiments

2@
and 0,132 and 0.262 atm
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L
Z
1 data i
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ter

3 while

to O.1 M in 0.3 M
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62 partial pressure
in MgS0, solutions,
4

absorption rates were faster

The experimental runs consisted of mea-

varying the manganese concen-
solutions of either ﬁgﬁﬂé or

at 50°C, pH 5, 0.01 M NaHSO,,
#

in tabular form in Table B.4.

observed. The @2 absorpticn
solutions than in

s
pd

while at
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TABLE B.3: Experimental Data - Dependence on Na2804 concentration;

50°C, pH 5, 470 rpm, 0,068 atm Poz, 0.01 M NaHSO,, and

3’
0.0033 M MnSO, .

4
RUN [Nazso4] Roaz "
(M) (mole/sec—cm® x 10 )
31 0.030 55,9
0.070 62,2
0.10 68.0
'0.20 71.%
0.50 62.2

1.0 ‘ 55.7
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TABLE B.4: Experimental Data - Dependence on Electroly te; 50%C, pH S

470 rpm, and 0,01 M N&HSSE,

RUN POz Electroly te [ﬁg} ﬁbs
(atm) (0,3 M) (M) (mole/sec~cm® x ?019)
22 0.1%2 Mgso, 0.00009 50.5
0. 00027 62,0
0.00063 65.2
0.0012 76.9
0.003% 108,
G.010 168,
G.030 231,
0.0 300,
33 0.262 f*’igS{}é G, 00009 121,
0,00027 165,
C.00063 187,
0.0012 220,
G,003%% 298,
0.010 445,
0.030 594.
0.10 823,
34 0.132 %gﬁig 0.00009 49,7
0.00027 63,3
0.00063 7441
0.0012 77.5
0,00%3% 103,
0.010 197.
0,030 578,
0,10 400,
35 0,262 Eg@lz 0.00009 139,
0. 00027 136,
0. 00063 130.
G.0012 130,
0.00%3 156,
0,010 257,
0,030 462,
010 631,
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GAS FLOW SYSTEM
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Gas Flow System

Nitrogen and Oxygen gas were supplied by two cylinders with
the pressure regulators set at 80 and 20 psi, respectively. In ad-

d

fotn

tion to a control valve each line had a needdle valve for precise
flow rate control. The individual flow rates were measured by two
low flowrate rotameters., The rotameters were calibrated using a wet
test meter; the calibration curves for 02 and %2 are shown in Pigures
C.? and C.2, respectively. After the flow rate neasurements were
: .
made, the gases flowed into a single line. Then, the gas mixture
was saturated with water at the experiﬁentai temperature, The sat-
iration process consisted of sparging the gas mixture in water about
7 cm below the surface using a fritted glass dispersion tube.

Finally, the gas mixture was allowed to flow over the reactor solu-

tion surface,
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APPENDIX D

MASE BALANCE AT THE INTERFACE
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Mass Balance at the Interface

A model was developed in order 1o estimate the cornicentrations

at the gas-liquid interface., The model consisted of the following

equations:
= _ %Q;AESQ;] + ksq‘,&{f;@gi (D1
twar B 5 /o]
f kH,é[] = - KHSQ: 3303] (D.3)
where

R = agbsorption rate
$

K. = equilibrium constant for iy

-
i

liquid mass transfer coefficient for i,

A = bulk - interface, and

f = factor included to account for the acidity transport
due to HSO;,

The factor, f was estimated by

(D.4)

"y
]
x‘”ﬁm\x
PN
z
fan]
M 1
5,
.
@f
£
~{~
i
s
o

The bulk concentrations were calculated using Equation D.2 and th

eguations,

r . =7 P
| total sulfite| - s03°| 3363“J (0.5)
[ﬁ{] - 10”PH (D.6)



The liquid mass transfer coefficients were calculated by:
B 1/2
o &
ki &= B kL <D67>

