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Chemical Absorption of Gas into Liquid Film on Rotating Drum 

By 

Tetsuo OISHI*, Iwao YAMAGUCHI** and Shinji NAGATA*** 

(Received March 31, 1965) 

With a rotating drum type gas-liquid contactor of known area, the effects 
of gas rate and the rotational speed of the drum on the thickness of liquid 
film were observed and the rate of gas absorption accompanied by a chemical 
reaction in the liquid phase was measured using either one of the catalysts, 
mannitol, Cu++ and Co+++, 

The analytical solution was presented for the simultaneous unsteady state 
absorption and (m+l)-st order reaction (m-th order with reactant A and 1st 
order with reactant B respectively). Experimental results were compared with 
theories and the five states of rate controlling were verified which had formerly 
been derived analytically18l. The five states correspond to the case where mass 
transfer are controlled by the resistances of; (1) chemical reaction in the liquid, 
(2) both chemical reaction and diffusion in the liquid, (3) diffusion of the 
dissolved gas in the liquid film, ( 4) both diffusion and chemical reaction in the 
liquid film and (5) diffusion of the reactant from the liquid bulk. The rate 
constant of the accompanied reaction was also determined. 

Introduction 

The design of a gas-liquid reactor and the determination of optimum 

operating conditions should be made considering the physical properties and 

the reaction mechanism of the system which is ordinarily complicated in 
heterogeneous system. The rate controlling step may consist of a series of 

resistances to diffusion and chemical reaction. 

In practical apparatuses such as agitators, bubble towers and packed 

towers, etc., the determination of reaction mechanism and rate controlling 

step are rather difficult, because the flow pattern of the gas and liquid are 

intricated and the interfacial area is hardly measurable. Hence, the experi­

mental apparatus having the following characteristics are recommended for 

the theoretical studies. 

(a) Interfacial area between gas and liquid is measured accurately. 
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(b) Mass transfer coefficient in the gas phase (ka) and that in the liquid phase 

(kb) are measurable separately in a wide range of reaction conditions. 

(c) Effective under high pressure and temperature. 

The authors contrived a gas-liquid contactor of a rotating drum type to 

fit these requirements. Solutions presented by the authors 13i for mass transfer 

in steady state molecular diffusion followed by a reaction (A+ vB-R+S) may 

be extended to the case of unsteady state diffusion. The rate of chemical 

absorption in a system consisting both of a diffusion film and a finite volume 

of homogeneous bulk liquid is observed in the oxidation reaction of sodium 

sulfite in order to verify the five states of rate controlling. Comparisons are 

also made with the theoretical analysis and the experimental data. The rate 

of oxidation of sodium sulfite in aqueous solution by gaseous oxygen, which 

is largely changed in magnitude by a selection of catalysts, is measured in 

a wide range of reaction conditions and the reaction mechanism is made 

clear. The reaction rate constant is also measured. 

Experimental Apparatus and Procedures 

The reactor is made of transparent methyl-methacrylate resin whose 

geometry is shown in Fig. 1. Liquid is charged from an inlet (a), entrained 

Gas outlet · 

(a) liquid in. 

Sampling 
~··~zz_le 

(b} U9uid (c) Liou1d 
outlet 

Fig. 1. Rotating drum gas-liquid contactor used. 
(I) : Rotating drum, @ : Casing, 
G) : Cover and Bearing, @ : V ·pulley 

on the surface of a rotating drum CD and contacts with the gas which flows 

countercurrently in the spacing between the drum and the casing m. After 

absorption of oxygen, the liquid is held back by the liquid seals (b) set on 

the inside bottom of the casing m and discharged from the outlet (c). The 

liquid level at the inlet and outlet is so adjusted that the gas and liquid 
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contact on the upper half of the drum. An agitation vessel is also used in 

a special case of reaction rate controll. 

Physical Absorption of Oxygen into Water (Liquid Phase Mass 

Transfer Coefficient: kb) 

In order to estimate the liquid flow rate, F, and the value of kb, the rate 

of physical absorption of pure 0 2 into water is measured where the diffusion 

resistance in the liquid phase is effective. 

1) Rate of flow and thickness of liquid film 

When the liquid seal is imperfect, a small amount of liquid in the 

chamber, H2 (refer to Fig. 2) leaks into the chamber H1 whose rate is denoted 

Liquid level 
controller 

Rotating drum 

Liou id level 
controller 

Cc,, Fo 

® : Sampl,ng nozzle 

Fig. 2. Concentration of flowing liquid at various parts 
in contactor. 

by AF. The rate of liquid entrained on the rotating drum, F, is given as 

follows: 

F = Fo+AF ( 1) 

where F0 is the rate of liquid feed or discharge, hence, 

( 2) 

From Eqs. (1) and (2), 

( 3) 

Fis determined by measuring the values of C0 , C1 , C, and F0 in Eq. (3). 

Denoting the thickness of the liquid film ; l, the diameter of the drum; 

d, the width; B and the rotating speed; N, we have, 

F= 11:•dBlN ( 4) 
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Hence, l is estimated from Eqs. (3) and (4) as follows: 

l _ F _ F0 C,-Co ( 5) 
- 11:dBN- 11:dBNC,-C, 

2) Absorption rate equation (Unsteady state absorption into liquid film of 

finite thickness) 

Taking the material balance of the absorbed gas, 

Contact time of gas and liquid , is given by: 

1 ,=-
2N 

( 7) 

When N=74~400 r.p.m., , is equal to 0.406~0.075 sec. In this range of ,, 

unsteady diffusion takes place. As the liquid moves adhering on the drum 

surface, the rate of absorption is analysed by the penetration theory proposed 

by Higbie8
) based on an unsteady state molecular diffusion. As the thickness 

of the liquid film is comparatively thin, the solution should be given at the 

condition of a finite thickness. 

The concentration distribution in the liquid film is shown in Fig. 3. 

Gas 
phase 

C, 

Liquid phase 

Fig. 3. Concentration distribution. 

