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LOW-COST EXPERIMENTS IN 
MASS TRANSFER 

Part 3. Mass Transfer in a Bubble Column 

I. NIRDOSH, L.J. GARRED, AND M.H.I. BAIRD* 
Lakehead University • Thunder Bay, Ontario, Canada P7B 5El 

S pargers are frequently used for dispersing a gas within 
a liquid when multistage countercurrent contacting is 
not required. Aeration of fermentation broths and 

activated sludge, hydrogenation of vegetable oils, chlori­
nation of paper stock, and ore leaching in pachucca tanks 
are some important industrial examples of this mode of 
gas-liquid contacting. 

This paper describes a simple experiment that introduces 
the student to this useful operation as well as to the experi­
mental determination of a mass transfer coefficient and its 
comparison with values predicted from empirical correla­
tions. The objective of this experiment is the measurement 
of the mass transfer coefficient for oxygen transfer between 
a ri sing gas (air for oxygenation or nitrogen for deoxygen­
ation) bubble dispersion and deionized water in a cylinder. 

THEORY 

Oxygen is only sparingly soluble in water, and therefore 
its transfer between gas bubbles and water is controlled by 
diffusion in the liquid phase. 11 1 The mechanical motion of 
rising bubbles creates sufficient agitation that it can be as­
sumed that the liquid phase is well mixed, with a uniform but 
time-dependent oxygen concentration, C. As the gas bubbles 
rise through the liquid , there is a slight change in their gas 
composition, but because the contact time in a shallow liquid 
depth is usually small , the change in the oxygen composition 
of the gas bubble is small enough to be safely ignored. Also, 
the oxygen composition in the liquid immediately adjacent 
to the gas-bubble intetface can be considered constant, at C* 
(the value for air-saturated water) in the oxygenation case 
and equal to zero for the deoxygenation case. 

The rate of oxygen transfer across the gas- liquid interface 
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may be expressed using a mass transfer coefficient charac­
terizing the liquid-phase resistance to transfer: 

For oxygenation 

(I) 

For deoxygenalion into oxygen-free gas 

(2) 

N0 2 is the molar transfer rate of oxygen on a per-unit area of 
gas- liquid interface basis. To obtain the transfer rate on a 
per-unit volume of liquid basis, N0 2 must be multiplied by 
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two factors, a and I !( I - <l>G), where a is the bubble surface 
area per unit volume of the gas-liquid mixture and <l>G is the 
gas holdup (i.e., the volume frac tion of the gas- liquid mix­
ture occupied by the gas) . Thus, (1-<l>G) is the volume frac­
tion of the gas-liquid mixture occupied by the liqu id. 

N 0 2 a!( I - <l>G) is the rate of oxygen transfer (dC/dt) into or 
out of the liquid phase, per unjt volume of that phase. As­
suming that the liquid phase is well mixed, as is the case in 
gas sparging, the transfer rate, by conservation of mass argu­
ment, must be equal to the rate of change of concentrati on of 
oxygen in the liquid phase, Therefore, for oxygenation 

(3) 

or, after integration 

( • ) ( • ) k1a f n C -C =en C -Co - ---1 
(1-q>G) 

(4) 

This equation suggests that a plot of l n ( c * - C) versus t 
should yield a stra ight line. 

For de-aeration into an oxygen-free gas such as nitrogen, 
the appropriate equation is 

k 1a 
enc= en C0 - -( --) 1 

1-<l>G 
(5) 

and fo r thi s case, enc versus ti s the appropriate plot. In Eqs. 
(4) and (5) above, C0 represents the initial concentration of 
oxygen in water before starting the aeration (oxygenation) or 
the de-aeration (deoxygenation) experiment. 

The first objecti ve of thi s experiment is to confirm thi s 
simple model by assessing how well the data fi t the straight 
line suggested by the model. A second objective is to evalu­
ate the group of parameters, k1a!( l -<l>G), fro m the slope of 
the en(c* -C)-versus-t or the enc -versus-t plots . 

Once the values of k I a!( I - <l>G) are obtained, we can i nves­
ti gate 

• If there is a dependence on direction of the oxygen 
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Figure 1. Th e apparatus. 
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transfer (oxygenation versus deoxygenation), and 

• The influence of the gas fl ow rate on k I a( I - <l>G). 

A fundamental aspect of engineering science is the ability 
to predict parameters such as those in the group being mea­
sured in thi s experiment. Treybal121 prov ides some detail s on 
sparged vesse ls and appropriate co1Telati ons to estimate <l>G, 
a, and Sh1 or k1• It may be noted that <l>G can also be deter­
mined experimentaJl y fro m the height of the gas-liquid mix­
ture in a cy linder relati ve to the water level with no gas flow 
(which, however, is not convenient at low gas fl ow rates). 

