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The objectives of the agitation of liquid-liquid mass transfer systems with 
or without chemical reaction may be set forth as follows in general: 
(1) increase in the interfacial area by promoting dispersion, 
(2) diminution of the mass transfer resistance in the diffusion film outside the 
liquid droplets, and 
(3) diminution of the mass transfer resistance in the inner part of liquid droplets 
or mixing of dispersed phase. 

The diameter of liquid droplets was measured to estimate the interfacial area. 
At the same time, the rate of reaction or the rate of mass transfer was observed 
for various kinds of liquid-liquid mass transfer systems which were classified 
according to reaction or no reaction and according to degree of difference in 
density. Comparison was then made between the increase in the estimated 
interfacial area and the increase in the rate of reaction caused by the increase 
in agitator speed. 

On the other hand, mathematical analysis were performed on these processes 
to clarify the effect of agitation for various kinds of fundamental and important 
liquid-liquid agitation systems. Thus the authors found that the effect of agita
tion upon the liquid-liquid mass transfer was mainly to increase the interfacial 
area, that the decrease of the mass transfer resistance in the diffusion film outside 
droplets was slight, and that the mixing of the inner part of the droplets was 
rather decreased by the increase in agitator speed. 

Part I Effect of Agitation for the Diminution of Mass Transfer 

Resistance in Continuous Phase. 

Introduction 

The effect of agitation on reducing the diffusional resistance in continuous 

phase may be inferred roughly from the results of previous experiments about 

liquid-solid systems.5
) In a liquid-solid agitation system, it was ascertained that 

the smaller the difference in density, the smaller the effect of increasing the 

agitator speed on reducing the mass transfer resistance in diffusional film. Hence 
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for a liquid-liquid system the effect of agitation on reducing the mass transfer 

resistance in continuous phase may be considered rather small, because the 

difference in density is generally small. 

For liquid-liquid systems in which difference in density is zero and the dispered 

phase consists of a single component only, the effect of increase in agitator speed 

on the diminution of mass tranc;fer resistance on the outside of liquid droplets 

is assumed to be negligible. In such systems the effect of increase in agitator 

speed is supposed to increase only the interfacial area. For this reason, these 

liquid-liquid systems whose density difference is zero (dp=O) may be considered 

the most fundamental objects for an investigation of the agitation effect on liquid

liquid mass transfer. Starting from these systems, the more complicated cases 

may be clarified, for example, systems in which difference in density is not zero 

and mass transfer is accompanied by chemical reaction. From this point of view, 

the authors investigated the relation between over-all mass transfer rate, inter

facial area and intensity of agitation in the following systems : 

( 1 ) Dissolution of hardly miscible liquids in which the density difference is 

zero and no chemical reaction occurs (Example: o-toluidine-water system). 

( 2 ) Liquid-liquid systems in which the density difference is zero and diffusion 

resistance in continuous phase is controlling, and chemical reaction occurs 

(Example: iso-valeryl chloride-water system). 

( 3) Liquid-liquid systems in which the density difference is not zero and diffusion 

resistance in continuous phase is controlling and chemical reaction occurs 

(Example: benzoyl chloride-water system and fumaric acid chloride-water system). 

( 4) Liquid-liquid systems in which the density difference is zero, and chemical 

reaction and diffusional resistance are comparable in magnitude (Example: n

butyric anhydride-water system). 

1. Experimental Conditions and Procedure. 

a) Experimental Apparatus and Procedure. 

The experimental apparatus used is quite similar to that for solid-liquid 

agitation5 J,6J. A cylindrical glass vessel with a flat bottom is used. The inside 

diameter (D) is 10 cm and the liquid depth (H1 ) is always equal to the vessei 

diameter. A paddle agitator with four blades is used. The diameter of the 

impeller (d) is equal to 5 cm and the width of the impeller blades (b) is equal 

to 1.5 cm. The pitch angle of the blades (8) is 75° to the plane of rotation. 

The elevation of the impeller (Hp) is always 4 cm (refer to Fig. 1). 

Somewhat uncommon baffle plates6J are used as shown in Fig. 1 (a). Width 

of the baffle plates, w0 = 1 cm, submersion length Ss=2.5 cm, distance of the baffles 

from the agitator axis, es=2.5 cm. Two baffle plates are inserted symmetrically, 
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! j(Jll!'cLdroplets sampling ap£aratus 

G_l§~~l§te~ -11, 

5 s· 

... i· 

lb) Baffle CO?dttions for 
/Jeavy liquid dispersion 

raJ Baffle conditions for light liquid dispersion 
and sampling apparatus 

Fig. 1. Diagram showing the agitation equipment. 

