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Liquid phase mass transfer coefficients were determined for streams of bubbles of pure 
oxygen, 10% carbon dioxide in air, and 10% chlorine in air all rising in water. The results 
were compared with coefficients predicted by Higbie's equation for unsteady state diffusion 
into transient films. The observed coefficients for oxygen and carbon dioxide were slightly 
higher than predicted. The experimental absorption coefficients based on the free chlorine 
concentrations were in good agreement with the predictions assuming simultaneous irreversible 
reaction with the transient water film and a pseudo first-order reaction rate constant of 13.7 
sec.-1. 

The mechanism of mass transfer between gas bubbles 
and liquids has been investigated in detail only recently 
despite its importance in distillation and absorption oper- 
ations. In general engineering practice, it is assumed that 
mass transfer from the interface between two fluids into 
either fluid phase can be correlated by equations of the 
type 

d n  
k, ~(Ca-c,)  (1) -= 

dt 

When the fluid phases have internal motion, the coeffi- 
cient has generally been considered to be equal to the 
diffusivity of the material being transferred divided by 
an effective film thickness. This concept corresponds to 
steady state diffusion across a stagnant film separating 
the interface from the bulk of the phase which is con- 
sidered to be well mixed internally. To account for ob- 
served results, it has been necessary to allow the effective 
film thickness to vary with the diffusivity of the solute. 

In 1935 Higbie (15) pointed out that in most com- 
mercial types of mass transfer equipment patches of inter- 
face are continually appearing and disappearing with 
lives of the order of only 0.01 to 0.10 sec. Under such 
conditions little solute should penetrate a stagnant surface 
film of any reasonable thickness, let alone come to steady 
state diffusion across it. Higbie suggested that each new 
patch of film might be considered to be stagnant and in- 
finite in thickness over the brief period of its life t,. Such 
patches have since been called transient film to empha- 
size their transient nature (27). Assuming the solute con- 
centration at the interface CL to be constant over the life 
of the film, Higbie derived the following equation for a 
mass transfer coefficient to fit the k, of Equation (1): 

k, = 2 dz 
7r t. 

A patch of interface has the same life for the transient 
films on either side of it. By Equation (2) the ratio of the 
k's for a solute in the two phases would be the square 
root of the ratio of its diffusivities in the two phases. 
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Hence the ratio of k's for a solute will be constant if 
Equation ( 2 )  holds. For a constant ratio of k's and for 
equilibrium at the interface, C, should be constant over 
the life of the films as assumed in the derivation. Ac- 
cordingly, these individual k's calculated from Equation 
( 2 )  can be combined into overall coefficients in the usual 
manner. Danckwerts (5, 6, 7) has derived similar equa- 
tions for cases involving interfacial resistances, chemical 
reactions, and variable life expectancies for various 
patches of interface. I t  has been well established that in- 
ternal circulation often does exist in bubbles and drops as 
called for in these equations (10, 16, 20). 

To apply Higbie's equation it is only necessary to have 
the diffusivities of the solute and to estimate t,. For gas 
bubbles in liquids Higbie suggested that t ,  might be 
roughly approximated as the time for the bubbles to rise 
through a horizontal plane, that is, through a distance 
equal to their vertical diameters. I t  has been objected 
(11) that this is far too rough an approximation, that a 
patch of interface passing down over the surface of a 
spherical bubble would have to be joined by new patches 
with shorter lives in order to cover the expanding profile 
of the bubble. This objection may be valid but is not 
necessarily so. Each patch of interface can be considered 
to be a zone or ringlike element which expands in circum- 
ference and contracts in width so as to keep its area and 
surface free energy constant as it passes down over the 
bubble. The area of such an element on a spherical bub- 
ble of radius r. is given by the equation 

da = %r.I sina da = 2 ~ r . .  dh (3 )  

As indicated by the equation, da remains constant as the 
element passes over the bubble, provided that dh remains 
constant. For d h  to remain constant, the vertical compo- 
nent of the interfacial velocity dh/dt must remain con- 
stant so that successive elements all descend the same 
vertical distance in the same period of time regardless of 
their location on the sphere. If dh/dt is constant at the 
velocity of rise of the bubble, then t. would be the time 
for the sphere to rise through a distance equal to its own 
diameter. The required interfacial velocity would be V, 
over sina. It would vary from V t  at the equator to infinity 
(for an infinitesimal distance) at the poles with an overall 
average of mVJ2. For spheroidal bubbles, the required 
relations would be somewhat more complex. These condi- 
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tions are unlikely to be met precisely, but they may be 
met closely enough for Higbie’s suggestion to be a close 
approximation to reality. 