Taking the material balance at a distance x from the interface and at a time 

t, we have 

( 8) 
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Initial and boundary conditions are, 

C = C, at t=0 and 0<x<l 

l (refer to Fig. 2) 

C = C; at t>0 and x=0 

ac at t>0 and x=l -=0 
ax 

( 9) 

Eq. (8) should be solved under the conditions of Eq. (9). The following 

solution for the contact time of 0-r is obtained. 

l (10) 

Therefore kb is expressed by the following equation as has been pre­

sented by S. Fujita6J. 

(11) 

At a higher speed of rotating drum, Sn tends to zero and we have, 

(11') 

By substituting Eq. (10) into Eq. (6), we have, 

(12) 

3) Conditions and results of experiments 

0.1 N aqueous solution of KOH which is saturated with air is used as the 

liquid and pure 0 2 , as the gas. After a steady state of gas and liquid flow 

is attained, values of C0 , C, and Ce, are measured by a polarograph. Experi­

mental temperature is held constant at 25±1 °C. The rotational speed of the 

drum is changed in the range of 74~300 r.p.m. The experimental results are 

shown in Table I. Fig. 4 shows the observed values of the thickness of the 

liquid film l which are calculated by Eq. (5). l increases from 0.08 to 0.2 mm 

at the rotating speed of 75 to 200 r.p.m. beyond which l is held approximately 

constant. Gas rate does not affect on the thickness of the liquid film. 

Comparison is made on the theoretical values of kb calculated by Eq. (11) 

with the observed values calculated by Eq. (12) in Fig. 5. At the rotational 

speed greater than 115 r.p.m., both curves are in good agreement. Therefore 

Sn becomes nearly equal to zero and the observed data are well predicted 
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Table I. Absorption of 0 2 into 0.lN KOH aq. solution. 

Rotating Liquid -·~·-

Run speed: flow rate: C,-Co I C,-Co Sn kb exp. kb cal. 
N Fo c,-c, C,-C1 

No. [r.p.m.] [cm3/sec] [-] [cm] [-] [-] [cm/sec] [cm/sec] 

101 74 2.71 1.17 8.20x10- 3 0.414 -0.005 7.17x10- 3 8.98 X 10- 3 

102 83 3.35 1.10 8.50x10- 3 0.385 0.00 8.20 X 10- 3 9.56 X 10- 3 

103 115 6.66 1.18 1.31 X 10- 2 0.265 0.00 1.12xl0- 3 1.13 X 10- 2 

104 156 11.38 1.24 1.73x10- 2 0.183 0.00 1.33 X 10-3 1.32x10- 2 

105 212 18.90 1.15 1.95 X 10- 2 0.126 0.00 1.52 X l0- 3 1.53 X 10- 2 

106 305 29.3 1.19 2.02 X 10- 2 0.0954 0.00 l.78xl0- 3 1.84 X 10- 2 

' 

Interfacial area: A=157 [cm2
], Molecular diffusivity of gas into liquid: DA=2.6x10- 5 

[cm2/sec] at 25°C. 

,..._ 
Cc 
~ 

• .. -02-- --+-----+-v-
~ r----t----t--,"/_--~----t----- ---·- --

] / 
~ QJ t----+---J/c.+----

~ I j t----+----+---1--t--- ~----- --

·'2 
~ 

0 50 JOO 
Rotatif/t 

150 200 250 300 
speed : N (rp. m.J 

Fig. 4. Thickness of liquid film on rotating 
drum versus rotating speed N. 

-
~ 001 f-----+--~-~-t----+----+--t--1 

i2~ 
~ 

0 50 100 150 200 250 300 
Rotating speed N (rp.m) 

Fig. 5. Comparison of the theoretical and 
experimental values of kb. 

by the theoretical equation presented by Higbie, i.e., 

(13) 

Theoretical values of kb are estimated by applying the published data of the 

diffusion coefficient of oxygen into water: DA=2.6x1Q-5 [cm2/sec]. According 

to the experimental work presented by P. V. Danckwerts3J using an analogous 

drum absorber, the observed values were always smaller than that of theoreti­

cal. He reported that the discrepancy may be caused by the effect of the 

surface resistance to diffusion. However, according to the present work there 

is no inconsistency, which may be caused by the liquid seal acting as a 

scraper (refer to Fig. 2). It is shown that the liquid phase mass transfer 

coefficient kb varies with the rotational speed of the drum independently of 

the gas phase transfer coefficient ka. 
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Evaporation of Water into Air (Gas Phase Mass Transfer Coefficient: ka) 

Many experimental works have been presented in gas-liquid mass transfer 

which showed that the over-all rate was controlled by the liquid phase mass 

transfer resistance. It will be interesting to estimate the resistance to 

diffusion in gas phase and to compare the result with that of liquid phase. 

In the present work the rate of evaporation of water into air is measured 

to give the value of ka. 

1) Mass transfer rate equation 

According to E. R. Gilliland'l diffusion coefficient in gas is very large 

compared with that in liquid and mass transfer may take place by steady 

state diffusion in the gas film. 

Difference between the partial pressure of the evaporating material A at 

the interface PA; and the mean partial pressure of A at the cross section 

perpendicular to the direction of flow, PAa is taken as the driving force, then 

the rate of mass transfer of A per unit area of the drum surface is shown 

as follows: 
(14) 

Mean transfer rate of A per unit area between the inlet and the outlet: 

(15) 

where, 

(16) 

flPA is the logarithmic mean partial pressure difference between the inlet 

and the outlet. 
As NA and fl PA are easily observed, ka is evaluated by Eq. (15) and Xa, 

by Eq. (16). 

2) Conditions and results of experiments 

Distilled water is used for circulation. Air of about 0°C is introduced 

and heated for use. The rate of evaporation, NA is calculated by measuring 

the humidity of the air at the inlet and outlet using the dry- and wet-bulb 

thermometers. Experimental temperature is held at 25, 30 and 38°C. The 

rotational speed is in 115 ~285 r.p.m. and the gas flow rate is 10-65 [//min]. 

A part of the experimental results is shown in Table II. 

The logarithmic plots of the observed values of ka in 115 r.p.m. calculated 

by Eq. (15) are shown by Curve (1) in Fig. 6. ka is proportional to the power 

of 2/3 of the gas flow rate. 
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Table II. Vaporization of water into flowing air at atmospheric pressure, d,=2.4 [cm]. 