Table 1. Physical properties of materials 

Density Surface v· 't I Solubility 
Materials Mol. formula tension ISCOSI y in water 

[g/cm3] [dynes/cmJ [c.p.J [g/100g•H2O] 

water H2O 1.00 73.9 (12)* 0.895 -
NH2 

o-toluidine 
OcH3 

1.002 - - 1.50 

iso-valeryl chloride (CH3)2CHCH2COCl 1.015** 28 (12) 0.675 slightly 
1.005 solub. 

benzoyl chloride <~COCl 
1.2188 1.23 :=/ (15) - " 

HC-COCl 
fumaric acid chloride II 1.4095 - - " HC-COCl 
n-butyric anhydride [CHa(CH2)2COJ2 0 0.9946 - 1.43 " (20) 
n-butyric acid CH3(CH2)2COOH 0.959 - - (any ratio) 

a:-nitro propane CHa(CH2)2NO2 1.003 30.0 (20) 0.709 1.4 (20) 

tetraline C10H12 0.971 - 2.02 very slightly 
solub. 

carbon tetrachloride 
CCl• +CnH2n+2 1.00 19.2 + paraffine oil - " 

diethyl carbonate COa(C2H.)2 0.975 27.2 (12) 0.777 slightly 
(20) solub. 

--·---~~-~·-·--·-

* temperature, °C, ** observed value. 
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in this case, and used for the dispersion of the small amount of lighter liquid. 

When the dispersion of heavier liquid is required, four baffle plates of w0 = 

1.5 cm are inserted symmetrically as shown by Fig. 1 (b). Both the impeller and 

the baffle plates are made of stainless steel (SUS-12). 

The liquid temperature is held constant within ±0.1 °C. 

In order to trace the change in concentration of solute dissolved, or amount 

of reaction taking place, a platinum plate electrode of 1 x 1 cm with the distance 

of 1 mm was used. 

When a steady state condition is reached, a part of the liquid containing 

some droplets is withdrawn into the sampler S-S' as shown in Fig. 1 (a) and 

a photograph of the droplets is taken to measure the diameter of the liquid 

droplets. 

b) Materials used. 

Materials used are all chemically pure and some of their physical properties 

are tabulated in Table 1. 

2. Calculation of the lnterfacial Area. 

Provided that the diameters of droplets in an agitation vessel are denoted 

as dL dL dL ··· d;, ··· and d~ [cm] and the number of the droplets of diameter 

d; as n;, the interfacial area (A') of this liquid-liquid interface is calculated by 

the relation, 

A'= 'i]n;rrd;2=rr~n!d? 
i=l i=l 

However, all of the droplets can hardly be observed. Most probable data 

must be estimated statistically using the observed data of a part of liquid s'.lmple. 

Let the total volume of liquid droplets be denoted as U, and the measured 

diameter and their number of droplets be denoted as : 

d1, d2, ··· d;, ··· and dn 

n1, n2, ··· n;, ··· and nn 

Then the total interfacial area A is expressed as follows : 

"' U ,, d 2 
A= rr'1 ntd~--- = 6U.;,.,,n;_' LJ " •u , 1 da ,-1 rr,, da L.J n; ; 

6f=1n; ; 

The mean volume diameter dv and the mean surface diameter ds is defined by 

the following equations : 

d _ I\; 1 ( ·d:i,;s.;·, ·}1/3 v-t-"-' n, // ._;n, 

ds = {~ (n;d7'/~n,r
2 
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Therefore using enough observation data, the interfacial area A is expressed 

as follows: 

(1) 

That is, from the values of mean volume diameter (dv) and mean surface diameter 

(ds), the interfacial contact area ca,i easily be obtained. The values of dv and 

ds may be obtained from tne observed data as follows. 

In the case of the present experiment, the distribution of droplet diameters 

is expressed by the logarithmic normal distribution. Let the drop diameter be 

denoted as d (probability variable), then the general form of the distribution 

curve F(d) is expressed by the following equation.2) 

F(d) = ~ n exp{- (ln d-?n dg)2} 
✓21l'lnag 2lnag 

(2) 

where dg is a geometric mean diameter and og is a geometric standard deviation. 

Thus the mean surface diameter ds and the mean volume diameter dv is 
derived as follows : 

Now denoting ln d=x, 2 ln2 ag=l/a and ln dg=b. 

d=e", ✓21l'lnag=✓1!'/a 

(ln d- ln dg_r}d ln d 
2 ln2 ag 

Converting the logarithmic base from e to 10, we have, 

logd~ = 2logdg+4.605log2ag 
Similarly, 

Converting the logarithmic base to 10, we have, 

log d~ = 3 log dg+ 10.362 log2 ag 

( 3) 

( 4) 
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The values of dv and ds may be calculated from Eq. (3) or (4) using the 

values da and <Jg. 