In 1946, Geddes (12) published a plate efficiency cor- 
relation in which Higbie’s equation was used for predict- 
ing mass transfer coefficients for the liquid phase. In  
1952, West, Gilbert, and Shimizu (29) published a sec- 
ond plate-efficiency correlation in which Higbie’s equation 
was used for predicting the coefficients for both phases. 
(Observed efficiencies for either liquid or gas phase con- 
trolling corresponded to practically the same effective 
bubble sizes despite a 10,000 fold variation between 
liquid- and gas-phase diffusivities. ) Higbie’s equation has 
also been applied in various liquid-liquid extraction stud- 
ies (4 ,  11, 27, 28). 

In 1954, Hammerton and Garner (13) showed that 
Higbie’s equation holds fairly well for the liquid phase 
around individual bubbles of ethane, ethylene, oxygen, 
carbon dioxide, and hydrogen rising through water pro- 
vided that the bubbles were clean and larger than 0.033 
milliliters in volume. Below this size, and for grease-con- 
taminated bubbles, internal circulation was developed 
only partially if at all, and mass transfer rates were much 
lower than predicted. The bubbles formed in most com- 
mercial equipment are well above this size. 

This paper gives the results of an independent check 
on the validity of Higbie’s equation for the liquid phase 
in absorption from streams of gas bubbles by water (18).  
Results were obtained for pure oxygen, for 10% carbon 
dioxide in air, and for 10% chlorine in air. The experi- 
mental technique was quite different from that of Ham- 
merton and Garner, and in the case of chlorine the solute 
reacts with the solvent, Allowance has been made in the 
computations for distortion of the bubbles. 

EXPERIMENTAL 

The experimental equipment (Figure 1) consisted of two 
absorption columns provided with a series of bubbling nozzles 
and with facilities for humidifying and metering the feed gas 
streams. Degree of absorption was determined chemically, 
bubble rates were determined stroboscopically, and rates of 
rise and bubble distortions were measured photographically. 

The absorption runs were carried out in a 44-mm. diameter 
vertical glass column 55 cm. tall. A flat glass window was 
attached to the outside with the intervening space being filled 
with water to permit photographing the bubbles with a mini- 
mum of distortion. A meter stick at the front of the column 
was photographed along with the bubbles. This scale was 
calibrated for parallax by photographing a second meter stick 
inserted into the center of the water-filled column. The runs 
were carried out batch-by-batch, so a duplicate column was 
provided for adjusting gas and bubble rates before each run. 

Rubber stoppers closing the bottom of each column con- 
tain flush mounted drain tubes and duplicate bubbling nozzles. 
The nozzles were made from straight-bore Pyrex glass tubing 
without firepolishing. The inside diameters determined by 
calibration with mercury are as follows: 

Nozzle No. 21 31 22 32 41 51 
I.D. cm. 0.0735 0.207 0.1064 0.290 0.456 0.620 
Mounting 1 + - - -Inverted J Tube- - - + 1 
The first two nozzles were mounted with their tips flush 

with the upper surface of the stopper. It was necessary to 
insert glass wool into nozzle 31 up to within 3 mm. of the tip 
to prevent water from flowing back into the tube between 
bubbles. To avoid this difficulty the rest of the nozzles were 
bent in the form of an inverted letter J so that the bubbles 
were formed beneath the tips. 

The solute gas streams were metered through carefully 
calibrated capillary orifices and were then saturated with water 
vapor to avoid cooling of the bubble interfaces by evapora- 
tion. Cylinder oxygen (99.5% pure) was supplied at constant 
pressure by means of a reducing valve. Carbon dioxide vapor 
(initially 98.5% pure) was drawn from the top of a cylinder 

1 t -Flush- - + 1 

COLUMNS 

Fig. 1. Experimental absorption apparatus. 

of the liquid through two reducing valves in series with in- 
termediate warming to avoid deposition of solid carbon di- 
oxide in the second valve. A slight excess of chlorine vapor 
from the top of a liquid chlorine cylinder was brought to con- 
stant pressure in a barostat in which the excess chlorine es- 
caped through an 8-mm. diameter leg immersed in zinc 
chloride solution. Air for diluting the carbon dioxide and 
chlorine was drawn from a constant pressure air line and was 
filtered through glass wool and water washed before being 
metered. Needle valves were used for regulating all streams 
except for the chlorine, where a screw clamp on a length of 
rubber tubing worked better. The metered streams passed 
through water saturators, the glass joints of which had been 
greased with Halocarbon stopcock grease. The humidified 
carbon dioxide and chlorine streams were diluted to 10% con- 
centration with humidified air in a mixing chamber consisting 
of a flask filled with %-in. carbon Rashig rings. The chlorine 
flow meter was calibrated, and the carbon dioxide flow meter 
calibration was checked within 2% relative against the air 
flow meter by analysis of diluted gas streams with Hempel- 
buret and modified Gaillard bulb (9)  procedures. For chlorine 
runs glass seals were substituted for flexible tube connections 
between the chlorine flow meter and the dilution flask. 