Gas Rotating Humidity Gas Liquid 
NA d,/x0 ka 

d,pu 0 

rate speed [g-water/g-dry air] temp. temp. µ -
[//min] [r.p.m.] Inlet I Outlet [oc] [OCJ [g-moles] 

cm2 • sec 
[-] [ g-moles ] 

cm2 •sec•atm 
[-] 

13.3 115 4.27x10- 3 1.39 X 10- 2 24.1 24.6 0.86 X 10- 6 12.6 5.68 X l0- 5 625 

20.0 115 4.27 X 10- 3 1.33 X 10- 2 25.1 25.7 1.21 X 10- 6 15.1 6.78x10- 5 863 

30.0 115 4.27 X l0- 3 1.18 X 10- 2 25.2 24.5 1.53 X 10- 6 19.6 9.12x10- 5 1310 

39.5 115 4.27 X l0- 3 1.14 X 10- 2 25.7 25.0 1.92x10- 5 22.2 1.04 X 10- 4 1710 

50.4 115 4.27 X 10- 3 1.03x10- 2 25.1 24.0 2.13 X 10- 6 27.4 1.25 X 10-• 2230 

59.0 115 4.27 X 10- 3 o.99x10- 2 25.5 24.0 2.38 X 10- 6 29.5 1.37 X 10- 4 2620 

Gas rate : Q ( l/min J 
10 2 4 6 8 102 

6 .. 
"" 2 Symbol 0 & I:!] 

Q) ..§ 5 U) Liqui1 oc ~ "' 25 29 34 "1-' CCC .:, emp 
Q) 

Gas temp. oc 25 30 38 4 I 
V) t'\j(f.i 

I 
~ ~ '---, 

·"-' "- 3 
c:: ~104 ,:; 

Sc ·.~ I "-<.., 

""' :::=. ' 8 s 
Q) 2 
C) 

(1) <.., 
-'>c 

·'- 6 
-"-' 0 

// U) 

~ / 0 - / s\O~e 
V) 4 '7 10 U) 

"' 0 
-:e: 

4 6 8 10' 2 4 

Reynolds numter : d,pua /11 [-} 

Fig. 6. k0 vs. Q and d,/ Xa vs. d,pu0 / µ. 

When ka is plotted against the rotational speed of the drum N, it is 

shown that ka is independent of N and is a function of the gas rate only 

(Diagram is omitted). 

Curve (2) in Fig. 6 shows the results for different values of the diffusion 

coefficient of component A (DAa):and the physical properties of the gas which 
. ' . 

are changed by temperature under the same rotational speed of 115 r.p.m. 

The logarithmic plots of d./xa versus Re=(d.pua/ µ) are on a straight line 

whose slope is 2/3, hence it gives 

de = 0.164 (dePUa)
213 

Xa µ 
(17) 
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where d,={(cross sectional area of gas stream perpendicular to the direction 

of flow)/(the length of the rotating drum)} x 4 and u0 =absolute flow rate of 

the gas. 

The results show that the transfer coefficient in the gas phase, ka is 

changed independently of that in the liquid phase, kb by varying the gas 

rate. Thickness of the effective diffusion film in the gas phase, Xa is observed. 

HENRY constant for 0 2-H20 system is given as 7.88x 105 [atm/(g-moles/cc)] 

in Chemical Engrs' Handbook, and the observed values of k0 =(4~15)x10-• 

[g-moles/cm2 -sec-atm] and kb=(0.7~1.8)x 10-2 [cm/sec] in this work. Hence, 

Hka is in the range of 3.16 x 102 ~1.18 x 103 [cm/sec] which are very large 

compared with the value of kb, 

Absorption of Oxygen into Aqueous Solution of Sodium Sulfite 

(Simultaneous Absorption and Chemical Reaction) 

As stated above the over-all rate of reaction is affected by the rate and 

mechanism of the chemical reaction followed, hence they should be clarified 

and the rate controlling step should be determined. 

The over-all rate of oxidation of sodium sulfite is changed widely in 

magnitude by varying the catalysts. Though the mechanism of this reaction 

has been studied fairly well, the rate of reaction is not yet clarified, so that 

the authors measure the rate precisely. 

1) Liquid flow 

Film theory'°), penetration theory8J, film 

penetration theory1•J and surface renewal 

theory2J, etc. have been presented to inter­

pret the liquid phase resistance to diffusion 

of gas. In an agitation vessel and a bubble 

tower, etc. which are widely used, reaction 

proceeding in the bulk liquid is generally 

important. Hence, a test reactor which is 

composed of a liquid bulk and a diffusion 

film is useful in the application of the 

above theories. 

Accordingly, the authors used the ap­

paratus shown in Fig. 7 as a schematic dia­

gram. Cl) is a rotating drum which entrains 

a liquid film and @ is a liquid storage which 

is a liquid bulk. A reaction liquid contain-

Liquid 

Fig. 7. Diagram showing gas-liquid 
contacting system consisting of a 
rotating liquid film and a bulk 
liquid. 
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ing a quantity of unreacted gaseous reactant may be fed into the contactor 

before finishing reaction in the storage @. 

The liquid phase mass transfer coefficient kb is changed by increasing the 

rotating speed of the drum, and the gas phase mass transfer coefficient ka is 

changed independently by the gas rate. The volume of bulk liquid per unit 

interfacial area v= V/ A is changed by increasing the liquid volume in the 

storage@. 

The rate of gas absorption, NA is given by Eq. (18) by measuring the 

concentration of the reactant in the liquid storage @ and the time elapsed 0. 

(18) 

2) Rate equation for chemical absorption 

The authors presented a solution for the rate of chemical absorption in 

steady diffusion followed by a (1 + n)-th order reaction for the system consist­

ing of a liquid film and a homogeneously mixed bulk liquid in the previous 

paper'3). However, the mechanism of the mass transfer in the flowing liquid 

in the present apparatus is unsteady and should be analysed by the penetra­

tion theory. Therefore the solution stated above may not be applicable 

strictly. A modification is possible, as the solutions by the film- and the 

penetration-theories are quite analogous in the present case. 

a) Approximate solution based on film theory for (l+n)-th order reaction. 

