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partition coefficients of nonelectrolytes that have appreciable 
vapor pressves. Wlth this study, the solubilities of benzene and 
its C1- and C,-substituted analogues have been determined by 
a single method in water and in aqueous NaCl solutions having 
ionic strengths p = 0-5 mol dm3. These solubilities will be 
useful in estimating environmental impacts and in other industrial 
problems. When it is applicable, and in the absence of data 
needed by more sophisticated techniques, eq 2 offers a way 
to at least estimate the solubllities. Indeed for 1,2,3- and 
1,2,4ttlmethylbenzene, the solubilities estimated from eq 2 and 
Figure 4 are in better agreement with mean literature solubility 
values than are the values predicted from the extrapolation of 
either the molar volume, Figure 2, or molecular surface area, 
Figure 3, plots. 
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I n  this work the soiubliity and diffusion coefflclents of 
oxygen In aqueous hydrogen peroxide solutlons have been 
measured. The solubility of chlorine In 0.1 N HCI and 1 N 
KCVO.1 N HCI solutions was measured along with the 
dMudvity of chlorine In aqueous hydrogen peroxide 
solutions. The measurements were conducted over the 
temperature range +20 to -10 OC. Methods are proposed 
to use the measurements of this work In order to predict 
the solubility and diffusivity of these gases in an aqueous 
solution of basic hydrogen peroxide. 

Condderable interest has recently been shown in singlet delta 
oxygen [02('4)], which is molecular oxygen in its lowest ex- 
cited electronic state (1). This is mainly due to its use in the 
chemical oxygen-iodine laser (COIL) in which metastable 0,- 
('4 pumps kdine to an electronicaliy excited atomk state that 
lases as the iodine atoms release their energy (2). The per- 
formance of a COIL depends on the ability to produce O,('$) 
generated from its singlet oxygen generator. 

The chemical reaction between chlorine and basic hydrogen 
peroxide (BHP) is the most common reaction used for the 
production of singlet oxygen. The stoichiometry of this reaction 
is as follows: 

2KOH + H202 + CI, - 2KCI + 2H2O + 02('Ag) (1) 

I n  order to interpret kinetic studies of this reaction and for 
reactor design, it is necessary to have knowledge of the soiu- 
bility and diffusivity of chlorine and oxygen in BHP solutions. I t  
is the solubility of the unreacted gas in the case of CI, and not 
the total solubility that is of interest here. I t  is not possible to 
directly measure these physicochemical properties in BHP so- 
lutions. This is due to the fact that CI, reacts with fast klnetics 
in BHP and that these solutions are quite unstable, with H,02 
decomposing to H20 and 0,. In the work reported here, we 
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have measured 0, and Cl, solubilities and diffusivities in aqua 
ous hydrogen peroxide solutions over a range of temperatures 
and propose methods to extrapolate these measurements in 
order to predict these properties in BHP solutions. 

A gas/liquid solubility apparatus which volumetrically mea- 
sures the volume of gas dissolved in a known volume of liquid 
was used to measure the solubilities. A laminar liquid jet ab- 
sorber was used to measure the diffusivity of CI, and a wet- 
ted-sphere absorber was used to measure the dlffusivity of 0,. 

Experimental Equipment 

sokrbllly Awrafus. This apparatus is used to measure the 
solubility of a gas in a liquid solution. The principle Mea of the 
method used here is to bring a known volume of liquid into 
contact with a volume of gas in a closed system at constant 
temperature and pressure. Equilibrium is reached by agitating 
the liquid for some time until no change in the volume of the 
gas is observed. The amount of gas absorbed is measured 
volumetrically. This apparatus, shown in FQure 1, was modlfied 
from the original solubility apparatus described by Haimour and 
Sandall (3). The main modification for this work was the ad- 
dition of a spherical volume in the mercury buret. The sphere, 
which has a volume of 48.2 mL, allows a larger volume of llquid 
sample to be injected into the equilibrium cell and thereby in- 
creases the volume of gas absorbed at equilibrium. This 
modification was necessary for the experiments with oxygen 
because of its relatively low solubility. 

Figure 1 also shows a further modification of the soiubilii 
apparatus that was made for measurements using chlorine. 
The CI, reacted with mercury and several substitute manometer 
fluids, such as butyl phthalate, silicon oil, Meriam red and blue 
oil (brominated aromatics), and aqueous hydrochloric acid so- 
lutions. The solution to this problem was to include two coils 
in the gas lines, as shown in Figure 1. One coil, labeled I ,  
which initially contains air, delays the diffusion of chlorine to the 
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Flgure 1. Modified solubility apparatus for use with chlorine. 

mercury in the gas buret. The other coil, labeled H, which 
initially contains chlorine, is to ensure that only CI, is in contact 
with the liquid sample in the equilibrium cell. 