The two columns, equipped with identical bubbling nozzles, 
were charged with distilled water to a depth of 30 cm. (or to 
8 cm. for end effect runs). Humidified air was bubbled through 
the water to bring it to equilibrium with atmospheric oxygen 
and carbon dioxide partial pressures at test pressure and tem- 
perature. The temperature was held at 25°C. except for the 
first few oxygen runs. Ten ml. of paraffin oil were added to 
reduce end-effect mass transfer at the water surface. Feed gas 
was then bubbled into the duplicate column permitting the 
flow rates to be checked and adjusted under absorption con- 
ditions without contaminating the test column. When all was 
ready, the gas flow was suddenly diverted into the test column 
by simultaneously closing one pinch clamp and opening another. 
While absorption took place, the bubbling rate was determined 
by a type 631-B Strobotac which had been calibrated against 
an 1,800 rev./min. synchronous motor. Photographs were taken 
for each bubble size and bubbling rate and for most feed gas 
compositions. These permitted calculation of the apparent 
velocity of rise relative to the column walls from the ratio of 
the bubbles per second to the bubbles per centimeter height 
of column. The feed gas was shut off after 3 to 6 min. opera- 
tion which was long enough to bring the water charge about 
half way to saturation in the oxygen and carbon dioxide runs. 
This minimized the effect of slight analytical errors on the 
amount of absorption without introducing appreciable error 
into the calculated driving force. The entire charge was then 
drained and analyzed. 

After an oxygen absorption run the first few millimeters of 
the charge were discarded after all air was purged from the 
drain line. The remainder was collected beneath 15 ml. of 
paraffin oil in a 500 ml. weighed bottle (5 ml. of oil in a 
125-ml. bottle for end-effect runs). After the sample was re- 
weighed to determine the weight, the bottle was stoppered 
in such a way as to displace all air above the oil along with 
part of the oil layer. The contents were then analyzed by 
Winkler’s method with 100% excess of potassium iodide. The 
overall accuracy of the sampling and analytical technique was 
checked by many dummy runs with air alone and with pure 
oxygen bubbling for 8 hr. 

After the carbon dioxide absorption runs the charge was 
drained into excess barium hydroxide solution made from ex- 
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cess barium chloride and 0.1 N sodium hydroxide. After stand- 
ing 10 min. in a stoppered bottle with occasional shaking, the 
mixture was backtitrated with standard hydrochloric acid to 
the phenophthalein end point. To minimize contamination from 
carbon dioxide in the surrounding air, the gas vented from 
the columns was discharged into a vacuum hood, and the 
analytical flask was swept with carbon dioxide-free air during 
the titration. The overall accuracy of the sampling and analyti- 
cal technique was checked by dummy runs of 1-hr. duration 
with both the 10% feed and pure carbon dioxide. 

In some of the chlorine runs the paraffin oil had been previ- 
ously extracted with concentrated sulfuric acid and washed 
with caustic and water to remove any unsaturates. This treat- 
ment did not affect the results materially. Upon completion of 
the chlorine runs the charge was collected in about a 400% 
excess of potassium iodide solution. The iodine liberated was 
titrated with standard thiosulfate. Check determinations of 
the solubility of chlorine in water at partial pressures of 35 
to 76 mm. Hg agreed with the data of Whitney and Vivian 
( 3 0 ) .  

DISTORTION OF BUBBLES 

The gas bubbles were quite noticeably distorted from 
the ideal spherical shape for all the sizes tested. This has 
two effects. I t  increases the interfacial area of the bubbles 
so that experimental coefficients based on the areas of 
spheres of the same volume would be somewhat high. 
Correcting for distortion lowers the experimental coeffi- 
cients. A second effect is to shorten the axis of a bubble 
in the direction of motion so that predicted coefficients 
based on the diameters of spheres of the same volume 
would be too low. Correcting for distortion shortens t ,  
and increases the predicted coefficients. The overall effect 
of correcting for distortion is to decrease the observed 
coefficients and to increase the predicted coefficients, par- 
ticularly for the larger bubble sizes where distortion is 
the greatest. 

