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Mass transfer between a solidand a liquid, accompanied by the evolution of a 
gaseous phase, is studied experimentally in the presence of mechanical agitation. 
It is shown that for low concentrations of the reagent pneumatic agitation is 
more effective than mechanical. 

Chemical reactions taking place under diffusioncontrol between a solid material and 
a liquid, with the evolution of a gaseous phase, are distinguished by the fact that, in 
growing andbecoming detached from the solid surface, the gas bubbles make the liquid boun- 
dary layer turbulent, and hence accelerate mass transfer. The kinetic characteristics of 
sudh reactions were considered in ~i-3]. In many ways such processes are analogous to those 
involved in the bubble-type boiling of a liquid. 

The mechanism of mass transfer be~een a solid and a liquid, complicated by the evolu- 
tion of a gas phase, may be e~ressed as follows. Molecules of the reagent diffuse to the 
surface of the solid and a rapid ch~ical reaction takes place, as a result of which the 
concentration of the reagent at the solid surface tends to zero [i]. The stoichiometrically 
evolving gas has a maximum concentration at the solid--liquid interface and diffuses into 
the liquid. The distribution of the concentrations in this case is indicated in Fig. la. 

If c > c__ and the difference Cg - Ceq (supersaturation) reaches a certain specific g ~q 
value, evolution of the third (gas) phase will occur. 

The most favor~le conditions for the formation and growth of bubbles exist on the 
solid surface. By analogy with heat transfer, these conditions include a maximum concen- 
tration of the gas and the presence of microasperities, acting as centers for gas formation. 
Furthermore, when a bubble is formed on the solid surface, the work against the forces of 
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Fig. 2. Mass-transfer coefficients k (m/sec) in rela- 
tion to the number of revolutions of the stirrer n 
[i/sec) for various concentrations of the reagent: a) 
interaction of calcite with HCI of concentration: i) 
0.07; 2) 0.14; 3) 0.227; 4) 0.33; 5) 1.12 g-eq/liter; 
b) interaction of magnesium with sulfuric acid of con- 
centration: I) 0.i; 2) 0.25; 3) 0.53; 4) 0.68; 5) 
0.91;6) i.i; 7) 1.48; 8) 1.67; 9) 1.85; i0) 2.40; Ii) 
2.60; 12) 2.78 g-eq/liter. 

surface tension will be less than in the case of a liquid [5, 6]. Thus a gas phase may arise 
at a smaller supersaturation on a solid surface. 

The gas bubbles detached from the surface draw the adjacent liquid with a very slight 
concentration of the reagent after them CFig. la). At this point a flow of liquid with a 
concentration c R flows out of the interior. Thus, at the initial instant of time the con- 
centration of the reagent on the surface at the point of bubble detachment is not equal to 
zero, but c R (Fig. ib). The transient process so created leads to high flow densities. Ns 
we shall later show, the bubbles have the greatest turbulizing effect on the boundary layer 
at the instant of'generation andduring their initial development. 

It was demonstrated in [4] that the injection of an inert gas intensified these pro- 
cesses, especially in the region of low concentrations. However, in addition to the agita- 
ting effect, the inert gas so introduced creates an additional effect -- that of screening 
the surface of the solid particle. Mechanical agitation is frequently employed in practice 
in order to intensity heat and mass transfer. It would appear that, for the systems which 
we are considering, this kind of agitation ought to create a better effect than pneumatic 
agitation, in view of the fact that no additional screening (isolation) of the solid surface 
then occurs. It is accordingly of great interest to compare the effects of these two forms 
of agitation. 

Experiments with mechanical agitation of the liquid were carried out in a cylindrical 
glass apparatus with a flat bottom, 160 mm in diameter, filled with an acid solution to a 
height of 160 mm. The agitating device was a three-bladed stirrer of the propeller type, 50 
mm in diameter, with the blades inclined at 30 ~ . The distance between the bottom of the ap- 
paratus and the stirrer was 40 mm. Single solid samples were fixed in the liquid at a height 
of 1/2 H and at 1/4 D from the walls. We studied the dissolution of calcite spheres in 
hydrochloric acid and magnesium spheres in sulfuric acid. All the experiments were carried 
out under isothermal conditions at 17=C. 