The following solution is obtained'3) by applying an approximate con­

centration distribution which is a modification of the Van Krevelen's method17
) 

and several numerically calculated diagrams .are presented. 

The solution by Van Krevelen'7) is not applicable for the system in which 
the concentration of the reactant gas in the bulk is not zero. For steady 

state diffusion occurring in the liquid film with the reaction of (A+ j.JB-+R + S), 

a basic equation is shown as follows: 

d 2CA - 1 Ds d2Cs - kCAcBn 
dx2 - v DA dx2 - DA 

The boundary conditions are 

at x=O 

-DA(d<j/) = kCAbCnb"v 

Cs= Cnb 
} 

(19) 

l (20) 

The concentration of the reactant A in the bulk of the phase b is given by 
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(20') 

An approximate solution for the rate equation: NA~·-DA(dCAldx),c~n is as 

follows: 

where 

CAb _ 1 

CA; - cosh Y +(av)( f) sinh Y 

a= ✓kCBon!DA, T = ✓kCB0nDA/ko, K '= XR!Xo 

(l/,l) = vDA CA; and ko = DA!Xo 
DBCBb 

b) Development of the solution to unsteady state diffusion 

(21) 

(22) 

(23) 

(24) 

According to the analysis by Brian'), both plots of Hatta's9J (film theory) 

and Danckwerts' solution•J (penetration theory) for the reaction coefficient of 

mass transfer: /3*=NA/koCA; versus r=✓kC80nDA/ko agree practically for the 

chemical absorption accompanied by a pseudo first order reaction in a system 

in which bulk concentration of the dissolved gas is nearly equal to zero. 

And also replacing the parameter ,l (in /3*) for film theory by (D8 /DA)'l2(l/v) 

x (C80/C Ai) in the case of fast reaction, an approximate value of /3* for penetra­

tion theory is given. The following modified solution for the Van Krevelen's 

equation has been derived by Brian') in the case of n =~ 1. 

/3*= NA =-y­
koCA; tanh Y 

Y = r{l-(/3*-l)/(/3a-1)) 1! 2 

(25) 

(26) 

where /30 = the value of /3* for unsteady state diffusion followed by a fast 

reaction. When D8 /DA is nearly equal to unity, or /30 is large and ,l is large, 

/3a ~ /757,. 1 ✓!hJ 1 CBb 
-v DB DA I) CA; 

(27) 

Lightfoot11
J showed that the derived solutions based on the film theory 

and the penetration theory agreed well in the case where the concentration 

of the dissolved gas in the liquid bulk was not zero and the chemical reac­

tion was pseudo first order. From the facts, the approximate solutions 
derived by the authors, Eqs. (21), (22), (23) and (24) may be extended to the 

case where mass transfer occurs by unsteady state diffusion: 
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/3* _ NA _ Y {1-CAb _1_} 
- kbCA; - tanh Y CA; cosh Y 

CAb _ 1 
CA; - cosh Y +(av)( i,-) sinh Y 

r = ✓kCBbn DA/kb 

kb= 2✓DA/11:, 

(28) 

(29) 

(30) 

(31) 

/30 = the value of /3* for unsteady state diffusion followed 

by a fast reaction [refer to Eq. (27)] 

c) Solution for (m + 1)-st order gas-liquid reaction. 

When mass transfer occurs by steady state molecular diffusion, concentra­

tion distributions of reactants A and B are shown by Curves (1) and (1') 

respectively in Fig. 9. A is the absorbed gas and B is the reactant in the 

liquid phase. The reaction in liquid is, 

A+vB..-R+S (32) 

and the order of reaction with the concentrations of A and Bare m and unity 

respectively. Taking the material balance in the differential volume between 

two surfaces at a distance x and x+dx from the interface, we have 

d 2CA - 1 DB d 2CB - kCAmcB 
dx2 - v DA dx2 - DA 

1 Gas-liouid con/actor 
2 Level controller 
3 Feed bottle 

4 Pump 

5 Heat exchanger 
6 N, Gas cylinder 

7 N2 Gas seal 
8 02 Gas cylinder 
9 Orifice meter 

10 Healer 
11 Saturater 

G): sampling nozzle 

(j) : Thermometer 

Fig. 8. Flow sheet for absorption of 0 2 into 0.1 N Na2S03 aq. 
solution with a rotating drum gas-liquid contactor. 

(33) 
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Fig. 9. Concentration distribution of reactants in the 
vicinity of interface when CB=CBR=constant. 
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Assuming that Cs=CsR (=const.);;;;CBt, in the liquid film as shown by 

Curve (2) in Fig. 9, Eq. (33) is rewritten as: 

(34) 

The value 2dCA/dx is multiplied to both side terms of Eq. (34), we have 

the following equation which shows the concentration distribution within 

the diffusion film. 

where K is an integration constant, and 

y = axb = ✓ (¼i)kcAr- 1CsRDA/kb 

a = ✓(-2-) kCAr-
1
cBR 

m+l DA 

kb= DA!Xb 

The boundary conditions are 

at x=O } 
at x=xb 

(35) 

(36)i 

(37)i 

(38) 

(39) 

The rate of reaction per unit interfacial area, NA is obtained from Eqs. (35) 

t When m=l, Y=VkCBRDAlkb, a=vkCBnlDA· 
These results agree with the solution presented in the previous paper13l, 
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and (39) as follows : 

NA= -DA(dCA) = DACA;✓Y2-tK 
dx x=o xb 

= kbCA;1/Y 2 + K (40) 

Hence, the reaction coefficient for mass transfer, /i* is written as follows: 

/i* = _Jj~ = ✓Y2+ K 
kbCA; 

(41) 

The equation to give the integration constant is derived from Eq. (35). 

_ ~ _ (dCAICA;). = l_ ~ dx 

✓ yz (g:Jm+i + K Xb 

(42) 

Eq. (42) is solved with the boundary conditions of Eq. (39). 

We have for m=O, 

(43) 

Similarly for m = 1, 

K = 4eY Y
2 

[CBb{CAbeY-e2Y _1}+eY] 
(e2 Y-l)2 CA; CA; 

(44) 

From Eqs. (43) and (44), the value of K for m=O and unity is given by 

taking C AblC A; as a parameter for various values of Y. 