Experimental measurements of bubble distortion were 
confined to b/b,, the ratio of the minor axis length to the 
major axis length. They were made for the oxygen bub- 
bles only and included most but not all of the bubble sizes 
used. They were determined from high-speed flash pic- 
tures with a commercial strobo-light. Picture distortion 
was minimized by the short exposure ( I F  to lo,? sec.) 
and by the flat window attached to the column. 

The experimental data are indicated in Figure 2 in a 
plot of b/b, vs. r., the radius of a sphere of the same vol- 
ume. Unfortunately, there was a great deal of variation 

5 -  Feja  d wmc Of rqual w m  - cm 
Fig. 2. Effect of size on bubble distortion and 

terminal velocities of rise. 

in the ratios for each bubble size. Each point is an aver- 
age of three to four measurements (representing the high- 
est, lowest, and medium observed ratios where enough 
measurements were made). The variation may be due in 
part to tipping of the bubbles so as to enlarge the appar- 
ent minor axis and in part to actual oscillation around an 
equilibrium axis ratio. High-speed motion pictures might 
supply the complete answers. For the present it has been 
necessary to get along with the data of Figure 2 and to 
extrapolate these data to the smaller sizes which were not 
measured. A smoothed curve has been drawn through the 
data and extended to a ratio of unity at zero radius. The 
curve has been forced to approach unity asymptotically to 
agree with Van Krevelin's ( 2 4 )  observation that bubbles 
are not noticeably distorted in water below an r. of 0.075 
cm. Hughes and Gilliland (16) give a method for pre- 
dicting b/b, for a bubble based on its terminal velocity of 
rise. The method depends on wind tunnel drag coefficients 
for solid oblate spheroids relative to those for solid 
spheres. The predicted ratios are 10 to 25% lower than 
the observed points in Figure 2. 

In order to calculate correction factors for the distor- 
tion, it has been necessary to assume the bubbles to be 
oblate spheroids. The geometric relations used are as 
follows (14) : 

4 4 
o = --nb,8 ($> = - r P a  

3 3 (3) 

(4) 
where 

E = ~ ' 1  - (b/b,)' ( 5 )  
The correction factors calculated from these equations 
and the smoothed axis ratios are also plotted in Figure 2 
as b/r, and a/a,. The spheroidal areas are 2 to 12% 
greater than the equivalent spherical areas, and the minor 
axes are 20 to 40% smaller than the equivalent spherical 
radii. No high accuracy can be claimed for these correc- 
tion factors in view of the scattering of the data and of 
the approximation for the geometrical shape of the bub- 
bles. They should at least be a great improvement over 
treating the bubbles as perfect spheres. 

EXPERIMENTAL MASS TRANSFER COEFFICIENTS 

The batch-by-batch nature of the absorption procedure 
simplified the procurement of precise experimental data 
but complicated their interpretation. I t  was necessary to 
derive (18) several special equations relating the mass 
transfer coefficient k, to the amount of solute transferred. 
The derivations are outlined here in abbreviated form 
owing to their length and limited interest beyond this par- 
ticular application. 

The derivations begin with Equation (1) written for a 
single bubble of area a, risng through a batch of water of 
volume V, for end-effect runs or V, for normal runs. Ct is 
replaced by the equilibrium solubility C*, since the pre- 
dicted mass transfer resistance of the gas phase is zero 
for pure oxygen and only 1 to 2% of the total resistance 
with the other feed streams. For any given bubble, the 
bulk concentration of solute in the liquid phase C,  is as- 
sumed to be uniform throughout the column. While not 
strictly correct, this is a reasonable simplifying assumption 
based on mixing of the liquid by convection currents in- 
duced by the drag of the central stream of gas bubbles. 
The upward velocity of the central aerated core of liquid 
appears to be of the order of 5 to 10 cm./sec. based on 
the difference in velocities of rise between slowly formed 
bubbles and those studied here. This would give quite 
rapid circulation for runs of 3- to 6-min. duration. 
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Oxygen Absorption 

For a slightly soluble pure gas like oxygen, C" is equal 
to the initial value of C, for all bubbles during a run and 
is substantially independent of the height of rise. The 
slight variation in partial pressure with static head is 
neglected. Changes due to desorption of nitrogen from 
the air-saturated water would be negligible even if all the 
dissolved nitrogen were desorbed. Accordingly, Equation 
(1)  can be integrated for any single bubble rising through 
V. or V t  in time t, or t ,  to give 

or 

Differential material balances relate n, N (the bubble 
rate) and d0 (an increment of time during the run) to 
V and dC,. This permits substitution for the n's in the 
above equations and integration over the time interval 
0,. When one assumes that end effects are the same for 
the two columns, the mass transfer coefficient corrected 
for end effects will be given by 

k L  At,-, = kLt tt - kL, t, 
Substituting the k, t's from the integrals into Equation 
(8) one obtains the final relation: 

nt = kLr a(Co* - c m t )  t r  

n, = k,, a(C,* - Cm8) t ,  

(6)  