A fina l objecti ve of thjs experiment is to compare the 
experimental values of k 1a!( l -<l>G) as determined from the 
slopes of the plots of Eqs. (4) and (5) with the values pre­
dicted by the fo llowing co1Telati on given by Treybal: 

where b' is equal to 0.06 1 for single and 0.0187 for swarms of 
gas bubbles (other symbols are defined in the nomenclature). 

Since the general mass transfer coefficient F1 is related to 
k1 as F1 = k1cx 8 M /3 1 and noting that fo r aqueous solutions of 
sparingly soluble gases, such as oxygen with a solubility of 
<9 ppm, the solutions are essentiall y dilute, x 8M = I , the 
above equation may be written in terms of k1 as 

( 1/3 \ 0. 116 
k 1d _ d o I 

Sh =--P =2+b' Re0
·
779 Sc0

·)
46 l~ J (7) I D G I D 2/3 

I I 

APPARATUS 
The apparatus is shown in Figure I and is composed of an 

8-L acrylic cy linder of 3- inch (0.0762 m) internal diameter, 
a gas sparger with four 29/1 000- inch (0.734 mm) holes, and 
a Biological Oxygen Demand (BOD) meter (the only instru­
ment that may not be already ava ilable in some departments 
and which may need to be acquired fo r thi s experiment). The 
cy linder is firs t fi lled wi th deioni zed water, leav ing approxi­
mately 4-5 inches empty space above the liquid level. The 
BOD probe is then suspended upside down in the cylinder 
and connected to the meter. The reason for inverting the 
probe is to prevent gas bubbles from becoming trapped in 
the electrodes or coming in direct contact with the cell mem­
brane, both of which result in erratic readings. The top of the 
cylinder is then covered (Saran"' wrap may be used for thj s 
purpose) and a few holes are made in the cover fo r the gas to 
escape. This cover ensures a nitrogen atmosphere above the 
water at aJI times during desorption experiments, thereby 
preventing the diffusion of air (oxygen) in water during 
deoxygenation. The gas (a ir fo r oxygenation and nitro­
gen for deoxygenation) is metered through a calibrated 
rotameter or a gas-flow meter before feeding to the 
sparger submerged in the cylinder. 
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PROCEDURE 

The suggested experimental procedure is described below. 

I . De-oxygenate the water completely by bubbling nitrogen 
through the column at a rapid rate. This is evidenced by 
a nearly zero (ppm) reading on the meter. 

2. Begin the fi rst oxygenation experiment by quickly 
sparging air at the desired flow rate. Start the stop watch 
at the same time. 

3. Take f requent readings of dissolved oxygen concentra­
tion with time. Allow the process to continue until water 
becomes nearly saturated, as evidenced by a constant 
reading on the BOD meter. 

4. Start the deoxygenation investigations by quickly 
replacing air f low with the nitrogen flow at the same gas 
flow rate. We found that some time is needed to adjust 
the nitrogen flow rate to the same value as the air flow 
rate used during the oxygenation study. Some oxygen 
desorption therefore occurs during this initial adjustment 
period and the oxygen concentration in water drops 
significantly. We therefore recommend that after 
adjusting the nitrogen flow to the desired value, it may 
be di verted from the sparger to the fume hood (for saf ety 
reasons) and the water reoxygenated to saturation, and 
the deoxygenation started by redirecting the nitrogen 
through the sparger at the previously adjusted desired 
flow rate. 

5. Monitor the change (decrease) in the oxygen concentra­
tion of water as was done in step 3 above f or oxygen­
ation. 

6. Repeat the oxygenation/deoxygenation processes fo r at 
least one other gas flow rate. 

RESULTS AND DISCUSSION 

Oxygenation and deoxygenation investigations were con­
ducted at 8.77 and 82.5 rnL/s flow rates of either air or 
nitrogen, respectively. Plots of en(c* - c) vs.tor en c vs. t 
were prepared. The c* value obtained from literature was 
taken as 8.7 ppm (2.72 x 10-4 krnol/m3

),
141 and this value was 

very close to the experimentally observed value at infinite 
time (the plateau value from the C-versus-t graph). 

Figure 2 is a plot of en(c* - c) versus t (Eq. 4) for the 
oxygenation of water. Data for both air flow rates of 82.5 
mL/s and 8.77 mL/s are plotted together for comparison. 
Both plots are linear and conform to Eq. (4), having a nega­
tive slope. The slope for the larger gas flow rate is more 
negative, as was expected because k 1a ! (I -<1> 0 ) increases with 
an increase in the Reynolds number. 

Figure 3 is a plot of enc versus t for the deoxygenation 
runs at the corresponding nitrogen flow rates of 82.5 mL/s 
and 8.77 mL/s. These plots are also linear, conforming to Eq. 
(5) and indicating an increase in k 1a!(I - <!> 0 ) with an increase 
in the gas flow rate. It may be noted that one of the curves in 
Figure 3 shows an apparent leveling-off trend toward the end 
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Figure 2. en ( c• - C )-versus-t plot for oxygenation at 8. 77 

and 82.5 mL/s air flow rates. 
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of the expe1iment. Thjs appears to be due to difficulties in 
measuring very low oxygen concentrations. In this case, the 
slope was determined only for the irutial portion of the curve. 