The following method may be followed. Diameters of more than 500 droplets 

are observed, and the values are subdivided into about 10 grades, where the 

upper limit of the i' th section is expressed as D;. 

The number of droplets in each section N/ is counted and divided by the 
n 

total number ~NI: thus the normalized cumulative frequency is obtained. 
1-1 

normalized frequency 

' normalized cumulative frequency : L] Ni'== N; 
t=l 

Plotting the values of N; versus D; on log-probability graph paper, we have 

approximately a straight line. The reading of D; for N;=0.5 gives a geometric 

mean diameter (dg). From the ratio of the reading of D; for N;=0.158 to da, the 
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Fig. 2. Plots of N; vs. D1 on log-probability paper for 
iso-valeryl chloride-water system. 

geometric standard deviation <Jg (i.e., logarithmic mean standard deviation) is 

obtained (refer to Fig. 2). 

log da = ~(N; log D;)/~(ND 

log a = /~{NWog D;-log da) 2
} 

a 'V ~Nt 

In the present experiment the authors measure the diameters of droplets at 
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the intervals of 3-10 seconds after the commencement of reaction, that is, at 

the conversion x. Denoting the geometric mean diameter, mean surface diameter 

and mean volume diameter at x as dg,,, d.,, and dvx respectively, the interfacial 

area Ao and the drop diameter dg0 at the moment of interfacial contact is derived 
as follows. 

From Eq. (1), 

A _ 6,, d~o 
o - uo-3-

dvo 

The total dispersed phase volume (U,,) at conversion x is, 

( 5) 

( 6) 

Assuming that the total number of droplets does not change in the course of 
the reaction and the change in diameter of all droplets takes place according to 
the following relation, 

then the following relations are derived: 

A,,= Ao(l-x) 213 = 6Uo(l-x)<f;~ 
dv,, 

3. Over-all Rate of Reaction. 

( 7) 

(8) 

( 9) 

In the case where the dispersed phase consists of only one component, and 
dissolves into a solvent in which a chemical reaction occurs, the over-all rate of 

reaction is expressed by the following equation just as in the case of gas 

absorption. According to S. Hatta3
), the following reaction is obtained : 

R = 0ksA{ct- cBh } 
cos r 

where 0=r/tanh r (Hatta number). 

(10) 

(a) In cases where the physical diffusion rate is controlling, Eq. (10) is reduced to, 

R = kBA(C1;-CB) (11) 

(b) In cases where the reaction velocity is very large compared with the 

diffusion velocity, or where the volume of continuous phase is very large com

pared with the interfacial area, the diffusion resistance becomes rate controlling 
and Eq. (10) reduces to, 

R = [3kBACf, = [3kBAHC'Ji (12) 

Therefore, representing the change in interfacial area caused by the chemical 
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reaction with Eq. (8), 

By integration, 

where 
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1-(1-x) 113 = k'8 

k' -0ksA0HCJi_/3CEV 

(13) 

(14) 

(14') 

In the range where mass transfer coefficient ks is held constant, {l-(1-x)113
} 

is proportional to 8 as shown by Eq. (14). 

(c) In the case where the chemical reaction velocity is small compared with 

the diffusion velocity or where the dispersed phase is comparatively large so 

that the value of av=✓kw/Df·(V/A) is nearly equal to 1 (refer to the previous 

paper of the authors6
)), Eq. (10) reduces to the form where reaction rate is 

controlling : 

R = kwVCs (15) 

4. Effect of Agitation on Simple Dissolution Systems whose Density Difference 

is Zero. 

As already discussed, in the case of liquid-solid agitation systems where the 

difference in density of the two phases is small, the change in diffusion resistance 

accompanied by the change in agitator speed decreases. 

Since the difference in density is generally small in the case of liquid-liquid 

systems, the diffusion resistance on the outside of droplets may hardly be lowered 

by increasing agitator speed, especially in cases where the difference in density 

of the two phases is zero. 

To confirm this inference, the authors measured the increase in dissolution 

velocity and interfacial area of o-toluidine (specific gravity= 1.002) in water which 

accompanied an increase in agitation velocity. 

In Fig. 3, curve (1) representing the change of dissolution velocity has 

approximately the same slope as that of curve (2) representing the change of 

interfacial area. The fact that these two curves parallel each other shows that 

the change in diffusion resistance is almost negligible. 

On the other hand, the geometrical mean diameter of the dispersed droplets 

changes with the increase in agitator speed as shown by the curve (3). The 

observed points lie on the two hyperbolic curves subdivided by the critical agitator 

speed (N0 ) where suction of air occurs. It is to be noted that the bend points 

of the curve of interfacial area [ curve (2)] and of the curve of dissolution rate 

[curve (1)] seems to appear at the same agitator speed of Na. 
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5. Effect of Agitation for Rection Systems Controlled by Diffusion whose 

Density Difference is Zero. 