The procedure for making a solubility measurement is as 
follows. A gas saturated with the vapors of the absorbing liquid 
is passed through the system at constant temperature long 
enough to completely purge the absorption flask. Then the inlet 
and outlet valves are closed. The heights of mercury in the 
three branches are leveled, ensuring that the pressure in the 
flask is atmospheric, and the position of the meniscus is re- 
corded. An aliquot of degassed liquid which was kept at the 
same temperature as the experiment is weighed and then in- 
jected into the absorption flask. The liquid sample is continu- 
ously agitated via an external magnetic stirrer. The levels of 
mercury in the three branches are leveled every few minutes 
to make sure that the gas phase is at atmospheric pressure. 
Equilibrium is reached when the position of the meniscus in the 
buret (while the three branches are leveled) stops changing. 
The whole apparatus is kept at constant temperature inside a 
temperature-controlled bath. The bath temperature variation 
Is usually less than 0.05 O C  during any given run. 

The concentration of gas dissolved in equilibrium with the 
liquid sample, A , is calculated from the volume of absorbed 
gas, VABS, measured in this way by 

( V~ss/cm~NP//atm) 
A '/(g-mol L-l) = 

(V,/L)(R/(atm cm3 g-mol-' K-l)NT/K) 
(2) 

where P, is the total pressure inside the equilibrium flask (at- 
mospheric minus the vapor pressure of the liquid), V, is the 
volume of the liquid sample, R Is the Ideal gas constant, and 
Tis the temperature of the experiment. Then the solubility of 
the gas is calculated in terms of Henry's law constant, H, as 

P,/atm 

A /(@mol L-l) 
H/(atm L g-mol-l) = (3) 

where P, is the partial pressure of the gas In the equilibrium cell. 
The soiubiihy of a gas In a liquid cannot be measured directly 

when the gas reacts with the solution as in the case of CI, in 
BHP. However, for the case of electrolytic solutions, Danck- 
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Flgure 2. Laminar IiquM jet absorber. 

werts (4) gives a method of relating the gas solubility In the 
electrolyte solution to the soiublllty of the gas In the solvent at 
the same temperature. This solubility expression in terms of 
Henry's law constant is 

log (H/Ho) = (h/(L g-mol-l))(Z/(g-mol L-')) (4) 

where His Henry's law constant for the gas in the electrolyte 
solution, Ho is the value in the solvent, and I is the Ionic 
strength of the solution defined by 

(5) 

with cI being the concentration of the ions of valency I,. The 
quantity h (with units of inverse ionic strength) is the sum of the 
contributions of the negattve ions, the posithre ions, and the gas 
itself. 

h / ( ~  g-mol-') = 
(h-/(L g-mol-')) + (h+/(L g-mol-')) + (hQ/(L g-mol-')) (6) 

In eq 6, h+ and h- are constants and hQ is a function of tem- 
perature. Values of the h parameter for some ions and gases 
are reported in the literature (4). 

L&af UquM Jet Absonber. The laminar jet apparatus, 
shown in Figure 2, is a gas-liquid contacting device with a very 
small contact time between the gas and the liquid In the range 
of 1O3-10-* s. A detailed description of this apparatus and its 
operation has been given previously (5). 

According to the penetration theory (4 ) ,  when a gas Is ab- 
sorbed in a liquid jet without a chemical reaction (physical ab- 
sorption), the rate of absorption is 

q/(g-mol s-') = 

z/(g-mol L-'1 = '/,C(c,/(g-mol L-'))z,~ 

4(A /@mol cm3))[(D,/(cm2 s-'))(L/(cm3 s-'))(x/cm)] '" 
(7) 

Thus by measuring the rate of absorption, Q, liquid flow rate, 
L , and jet length, x ,  the dlffuslvtty may be determined through 
knowledge of the solubility, A *. 

Wetted-- Abswbor. The wetted-sphere absorber is 
another common device used in gas absorption studies. The 
apparatus used In this work, shown in Figure 3, has larger 
contact times than the laminar liquki jet absorber in the range 
of 0.1-1.0 s. Al-Ghawas et al. (5) give a detailed description 
of this apparatus. 
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Davidson and Cullen (6), and a is defined as 

t 

Flgura 3. Wettdsphere absorber. 