( 7 )  

(8) 

Experimental kL values for oxygen absorption were 
calculated from Equation (9)  for ten consecutive pairs of 
tall and short column runs covering seven different bub- 
ble volumes. At,..,, the time for the bubbles to rise through 
V, less that through V,, was calculated from the two liq- 
uid depths and the observed velocity of rise relative to 
the column walls. C," values were computed from the 
Henry's law constants (17) and the barometric pressure 
less the vapor pressure of water. The initial oxygen con- 
centration for the air-saturated water was taken to be 
0.21 Coo. The k,'s for the few runs not made at 25°C. 
were corrected to 25°C. by the assumption that kL varies 
as the square root of the diffusivity. 

Carbon Dioxide Absorption 
For an impure solute gas such as carbon dioxide in air, 

the solute partial pressure varies with the amount of ab- 
sorption from the bubble. C" therefore varies with both 
the height of rise and with the elapsed time during the 
run. I t  can be related to dn for a bubble of volume u by 
the expression 

vm 
dn = -dC" 

RT 

For the present case with only 10% solute in the gas, the 
bubble volume can be considered to be constant during 
its rise due to expansion under reduced static head largely 
offsetting absorption. Combining Equations (1)  and (10) 
and integrating at  constant C, over the times for a bub- 
ble to rise through V. and through Vt one gets two inte- 
grals which can be combined into 

aRT 
vm 

ANoL = NOLt - NoL. = - (kL At ,_ . )  (11) 

where 
coo - c, 
C," - c,, N o ,  = In 

C," corresponds to the residual partial pressure of solute 
gas at the top of the column at time 0 during the run. I t  

changes with time but can be related to dC, by the dif- 
ferential material balance: 

(13) 
N v m ( C . *  - C,*)d0 

RT 
V d C ,  = 

Substituting C," from Equation (12) into Equation (13) 
and integrating one obtains 

(14) 
dCm ' f  N v m d O  Cmf 

I 'o  (C," - C,) (1 - C N o L )  VRT 
or 

Equation (15) was used for computing the carbon di- 
oxide No,  values in order to calculate kL from Equation 
(11) .  Coo was estimated from the Henry's law constant 
(17 )  and the inlet partial pressure computed as though 
the inlet gas were at barometric pressure. For each bubble 
size, three to twelve tall column runs and two to six short 
column runs were made and averaged to give more reli- 
able data for use in the equation. 

Chlorine Absorption 

Chlorine absorption is complicated by a rapid but by 
no means instantaneous reaction of free or molecular 
chlorine with the solvent water, For adsorption of chlorine 
into water in a packed column, Vivian and Whitney (26) 
obtained results intermediate between those predicted 
for instantaneous chemical equilibrium throughout the 
solvent film with simultaneous diffusion of both free and 
combined chlorine, and negligible chemical reaction in 
the solvent film with diffusion of free chlorine only 
through the film followed by establishment of chemical 
equilibrium in the bulk of the water phase. 

If instantaneous chemical equilibrium between free and 
combined chlorine is assumed for all parts of the liquid 
in the present batch-by-batch absorption runs, then k,, 
can be found from Equations (11) and (15) from total 
chlorine concentrations in the same manner as for carbon 
dioxide. The only complication is that m, the slope of the 
total solubility curve, varies with concentration (26). 
Fortunately, there is not much variation in slope over the 

Depth of Water Column - Crn 

Fig. 3. End effects in absorption of carbon 
dioxide and of  chlorine from air into water 

a t  25°C. 
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range of interest permitting an average value of 6.47 X 
loe mm. Hg/(g.-mole chlorine/ml. water) to be used at 
25 O c. 

If negligible reaction is assumed to occur within the 
transient films, the total chlorine concentrations in the 
right-hand terms of Equations (12) and (13) should be 
replaced by the corresponding free chlorine concentrations. 
Similarly, m should be replaced by m,, the slope of the 
free chlorine solubility curve which has a constant value 
of 12.15 x 10" mm. Hg/(g.-mole/ml. at 25°C) (26). 
These substitutions lead to integrals analogous to Equation 
(14), except that C,' - C ,  has been replaced by 
Cueo - C,, and m by mu. The relation between dC, and 
C,, in the new integral s complex. However, C,, is so 
small compared with Cueo in these runs that it can be 
neglected. (Grn is the only 0.1 to 0.4% as large as Cuo' 
half way throu h the tall column runs, and only 1 to 3% 
as large at the i? nish) . With this simplification the integrals 
reduce to 

Values of N,,, from Equation (16) are substituted into 
Equation (11) along with m, instead of m in order to 
find k,. 