As an example, the authors took up the hydrolysis reaction of iso-valeryl 
chloride [(CH3) 2 -CH•CH2CO·Cl] whose specific gravity is 1.015 and is close to 
that of water. The rate of hydrolysis of I.V.C. (for simplicity, let us denote 
iso-valeryl chloride as I.V.C. hereafter) is very large compared with the rate of 

diffusion. The results of the rate of hydrolysis reaction and the interfacial area 
is proportional as shown by Fig. 5. 

As the solubility of I.V.C. in water is very small and the rate of diffusion 
is controlling, the relation between conversion x and time 8 should be given by 
Eq. (14). Fig. 4 is a diagram showing the relation of {l-(l-x)113

} versus fJ. 
The observed data shows a good linearity. The slope of these lines gives the 
coefficient k'. From these data, it is possible to calculate the over-all rate of 
reaction. Curve (2) in Fig. 5 is the plot of the experimental data and is parallel 
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"' ~ 
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~ 
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Time : B [sec} 
Fig. 6 Plots of reaction product concentration Cp vs. time 8 for hydrolysis 

reaction process in benzoyl chloride-water system. 
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to curve (5) which shows the interfacial area. Curves (1), (4) and (6) show 

the results of the experiment with baffle plates for lighter phase dispersion. 

6. Effect of Difference in Dem:lty. 

Fig. 6 is diagram showing the rate of hydrolysis of benzoyl chloride (sp. 

gr.=1.219). As shown by the curves, pseudo zero order reaction mechanism 

seems to hold after a steady state is reached. Rearranging and replotting the 

data of reaction velocity against agitator speed, curve (1) in Fig. 7 is obtained. 

Curve (2) shows the observed data of the interfacial area. Thus the slope of 

curve (1) is slightly larger than that of curve (2). Fig. 8 is a diagram for the 

hydrolysis of fumaric acid chloride (sp. gr.~ 1.410). As shown by these two 

diagrams, the diffusion resistance on the outside of the dispersed droplets is 
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lowered by the increase in agitator speed. Generally speaking, however, the 

difference in density of liquid-liquid systems is rather small, so that the effect of 

the increase in agitator speed on 

insignificant and its effect on the 

increase in interfacial area is of 

overwhelming importance. 

7. Effect of Agitation on Reac· 

tion Systems of both the 

Diffusion- and Reaction

Rate Controlling, and of 

Negligible Difference in 

Density. 

In liquid-liquid mass transfer 

followed by chemical reaction, if 

the rate of reaction is very large 

the decrease in diffusion film resistance is 
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ble to its rate of diffusion. 

The result of this reaction is shown in Fig. 9. As shown by the diagram, 

the over-all rate of reaction nearly corresponds to that of diffusion controlling 

in the range of lower agitator speed, i.e., the curve for (Ro/V) is nearly parallel 

to the curve for Ao/V. When the agitator speed is increased, the rate of diffusion 

is increased with an increase in interfacial area, and finally attains a state where 

the concentration of butyric acid anhydride ·in the continuous phase comes to 

saturation. Thus, in this range, the over-all rate of reaction nearly corresponds 

to the rate of hydrolysis. Therefore, there must be free butyric acid anhydride 

as well as the butyric acid produced by hydrolysis in the continuous phase. To 

verify the above, the authors withdrew part of the solution and filtered it through 

a glass filter to remove undissolved droplets of butyric acid anhydride. The rate 

of hydrolysis in the filtrate is shown by the curves (1) and (2) in Fig. 10. This 

hydrolysis reaction shows a form of first order homogeneous reaction, and the 

reaction velocity constant is determined to be 0.048 [1/min] for N=800 r.p.m. and 

0.047 [1/min] for N=215 r.p.m. by the analysis* of curves (1) and (2). These 
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Fig. 10. Hydrolysis reaction process in n-butyric auhydride-water reaction system. 

* Details of the analysis to determine the rate constant are the same as reported in a previous 
paper6), 



Mass Transfer and Chemical Reaction in Liquid-Uquid Agitation Systems 263 

values agree well with the value Q.047 [1/min] that is stated in the International 

Critical Tables. 

As mentioned above, there is apparently some unreacted butyric acid anhydride 

in the continuous phase (water), and the quantity is increased with increase in 

agitator speed. Accordingly the over-all rate of reaction is increased by the 

increase in agitator speed. But above a certain speed, the range may appear in 

which reaction rate becomes controlling. 

Part II Effect of Agitation on the Mixing of the Inner Parts of Droplets. 

Introduction 

The effects of agitation on liquid-liquid mass transfer consist of (1) the 

increase in contact surface area resulting from the break up of dispersed phase, 

(2) the decrease in the diffusion resistance in continuous phase, (3) the mixing 

inside the droplets caused by the convection current induced. 

