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Abstract

The reaction of chlorine with alkaline hydrogea peroxide solutions,

approximately 2.5/ in ozn', kas been examined in an unagitated batch reactor

at 10°C. Initial chlorine partial pressures of up to 450 torr and reaction
times of one, three and six minutes were investigatedc. The results are
qualitatively in agreement with the theory for absorption with az
instantaneous reaction, in wkich the rate of reaction becomes controlled by
liquid phase mass transfer after an initial, rapid reaction depletes the

interfacial region of Ozﬂ reactant.

-4 2
The effective anion diffusivity was on the order of 7 x 10  cn /s, a

value nuch larger than typical 1liquid diffusivities, Also, the rate of
reaction declined faster than the time—ll2 dependence predicted by the theory
for absorption with an instantaneous reaction,

In one minunte’'s time, complete <conversion of all added cklorine to
chloride ion was achieved wuntil 4.7 x 10-4 moles of cklorine per cm2 of
interfacial area had reacted. Subsequent reaction was almost independent of
initial chlorine partial pressure.

The amount of chlorine reaction was not sensitive to the rate of oxygen
produced by hydrogen peroxide disproportionation. The rate of
disproportioration was seen to depend in a complicated manner on the

composition of the alkaline solutions.
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Iptroduction

It has teen demonstrated that an oxygen—iodine chemical laser <can be

operated using mixtures of molecular iodine and molecular oxygen in its first

&~

. . 1 .
electronic excited state, A [1). Lasing occurs on the > p spin

Pij2 ~

orbit transition of atomic iodine, which is pumped by the reaction:

3/2

0. ta) + 1 ‘zpr/z’ -0, 3ey + 1'(2p3

5 ) (1)

/2
A population inversion will result if the excited oxygen constitutes greater
than 17% of the total oxygen {2].

lligh gas phase concentrations of O (lA) have been achieved in the

2
laboratory by bubbling chlorine gas through alkaline hydrogen peroxide
solutions. The mechanism of singlet delta oxygen generation is believed to
be:

Ci, + HO,= 02(1A) + HCR + €L~ (2)

nce + noz- -+ n202 + Cg (3)

These two steps give a net reaction of:

ci, + 210~ »0,(*a) + 1

o
2 2 02 +2¢C (4)

2
This reaction must take place at or very near the gaslliqnid interface since
high yields of 02 (1A) are obtained despite it having a lifetime of only a
few microseconds in aqueouns solutions [3].

Details of the process by which singlet delta oxygen is produced are
poorly understood. This reaction system is complicated by a number of
factors: the rapidity of the <reaction, a gas phase resistance to the

reaction, the disproportionation reaction




+ 0L

I O2 + HOz— > I,0 +0

2 2 2

that always occurs in alkaline hydrogen peroxide solutions, and the
; relatively high exothermicity of reactions (4) and (5).
It is desirable to design reactors that can rapidly produce high gas

phase concentrations of 02(1A) in an efficient manner. An important measure

1
of efficiency for a portable chemical laser is the amount of 02( A) produced

per unit weight of reactants.

This report describes a series of experiments carried out to investigate

the mazimum amount of 02(1A) production, via reaction (4), that can take
place at a reasonably stationary gas—-liquid interface. This involved the
batchwise reaction of gaseous chlorine, at partial pressures of up to 450
torr, with alkaline hkydrogen peroxide solutions approximately 3 in EOH., The
extent of reaction was monitored by measuring the chloride ion concentration
with an ion specific electrode.
Literature Review

The rate of reaction (4) is very fast, a fact consistent with the idea
that it occurs at or very close to the liquid-gas interface. An approximate
measurement of the liquid phase reaction rate constant has not been made.
However, the very similar reaction of chlorine with sodium hydroxide
solution,

c, + o8 ~+BO Ci+ C& (6)

has been relatively well studied. No gaseous product is involved in this
reaction system, so all diffusional resistance to reaction may be considered
as lying in the liquid phase., H. Hikita et al. [4] used a 1liquid jet

reaction apparatus to measure the chlorine absorption rate with chemical
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reaction at atunospheric pressuvre, 30 C and base concentration at 0.095 to 0.390