The experimental chlorine absorption data were worked 
up by both of the above methods. In most cases two tall 
and two short column runs had been made at  each new 
set of conditions. The sets of data were averaged and 
used in calcuIating the NoL's and k,'s. 

Tabulation of the pertinent experimental and calculated 
results are available.? 

End Effects 
End effects in the oxygen absorption runs were very 

small as indicated by the fact that the final oxygen con- 
centrations were almost identical in corresponding tall 
and short column runs. This was not true for carbon di- 
oxide and for chlorine, where end effects were very evi- 
dent. In many cases the N o ,  for the 8 cm. depth of water 
was greater than the ANoL for the incremental 22 cm. of 
water. 

As a cross check on the validity of correcting for end 
effects by Equation ( 11) , a number of runs were made 
with carbon dioxide and chlorine at an intermediate water 
depth of 19 cm. in addition to the regular depths of 8 and 
30 cm. The results are plotted in Figure 3 as N o ,  vs. 
depth which should be nearly proportional to the time of 
rise. The points are close enough to being linear to indi- 
cate that AN", beyond 8 cm. is substantially proportional 
to At,-" as required by Equation (11). 

There may be some question as to whether the paraffin 
oil layer may not have actually contributed to the end 
effect in the chlorine runs. However, omitting the oil in 
a control series of carbon dioxide runs increased the N O L  

at all three depths by an appreciable and fairly uniform 
amount. This is also shown in Figure 3. 

PREDICTED MASS TRANSFER COEFFICIENTS 

The experimental liquid film mass transfer coefficients 
have been compared with the values predicted by Higbie's 
equation [Equation (2)].  

The diff usivjties for oxygen, carbon dioxide, and total 
chlorine were taken from Wilke's compilation of experi- 
mental values ( 3 1 )  corrected as necessary to 25°C. by 
the absolute temperature over the viscosity. The values 
were 2.6 x lo", 2.07 x and 2.02 x 10" sq. cm./ 

+Tabular material has been deposited as document 8307 with the 
American Documentation Institute, Photoduplication Service, Library Of 
Congress, Washington 25, D. C., and may be obtained for $1.25 for 
photoprints or $1.25 for 35-mm. microfilm. 

Butaewxw-Mc 

Fig. 4. Mass transfer coefficients for absorption 
from oxygen bubbles by water a t  25°C. 

sec., respectively. The last figure represents a mean dif- 
fusivity for free and combined chlorine diffusing from a 
concentration of 10 x lo-" moles to chlorine per ml. into 
pure water. The diffusivity for free chlorine was estimated 
from Wilke's correlation at 1.63 x lo-: sq. cm./sec. at 
25°C. 

The effective lives of the transient films moving over 
the bubble surfaces have been estimated as the times for 
the bubbles to rise distances equal to their own minor 
axes relative to the water surrounding the bubbles. For 
this purpose the apparent velocity of rise relative to the 
glass wall has been replaced by the terminal velocity of 
rise at very low bubbling rates in large diameter columns. 
The difference is assumed to be the upward velocity of the 
water surrounding the bubbles. The terminal velocity data 
used here are those of Uno Kintner ( 2 3 ) .  The minor axes 
were computed from b/r .  in Figure 2. 

The predicted and observed absorption coefficients are 
compared in Figures 4, 5, and 6. The points for oxygen, 
carbon dioxide, and free chlorine are of the same order of 
magnitude as the theoretical predictions. They average 
10 to 20% higher. The oxygen points in Figure 4 scatter 
more than the other two sets. This may be due to each 
oxygen point representing the difference between only 
two experimental runs, one with a tall column and one 
with a short column. A horizontal line at k, = 0.040 gives 
a better empirical correlation of the data than the pre- 
dicted line but has no theoretical basis. Similar oxygen 
data from Coppock and Meiklejohn (3) corrected for tem- 
perature and for bubble distortion by means of Figure 2 
show better agreement with the predicted curve. The 
carbon dioxide points in Figure 5 and the free chlorine 
points in Figure 6 are more consistent. This may be due 
to more accurate analytical methods or to their represent- 
ing the differences between averages of two or more runs. 
The resemblance to the predicted lines is striking. Devia- 
tions from the predicted curves are greatest for bubble 
volumes below 0.1 ml. Both the predicted and observed 
values for these smaller sizes depend on the extrapolated 
portion of the axes ratio curve of Figure 2. Lower values 
of b /b ,  in this region would reduce the deviations. 