As stated above, the authors discussed items (1) and (2). On item (3), the 

authors made experiments mentioned lator. 

The authors adopted the liquid-liquid systems in which dispersed phase was 

diluted with another solvent having equal density, viscosity and interfacial tension. 

By measuring and comparing the changes in interfacial area and mass transfer rate 

accompanying the changes in agitator speed, the effect of mixing inside the dro

plets caused by agitation may be made clear. 

Comparisons are made on the observed data (1) with the calculated curve 

based on perfect mixing, (2) with the calculated curve based on molecular diffusion 

without convection current. 

An experiment was also performed diluting the dispersed phase with solvent 

of high viscosity in order to reveal the effect of diffusion resistance and convec

tion current occurring inside the droplets. 

The physical properties of the samples used are tabulated on Table 1. 

8. Calculation of Interfacial Area. 

The volume of the dispersed phase (Ux) at a conversion x may be related to 

the initial volume U0 , 

Ux = Uo(l-mx) (16) 

where m is the initial weight fraction of solute in the dispersed phase. 

Provided that the total number of droplets is unchanged and the following 

relations (17) are assumed to hold regardless of the conversion, Eqs. (18) and 

(19) are derived using Eq. (8), 
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Ax= AoC1-mx) 213 = 6UoC1-mx)d~,,/d!,, 

9. Mass Transfer Coefficient in Continuous Phase. 

(17) 

(18) 

(19) 

In the following experiment, the authors deal with the case where the diffus

ing substance (reactant) is at first dissolved in the dispersed phase. When the 

dispersed phase comes into contact with water, the reactant diffuses from the 

dispersed phase into the water (continuous phase) followed by hydrolysis reaction. 

The concentration of the diffusing substance (B) just outside of the interfacial 

surface is denoted as Ct and the concentration in the liquid bulk CB, In the 

case where the rate of hydrolysis is very large, CB is assumed to be practically 

zero, and the rate is expressed3
),

5
) as an irreversible pseudo first order reaction, 

i.e., 

(20) 

where 0 is the Hatta number which is equal to r /tanh r for steady state diffusion 

and is equal to 1/erf✓ a/DfB for unsteady state diffusion. 

In this section, the agitation efficiency inside the dispersed droplets is to be 

examined. Prior to this main object, it is necessary to make clear the diffusional 

resistance in the continuous phase. Fig. 11 (a) is a schematic diagram showing 

the concentration gradient adjacent to the interface when the dispersed pha<1e 

consists of a single phase. The concentration of the continuous phase at the 

interface Ct is assumed to be in equilibrium with the internal concentration 

C~(=CA) and Cl is assumed to be equal to Hci (for example, the solubility of 

I.V.C. in water is very small, so that the Henry's law is assumed to hold), then 

from Eq. (20), 

(21) 

Using Eq. (21), the value of 0kBH may be calculated. 

10. Derivation of Over-all Rate Equation. 

(a) Cases where perfect mixing is assumed in the droplets. 

Fig. 11 (b) is a schematic diagram which corresponds to the case where the 

reactant is completely mixed with the solvent in the droplets and gradually 

dissolves into continuous phase reacting with water. 

The average concentration of reactant in the droplets having weight fraction 

rn and conversion x is expressed ; 
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expressed: 

(23) 

By integration, we have, 

f"'(l- mx) 113 dx = 3knHmA_o(f~o)m'_"_1 8 + Io 
Jo (1-x) CEV 

(24) 

As the coefficient of 8 is independent of time, the relation between 8 and x can 

be obtained by integrating the left hand side term. Multiplying the concentration 

CE by x, the quantity of the reaction product is obtained. 

(b) Cases where the mass transfer is assumed to occur by molecular diffusion 

only. 

Fig. 11 (c) is a diagram which shows that mass transfer occurs by molecular 

diffusion only, and no convection current takes place in the droplets. The con

centration distribution C(r, /J) inside and outside the droplets next to the interface 

is assumed to be symmetrical with regard to the center of the droplets. 

Taking a material balance between r and r+dr, the rate of mass transfer is 

expressed by Fick's law as follows ; 

:~ = DfA(~:~+} ~;) (25) 

(r~a) (26) 

These two equations are solved under the following initial and boundary 

conditions; 

C(r, 0) = CAo 

C(r, 0) = 0 

oC(0, 8) = O 
or 

(a 2; r >- 0) 

(r'?;a) 

(8?>_0) 

} 

HC(a_o, 8) =CCa+o, 8) (8;.~0) 

D oCCa+o, 8) _ D oC(a_o, 8) 
fB or - fA or (8 '?; 0) 

Ok C* _ Ok uc* = K C* _ D oC(a_o, 8) 
µ B B - µ BH' A - B A - f A or 

(27) 

(28) 

(29) 

(30) 

(31) 

(32) 

In the course of the solution of these equations, the unknown value of H is 
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included ; however as mentioned above, the value of 0knH is practically held 

constant regardless of agitator speed N and time fl, and is calculated by Eq. (21). 