ve

. I, Takahashi et. al. [5] had performed sinilar experiments with 2
stop-cock absorber at the same temperature, pressure and Dbase
concentrations. The results of both groups show the absorption flux variec
as the exposure time to the -1/2 pcwer. This functional dependence, whick
held over a 5-order range of exposure times, is the theoretically predicted
relationship for absorption with instantaneous reaction [6). O. Sandall et.
al. {7] studied the same reaction system using a roller-druz reactor at 0°c,
pressures below 2 torr, and a base concentration of 6 I, Thev obtaineé an
estinate of the pseuvdo-first order rate constant of 3 x 107 i/g-mol-s.
easurement of the reaction rate of chlorine with alkaline hydrogen peroxide
solution was attempted by licCluskey using a liquid jet apparatus similar to
Ilikita’'s but working at pressures below 30 torr ({8]. Under steady state
conditions., the gaseous chlorine must diffuse through a mixture of oxygen and
water vapor to reach the liquid interface. There is therefore a gas phase
diffusional resistance to reaction. The simplest way to account for this is

through a gas phase mass transfer coefficient defined by equation (7)

*
“or = % Py T P ) 7
2 2
where hCl = steady state flux of C12
2

PC12= partial pressure of chlorine in the bulk gas

»
PC1 = partial pressure of chlorine at the interface
2

Assuming vapor-liquid equilibrium occurs at the interface allows the steady

state chlorine flux to be expressed as:

N, = L ? 8
C22 k]. + H ng (8
G Y Dk -
cuoz
4




where H = Henry's law constant
D = liquid phase diffusivity of chlorine
k = liquid phase pseudo—-first order reaction rate constant

C liquid phase concentration of H02 snion.

O3

Using the liquid jet apparatus at 10°C and a sodium hydroxide
concentration of 3, !McCluskey estimated the overall transfer coefficient as
10-7g—m01/ cmz-s torr [8].

Richardson et. al. [9] have performed static bulb experiments on
chlorine gas absorption/reaction in aqueouns solutions of NaCli, of HZOZ, and
of NaOH-HZOZ. Chlorine partial pressures were typically 5 torr or less.
They monitured 02 and C12 gas pkase concentrations as functions of time using
a mass spectrometer. They found C12 absorption rates to be much higher with
" NaOH solutions than with NaOH-H202 solutions from which an 02 product nust

escape. This suggests a significant gas phase resistance to Cl, absorption

2

by alkaline hydrogen peroxide. Their data were consistent with a value for

the pseudo—~first order rate constant of reaction (4) greater tham or equal to

1 M-l s-.1 at a 3.5 M EOZ- concentration,

The production of singlet oxygen in a2 wetted-wall column reactor has

10

been described (10). Higher yields of singlet oxygen are obtainable from
this reactor than from sparger-type reactors since singlet deactivation via
interaction with the 1liquid interface can be minimized. Depletion of
peroxide anion near the interface can be a problem in wetted-wall reactors at
high singlet oxygen production rates. The quenching of singlet oxygen
produced within the liquid film was aiso discussed. Successful operation of
the wetted-wall reactor at 45% singlet oxygen yield with over 80% utilization

of reactants was reported.




The disproportionation reaction has been discussed in several

publications (11-13). 1In concentrated hydrogen peroxide solutions, the rate
of O2 evolution is first order in hydrogen peroxide concentration. Nowever,
in alkaline hydrogen peroxide solutions the reaction mechanism changes and
the rate of reaction is a more complicated function of peroxide and peroxide
anion concentrations,

The equilibrium, shown below as reaction (9),

- _a -

5202 + 0 += HOZ + HZO (9)

has also been described in a recent publication (14). Values of the

equilibrium constant are presented for several temperatures between 15 and

35°%.

Experimental Procedures
Apparatus

The experimental apparatus consists of a small glass reactor, with a
thermometer attachment that is connected to the following -equipment: gas
[chlorine and nitrogen] feed lines, a manometer, and two cold traps in series
with a mechanical vacuum pump. A detailed sketch of the apparatus is given
in Figure 1. All surfaces that come into contact with the reactants are
Pyrex glass or PTFE (Teflon). O-rings are of PIFE and the valves are
glass-PTFE (Rotaflo). The almost-cvlindrical glass reactor (2.9 cz x 40 cn)
consists of a removable, vacuum—~tight O~ring joint for tramsfer of solutions
to and from the reactor. A PTFE adapter, carrying a PTFE-coated thermometer,
fits into a ground joint attached to the lower part of the reactor, The
thermometer is adjusted so tiat the bulb is fully immersed in the solution in

the reactor. The reactor it cooled by & surrounding ice bath.
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A PTFE tube connects the manometer to the reactor through valve 7. The

manometer fluid is mercury, covered with a layer of silicone oil tc prevent
attack by chlorine gas. Equal amounts of siliconme o0il are added to both the
limbs to balance the pressure heads.