For the general case where m is neither zero nor unity, Eq. (42) is re­

written with the conditions of Eq. (39) as follows: 

(45) 

Although analytical solutions of Eq. (45) may not be obtainable, the relation 

between K and Y is given by a numerical calculation. 

d) Numerically calculated diagram of /3* versus r for reaction of (m + 1)-st 

order. 

By preparing a supplemental diagram of /3* versus Yin which CAblCA; is 
used as a parameter, diagrams of /3* versus r in the previous paper13J for 

(1 + 1)-st order reaction are also useful for the (m + 1)-st order reaction as 

mentioned below. 

The value of /3* for a specified value of Y is calculated from Eq. (41), by 

taking CAb!CA; as the parameter, using Eq. (43) for m=O and Eq. (44) for m=l 

and is plotted against Y on Fig. 10. Similarly for other values of m, the 

relation between /3* versus Y is given by Eq. (41) introducing the relation 

between Kand Y which is given by numerical calculation. 
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Fig. 10. ii* vs. Y for m=O and 1 where CAblCA; is taken as 
the parameter. 

e) Application procedure of the diagram of /3* versus r. 

4 
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In the case where CBR"'=fCBb, that is, Y"'=fr, Y is calculated by Eq. (36) by 

substituting the observed values of CBb, m, k, kb, CA; and DA, and the value 

of /3* is calculated from Eq. (41) by introducing the experimental values of 

NA, kb and CA;. 

The value of C Ab!C Ai corresponding to these values of Y and /3* are read 

on the curves in Fig. 10. Then, the value of av is calculated from Eq. (46) 

which was presented in the previous paper'3J by introducing CAblCA; and Y 

thus obtained, 

(::Ab_ 1 

CA; - cosh Y+(av)(;) sinh Y 
(46) 

The /3* versus r diagrams presented in the previous paper13J are appli­

cable, when the values of Y, /3* and av are given by the procedure mentioned 

above. 

3) Rate controlling steps and rate equations in chemical absorption 

The following five steps of rate controlling are postulated by the approx­

imate solution, Eqs. (21), (22), (23) and (24), and also by the approximate rate 

equations (28), (29), (30) and (31). 



332 Tetsuo OISHI, Iwao YAMAGUCHI and Shinji NAGATA 

a) Chemical reaction resistance controlling 

This is the case where r and r(av) are very small and the rate of absorp­

tion, NA is expressed approximately by Eq. (47). 

NA= kCA;CBbnV (47) 

When the over-all rate is proportional to cAr, Eq. (47) is written as follows: 

(48) 

In the case of n = 1, the rate equation for the reaction of Eq. (32) is written 
as follows: 

(48') 

Eq. (48') is integrated into the following form. 

(49) 

where CBbo is the value of CBb at 8=0. 

Hence, the observed data of CBb and CBbo corresponding to more than 

two values of CA; for the same time 8, that is, Csb and Csbo as well as CBb
1 

and CBbo', are introduced into Eq. (49). Taking the ratio of these two equa­

tions, we have: 

(50) 

The value of m is determined by Eq. (50). The reaction rate constant is 

calculated by the relation. 

k= In (CBb/CBbo) 
vCAre 

b) Both diffusion and reaction resistances controlling 

(51) 

This is the case where (av) is large and r(av) is not negligible compared 

with unity for small value of r-
Approximate rate equation is shown as follows: 

(52) 

For the other cases except r~l, general equations (28)~(31) should be applied. 

c) Diffusion resistance of dissolved gaseous reactant controlling 

When r is small and (av) is very large, an approximate rate equation is 

Q}?tained as follows : 

(53) 
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d) Diffusion resistance and reaction resistance within liquid diffusion film 

controlling 

When r>4 and Csb!CA; is very large, approximate rate equation is derived 

as follows: 

NA= kbCA;T 

= ✓kCsbnDA·CA; (54) 

e) Diffusion resistance of a reactant from liquid bulk controlling 

When r is very large, approximate rate equation is derived as follows: 

NA= kbCA;{l+_!_(DB)(CBb)} 
Ii DA CA; 

(film theory) 

NA= kbCA;{ !DA+_!_ !DBCBb} 
'V DB Ii 'V DACA; 

(penetration theory) 

where kb=DA!Xb in Eq. (55) and kb=2✓DA!n, in Eq. (56). 

(55) 

(56) 

4) Determination of rate controlling step using a gas-liquid contactor of 

rotating drum type 

According to Eqs. (47), (52), (53), (54) and (56), the rate controlling steps are 

classified as follows. 

A. Diffusion resistance in liquid phase controlling: The rate of absorp· 

tion is not changed by the flow rate of gas. 

(1) Reaction resistance controlling: Over-all rate is proportional to the liquid 

volume per unit interfacial area (v) and is independent of kb or rotational 

speed of the drum, N. 

(2) Diffusion and reaction resistances controlling: Over-all rate is changed 

by both v and N. 

(3) Diffusion resistance of dissolved gas controlling: Over-all rate is changed 

by N and is independent of v. The concentration of the reactant in the 

liquid phase is nearly equal to zero (CAb"""O). 

(4) Diffusion and reaction resistances within liquid diffusion film controlling: 

Over-all rate is changed by Csb (CAb"""O) and is independent of both N and v. 

(5) Diffusion resistance of reactant from liquid bulk, controlling: Over-all 

rate is greater than that for the case (3) and is changed by N and Csb (CAb"""O). 

B. Resistance in gas phase controlling 

The rate of absorption is changed only by the flow rate of gas. 

5) Chemical reaction 

Over-all oxidation reaction of sodium sulfite with oxygen is shown as 
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follows: 

02 + 2Na2S03 - 2Na2SO. (57) 

The rate of chemical reaction increases with addition of Cu or Co ion as the 

catalysts and decreases with d-mannitol (C6H 140 6) or ethyl alcohol as the 

negative catalysts5
). 

6) Measuring methods 

Fig4 8 is the flow sheet of the experiment. Before liquid is charged, air 

in the whole apparatus is displaced by N 2 gas from the gas holder ®· 
0.1 N sodium sulfite aqueous solution is used as the reaction liquid. 