The sphere is fixed at 0.3 cm from the liquid feed orifice. 
This distence was chosen because at kmgerdistancesthe liquid 
tended to break away from the rod and produced uneven dis- 
MbuHon over the sphere. This condition is undesirable since 
it would alter the contact time and surface area by unpredict- 
able amounts. At shorter distances, the liquid tended to spray 
out over the ball even at moderate flow rates. The length of 
the rod between the sphere and the receiving tube was fixed 
at 2.0 cm, since it was found experimentally by Davidson and 
Cullen (6), GoetHer (7) ,  Wild and Potter (8), and Tomcej et al. 
(9) that for distances of leas than 2.0 an the rate of abso@bn 
drops appreciably because of a stagnant layer end effect. I t  
was found In the work reported here that there was no signif- 
icant dlfference in the absorption rate when the distance was 
varied between 2.0 and 2.5 cm. When the distance was 
greater than 2.5 cm, rippling effects became significant. The 
experimental apparatus and procedure were checked by com 
paring experlmental results with literature values for the well- 
known dlffusMty of carbon dioxide In water. 

Freshly degassed liquld is lnitialty fed to the distrlbutor at high 
flow rates to emwe complete wetting of the sphere. when the 
lkpkl fikn has stabilized, the Row rate is reduced to the desired 
rate. After the liquid film is flowing satisfactorily, the gas Is 
tuned on for enough time to purge the absorption chamber and 
for all the tubing to fill with the gas. The gas is then hnned off, 
and the rate of gas absorption is found by measuring the 
amount of time needed for a soap film to travel through a fixed 
volume. 

All of the experiments were carried out under atmospheric 
pressure. The temperature of the system was monitored by 
t h e " e t e r s  In the constant-temperature jacket, In the ab- 
sorption chamber, and in the liquid feed distributor. The tem- 
perature was controlled to withln f0.3 O C .  

Davldson and Cullen (6) presented a solution for the problem 
of physical gas absorption by a laminar liquid film flowing over 
a sphere. For a small depth of penetration, the rate of ab- 
sorptbn, q,  can be predicted by a Serigs expansion of the form 

q/(g-mol 8-') = (L/(cm3 s-')X(A - A O)/(g-mol  ~ m - ~ ) )  X 

where L is the iiquld flow rate, A O is the initial Concentration 
of the gas in the liquid before the absorption (equal to zero for 
our case of degassed liquid), and Y/ are constants glven by 

[1.0 - C(B/ eXP(-Y,4)1 (8) 

( ~ / ( c m ~  ~-'))-"~(D,/(cm~ s-l)) (9) 

where g is the acceleration due to gravity. Y is the kinematic 
viscosity of the liquid, and r is the radius of the sphere. Olbrich 
and Wild (70) improved the general solution of Davidson and 
Cullen by adding more terms to the series. The diffusivky can 
be calculated from the measured absorption rate. q ,  with eq 
8. An iterative calculation is required since D, appears in the 
exponent. 

soluburty of o* and CIS 

The concentration of interest here is an aqueous solution of 
4 M KOH and 8 M H202 Similar concentrations are used h the 
operation of singlet oxygen generators. The preparation of this 
solution has to be done under specific conditions to avoid 
catastrophic results because of their very unstable behavior. 
The reactants used in the preparation of the solution were 90 
wt % aqueous hydrogen peroxide provided by the U.S. Air 
Force Weapons Laboratory, KOH pellets from Fisher with a 
purity of 85% KOH by weign (with the remainder cmskthg of 
water), and deionized and distilled water. For most BHP solu- 
tions, in the concentration range of interest, the components 
are not completely in ionic form. According to the equilibrium 
constant for the dissociation reaction 

K+(aq) + OH-(aq) + H202(aq) - 
K+(aq) + OK(aq) + HOO-(aq) + H20 (10) 

given by Balej and Spalek ( 7 7), hydrogen peroxide is the main 
component in undissociated form. 

SohWty of Oxygen /n BHP. BHP solutions are very unst- 
able under normal c o n d i i ,  with H202 decomposing to O2 and 
H,O. The addiion of a stabilizer (oxine) and the preparation of 
BHP using KOH treated with charcoal was attempted with un- 
successful results. Also, on the basis of similar systems, the 
solubility of 0, in this solution is expected to be very small. 
These facts made it LnpossiMe to measwe the oxygen SOkrMNty 
in BHP solutions by volumetric means. For this reason, it was 
attempted to carry out measurements so that eq 4 can be 
applied for the prediction of the physical solubili of oxygen in 
BHP solutions. 

For this case in eq 4, H represents the Henry's law constant 
for the gas (oxygen) in the electrolyte solution (BHP) and Ho 
represents Henry's law constant for the gas in the solvent 
(nonionic species). According to the equilibrium constant for 
the reaction in eq 10, the solvent corresponds to an aqueous 
solution of 35 wt % hydrogen peroxide. 