The entire system can be evacuated using a !MARVAC (Cole-Parmer)
mechanical vacuum pump. Over a 60 min., time period, the pressure increase in
the sealed unit is less than 10 torr. Typical experiments lasted less than
ten minutes.

Chlorine gas passes through the Matheson flowmeter tube (No. 602) to the

chlorine 1line (PIFE) and is led into the reactor through valve 4. Heedle

valve 2 controlz the flow rate of chlorine gas flowing out of ¢t chlorine
tank. The reactor can be isolated by closing valves 4 and ( Unreacted
chlorine gas is pulled into the cold traps maintained at liqu pritrogen
temperature (-196°C). All <condensed <chlorine is «carried caustic

scrubbing unit throvgh valve 7 using a purge of nitrogen. The scrubbing unit
consists of two tanks in series, each filled with 5% NaOH solution. Vacuum
can be released from the system by opening valve 3 to the atmosphere. Valve
8 serves to cut off the vacvum pump from the system.

Chemicals Used:

1. 30% Hydrogen Peroxide (Superoxol), Baker Analysed, Reagent, <1 ppm

chloride ion.




2. Potassium hvdroxide, Pellets, Baker Analyzed, Reagent, 0.0005% ckloride

ion.

3. 70% Nitric Acid, VWR Scientific Inc., Chemical Reagent, 0.5 ppnm
chloride ion.

4. Chlorine (gas), Matheson, Research grade, 99.96% purity.

5. Sodium Hydroxide, Pellets, Mallinckrodt Inc., Analytical Reagent, 9If,
purity.

6. d/j Reference electrode innmer filling solution, Fisher Scientific

(90-00-02).

7. d/j Reference electrode outer filling solution, 10% KNOs, Fisher

Scientific (90-00-03).

S. Sodium Chloride, crystal, Baker Analysed LReageat, 99.7% purity.
Safety:

Safety was of primary importance due to the hazards posec by the
chemicals being handled. Safety equipment such as gloves, safety glasses,
and apron were wused throughout the experiment. The experiments were
performed inside a safety hood with the exhaust fan always on.

Preparation of Basic Peroxide Solution

A known volume of 30% H202 was added to a conical flask and was chilled
in an ice-bath. A Teflon stirring bar was placed in the flask and a
thermometer indicated the temperature. A known amount of 5N EKOE was then

added drop by drop to the chilled H,0, and the solution constantly stirred by

272
a magnetic stirrer. The heat of mixing was absorbed by the ice-bath, anc the
temperature of the basic peroxide solution usually stabilized betweer 1C and

15°C. A large amount of water was kept 2t hand to quench the reactiorn in

case it went out of control.




Disproportionation Experiments

The basic peroxide solution was placed in the reactor, and the reactor

sealed. The temperature of the solution was maintained at 10 + 1 oC. This

; temperature was chosen for convenience and safety considerations, i.e.
minimizing the possibility of a runaway reaction. The liquid =nitrogen cold
traps were set in position. Adequate vacuum, as realized by comtinuous
boiling of the basic peroxide solution, was pulled through the reactor. The
reactor was isolated by closing valves 4 and 6, the initial pressure noted,

and the stop watch started. The pressure in the reactoer increased due to

oxygen evolution via dispropoertionation. At regular time intervals, the

pressure was recorded.

Disproportionation was studied with four different recipes. Table 1
lists the alkaline bhydrogen peroxide solutions that were employed. The
concentrations of peroxide and anions were calculated using an equilibrium
constant for reaction (9) of 368.7 at 10° C. This was obtained by applying
the van’'t Hoff relation, that ln K is proportional to 1/T, to the equilibrium
data of reference (14).