Gaseous reactants 0 2 and air are introduced after a steady state of liquid 

flow is attained. Liquid sample is taken from the reaction bottle ® and the 

concentration of unreacted sodium sulfite and the time elapsed are measured. 

A liquid sample of 10 cc is mixed with aqueous solution of KI containing 

HCl and the residual concentration of Na2S03 is titrated by aqueous solution 

of KIO3 using starch as an indicator. Rate of absorption is calculated by 

Eq. (18). 

Reaction temperature is held constant at 25±1 °C in both liquid and gas. 

Experimentation is performed at the rotational speed of the drum in 115, 

200 and 285 r.p.m. Agitator speed is held constant at 750 r.p.m. in the case 

of experiments performed in an agitation vessel. 

7) Results and piscussion 

a) A case of reaction resistance controlling (Negative catalyst: d-mannitol) 

Curves (1), (2) and (3) in Fig. 11 show the observed data of oxidation of 

sodium sulfite aqueous solution which contains chemically pure d-mannitol in 

concentration of 10-1 [g-moles/l] with pure oxygen. The volume of liquid 

is 800 cc. 

Concentration change in the parts (A) of Curves (1), (2) and (3) in Fig. 11, 

i.e., the parts at which CBb is less than 6 x 10-3 [g-moles/l], are replotted as 

shown on the top of the right hand side in Fig. 11. The rate of absorption 

is not changed by the rotational speed of the drum. 

Curves (4) and (5) in Fig. 11 show the results of oxidation of Na2S03 

aqueous solution containing recrystallized pure d-mannitol as the negative 

catalyst in concentration of 5 x 10-• [g-moles/ l]. Curves (6) and (7) show the 

data for the same condition using ethyl alcohol as the catalyst in concentra­

tion of 4.33 x 10-• [g-moles/l]. 

Plots of these results on a semi-logarithmic paper give a straight line. 
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The over-all rate is proportional to the first order of the concentration of 
• Na2S03 • 

Interface concentration of oxygen in the liquid phase for 0 2-H20 system, 

(CA;) and that for air-H20 system (CA/) are as follows: 

Therefore, 

C Ai = 1.23 x 10-3 [g-moles/ l] 

CA/ = 2.36 x 10-4 [g-moles/ l] 

(58) 

(59) 

(60) 

In the case of mannitol, the data of Curves (4) and (5) in Fig. 11 at time 

8=40 min are substituted into Eq. (50), then we have, 

(5 2)m = ln (2.68 X 10-2 
/ 4.00 X 10-2

) = l l 90 
. ln (2,86 X 10-2/ 4.00 X 10-?) . 

(61) 

From Eq. (61), m=0.1055. 

Similarly for the negative catalyst of ethyl alcohol, Curves (6) and (7) are 

obtained and we have m=0.1050. Taking the mean values of m we have form 

m = 0.105 (62) 
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Because ll is equal to 2 in Eq. (49) (refer to Eq. (57)) the reaction rate con­

stant is determined as follows : 

(63) 

From the data for mannitol and pure 0 2 (refer to Curve (5) in Fig. 11), 

CBbo is equal to 4.00 x 10-2 and CBb at 40 min is equal to 2.68 x 10-2 [g-moles/l], 

and the value of k is determined as follows : 

k = l.68xl0-4 [(l/g-moles}°-105/sec] 

= 3.47x 10-4 [(cm3/g-moles)0-1°5/sec] 

b) Diffusion and reaction resistance controlling 

(64) 

(64') 

For the range of concentration CBb~6x10-3 [g-moles/l] holding other 

reaction conditions the same, the rate of absorption is increased by increasing 

the rotational speed of the drum as shown by Curves (1), (2) and (3) in Fig. 11. 

Effect of change in N for the value of kb is apparent as shown by Eq. (13). 

c) Diffusion resistance of dissolved gas controlling (Pure 0 2 absorption in 

liquid containing no catalyst) 
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Fig. 12. C8 b vs. {) for oxidation of sodium sulfite without catalyst. 

Fig. 12 shows the results of oxidation of Na 2SO3-solution of 1500 cc with 

pure oxygen. The curves are linear regardless of the rotational speed of 

the drum though the slope is different. The relation between NA and /3* is 

shown as follows : 
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(65) 

which agrees with Eq. (53). This is the case of diffusion resistance controlling 

and the rate is equal to that of physical absorption where the concentration 

of the dissolved gas in the bulk liqui.d is zero. In this stage, the reaction 

rate constant k is not determined. Hence, published data by other author'5) 

is adopted. 

d) Resistances to diffusion and chemical reaction within the diffusion film of 

liquid controlling (Catalyst: CoSO,, Gas: Air) 

Fig. 13 shows the results of oxidation of Na2SO3 solution of 1500 cc con­

taining CoSO4 of 5 x 10-• [g-moles/t] as the catalyst with air. Difference in 
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Fig. 13. Cnb vs. 8 for oxidation of sodium sulfite 
with catalyst of CoS04 • 

rate, NA, is not observed with change in rotational speeds from 200 to 285 

r.p.m.. Also the difference between 200 and 115 r.p.m. is very small. Hence, 

this is the case of both resistances controlling in the diffusion film. From 

Eqs. (18) and (54), the following approximate rate equation holds for 1st order 

with CA; and n-th order with CBb• 

l_ __E__ (-dCBb) = ✓kDA•CBbn/2 
2 CA; d() 

(66) 

Plots of (l/2)(v/CA;)( -dCB1,/d8) versus CBb on a log-log paper gives a 

straight line of slope 3/4 for the rotational speed of 285 and 200 r.p.m. as 

shown in Fig. 14. From the slope, the order of reaction with CBb is deter-

mined to be: 

n = 3/2 (67) 
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e) Diffusion resistance of reactant in liquid bulk controlling 

(Catalyst: CoS04 , Gas: pure 02) 

Fig. 15 shows the results of oxidation of the same liquid of 2500 cc as 

used in the experiments stated in d) with pure 0 2 • Though the value of CA; 

is increased 4.76 times as large compared with the value shown in Fig. 13, 

the rate of absorption is not increased so much. The rate of absorption is 

clearly changed by the rotational speed of the drum. This may be an 

evidence of diffusion resistance controlling of the reactant (Na2S03) in the 

liquid. 