( a )  Va//datlon of Eqdpment. As a check on the experi- 
mental apparatus and procedure, several measurements were 
carried out for O2 solubility in water. Deionized, distilled water 
was degassed under vacuum, and the solubili of O2 was 
measued in the apparatus. The vacuum pressure available at 
our lab was 0.342 atm. The solubili was calculated In terms 
of Henry's law constant by using eqs 2 and 3. Although the 
degasification of the liquid sample was done under a pressure 
of 0.342 atm, the concentration of oxygen in equilibrlum with 
the liquid at that pressure cannot be neglected compared with 
the concentration of oxygen in the liquid at atmospheric pres- 
sure. Therefore, the partial pressure is corrected as 

PI = P, - P L!P - [(0.21)(0.342) - 0.021 

P, = P, - PL!P - 0.052 (1 1) 

where P y  is the water vapor pressure at the temperature of 
the experiment, 0.21 is the mole fraction of oxygen in the air, 
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T . l / ( K . l ) x l @  

Figure 4. Solubility of oxygen in water. 

Table I. Solubility of 0, in Water 
H/(atm L g-mol-') 

T / K  this work IUPAC (12) ICT (13) 

7.0 , , , ,  I , , , ,  I , , , ,  I , , , ,  I , , , ,  I , , , , ,  , 

6.8 - - 
- 

- 

- 

6.0 - - 
- 

5.6 ' " I  ' I '  " I  ' I '  ' I '  ' I '  I "  " I  ' I '  ' I '  ' I '  ' I '  " I  ' 
3.4 3.5 3.6 3.7 3.8 

r - ~ I ( I C - ~ ) X  id 
Figure 5. Solubility of oxygen in 35 wt % hydrogen peroxide. 

Table 11. Solubility of Oz in 35 wt % HzOs 
T / K  H/(atm L g-mol-') T/K H/(atm L g-mol-') 

283.15 593.8 587.0 589.3 
288.15 631.2 654.3 656.1 
293.15 723.3 721.6 722.1 

0.02 atm is the water vapor pressure at the temperature of the 
degassing process, and the factor 0.052 is then the correction 
due to the partial pressure of oxygen in the air in equilibrium 
with the degassed solutions at the presswe of 0.342 atm. The 
resuits are shown in Table I and Figure 4 from which an av- 
erage mean deviation of 2% is calculated when compared with 
values found in the IUPAC SolubiMty Dsta Serbs ( 12) and the 
Intemetlonal Critical Tebles (ICT) (13). The values for the 
solubility of 0, in water from the ICT can be correlated by 

1821.75 
In [H/(atm L-' gmol-')] = 12.8067 - - (12) 

T / K  

which predicts the solubility with an average mean deviation of 
0.07%. This equation is valid in the temperature range of 0-20 
OC. 

(b) -d02k)95Wt% H2OP Asolutionof35wt 
% H202 was prepared from deionized, distilled water and 90 
wt % H,O,. Oxine was added to the solution as a stabilizer in 
the concentration of 1 mL/L of solution to avoid the decom- 
position reaction. I t  is believed that the small concentration of 
this chemical does not change the properties of the solution. 
The samples were kept under vacuum to degas them before 
injection into the equilibrium cell. A sample was weighed by 
wing an analytical balance, and its volume ( V I )  was determined 
from its density. The values of the density of H20, solutions 
were determined from Schumb et al. (74). The volume of the 
gas absorbed (V,) was measured with the apparatus, and the 
concentration of O2 absorbed by the liquid sample (A *) was 
calculated according to eq 2. The solubfitty was then calculated 
by 

PT - 0.8P 7 - [(1)(0.342) - (0.8)(0.02) - (0.2)(0.02)] 

A *  
H= 

or 
(P,/atm) - 0.8(P p/atm) - 0.322 

A /(@mol L-') 
H/(atm L g-mol-') = 

(13) 

291.95 915.5 276.75 
990.9 
706.5 

283.65 743.4 
793.1 269.55 
649.7 
604.9 

263.45 

540.6 
506.0 
466.4 
505.0 
445.7 
477.7 
374.4 
345.6 
318.3 

The partial pressure of oxygen above the liquid sample was 
corrected for the vapor pressure of water by using Raoult's law 
and for the partial pressure of oxygen in equilibrium with the 
degassed liquid. In this case, due to the decomposition of the 
solution, the mole fraction of oxygen above the liquid dwing the 
degassification process was taken as 1 - (the mole fraction of 
water vapor). The results are shown in Figure 5, and the av- 
erage of the values at every temperature are shown in Table 
11. The scatter in the experimental results is due to the de- 
composttion of the aqueous hydrogen peroxide solution, which 
was reduced to a minimum but not completely eliminated. The 
solubilii of 0, in 35 wt % H,O, can be correlated by 

2587 
In [H/(atm L gmol-')] = 15.63 - - 

T / K  
(14) 

which predicts the experimental values with an average mean 
deviation of 9.1 % . This correlation is valid In the temperature 
range of -10 to +2O OC. 