The mass transfer coefficients found in this investigation 
are higher than reported by Hammerton and Gamer (13 1. 
They are about 25% higher even after correcting for dif- 
ferences in temperature by the square root of the diffusivi- 
ties. Correcting Hammerton and Gamer's data for bubble 
distortion would increase the spread to 30 or 35%. The 
techniques used were quite different, and each may have 
its own systematic errors. The present investigation used 
a maximum absorption depth of 30 cm. and attempted to 
reduce and correct for any end effects. Figure 2 shows 
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that these efforts were largely successful, but tests with 
still taller columns might have shown that end effects had 
not been completely corrected. Hammerton and Garner’s 
results were based on volume changes of bubbles rising 
through the center 56 cm. of a column. The number of 
bubbles used was very low, since only one bubble was 
permitted in the column at a time. Desorption of inert 
gases from the water into the bubbles would have reduced 
both the apparent and actual absorption (8) ,  although 
the authors were unable to detect any such effect. It 
seems likely that most of the differences in results are 
real. They may be due to more rapid or violent oscillation 
of the bubbles in the streams of bubbles used in the pres- 
ent investigation. This is substantiated to some extent by 
the data of Coppock and Meiklejohn (3) for a rapid 
stream of oxygen bubbles in water as indicated in Figure 
4. 

Baird (1 ) studied absorption from a stream of carbon 
dioxide bubbles, which reduces the actual slip velocity 
and results in absorption coefficients higher than those 
predicted from the terminal velocity. However, no signifi- 
cant deviation from the theoretical absorption rate was 
observed for bubble diameters less than about 1 cm., 
whereas the carbon dioxide bubbles in the present ex- 
periments had diameters ranging from 0.41 to 0.92 cm. 

The predicted and observed chlorine absorption coeffi- 
cients based on total chlorine concentrations are compared 
with those for carbon dioxide in Figure 5. The predicted 
curves are almost identical, but the observed total chlorine 
values are only a fourth as large as the carbon dioxide 
values. This is in line with Vivian and Whitnefs results 
for absorption of chlorine in water in packed columns. I t  
proves that the reaction between chlorine and water must 
be a long way from chemical equilibrium within the tran- 
sient films. 

The similarity between the free chlorine and carbon 
dioxide coefficients in relation to their respective predicted 
curves in Figures 5 and 6 suggests that the amount of 
chlorine hydrolysis in the transient films is small. Spalding 
(22)  has shown that chlorine reacts with both water and 
hydroxyl ions, the rate controllin reaction being depend- 
ent on the pH of the absorbing fiquid. At pH values be- 
tween 3 and 10.5, Equation (17) is the controlling mech- 
anism: 

Cl, + H90 e H+ + C1- + HOCl 

For short reaction times in this pH range the forward re- 
action predominates, thus making applicable Danckwerts’ 
solution for unsteady state diffusion accompanied by a 
first-order irreversible reaction (6).  

(17) 

I I I I I I 
~ 0 1 0 1 0 3 w ~ ~  

& M e  Wume - ML 

Fig. 5. Mass transfer coefficients for absorp- 
tion from carbon dioxide-air and from chlorine- 

air bubbles by water a t  25°C. 

Danckwerts’ solution can be expressed as a correction 
factor for Higbie’s predicted kL as follows: 

where 
k,  = 2dD/rr  t. . CP (8 )  (18) 

and where B = k,t,. Equation (19) can be solved by 
means of error function tables or by its series expansion: 

@(a) =I+------ @ @ . . .+  
3 30 210 

(- 1 ) ?‘+I B” 
n!(2n- 1 )  (2n + 1)  

+ . . .  
Equation (20) has been derived independently by series 
integration of the original partial differential equations. 
For values of /3 of 2 or higher the following approxima- 
tion is simple and quite accurate: 

Several differing values of the pseudo first-order reac- 
tion rate constant k,  for the hydrolysis of chlorine are 
given in the literature. Brian, Vivian, and Habib ( 2 )  ar- 
rived at a value of 13.7 sec.? at  25°C. using a short wet- 
ted column. Spalding ( 2 2 )  used a laminar liquid jet and 
obtained a k ,  of 20.9 for the mid pH range. These two 
values give @(B)’s ranging from 1.07 to 1.11 and 1.10 to 
1.16, respectively, corresponding to the range of t,’s in 
the present experiments. The resulting curves for the 
corrected k,’s for both cases are included on Figure 6. 

The predicted values of kL assuming a reaction rate 
constant of 13.7, are in good agreement with the observed 
results except at  very low bubble volumes. This value of 
the rate constant also compares more favorably with pre- 
vious measurements by Lifshitz and Perlmutter-Haymen 
(19) and by Solodushenkov and Shilov (21 ) . 