Fig. 16 shows the plots of the observed values of /3* versus r, on the 

theoretical curves which are drawn by Eqs. (28) to (31) for av= co and n = 1.5 

(cases (e) and (d)). From this diagram the value of k is determined to be, 
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Fig. 15. Oxidation of sodium sulfite with catalyst 
of CoSO4 • 
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(68) 

That the rate of reaction catalyzed by CoSO, is proportional to first order 

of CA;, i.e., m = 1 and Eqs. (66) and (68) are applicable, is verified, because as 

shown in Fig. 16 the data for air and 0 2 of the same value of /3a fall on the 

same curve when /3* and r are plotted using k from Eq. (68). 

f) Effect of diffusion resistance in gas film 

When air is used as the gaseous reactant in the experiment, d), the re­

sistance in the gas film may be pertaining. 

Fig. 17 shows the observed results when the liquid flow condition is the 
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same as that in d), i.e., the rotational speed, N=200 r.p.m .. Although the gas 

flow rate is changed, the rate of absorption is equal in the cases of air flow 

rate of 30 and 60 [!/min]. The effect of air rate begins to appear when gas 

rate is lowered to 3 [!/min]. Hence, the resistance in the gas phase is negli­

gible in the experimental conditions mentioned in d). 

g) Effect of catalyst 

Fig. 18 shows the plots of the observed values of (CBb/CBbo) versus 

(vkbCA;0/vCBba) in N=200 r.p.m. in order to compare the effect of the various 

catalysts. The value of /3* is given by the slope of the curves in Fig. 18. 

N= 200 [ r.p.m.) No. (1),(2) 13) I 41 (5) 
-2 

Ca.o = 4x10 S mbol • 0 • ... 
[g-mol/l) Liqfb1ume [l) 08 1.5 1.5 25 
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02 Air 02 

None CoS0, CoS0, 
-4 

- 50M050N0 

00:--~-=-:---~~~--~--L--_,___----'----...L._----' 
02 0.4 06 0.8 1 1.2 14 16 

[-) 

Fig. 18. Effect of catalyst on rate of absorption. 

h) /3* versus r 
In the case of reaction rate controlling shown in Curves (4) to (7) in Fig. 

11 where purified d-mannitol is used as the negative catalyst, Y is nearly 

equal to r and Eq. (46) is simplified to 

CAb _ 1 
CA; - cosh Y + (av) sinh Y 

(69) 

As cosh Y"=i'l and sinh Y"=i'Y, when Yis small, av is calculated by the equation: 

av= 1-(CAb!CA,) 
Y(CAb/CA;) 

(70) 

Substituting the data: m=0.105, DA=2.60x 10-s [cm2/sec], v=l.91 [cm3/cm2
] 

( V=300cc), kb=2.10 x 10-2 [cm/sec] (N=400r.p.m.) and k= 1.68 x 10-4 [(l/g-moles)0- 105 
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/sec] (Eq. (64)) into Eqs. (36), (41) and (48'), these values of the related para­

meter for several values of CBb in oxidation by pure oxygen are calculated 

and tabulated in Table III. 

Table III. Na2SO3-O2 system with negative catalyst of purified d-mannito!. 

CBbx 105 Rxl09 Yxl02 P* c,ibc; Ai av av* 

[g-moles/cm3] [g-moles/ cm3 • sec J [-] [-] [-] [-] [-] 

3.96 3.29 1.70 0.243 0.757 18.8 26.2 

3.41 2.84 1.58 0.210 0.790 16.8 24.2 

2.91 2.42 1.45 0.179 0.821 15.0 22.4 

* Calculated from Eq. (37) and the specified values of v. 

The last column in Table III shows the value of av which is given by 

the value of a calculated by Eq. (37) and v specified by the experimental 

condition. These values of av do not coincide with those calculated by Eq. 

(70). As Y=q in this case, values shown in Table IV are plotted on Fig. 19. 

It is seen that the result shown in Table III is the case of reaction rate 

controlling. 
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Table IV. Oxidation of sodium sulfite. 

Rotating speed Liquid volume Catalyst Catalyst k n concent. 

[r.p.m.] [/] [g-moles/l] (l/g-moles)" s!c [-] 

115 0.8 d-Mannitol 10- 1 0.367 1 

200 0.8 d-Mannitol 10-1 0.367 1 

285 0.8 d-Mannitol 10-1 0.367 1 

115 0.8 d-Mannitol 10-1 0.367 1 

200 0.8 d-Mannitol 10-1 0.367 1 

285 0.8 d-Mannitol 10-1 0.367 1 

115 1.5 None - (5.6)15) 1 

200 1.5 None - (5.6) 1 

285 1.5 None - (5.6) 1 

115 1.5 CoS04 5x10- 4 1.03xl06 1.5 

200 1.5 CoS04 5x10- 4 1.03xl06 1.5 

285 1.5 CoS04 5x10- 4 1.03xl06 1.5 

115 2.5 CoS04 5 X l0- 4 1.03xl06 1.5 

200 2.5 CoS04 5x10- 4 1.03xl06 1.5 

285 2.5 CoS04 5x10- 4 1.03xl06 1.5 

Rotating speed CBb kb r P* Gas obs. obs. 