(c) h Parametem. The parameter ho2 is reported by 
Danckwerts (4) at 15 and 25 O C .  To extend the temperature 
range of ho2, data have been used from the ICT (12) for the 
solubili of O2 in 1 M NaCI. Application of eq 4 to this system 
gives 

1 -  H/(atm L g-mol-') 

Ho/(atm L g-mol-') 

((h,+ + hcr + ho2)/(L g-mol-')XI/(g-moi-' L-')) (15) 

Danckwerts gives h,+ = 0.091, and from the data for H from 
the ICT and with Ho calculated from eq 12, h4 was calculated 
for the temperature range 0-20 OC. These values are plotted 

log [ 
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0.08 - 
- - 
I 
*$+ - 
d 0.06 - . 

0.04 - 
- 

T ICK) 
Flgure 0. h,, as a function of temperature. 

Table 111. Parameter h0, as a Function of Temperature 

273.15 0.0789 288.15 0.0587 
278.15 0.0754 293.15 0.0451 
283.15 0.0677 

T/K ha/  (L g-mol-') T/K hq/(L g-mol-') 

in Figure 6 and tabulated in Table 111. The values calculated 
in this work for hot are correlated by 

hq/(L g-mO1-l) = 0.5426 - 1.6860 X 103(T/K) (16) 

Even though the values of h in Figure 6 seem to yield a para- 
bolic behavior, there was not a theoretical basis to assume this. 
The purpose of the correlation was to obtain an approximatbn 
to the values in this range of temperature. The difference 
between the values and the correlation may be attributed to 
experimental error. 

A value for h, could not be determined in this work. 
However, Danckwerts suggests that when the value of the 
parameter h for an ion is not known, the value for a similar ion 
may be used. In  this case it would be reasonable to assume 
that h- = hw = 0.066 L g-mol-'. 

For a typical BHP solution prepared by mixing equal volumes 
of 6 M KOH and 90 wt % H,02, the concentration of the ions 
can be calculated from the equilibrium constant ( 7 7), and it can 
beshownthateq4,togetherwitheqs14and16andthevalues 
of h,+t = 0.00, h, = 0.068, h, = 0.066, and h e  = 0.074, 
yields the expression for the solubility, In terms of the Henry's 
law constant, of O2 In BHP as 

2586.66 
24.545 - - 0.02329( T/K) (17) 

T/K 

in which the third term has been included to show the contri- 
bution of the parameter h as a function of temperature. This 
expression is valid in the range of 0-20 OC. 

SduMWy d Chhhe In BHP. Since chlorine reacts with 
BHP, Its SOlubRlty cannot be measved directly. Equakn 4 could 
be used If the h parameters in eq 6 and the solubility of chlorlne 
in 35 wt % hydrogen peroxide could be determined. But, 
chlorine also reacts with hydrogen peroxide solutions, and its 
solubility cannot be measured dlrectly either. However, since 
it is found that, over the temperature range of this work, the 
Henry's law constant of O2 in 35 wt % H,O, is only 1-19% 

. 
% 

- 
= 2.2 

2.0 

3.30 3.35 3.40 3.45 3.50 3.55 3.60 

T /(K)xld 
Flguro 7. Solubility of chlorine in water. 

Table IV. Solubility of C12 in Water 

283.15 8.83 15 
283.15 8.80 this work 
283.15 8.62 this work 
288.15 10.69 15 
293.15 13.31 15 
293.15 14.10 this work 
293.15 12.50 this work 
298.15 16.01 15 
298.15 16.40 this work 
298.15 15.76 this work 
298.15 15.62 this work 
298.15 15.82 this work 

T/K H/(atm L g-mol-') ref 

higher than in water by itself, a reasonable estimate for H- 
would be 

Thus, eqs 12 and 14 can be used together with the values of 
solubility of chbrlne in water to estimate the solubility of M n e  
in 35 wt % hydrogen peroxide. Then these values can be used 
to estimate the solubility of chlorine in BHP solutions by using 
eq 4. To implement this equation, it is necessary to have 
knowledge of the value of the h parameter for chlorine as a 
function of temperature. 

The value of h,, can be determined by measuring the solw 
bil i i  of chlorine in an aqueous KCI solution and comparing this 
to the solubility of chlorine in water in a range of temperature 
by using eqs 4-6. 