Considering this fact, Eq. (33) may be derived from Bq. (25) by substituting the 

initial condition of Eq. (27) and the boundary conditions of Eqs. (28), (30) and 
(32). 

C(r fl)_ 2aLCAo~e_J9)(-D,Ai~fl/a2
) sin.l.nr/a 

' r n~I {i.~+L(L-1)} sin).n 
(a~ r ;:c: 0) (33) 

where L=aKn/D1 A, ).n's are roots of An cot ).n+L-1=0. 

The over-all reaction rate RIV is also derived as follows: 

R - D AA (ac) =2L2CAoD,AA~exp(-D,A).~fl/a2
) 

V I V or r-a aV n-1 {).hL(L-1)} 
(34) 

The average concentration in the droplets is obtained : 

1 ra 3 (0 
2 

Cm = ( 4/ 3)1ra3J
0 
C(r, fl)41rr2dr = as Jo C(r, fl)r dr (35) 

The conversion x or the concentration of reaction product CP is given by 
the following equation : 
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A. B. Newman7l made a numerical 

calcultion on the relation CmlCAo and 

DI Afl I a2 using L as the parameter. 

J. Crank1J made a conversion of 

the calculated values and drew a dia

gram showing the relation between 

(1-Cm/CAo) and i/D1Afl/a2 (refer to 

Fig. 12). 

Accordingly, the value of Ks is 

obtained by Eq. (21) and the value 

L calculated from the value ds (esti

mated by the observed value of A 0). 

Reading the value of conversion x( = 

Cp/CE) from Fig. 12 corresponding 

to the calculated value of ✓D1A/a2 

in appropriate time interval, the 

relation between reaction product 

concentration Cp and time O is ob

tained. 

11. Experimental Results and 

Comparison with the Theor

etical Values in the Two 

Extreme Cases. 

I.V.C. is diluted with a-nitropro

pane which has nearly equal density, 

viscosity and interfacial tension and 

has little solubility in water. This 

mixture is added to water agitated 

to a steady state. After a certain 

period (about 2~10 seconds), sample 

solutions are withdrawn and the size 

distribution is measured to estimate 

dgx• Values of dg0 are estimated by 

Eq. (19) and plotted against agitator 

speed N, thus curve (1) in Fig. 13 

is drawn. 

The interfacial surface area Ao 
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Fig. 13. dgo, A 0/ V and R0/ V vs. N for water
(I. V.C. + a--nitro propane) system. 
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is obtained by Eq. (18) and plotted in Fig. 13 as shown by curve (2) which is 

approximated by the following equation : 

A 0/V = 1.77x 10-3N 1
·
35 [dm2/l] (37) 

Therefore the interfacial area Ax at the initial concentration of m in weight 

fraction and conversion x should be given by the following equation : 

[dm2/l] (38) 

Curve (3) is that which represents the relationship between the over-all rate 

of reaction at x=0.15 and N, when the dispersed droplets consist of pure I.V.C. 

The value (Rx/V)x=o. 15 increases in proportion to (Ax/V)x-o. 15 against agitator 

speed and is expressed by the following relation : 

(Rx/ V) x=o.15 = 2.03 X 10-s N 1
·
35 [g-moles//•min] (39) 

The experimental result obtained with pure I.V.C. corresponds to that where 

perfect mixing is attained inside the droplets and the rate of reaction should be 

expressed by Eq. (23). In the present case the weight fraction m is equal to 

1.00 so that the initial rate of reaction R0/V is expressed as follows: 

(40) 

Since Eq. (39) is the observed results at x=0.15, substituting the relation into 

Eq. (40), we have, 

Ro!V = 2.27x 10-5N 1
·
35 [g-moles// •min] (41) 

Curve (4) in the diagram is drawn by Eq. (41). Therefore the general form 

of reaction rate has the form, 

[g-moles/l •min] (42) 

As (CAo)m=i is equal to 8.43 [g-moles//], combining Eqs. (38) and (42) the 

value of KB in Eq. (21) is calculated: 

KB= (3kBH = (A~?f CA= 1.52x 10-a [dm/min] (43) 

Curve (6) is that which represents the relation between the over-all rate of 

reaction at x=0.4 for a mixture of 20% by weight I.V.C. and 80% a-nitropropane 

versus agitator speed N. 