[r.p.m.] [g-moles/l] [cm/sec] [-] [-] 

115 o.11x10- 2 1.13 X 10-2 9.05x10- 3 1.82x10-1 02 

200 o.11x10- 2 1.49x10-2 6.9 x10- 3 1.37x10- 1 02 

285 o.11x10- 2 1.77 X 10-2 5.8 x10- 3 1.14x10-1 02 

115 4.0 x10- 2 1.13x10-2 5.5 x10- 2 7.65x10-1 02 

200 4.0 x10- 2 1.49 X 10-2 4.16x10- 2 8.55x10- 1 02 

285 4.0 x10- 2 1.77 X 10-2 3.49x10-2 8.45x10- 1 02 

115 4.0 x10- 2 1.13 X 10-2 (2.14 X 10- 1) 0.98 02 

200 4.0 x10- 2 1.49 X 10-2 (1.63x10- 1) 0.98 02 

285 4.0 x10- 2 1.77x10-2 (1.37 X 10-1) 1.01 02 

115 8.46 X 10-3 1.13 X 10-2 12.8 7.70 Air 

200 8.46x10- 3 1.49x10-2 9.82 6.95 Air 

285 8.46 X 10- 3 1.77 X 10-2 8.22 5.75 Air 

115 4.02 X 10-2 1.13x10-2 40.9 12.1 02 

200 4.02x10- 2 1.49 X 10-2 31.5 10.9 02 

285 4.02 X 10-2 1.77 X 10-2 26.3 10.2 02 

Temperature: 25± 1 °C at atmospheric pressure. 
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The values of /3* and r calculated from the experimental results shown 

in the paragraph a) (which are obtained by the experiment of uncrystallized 

d-mannitol), b), c), d) and e) are tabulated in Table IV. Observed values and 

the theoretical curves of Eqs. (28), (29), (30) and (31) are plotted on the same 

diagram, Fig. 19. 

Group (1) of the plotted points in Fig. 19 are in the range of chemical 

reaction rate controlling; group (2), diffusion and chemical reaction rate 

controlling; group (3), diffusion rate of reactant A controlling; group (4), 

diffusion and chemical reaction rate controlling within the diffusion film; and 

group (5), diffusion rate of reactant B from the liquid bulk controlling. The 

theoretical and experimental values are in good agreement. Hence, approx­

imate solution presented by the authors based on the film theory may be 

extended to the case of unsteady state mass transfer which should be right­

fully predicted by the penetration theory. From this plots, the rate control­

ling steps are clearly shown and the change in /3* with increase in r is 

evident. 

Conclusions 

A gas-liquid contactor of a rotating drum was contrived as a test reactor 

in which the interfacial area between phases was measurable. 

The rate of oxidation of sodium sulfite with 0 2 and air was observed in 

the system consisting of a liquid film and a separate bulk liquid. The rate 

and the order of reaction were measured. Solution for the rate equation of 

(m + 1)-st order was also derived as the supplement for the previous paper13 J_ 

The observed r~sults were plotted on the theoretical curves and comparison 

were made. The existence of five states of rate controlling effected by the 

relative magnitude of reaction and diffusion resistances, which were derived 

by theoretical analysis, were verified by experiment. 
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Notations Used 

Total interfacial area 

Reactant A (gas) 

Reactant B (liquid) 

Width of rotating cylinder 

C, C0 , C, and C,: Concentration of dissolved gas in liquid (refer 
to Figs. 2 and 3) 

CA Concentration of reactant A in liquid 

CAb Uniform bulk liquid concentration of A 

[cm2
] 

[-] 
[-] 
[cm] 

[g·mol/l] 

[g·mol/l] 

[g·mol/l] 

CA; Concentration of reactant A in liquid at gas-liquid interface [g·mol//] 

CB Concentration of reactant B in liquid 

CBb Uniform bulk liquid concentration of B 

BBbo: CBb at time 0=0 

CBR: Average concentration of reactant B (assumed) in reaction 
zone of liquid phase 

C1 Concentration of dissolved gas (A) in liquid at interface 

DA Molecular diffusivity of reactant A in liquid 

DAa : Molecular diffusivity of reactant A in phase a 

DB Molecular diffusivity of reactant B in liquid 

d Diameter of rotating drum 

[g-mol/1] 

[g·mol//] 

[g·mol/1] 

[g·mol/l] 

[g-mol/1] 

[cm2/sec] 

[cm2/sec] 

[cm2/sec] 

[cm] 

de Equivalent diameter of gas stream [cm] 

Ji', Fo, JF: Liquid flow rate (refer to Fig. 2) [cm3/sec] 

H HENRY constant [atm/(g·mol/cc)] 

k Reaction rate constant for (l+n)-th order reaction [(l/g-mol)n/sec] 

k Reaction rate constant for (m + 1)-st order reaction [(1/g·mol)m /sec] 

ka Gas film mass transfer coefficient [g-mol/cm2 •sec·atm] 

kb Liquid-phase mass transfer coefficient (in absence of 

K 

I 

m 

n 

chemical reaction) 

Integration constant 

Thickness of liquid film on rotating cylinder 

Order of reaction ( on CA) 

Order of reaction (on CBb) 

[cm/sec] 

[-] 
[cm] 

[-] 
[-] 

N Rotating speed of drum [r.p.m.] or [r.p.s.] 

NA Average rate of absorption or evaporation per unit area 
of interface [g·mol/cm2

] 

NA; : Rate of vaporization per unit area of interface [g·mol/cm2
] 

PAa Mean partial pressure of diffusing gas in gas stream [atm] 

PA; : Partial pressure of diffusing gas at phase boundary [atm] 
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,#A : Mean differ~nce between vapor pressure of liquid and partial 

pressure in gas stream [atm] 

PBM: Logarithmic mean partial pressure of inert gas through which 

p 

R 

t 

vapor diffuses 

Total pressure 

Gas constant 

Time 

[atm] 

[atm] 

[cm3 ·atm/g-mol· °K] 
[sec] 

V 

V 

Absolute velocity of gas 

Liquid volume per unit interfacial area 

Liquid volume 

Distance normal to the interface 
fhickness of effective gas film 

Thickness of liquid film 

XR Thickness of effective reaction zone in liquid phase13J 

Y=✓kC8RnDA/kb: Parameter for (l+n)-th order reaction 

a=✓ kC8 bn!DA: Parameter for (l+n)-th order reaction 

/3*=NAlkbCA; : Reaction coefficient for mass transfer 

[cm/sec] 

[cm] 

[cm3
] 

[cm] 

[cm] 

[cm] 

[cm] 

[-] 
[1/cm] 

[-] 
/30 : /3* for unsteady state diffusion followed by fast irreversible 

reaction 

r =✓kCBbnDAlkb: Parameter for (1 +n)-th order reaction 

0 : Time 

,c=XRIXb 

J. (1/v)(DBIDA)(CBb!CA;) 

Viscosity µ 

J/ 

p 

T 

Number of moles of B reacting with one mole of A 

Density 
Gas-liquid contact time 
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