The predicted k,’s could be a little high if the diffusiv- 
ity of free chlorine is less than that given by Wilke’s cor- 
relation. In this connection Vivian and Peaceman (25) 
have reported a value of 1.46 X lo4 sq. cm./sec. for free 
chlorine in hydrochloric acid solution. This value would 
have lowered the predicted k,’s about 5%. 

SUM MARY 

The use of Higbie’s equation for unsteady state diffu- 
sion from gas bubbles has been reviewed. It  is pointed 
out that a ringlike element of interface could pass com- 
pletely over the entire surface of a spherical bubble with- 
out change in area under certain conditions. 

.4bsorptions from streams of bubbles of various size in 
a column of water have been determined under batch- 
by-batch conditions with pure oxygen, 10% carbon diox- 
ide in air, and 10% chlorine in air. Equations have been 
developed for computing the mass transfer coefficients 
from the batch-by-batch data. Corrections have been ap- 
plied for increased bubble area due to bubble distortion. 
The observed coefficients have been compared with those 
predicted from Higbie’s equation for a transient film life 
equal to the time for the bubble to rise through its minor 
axis relative to the surrounding liquid. 

The observed coefficients for oxygen and carbon dioxide 
absorption average 10 to 20% higher than the predic- 
tions. They agree with similar oxygen data of Coppock 
and Meiklejohn but are appreciably higher than the co- 
efficients found by Hammerton and Garner using only 
one bubble in the column at a time. 

A.1.Ch.E. Journal July, 1965 Page 586 



Bubble Velum. - ML 

Fig. 6. Mass transfer coefficients based on free 
chlorine concentrations for absorption from 

chlorine-air by water a t  25°C. 

The observed coefficients for chlorine absorption based 
on total chlorine concentrations are only a fourth as great 
as for carbon dioxide of nearly the same diffusivity. Much 
better agreement with predictions is obtained if the co- 
efficients are based on free chlorine concentrations on the 
assumption of negligible chemical reaction with water 
within the transient films. Good agreement with predic- 
tions is obtained, however, if the coefficients are based on 
the absorption of free chlorine with simultaneous irre- 
versible chemical reaction with the water in the transient 
film. A pseudo first-order reaction rate constant of 13.7 
sec.-l gives good agreement with the observed absorption 
coefficients. 

I t  appears that Higbie’s equation, or equations much 
Iike it, must be an essential part of any analysis or 
method of predicting mass transfer data from bubbles. 

NOTATION 

a 
a. 
b 
b, 
C = solute concentration, g.-moIes/ml. 
C* = equilibrium concentration, g.-moles/ml. 
C, 
D = diffusivity, sq.cm./sec. 
E = eccentricity, Equation ( 5 )  
h 

k 
k, and k, = forward and reverse chemical reaction rate 

k, = liquid-phase mass transfer coefficient, cm./sec. 
k, = first-order chemical reaction rate constant, set.-' 
k, = ion product of water 
m = slope of p - C plot, (mm.)Hg/(g.-moledml.) 
N = bubbling rate, bubbledsec. 
n = solute gas transferred per bubble, g.-moles 
N o ,  = defined by Equation (12) 
A N O L  = N O L t  - N O L s  

P = partial pressure of solute gas, mm. Hg 
r.  = radius of sphere of same volume as bubble, cm. 
R = gas constant 
t = absorption or reaction time for one bubble, sec. 
T = temperature, OK. 
t. = life of transient film, sec. 
~ t < _ ,  = difference between absorption times in tall and 

V 
u 

= area per gas bubble, sq.cm. 
= area of sphere of same volume as bubble, sq.cm. 
= half minor axis of oblate spheroid, cm. 
= half major axis of oblate spheroid, cm. 

= main body concentration, g.-moles/ml. 

= vertical distance from equator of sphere to dif- 

= mass transfer coefficient, cm./sec. 
ferential circular zone 

constants 

short columns, sec. 
= volume of the liquid in the column, ml. 
= volume of each gas bubble, ml. 

Ut’ 
U i  

= terminal velocity of gas bubbles, cm./sec. 
= velocity of gas bubbles relative to column wall, 

cm./sec. 

Greek Letters 

a 

/3 = k,t,, dimensionless 
0 
@ (8) = correction factor defined by Equation (19) 

Subscripts 

f = at finish of run 
i = at the interface 
o = at zero time or bottom of column 
p 
s and t = short and tall columns, respectively 
u = free or unreacted chIorine 

= angle between pole of sphere and radii to differ- 
ential circular zone 

= time during absorption run, sec. 

= at top of column 
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