The experimental method was as follows. The apparatus was filled with acid of a parti- 
cular concentration, thermostated to a specified temperature, the stirrer was connected, 
and the liquid was agitated for 5-7 min at a constant'rate of rotation in order to establish 
steady-state conditions. Dried, weighed, and measured spherical particles were then fixed 
in the vessel t and the starting time was recorded. After a specified period of time (de- 
pending on the concentration of the solution), the samples were removed, carefully washed with 
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Fig. 3. Mass-transfer coefficient k (m/see) as a func- 
tion of the motive force of the process c R (g-eq/liter) 
under conditions of mechanical and pneumatic agitation: 
i) without agitation; 1-3) mechanical agitation at 
n [I/sec) values of i)4; 2) I0; 3) 16; 2'- 4') pneu- 
matic agitation at various gas-flow rates (m3/sec), as 
follows : a) interaction of calcite with HCI : 2') 
0.00033; 3') 0.0016; 4') = 0.0085; b) interaction of 
magnesium with sulfuric acid : 2') 0.0005; 3') 0.0016; 
4') 0.0064; 

water, and again dried to constant weight. Since the sample surface area and the concentra- 
tion of the solution altered very little in all the experiments, the mass-transfer coef- 
ficient was determined from the equation 

A6 
k _ ( 1 )  ac~ FA* 

We see from the curves relating the mass-transfer coefficient k to the number of revolutions 
n (Fig. 2) that, in the low-concentration range, the mass-transfer coefficient increases 
with increasing n, in agreement with the results presented in [7]. At higher concentrations 
no such relationship is obeyed. In order to establish a qualitative estimate of the various 
methods of agitation, Fig. 3 shows the mass-transfer coefficient as a function 0f the motive 
force of the process c R for three cases : I') agitation effected by the evolving gas bubbles 
only; 1-3) liquid agitated by the stirrer; 2-4) liquid agitated by an inert gas. (The exper- 
imental apparatus, the method of conducting the experiments, and the results of the latter 
are presented in [4].)A comparison: between the results obtained (Fig. 3a and b) shows that 
for the evolution of both H2 (which is poorly dissolved in the acids) and C02 (which is far 
more soluble than H2) the curves are of entirely the same character. At low concentrations, 
in fact, mechanical and pneumatic agitation both increase the mass-transfer coefficient in 
each case By comparison with the case of no agitation. At high concentrations agitation by 
the chemically evolved gas is so strong that there is no point in using either mechanical or 
pneumatic agitation. 

From the practical point of view, the low-concentration behavior is of greatest impor- 
tance, for example, in connection kith hydrometallurgical productlon [8]. We see from Fig. 
3 that, for low concentrations, agitation by an inert gas is the more effective means of 
intensification, despite the additional insulation of the solid surface. 

This may clearly Be explained in the following way. A bubble is only able to break away 
spontaneously from the solid surface if it reaches a certain diameter. By analogy with heat 
transfer [5, 6] we may assume that the following time dependence of the growth of the bubble 
will occur: 

R = A ~ .  (2) 
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Fig. 4. Interaction of inert-gas bubbles 
with gaseous reaction products on arriving 
at the reaction surface: a) Development of. 
contact between the bubbles; b) elimation 
of the reaction-product bubble and screen- 
ing of the solid surface. 

Some of the inert gas introduced, rising up 
in the liquid in the form of large bubbles, 
will pass very close to the surface of a 
solid particle, make contact with the devel- 
oping gas bubble, link up With the latter, and 
so detach them, drawing along some of the 
liquid (with a low concentration of the rea- 
gent) from the surface (Fig. 4a).in this case 
detachment may occur for bubble diameters . . . . . . . . .  

smaller than the normal value corresponding 
to detachment. 