(a  ) VaMatlon of Eqdjmont. As a check on the modlfied 
solubility apparatus, several meawrements were carried out for 
CI, solubilii in water. However, when chlorine is absorbed in 
water, the following hydrolysis reaction occurs 

Cl, + H20 - HOC1 + H+ + CI- 

Whitney and VMan (15) measured the equilibrium constant for 
this reaction and the physical solubility of chlorine in water. 
From equilibrium calculations it may be shown that by adding 
HCI to water, to give a concentration of 0.1 N HCI, the hy- 
drolysis reaction will be suppressed and the physical solubility 
(the solubility of undlssoclated chlorlne) can then be measured 
directly In the solubility apparatus. Equation 4 may be used to 
estimate the effect on the physical solubility of CI, in water by 
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Table VI. hn. as a Function of Temwrature Table V. Solubility of Clt in Aqueous KC1 
T/K Hl(atm L g-mol-9 T/K H/(atm L E-mol-') 
283.15 10.73 293.15 13.97 
288.15 11.91 298.15 17.92 

2.2 
3.35 3.40 3.45 3.50 3.55 

7' -' / (K -') x Id 
Flgue 8. SOhrMMy of CMOrkre in 1 N KCI. 

adding this small amount of HCI. At 0 OC, eq 4 predicts that 
the SOkrblUty of CI, is reduced by only 0.5% by the addition of 
0.1 N HCl. Figwe 7 and Table I V  @e the experh.lental results 
of this work. Figure 7 also shows the data of Whitney and 
VManpkttsdasHversusT-1. Thedataofth&wakshowvery 
good agreement with the Whitney and Vivian data with an av- 
erage mean deviation of 2.8%. These data can be correlated 
by 

( b )  OP C I 2  h A- KCI. Solubility measwe- 
ments for CI, in aqueous KCI were carried out to determine hq 
as a function of temperatwe. Sokrtlons of 1 N KCI were pre- 
pared with HCI added to give 0.1 N HCI. The HCI was added 
to limit the hydrolysis reaction. The solutions were degassed 
under vacuum, and the solubllity of CI, was measured as a 
funcUon of temperatve. The data are g h m  in Table V and are 
shown plotted in Figure 8. This figure also shows the corre- 
lation line given by the equation 

2832.87 
In (H/(atm L -1)) = 13 m a  - - 

Equations 4-6 can be used now, with H being the solubility 
of chlorine In the 1 M KCVO.1 M Wl solution and Ho the sol- 
ubility of chlorine in water, to determine h,, as a function of 
temperature. 

Substhtlng eqs 20 and 21 Into eq 4, togehr wlth the values 
of the h parameters (Danckwerts reports the value of 0.021 for 
hw), ha Is obtained as 

hq/(L g-tno1-l) = 0.7449 - 2.72 X 109(T/K) (22) 

This parameter has been determined by Hkita et al. ( 76) at 
other temperatures. Table V I  compares their values with the 
values obtained in this work. Considerable differences exist 
between our values and those from Hikita. However, no ex- 
planation could be given to justify this difference. 

T/K ha,/(L g-mor1) ref 
273.15 0.0024 thk work 
278.15 -0.0119 
283.15 -0.0258 
288.15 -0.0391 
293.15 -0.0520 
293.15 -0.0145 16 
303.15 -0.0247 
315.15 -0.0296 
323.15 -0.0357 

Finally, wlth all the information required to use eq 4, the 
solubility of chlorine in a typical BHP sdutkn can be obtained 
as 

In (H-/(atm L g-rn0i-l)) = 
4149.01 

28.6389 - - - 0.03758(T/K) (23) 
T/K 

in which the thkd term has been included to show the contri- 
bution of the h parameter. This equation is valid in the range 
of 0-20 OC. 

MfhRMty  of 0, and cl, 
The objective of this part of the work is to measure and 

correlate the dmusMty of oxygen and chkrlne in aqueous and 
bask hydrogen peroxide solutions. No measurements were 
p e r f m  directly betweenthe gas andthe BHpsolutlonsdue 
to the him instability of these solutions. Theories for the dlf- 
fwhrity of ~lquids are incomplete. k w e v e r ,  for mn changes 
in temperatweand composltkn, the dmusMty ofthe gas In BHp 
sokrbions can be estimated if we know the dmusMty of the gas 
in a sknDarsolutkneccordhgtothesemiempHcalequatbn for 
diffusivity given by Akgerman and Gainer (77) based on the 
absolute rate theory of viscosity 

(D/(cm2 s-l)b/Cp) 

I ) (24) 
€/(=I gm&') 

( R / W  w1 K-')XT/K) 
(A/(cm2 CP s-l K-l ) ) e v (  

where €is a c o " t b n  of the activation energy for dmuskn 
and viscosity. A is determined by the geometrk configuration 
of the dmusingsolute gas in the liquid solvent and the pertition 
functionsforviscosity. E a c h O f t h e S e p a ~ i s ~  
from information about the molecular weights, molar volumes, 
and viscosities of the solute and solvent (77). Thus, a method 
of estimating the dlffusivity at the same temperature but at 
another concentration would be 

In  eq 25, D, is the known value of the dlffusMty in a solvent 
with vlscosny pl, and D, is the desired value of the dlffusivity 
in a solvent with viscosity p2. 