Reaction with Chlorine:

The solutions designated A and B in Table 1 were selected for study of
their reaction with chlorine. These were chosen because the rates of
disproportionation in the two solutions differed by over an order of
magnitude while the concentrations of peroxide anion were silmost the same
(see Table 2 below). For each solution, different initial partial pressures
of chlorine were examined for reaction times of: 1 minute, 3 minutes, aand 6
minutes.

10°C was again chosen as the reaction temperature. The reactor was
sealed after the addition of the basic peroxide solution. Valves 3 and 7

were kept closed, and valve 5 open., The temperature of the solution was

10
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brought to 8 + 1°C. The liquid nitrogen cold traps were set in position and
adequate vacuum drawn on the entire system. Valve 4 was closed cutting off
the chlorine line (under vacuum) from the reactor. The reactor was isolated
by closing valve 6, but the pump was kept running.

With the exhaust fan on and hood cover closed as far as possible,

chlorine gas was passed cautiocusly into the chlorine 1line by manipulating
needle valve 2. Valve 2 was then closed and the initial pressure in the
reactor (of order 100 torr) recorded. The solution temperature was checked
to be less thasm 10°C.

Valve 4 was then opened for a few seconds, and chlorine gas fed into the
reactor, Valve 4 was then closed, a stop watch started, and the total
pressure as indicated by the manometer recorded.

The reaction was found to be highly exothermic, and an immediate rise in

temperature of the basic peroxide solution was observed. I!lanual control of
the surrounding ice bath maintained the temperature at 10t 1°C. Careful
observation of the gas-liquid interface showed no special phenomenon., Small,
rising bubbles of oxygem gas were always observed in the basic peroxide
solution. The total pressure increased during the reaction by less than 10
torr.

During tkese experiments the volume of the gas phase was 230 ml, that of
the liquid phase was 40 to 45 ml, and the cross-sectional area of the
reactor, which would be the area of a quiescent interface, was 6.61 cmz.

At the end of the desired reaction time (1 to 6 minutes) the final
pressure was recorded and valve 6 opened. Unreacted chlorine was carried
into the «cold traps where it condensed. The vacuum pump was turned off and
valve 8 closed. The line (PTFE) leading to the scrubbing unit was kept open

to the atmosphere, and the system was vented to atmospheric pressure by

11




opening valve 7. The reactor contents were collected in a clean glass

container for analysis.

Table 1 Alkaline llydrogen Peroxide Solutions

A i c D
Vol (5N) ROM (m?) 25 30 15 40
Vol (30%) H,0, (=) 20 10 25 30
n,0, 1.69 0.175 4.24 1.47
2,0 (D) 48.0 48.3 46.5 48.1
5o 2.38  3.38  1.94 2.96
ozn' cn 2.67 2.27 1.89 2.73
cr 0.21 1.61 0.05 0.23

All concentrations are based upon Keq = 368.7 at 10°C for reaction

(9).

12




At the end of each run, all glassware was washed with copious amounts of
water and rinsed thoroughly with distilled water.

Atmospheric pressure was measured each day by pulling vacuum through the
system, The <reactor background pressure was taken as the difference in
vacuum drawn on the reactor immediately after liquid addition and the vacuum
achieved when measuring the atmospheric pressure. This background pressure
was normally 50-150 torr and was due to air, oxygen from disproportionmation,
and some water vapor. The chlorine partial pressure was taken as the change
in reactor pressure upon addition of chlorine.

Analysis of Chloride Ion Concentration:

The chloride ion comcentration was determined using an Orion 701 Jon
Analyser with an Orion 94~17 chloride ion specific electrode and an Oriom 900
dcuble-junction reference electrode.

The Orion Instruction DManuval for <chloride 1ion specific electrodes
mentions hydroxide ion (OH" ) as an interferent for chloride ion measurement
when the hydroxide ion is present in large concentration. No mention is made
of perhydroxyl ion (Ozﬂ.). Following a suggestion in the Orion manual, the
basic peroxide solution was neutralized with nitric acid before analysis,
Care was taken to avoid an excessive temperature rise during neutralization
by cooling in an ice~bath and by adding a small amount of acid at a time,
The operating pH range for the electrodes is 2-12,

Calibration of Electrodes:

The electrodes were checked for correct operation as suggested by the

manual. A systematic procedure for calibration and a sample calibration

curve were developed. The calibration curve did not vary significantly for 2

temperature range of 20-24°C.