W

where the O, liguid mass transfer coefficient, k> = 7,07 x 10“3 at

o0°c.,

ST

The values of the constants used in the mass balance are

.,

fhe results for all the manganese catalyzed runs at 50°C and
pH 5 are tabulated in Table D.2., As expected, there was no gignifi-
cant total sulfite concentration difference between the bulk and the

interface; but there was a significant drop in pH at the interface,
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TABLE D.1: Constants For the Mass Balance at the Interface at 50°C,

Parameter value
BQ 3.72 % ?Omi cmg/sec
Dsos 1.24 x 1077 cm’/sec
D 1.65 x 1074 cmgfsec
EESQ% 2.35 x 1072 cmEKSéc
Do s 2.12 x 1072 cmgjﬁﬁc
kS@% 4.08 x 1072 cm /sec
RHSGE 5,62 x 1077 em/sec
§H§ 1,49 x 1072 em/sec

pKﬁa@; 6.8

£ 5.70



TABLE D.2: Comparison of Bulk and Interface pH and Total Sulfite

Concentration at 50°%¢

RUN Mn Total Sulfite (M) PH
(M) Bulk Interface Bulk  Interface
1 0.0000% G.01000 0.,00995 5.0 4,91
0.0006% 0,00993% 4,88
0.0012 0.00993 4.87
0.00%3 0.00886 4.75
0,010 ,00585 4,50
0.030 o 0,009861 4,42
2 0.00027 0,01000 0.00991 5.0 4.84
0, 00063 . 0.00989 4,87
0.0012 0.00985 4,74
0.0033% 0.00975 4.59
0.010 0,005967 4.49
0,030 0.00949 4.30
3 0. 000069 GL.01000 0.00976 5.0 4.61
0,00027 0.00974 4.58
0.00063 0.,00969 4,51
C.0012 0.00958 4,59
0.003% 0,0093%9 4.23
0,010 G.00%07 4,02
0,030 0.00847 2.82
4 0,00027 0, 01000 0,009664 5.0 4.48
0.,00063% 0.00966 4,48
00012 0.,00956 4,57
0.003%3 0,.009%2 4,18
0,010 0.00889 3.96
0.0%0 0.,0083%4 2,78
5 0.00027 0.01000 0.00959 5.0 4.40
0.00063% 0. 00956 4,37
0.0012 0.00953 4.34
0.003% G.00828 416
0.010 0.00871 %.89
0.030 0.0079% 3,68



TABLE D.2: ( continued )

RUN Mn Total Sulfite (M) pH
(M) Bulk Interface Bulk  Interface
6 0.00063 0.01000 0.00946 5.0 4.28
0.0012 0,00934 4.20
0.0033 0.00906 4,04
0,010 0.008%2 3,78
0.030 0.00736 3.58
7 0.00027 0.01000 0.00935 5.0 4,20
0.00063 » 0.00927 4.15
0.0012 0.00907 4.04
0.0033 0,00855 3,84
0,010 0.00784 %.66
0.0320 0.00696 3.51
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NOTATION
£ 5 2
Reactor surface area, 154 om
Kinetic factor defined by Equation 2.6

Mitrant concentration, M

s o PR 2,
Diffusion coefficient of i in water, cm“/sec

s e . ot a e . ey
Diffusion coefficient of U2 in water, cm /sec

St et s - ca N 2
Diffusion coefficient of sulfite in water, cm/sec

O, absorption rate enhancement factor

[1%]

Henry's law constant for 32 in water, atm-1/mole
Kinetic rate constant
Mass tranfer coefficient of i in water, cm/sec

Or

, Physical mass transfer coefficient, cm/sec

O, enhanced mass transfer coefficient, cm/sec
Eguilibrium constant for i

Bouilibrium 02 concentration in agueous solution at a particular
temperature and oxygen partial pressure, M

Water vapor pressure, aim

Uxygen partial pressure, atm

Constant factor for each run defined by Eguation 4.5

Oxygen reaction rate, mole/sec-1

Sulfite reaction rate, mole/sec~1

Gas constant, 1.987 cal/mole®X

. . . o
Oxygen absorption raie, mole/sec-cm



(54

Experimental time, sec
Experimental temperature, %K
Titrant velume, ml

Distance from the surface, cm

G

Z,

basis

volumeirie fraction of the 02f mixture on a dry
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