The laminar liquid jet absorber is used to measure the diffw 
sion coefficient of chlorine gas in aqueous hydrogen peroxide 
solutions. These measurements can be used to estimate the 
dlffuskn coefficlent of CMorine In alkaHne hydrogem peroxide 
solutkns. The technique invohresthe measuement of thegas 
absorption rate of CI, gas into a flowing stream of liquid. The 
absorption data may be interpreted in terms of the penetratbn 
theory to give the liquid-phase diffusion coeffldent. The effect 
of chemical reaction on the rate of absorption is suppressed 
by operating at short gas-liquid contact times. 
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Table VII. Absorption of C11 in 35 wt % H202 in the 
Laminar Jet 

L/ (XL)'/Z/ lo%/ 
T/K x/cm (cm3/s-') (cm2 s-lIz) (g-mol 8-l) 

293.15 1.353 0.835 1.063 5.62 

2.384 

283.15 1.476 

2.489 

273.15 1.418 

2.344 

263.15 1.502 

2.445 

1.026 
1.242 
0.890 
1.138 
1.325 
0.857 
0.977 
1.138 
1.363 
0.843 
1.055 
1.282 
0.872 
1.092 
1.312 
0.857 
1.135 
1.353 
0.908 
1.105 
1.325 
0.837 
1.172 
1.368 

1.179 
1.296 
1.457 
1.647 
1.777 
1.125 
1.201 
1.296 
1.419 
1.449 
1.621 
1.786 
1.112 
1.244 
1.364 
1.417 
1.631 
1.781 
1.168 
1.288 
1.411 
1.430 
1.693 
1.829 

6.39 
7.12 
8.09 
9.04 
9.83 
8.92 
9.87 

10.46 
11.51 
11.74 
12.93 
14.67 
14.51 
16.82 
18.48 
18.83 
21.51 
23.95 
21.90 

26.30 
28.40 
32.20 
35.60 

25;50 

t 

0 

(xL)'R I (cm* s - ' 9  
Figure 9. Absorption of chlorine in the laminar liquid jet. 

DmwlvHy of CI, In Aqueous H,O,. I n  this study, the ab- 
sorption rate of chlorine in 35 wt % aqueous hydrogen peroxide 
was measured over a temperature range of -10 to +2O OC. 
The contact time in the jet apparatus was varied between 2.5 
X lo3 and 6.9 X lo3 s. The absorption rates were measwed 
by analysis of the outlet liquid stream for chloride ion concen- 
tration using a Fisher Model 825 MP pH/mV/ion meter equipped 
with an Orion Model 96-178 combination chloride ion electrode. 
The Fisher ion analyzer was calibrated with standard chloride 
solutions. The experimental data are presented in Table V I I .  
The contact time was varied by changing the jet length and the 
liquid flow rate. The data are plotted in accordance with eq 7 
in Figure 9. As expected, a straight line passing through the 
origin is obtained for each temperature. The product A D,"* 
is obtained for each temperature from the slope of the straight 
lines. These values are reported in Table V I I I ,  along with the 
values of the diffusivity. The value of 0.50 X cm2/s 
measured in this work for the diffusivity of Ci, in 35 wt % 

Table VIII. Diffusivity of C12 in 35 wt % HzOt 
slope x lo1/ 10IA+DA1/z/ l@Dd 

T/K (g-mol cm-2 &I*) (g-mol cm-* s-'I2) (cmz 8-l) 

293.15 5.47 1.37 4.99 
283.15 8.05 2.01 3.94 
273.15 13.00 3.25 3.53 
263.15 19.08 4.77 2.40 

Table IX. Diffusivity of Or in 35 wt % H201 
T/K 106D(cm2/s-1) T/K 106D(cm2/s-') 

285.15 8.83 269.55 4.49 
277.95 6.70 265.35 4.02 
271.15 5.04 

5.0 

4.5 I 
9 4 

A 

2 . 0 ~ ~ " ~ ~ " " ~ " " ~ ~ " ' ~ " " " " ~ " " ~ ~  
260 m 210 n5 280 285 290 295 

Figure 10. Diffusion coefficient of chlorine in aqueous hydrogen 
peroxide. 

hydrogen peroxide at 20 OC may be compared to a value of 
1.21 X cm2/s for the diffusivity of chlorine in water at 20 
OC, as extrapolated from the measurements at 25 O C  reported 
by Tang and Sandali (78). 