The ex perimental values of k1a /(1-$G) obtained from the 
slopes of the plots, and the co1Tesponding k1 values calcu­
lated from the slopes, are given in Table 1. These values 
indicate that k1a 1(1 -li>G) values for oxygenation and deoxy­
genation are comparable, suggesting that the direction of 
mass transfer (from gas to liquid or vice versa) has little 
effect on the rate of oxygen transfer. 

Also included in the Table are the corresponding predicted 

values of k1al(l-$G) and k1 as derived from Eq. (7). The 

values of li>G, a, and dP needed for calculating these predicted 

values were obtained from the methods given by Treybal .'21 

As can be seen , the experimental and the predicted values 
are within ±12%. These results indicate the experiment pro­
vides a simple method of comparing experimental results 
and theoretical predictions. 

CONCLUSIONS 

Linear plots with negative slopes are obtained for both 
oxygenation ( en(c* -c) versus t) and deoxygenation ( enc 
versus t) operations, conforming to the theory. The values of 
the slopes of the plots indicate that mass transfer coefficient 
increases with gas flow rate and is independent of the direc­
tion of transfer, i.e., gas to liquid (oxygenation) or vice versa 
(deoxygenation). There is good agreement between the experi­
mental and the predicted mass transfer coefficient values. 

RECOMMENDATIONS 

The experimental data presented in thj s paper are student 
generated in an undergraduate laboratory course . The proce­
dure is simple and the set of data can be obtained in a usual 
3-hour laboratory period. Maintruning the same gas flow 
rate during oxygenation and deoxygenation provides a chal­
lenge during this experiment. Some student groups got bet-

TABLE 1 

ter compari son between experimental and theoretical k I val­

ues using b' for single rather than swarms of bubbles . We 
recommend that the class be subdi vided into various groups. 
Each group may be assigned to study at least two (one low 
and one high) gas flow rates, with each group given a differ­
ent set of flow rates than the other groups. The groups can 
also study the dependence of mass transfer coefficient on the 
effects of 1) varying the liquid viscosity by adding sucrose to 
the water, 2) the orifice diameter, or 3) the number of holes 
in the sparger. Each group should compare experimental and 
predicted values of k1a/(1 -li>G ). 
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NOMENCLATURE 

a specific surface area. m2/m3 

b' constant, dimensionless 
c total liquid concentration. krnol/m3 

C oxygen concentration in water at any time. kmol/m3 

c • oxygen concentration in water saturated with air, kmol/m3 

C
0 

initial oxygen concentration in water, krnol/m3 

dP average bubble di ameter, m 
D

1 
diffusivity of oxygen in water, m2/s 

F general mass transfer coefficient, kmol/m2s 
g acceleration due to gravity, m/s2 

k1 liquid side mass transfer coefficient, mis 
N

02 
oxygen flux , kmol/m2s 

ReG gas Reynolds number based on slip velocity ( dp V5 p1 / µ1 ), 

dimensionless 
Sc1 Schmidt number based on liquid properties ( µ 1 / p1 D1 ), 

dimensionless 
Sh

1 
Sherwood number based on gas-bubble diameter 

( F1dp I cD1 = k1dp / D1 ), dimensionless 

VG superficial gas velocity, mis 
V

1 
liquid velocity, mis 

Y, slip velocity, i. e .. rel at ive velocity of gas and liquid, 

Comparison of Experimental and Predicted Results for Oxygenation and 
Deoxygenation of Water at 8.77 and 82.5 mL/s Gas Flows 

(Expt-Experimental: Pred-Predicted) 

= VG /li>G- V1l(l-$G),m/s 

x
8

M Logarithmic mean mole fraction of non-diffusing 
components 

.Gas Rate. 111/Js 

Mode of Transfer 

Mode of Ca/c11latio11 

I03 k1al(l -q,G), s- 1 

I04 k1, mis 

4>G 
dp , mm 

a, m2 t m3 
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Oxyge11atio11 Deoxyge11atio11 

Expt Pred Expt Pred 

1.80 1.64 1.60 1.64 

1.62 I.SO 1.44 1.50 

0.009 0.009 

4.9 1 4.9 1 

I 1.0 I 1.0 

Oxyge11atio11 Deoxyge11atio11 

Expt Pred Expt Pred 

6.70 6.50 5.80 6.50 

1.96 1.90 1.70 1.90 

0.056 0.056 

10.4 10.4 

32.3 32.3 

Greek Symbols 
µ 1 liquid viscosity, kg/ms 

P1 liquid density, kg/m3 

li>G gas hold up, dimensionless 
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