Since the solubility of a-nitropropane is 1.35 g/100 g water, the experiment 

was performed with water saturated with a-nitropropane so that the value H 

was larger than that used in Eq. (43). Comparing the values of R0/V at m=0.2, 

0.6, 0.9 and 1.0, the authors obtained a value of KB which is 1.05 times as large 
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as that given by Eq. (43). Denoting the value of H in the case of dilution as 

H' we have: 

[dm/min] (44) 

Therefore the reaction rate calculated on the assumption that the insides of 

the droplets are always kept uniform, is expressed as follows : 

i = K~io (CAo)m=, m(l-x)(l-mx)-113 

= 2.38x 10-6N 1·35m(l-x) (l-mx)-1/ 3 
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Fig. 14 dgo, A 0/V and (R/V),=0 •4 vs. N for water-(1.V.C.+tetraline) 
system, 

(45) 
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Agitator speed: N { r. p. m) 

Fig. 15. dgo, A 0/V and (R/V),=o.4 vs. N for water-(I.V.C.+CC14 + 
paraffine oil) system. 



272 Shinji NAGATA and lwao YAMAGUCB:I 

0 02 

I 
;,;;,-------'--;;;;;;--------:;-±-;;----N.--:-!: ~-..,J..c--lL._..L..,.1-II __LI _ _J O O 1 

100 200 300 400 600 800 1000 
1· 

Agitator speed Iv l r p, m. J 
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Curve (5) is a plot of Eq. (45) at the condition of m=0.2 and x=0.4. 
Curve (7) is a plot of Eq. (36) which is derived from the assumption that 

the mass transfer of I.V.C. in the droplets depends only on the molecular diffusion. 
As shown by the diagram, the observed data is close to the curve of perfect 

mixing in the lower range of agitator speed. With the increase in agitator speed, 

the value of RIV naturally increases, but much less, proportionally, than the 

interfacial area. The range of higher agitator speed, observed data approaches 
the theoretical curve of molecular diffusion, though both curves of perfect mixing 
and molecular diffusion tend to approach each other. 

When the viscosity of the dilutent becomes higher, using for example tetraline 

(µ=2.02 c.p.) (refer to Fig. 14) or a mixture of CCI, and paraffine oil (µ= 19.2 
c.p., sp.gr.=1.00) (refer to Fig. 15), those trends mentioned above become more 

marked. In both cases, the diffusion resistance in the continuous phase is nearly 

equal. In proportion to decrease in Df A as a result of increased viscosity, the 
effect of mixing inside the droplets by agitation becomes greater. 

As shown by these diagrams, it seems reasonable to say that in the range 
of lower agitator speed (N=160r.p.m.), the state of mixing is nearly perfect and 

the concentration in the droplets is comparatively uniform, while at a high 

agitator speed (N=800 r.p.m.) the dispersed droplets become smaller and mech
anical agitation cannot cause mixing inside of the droplets. 

As an example similar to industrial liquid extraction, the authors added an 

experiment on the extraction of n-butyric acid from diethyl carbonate into water. 
Fig. 16 is a diagram showing the result of this experiment. Curve (2) shows 

the relation between A 0/V and N, and curve (3) shows the observed rate of ex

traction at the instant of introduction of the reactant (i.e., x=O). At the initial 

state, the inner part of each droplet is in uniform concentration similar to a 

state of perfect mixing, so that the value of Ks for this extraction system is 

obtained from curve (3). Curves (4) and (6) are the estimated results of the 
rate of extraction from Eqs. (23) and (34), cases of perfect mixing and molecular 

diffusion, respectively, and curve (5) is an observed results at the conversion 
x=0.4. 

Conclusions 

(1) The effect of agitation on liquid-liquid mass transfer consists in the 
following three items: (1) increase in the interfacial area, (2) diminution of the 
mass transfer resistance on the outside of the diffusion film of droplets and (3) 
diminution of the mass -transfer resistance on the inside of liquid droplets. 

(2) Measuring the diameters of the droplets, the interfacial surface area 
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was estimated. On the other hand, the over-all rate of reaction was observed 

and compared with the change in interfacial surface area. 

In a system where diffusion is rate controlling and where densities are nearly 

equal (i.e., Ap"=i'O), these two lines are parallel which means that the agitation 

intensity does not affect the diffusion film resistance on the outside of droplets. 

In cases where the density difference is significant, the slope of the over-all rate 

curve is greater than that of Ao/V, which means that by increasing agitator 

speed the diffusion film resistance is somewhat decreased. However, the effect 

of increasing agitation intensity is mainly an increase of interfacial surface area. 

(3) In the case where the reaction rate is controlling or comparable with 

the rate of diffusion, the main body of the liquid contains a portion of unreacted 

solute and some reaction product. The higher the agitation velocity, the more 

abundant is the unreacted solute in the liquid bulk. Beyond a certain agitator 

speed, there is a range where the increase in agitation has little effect on the 

over-all rate of reaction, i.e., the chemical reaction is rate controlling. 