Analysis:

The first few attempts to measure the chloride ion concentration gave
inconsistent results. A little experimentation showed that a small
difference in the amount of acid added, from the amount used during
calibration, caused large variations in the millivolt readings.

In view of this finding, the amount of nitric acid (SN) used for
neutralization was the same as that used for calibration, (24 cc for solution
A and 28 cc for solution B).

After neutralization with nitric acid, 1 ml of Ionic Strength Adjustor

(5M NaNOs) was added to the reactiom solution, the temperature was brought to

22 + 2% and the millivolt reading was taken while the solutions were
agitated by a magnetic stirrer. The analyzer was allowed to heat up for at
least 15 minutes prior to each analysis. The electrodes were dipped in
distilled water and blotted dry with a clean tissue after each millivolt
measurement., Concentrations of chloride ion were read from the prepared
millivolt-concentration calibration curve,

It was found that the chloride ion concentration measurement did not
depend on the length of time for which the neutralized solutions were stored
before analysis. Distilled water was used extemsively for rinsing all
glassware to minimize chloride ion contamination from external sources. The
electrode filling solutions were changed every week for faster and more
accurate response of the electrodes.

Resuplts

Experiments carried out to measure the rate of oxygen evolution via
reaction (5) always gave linear pressure versus time plots. Table 2 presents
the rate of pressure increase, cbtained from linear least square fits to the

pressure versus time data, as well as the corresponding rate of oxygen

14
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production and the concentrations of reactants for each of the solutiocs
examined. Disproportionation is the result of a free radical chain
reaction. In reference (11) it is proposed that in alkaline hycdrogen
peroxide, <chain imitiation occurs through the n304" ion that 1is in
equilibrium with bkydrogen peroxide and percxide amion. For an unbranched

chain reaction with second order termimation, the rate of reaction is thern

dn
: O') -~
I Fra k([HZOZ][OZH B

Y2(11,0,1 + [0,47D) (1)

The product of the square roots of peroxide and peroxide anior concentratiors

with the total peroxide concentration is shown in Table 2. It is clearly not
! proportional to the observed rate of oxygen production,.

Plots of initial chlorine partial pressure versus the moles of <cklorine

reacted are presented in Figure 2 for solution A and in Figure 3 for solution

B. Data for reaction times of one, three and six minutes are shown on each

plot. In every case, there is a proportional increase in moles of chlorine

reacted with an increase in initial chlorine partial pressure. This

proportiorality holds uwp to initial partial pressures of 150 to 200 torr.

For any given reaction time, there is very little increase in the extent of
reaction as the initial chlorine partial pressure increases beyond 20C torr.

At higher initial chlorine partial pressures, increasing the reaction time

frox one to six minutes causes less than a 10% increase in the moles of
chlorine reacted.

A solid line is sketched on each plot corresponding to 1005 conversion
of all chlorine added to the reactor. The data for lower initial cklorine
partial pressures tend to parallel this line, but lie to its right. Since
there cannot be greater than 100% conversion of chlorine to chkloride ior

there nust be a consistent error. The values for the moles reacted at higher

15
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Table 2 Disproportionation Rate Data

Solution

[H202] 1809)

[0, 1 ¢n

dP/dt (torr/s)

d /dt (mole/s x 106)
no

2 1/2

([H,0][0,H 1) ™ “([H,0,] + [0,H])

—- et e Ao, - el
“’ ii B

A

1.69

2.67

0.129

16
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0.175 4.24 1.47

to

.27 1.89 2.73

0.0059 0.0641 0.163

0.10 1.27 3.23

1.5 17.4 8.4
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initial partial pressures are highly reproducible. The ckloride ion

concentrations measured on solutions that do not wundergo chlorinme reaction
correspond to negligible amounts of <chloride ion. These considerations
suggest the error lies either in the measurement of initial partial pressure
or the solution volume,

After neutralization, the volume of solution was easily measured in a
graduated cylinder that had been accurately calibrated by weight
measurements, We estimate the error in this measurement to be less than 30,

The chlorine experiments were performed in series, starting at the
higher chlorine pressures. Chlorine in the gas feed line was not purged
after each experiment, but was used in subsequent lower pressure runs. If
back flow of residual air into the gas feed 1line occurred at the lower
pressures, more chlorine would have entered the reactor tham calculated from
the change in system pressure. We believe this is the cause for the apparent
error. The above considerations would not affect the results from the higher
pressure experiments;

A comparison of Figures 2 and 3 shows that solution A, that has a much
higher rate of disproportionation, gives only a slightly greater value for
the limiting number of moles of chlorine reacted. This indicates that the
results of these experiments are mnot sensitive to the disproportionation
reaction,.