Calculation of the diffusion coefficient requires a knowledge 
of the solubility of chlorine in the liquid phase. A + is calculated 
by using eq 18. 

Figure 10 shows a plot of the diffusivity values for chlorine 
in aqueous hydrogen peroxide. The values are correlated by 

D/(cm2 s-') = -1.904 X + 8.18 X 10"(T/K) (26) 

Amusivfty of 0,  In Aqueous H,O,. Several attempts were 
made to measure the diffusivity of 0, in aqueous H,O, by using 
the laminar liquid jet apparatus. The absorption rates could not 
be measured in this apparatus because of the low solubility of 
oxygen. A wetted-sphere device, as shown schematically in 
Figure 3, was used for these measurements. The wetted- 
sphere apparatus was modified from previous research (5) in 
that a pressure feed was used for the liquid rather than a pump. 
This modification was made to minimize any decomposition of 
the hydrogen peroxide. 

After the gas absorption rate is measured, the diffuslvity can 
be calculated with eq 8. An iterative calculation Is required 
since D, appears in the exponential series. The Newton iter- 
ation method was used in this work. 

As a check on the operation of the apparatus, the diffusivity 
of oxygen in water at 12 OC was measured. A value of 1.41 
X lo5 cm2/s was found. This may be compared to 1.45 X 10' 
cm2/s determined by Baird and Davidson (79) using a sphere 
absorber and 1.40 X lo5 cm2/s determined by b i r d  and 

T /W) 
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Flguro 11. Diffusion coefficient of oxygen in aqueous hydrogen per- 
oxide. 

Davidson using a jet absorber. 
Table I X  gives the data obtained over the temperature range 

-8 to +12 O C  for the diffusivity of oxygen in 35 wt % H,O,. 
The data are shown plotted In Figure 1 1 .  The experimental 
data are correlated by 

D/(cm2 s-l) = -6.277 X + 2.5047 X lO-’(T/K) (27) 

Again, the dlffusivi at other concentrations or temperatures 
can be estimated by using eq 24 or eq 25. 

frmusvtty of CI, and 0, In BHP. The diffusion coefficients 
of CI, and 0, in the typical BHP solution described in the section 
on solubility can be estimated from eq 25 as 

D,(CI,)/(cm2 s-l) = 1.006D1- ” exp (3:;) - (28) 
PZ 

where D is the diffusivity of the gas In aqueous HP with vis- 
cosity p, and 0, is the diffusivity of the gas in a typical BHP 
solution with viscosity p,. The equations are similar due to the 
relathrely small difference In size, geometry, and viscosity of CI, 
and 0,. 
Glossary 
A 
A ’  

= I  concentration of ions, g-mol/L 
D A 

coefficient In eq 24, cm2 cP/(sK) 
concentration of gas A in the IIquM at equillbrium, 

g-mol/L 

cm2/s 
diffusion coefficient of gas A into liquid solution, 

E 

9 
h 
h -  
h+ 
hG 
H 
H 0  
I 
L 
p/ 
P P  
PT 
9 
r 
R 
T 
V ABS 

VI 

=I 

X 

activation energy for diffusion and viscosity, cai/g 

acceleration due to gravity, cm/s2 
parameter defined by eq 6, L/g-mol 
parameter that accounts for negative ions, Ugmol 
parameter that accounts for positive ions, L/gmol 
parameter that accounts for the gas, L/gmoi 
Henry’s law constant, atm L/g-mol 
Henry’s law constant for gas In solvent, atm Ugmd 
ionic strength of the solution, g-mol/L 
volumetric flow rate, cm3/s 
partial pressure of gas i ,  atm 
vapor pressure of water, atm 
total pressure, atm 
total rate of gas absorption, g-mol/s 
radius of sphere, cm 
ideal gas law constant, 0.08205 atm L/(gmol K) 
temperature, K 
volume of gas absorbed by liquid sample, cm3 
volume of liquid sample, cm3 
length of the liquid jet, cm 
valency of ions 

mol 

Greek Symbols 
a 
P I  constant in eq 8 
Yl constant in eq 8 
P dynamic viscosity, CP 
V kinematic viscosity, cm2/s 

parameter defined by eq 9 

RWMV NO. 02, 7782-44-7; CI2, 7782-50-5; H202, 7722-84-1. 
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