(4) In the range of lower agitator speed, the diameters of the dispersed 

droplets are rather large and there seems to be a good convection current which 

makes the concentration inside the droplets rather uniform. 

(5) In the liquid-liquid systems whose density difference is nearly zero, 

the increase in mass transfer rate does not correspond to the increase in the 

interfacial surface area. This is because the convection current decreases with 

the increase in agitator speed. 

(6) In the range of higher agitator speed, the diameters of the dispersed 

droplets become small so that the convection current seems to have difficult to 

occurring, and the rate of mass transfer approaches that caused by molecular 

diffusion only. 

On the other hand, the estimated values of the over-all rate of mass transfer 

on the assumption of perfect mixing, and of molecular diffusion approach each 

other in the range of high agitator speed, so that the effect of agitation on the 

mixing inside of the droplets becomes unsignificant. 

(7) Generally speaking, diffusion resistance outside of the droplets does not 

change greatly with the increase in agitator speed, because the density difference 

in liquid-liquid systems is rather small. Moreover the efficiency of mixing inside 

of the droplets becomes less with the increase in agitator speed. Considering 

all, the most marked effect of the increase in agitator speed on liquid-liquid 

systems is the increase in the interfacial contact area. 
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: radius of liquid droplet 

: total interfacial area 

: width of impeller blade 

Notations used 

: concentration of solute or reactant in solution at time /J 

[mm] 

[ cm2
] or [ dm2] 

[cm] 

[g-moles/ l] 

C' : concentration of reaction product in the solution after separation from 

the solid [g-moles/ /J 
C~q : concentration of reaction product in the separated solution after an infinite 

time has elapsed [g-moles/ l] 

: concentration of reaction product at equilibrium [ g-moles/ /] 

Cm : average concentration of solute or reactant Jn the inner part of droplets 

at time fJ [g-moles/l] 

C P : concentration of reaction product in the liquid bulk at time /J [g-moles/ /] 

Cw : concentration of water [g-moles//] 

: diameter of the impeller 

: geometric mean diameter of liquid droplets 

: observed values of the diameter of liquid droplets 

: surface mean diameter of liquid droplets 

: volume mean diameter of liquid droplets 

: diameter of the agitation vessel . -

[cm] 

[cm] 

[mm] 

[mm] 
[mm] 

[cm] 

d 

dg 

d; 

ds 

dv 

D 

Dt 

D; 

F 

: diffusion cofficient of solute [cm2/sec] or [cm2/min] 
: upper· limit of the diameter of droplets at the i'th section [mm] 

: mathematical symbols representing " function of " 

H or H' : constant of Henry's law 

H 1 : liquid depth 

Hp : elevation of impeller above bottom 
: an integral constant 

[-] 
[-] 

[cm] 

[cm] 

[-] 
k : hydrolysis reaction rate const,;mt for 2nd order reaction [l/g-moles·min] 

k' = ks(3A0HC"A [dm3/min·/J 
3CEV 

ks : mass transfer coefficient in continuous phase [dm/min] 

kw = kCw : hydrolysis reaction rate constant multiplied by concentration of water 

KB=f3HkB 

L=aKB/Dt 

[1/min] 

[dm/min] 

[-] 
m : initial concentration of solute in dispersed phase expressed in weight 

fraction 

n; : number of liquid droplets measured 

[-] 
[-] 
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N : agitator speed 

Na : agitator speed at which suction of air occurs 

Ne : critical agitator speed required to mix two immiscible liquids 

[r.p.m.] 

[r.p.m.] 

[r.p.m.] 

N; : normalized cumulative frequency 

Ni' : normalized frequency 

r : distance from the center of droplet 

R 

Sn 
: over-all reaction rate 

: submerged length of baffle plate 

U : total volume of liquid droplets 

v = V / A : volume of liquid per unit interfacial area 

V : liquid volume 

Wo : width of baffle plates 

x : weight fraction of reaction product 

xn : thickness of effective diffusional film 

a= ✓kw/DJ 

(3 = r /tanh r or 1/erf ✓aJDt "Hatta number" 

r = ✓f:n1IK 

fJ 

fl 

µ 

Pt 

,dp 

Og 

: eccentric distance of baffle plate from agitator shaft 

: angle of impeller baldes 
: time elapsed from interfacial contact 

: the roots of the equation; AnCOtAn+L-1=0 

: viscosity of agitated liquid or solvent 
: density of agitated liquid 
: density difference between two liquids 

: geometrical standard deviation 

Subscript 

A : dispersed phase 

B : continuous phase 
0 : initial value 
x : at x (weight fraction of reaction product) 

* : at interface 
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