Both Figures 2 and 3 show essentially complete conversion of all
chlorine on a time scale of one minute up to a certzin amount of reaction.
After a critical amount of reaction occurs, say N moles of chlorine reacted,
the reaction appears to turn off. The data show 2 very abrupt change from
100% conversion of all chlorine charged to almost no additional reaction
beyond N moles. However, all activity in the reactor dces not cease since

additional reaction occurs for longer reaction times.

17
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In summary, we see a very rapid reaction occurring urtil XN nmnoles of

chlorine are consumed. After this, the amount of reaction :is indeperdent of
the chlorine partial pressure and proceeds at a relativeiy slow rate,
Furthermore, the chlorine reaction is insensitive to the rate of

disproportionation.

Discussior

The data of Figures 2 and 3 are consistent with a rapid reactior of
chlorine with peroxide anion that initially occurs at or very close to the
gas-liquid interface, but must occur at increasing depth Dbeneath the
interface as the 1liquid in the interfacial region becomes rich in chloride
ior and depleted of peroxide anion.

If we treat the reaction as being instantaneous, the reaction will occur
at a plane that is initially at the gas-liquid interface and which will nove
into the liquid phase only after all peroxide anion disappears from the
interface. The assumption of an instantaneous rate of reaction greatly
simplifies the differential equations describing mass transport with
reaction, and it is reasonable in light of the high values that are esticated
for the liquid phase reaction rate constant.

For a constant interfacial liquid phase concentration of cLlorine, ac
instantaneous reaction rate, and 2 quiescent liquid, the <depth of the

reaction plane, &, will be

6 =207t (11)

and the malar absorption of chiorine per unit of interfacial area, G, will be

*
2 A

= 1/2
Q (DA t/m) (12)

erf (z/v/Da)

vhere 3 is a parameter defined by equation (13)




2 y———
exp [:7/D,] erfc :/+D ) =

B
B D, 1/2 o
= (—E) exp(:°/D. ) erf(:/vD ) (13)
. B
2A Dq A A

A®* is the constant liquid phase concentration of clklorine at the
interface,

DA is the liquid phase diffusivity of cklorine,

D3 is the liquid pkase diffusivity of peroxide nni§n,

t is time,
and Bo is the initial liquid rhase concentration of peroxide anion. These
equations are described in reference (6).

In our experiments the interfacial <chlorine c¢oncentration is not
copstant but will decline as the amount of cklorine remaining in the vapor
space falls. Jevertheless, if the rate of chlorine absorption falls sharply

*
as the reaction plane noves away from the interface, A will remain
approzimately constant, and equations (11-13) will be applicable.

*
For large values of BO/A ,

1 B D

erf (5/¢5;) 24 \ (14)

Equation (12) ther becormes

=0 (. t/mi? (15)
o C

and the rate of chlorine absorption is

da/dt = (DB/nt)1/2 B /2 (16)

Eence, the rate of reaction is independent of initial <cklorine partial

pressure and falls off as t-llz.

Using equation (15), an estimate of DB can be obtained from knowlecge
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of the chlorine absorption at two different times.

V2 _ | 12y 2

D, = { (Q2 - Ql)/BO(t2 1 ] (17)

5

The most significant information from Figures 2 and 3 is the moles of
chlorine reacted at the point where less than complete conversion is achieved
and the moles reacted when the extent of reaction is a function of time but
is independent of initial partial pressure. This data is summarized in Table
3 where the information is presented in terms of moles of <chlorine reacted

per unit of interfacial area.

The diffusivity of peroxide anion given by equation (17) is also shown
in Table 3. Values computed using the chlorinc absorption for one and three
minutes are shown along with those calculated from one and six minute
absorption data, The magnitude of these diffusivities is large relative to
typical 1liquid phase diffusion coefficients which are of order 10-5 cmzls.
This suggests that molecular diffusion is not the socle mechanism for liquid
phase mass transfer. DBubbles of oxygen from the disproportionation reaction
always rise through the liquid, causing some convective transport, However,
solutions A and B, that differ by over an order of magnitude ip their rate of
oxygen evolution, give similar diffusivities.