The degree of turbuiization of the 
boundary layer by the developing gas bubbles 
may be characterized by the rate of growth 
of the bubble 

dR A ~ 

dz  2R ' ( 3 )  

derived from Eq. (2). 

It follows from Eq. [3) that during the growth of the bubbles the boundary layer is 
turbulized more for small values of R. The probability that the larger bubbles will be re- 
moved from the surface of the solid phase by the inert gas is quite high. Thus those evolv- 
ing gas bubbles which make only a minor contribution to the turbulization of the boundary 
layer are the first to be removed from the surface. 

Over a particular time interval, a certain proportion of large inert-gas bubbles will 
arrive directly at the solid surface, displacing the surface layer of liquid (which contains 
only a very small concentration of the reagent) (Fig. 4b). During this period of time, some 
of the surface is screened by the inert gas. Such screening may then remain absent for quite 
a long time. As a result of new contact with the liquid, reagent with a high concentration 
c R will appear on the solid surface. Conditions are created for transient mass transfer 
(Fig. I), considerably accelerating the process. 

When the liquid is agitated by the stirrer, the liquid flows so developing pass around 
the gas bubbles formed on the solid surface and not the surface itself (Fig. 5). Since the 
bubble detachment diameter diminishes very little with increasing flow rate [9], this leads 
to only a slight increase in k (Fig. 3). An analogous type of flow around surface pro- 
truberances (in particular hydrogen bubbles on the surface of a rotating disk electrode), 
leading to a fall in the mass-transfer rate behind these protruberances, was described in [i0], 
following the work of a number of authors. 

Fig. 5. Flow of reagent around a solid with gas bub- 
bles forming on its surface in the case of mechani- 
cal agitation. 
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A comparison between all these results and a qualitative assessment of their signifi- 
cance leaves no doubt that, in the case of diffusion-controlled chemical reactions in a 
solid--liquid system, complicated by the evolution of a gas phase, the use of an inert gas 
for agitating the liquid is a mSre effective method than mechanical agitation for a low con- 
centration of the reagent. 

NOTATION 

Cg, Cgs, gas concentration in the liquid and on the solid surface; Ceg , equilibrium 
gas concentration in the liquid; CR, concentration of the reagent; H, height of the vessel; 
D, diameter of the vessel; k, mass-transfer coefficient, m/see; AG, weight lost by the solid 
sample, kg; F, surface area of the sample, m2; r, time, see; e, st0i-chiometric coefficient; 
n, number of revolutions of the stirrer, 1/see; R, radius of a gas bubble; A, constant; x, 
coordinate. 

LITERATURE CITED 

i. G. A. Aksel'rud, Mass Transfer in a Solid--Liquid System [in Russian], Izd. L'vov. Univ., 
L'vov (1970). 

2. G. A. Aksel'rud and L. A. Pokhodenko, Kinetika i Kataliz, ~, 1081 (1966). 
3. G. A. Aksel'rud and A. I. Dubynin, Inzh.-Fiz. Zh., 22, No. 4, 752 (1972). 
4. M. Zelin'ski, Candidate's Dissertation, L'vov. Politekh. Inst., (1974). 
51 E. I. Nessis, Boiling of Liquids [in Russian], Nauka, Moscow (1973). 
6. V. K. Koshkin, E. K. Kallnin, G. A. Dreitser, and S. A. Yarkho, Transient Heat Transfer 

[in Russian], Mashinostroenie, Moscow (1973). 
7. Ya. V. Durdin and Z. U. Dukhnyakova, Collection of Articles on General Chemistry, Vol. 

I [in Russian] (1953), p. 164. 
8. I. N. Plaksin, General Questions of the Development of Nonferrous Metallurgy in Eastern 

Siberia [in Russian], Izd. AN SSSR (1958). 
9. S. S. Kutateladze and M. A. Styrikovich, Hydraulics of Gas--Liquid Systems [in Russian], 

Gos~nergoizdat, Moscow--Leningrad (1958). 
10. Yu. V. Pleskov and V. Yu. Filinovskii, The Rotating-Disk Electrode[in Russian], Nauka, 

Moscow (1972). 

304 