The data from one and three minute experiments give significaatly larger
diffusivities than the corresponding one and six minute results. This shows
the rate of reaction is falling faster than suggested by equations (15) and
(16). A possible explanation for this is a heat of reaction effect on the
local rates of reaction and/or mass transfer. Equations (11 - 13) assume an
instantaneous reaction and an isothermal liquid. Reaction (4) has a high
heat of reaction. Should the heat released by the rapid initial interfacial
reaction mnot be rapidly dissipated by solvent evaporation, there could exist

a sharp thermal gradient in the vicinity of the interface. As the reaction
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plane moves into the liquid, the lower temperatures would cause reductions in
both the reaction rate constant and the diffusion coefficients.

The maximum amount of chlorine absorption for which there is essentially
complete <conversion may be used to define a depleted volume, which is the
volume of solution that would be made void of peroxide anion by the rapid
early reaction. This is illustrated in Table 3 in terms of a depleted dept}t,

& defined by

di

8§, =2 Q for 100% conversion / Bo (18)

d max
The values of 5d given in Table 3 are rough measures of the depth of liquid
that has peroxide anion concentration far below that of the bulk liquid when
the surface concentration of that anmnion falls to zero.

If Sd is treated as the mean distance travelled by a peroxide anion in
one minute, the shortest reaction time investigated, it can be used to
estimate a diffusion coefficient.

D = sdz/ 2t (19)

These values are also shown in Table 3. They are of the same magnitude as
the diffusivities calculated from the 1liquid phase diffusion controlled
reaction rate data using equation (17).

The magnitude of the peroxide anmion diffusivity is an important
parameter for fixing the liquid phase residence time or modeling the singlet
oxygen production rate in liquid film reactors (10).

Conclusjons

When chlorine is reacted with alkaline hydrogen peroxide in an
unagitated batch reactor there is a relatively rapid reaction that gives
total conversion to chloride ion at small <chlorine charges, but the

percentage conversion of <chlorine greatly declines when large amounts are
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added to the reactor. With 10°C solutions approximately 2.5} in peroxide

anion, and in which the rate of disproportionation is not too excessive, the

£ T st s

extent of reaction becomes independent of the chlorine partial pressure after
4.7 x 10—4 moles of chlorine react per cm2 of interfacial area.

The extent of reaction data arc qualitatively consistent with the tkeory
of absorption with an instantaneous reaction (equations (11-13)), where the
rate of chlorine absorption would become controlled by liquid phase diffusion

of peroxide anion as soon as that anion‘s surface concentration falls to

zero.,

Data on the rate of reaction following the onset of liquic phase
control, give valves of approximately 7 x 10_4 cmzls for the effective
diffusivity of peroxide amion. This is much larger than typical liquid phase
diffusivities. Convection due to the disproportionation reaction is not
believed to be a factor since solutions whose oxygen evolution rate differed
by over an order of magnitude gave similar effective diffusivities.

The rate of reaction in the liquid phase controlling region falls off

faster in time than the l/tll2

dependence predicted by theory,
In addition to giving information on the rate of liquid phase transport,
batch geactor experiments are well suited for determining the rate of the

disproportionation reaction. Our data suggest some modification is warranted

to published equations describing the rate of this reaction.
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Table 3 Data frox Figures 2 and 3

Reactant solution A

. 2
Cmax for 100% conversion (mol C~2/cm ) 3.8-4.1
! Q after 1 min 4.84
1 P

Qp . after 3 min 5.14
5.23

Qp after 6 min

b~

DB from 1 and 3 min data (cmzls)

2
DB from 1 and 6 min data (cm /s)

5, depletion depth (cm)

2 2
8 /2t1 . (em™/s)
min

T T e e LR S LRI ] —~— - ; SN . )
. - . - .
T R  :

(]

3.9-4.2

4.61

4.99

5.08

-4 ~4
7.4210 16.4x210

-4
3.2x10

0.30

7.3x10"% 10.6x10"%

»

-4
6.4x10

0.36
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