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ABSTRACT 

A spray column two inches in diameter and ?3-3/8 inches long was used 

to detemine flooding velocities and mass transfer coefficients for the ex­

traction of cobaltous chloride from aqueous hydrochloric acid solution with 

capryl alcohol and also in the reverse direction. The aqueous phase was 

dispersed in all cases. Tubes were installed at various points in the 

column so that continuous phase samples could be withdrawn along the entire 

column length. The disperser consisted of thirty O.l inch diameter nozzles. 

Flooding was found to occur in a manner different from that described 

by previous investigators. Flooding velocities were 35% higher· than those 

previously found for the same system but with the aqueous phase dispersed. 

For the entire column, the overall height of a transfer unit based on 

the alcohol phase, (HTU}oA, was relatively constant for various aqueous 

phase rates and for a particular alcohol phase rate. It was unaffected by 

the alcohol phase rate for extraction from the alcohol phase, but increased 

with increasing alcohol phase rate for extraction from the aqueous phase. 

The (HTU)ow increased with increasing aqueous phase rate. It increased with 

increasing alcohol phase rate for extraction from the aqueous phase, but 

decreased with increasing alcohol phase rate for extraction from the alcohol 

phase. The (HTU)oA varied from 2.5 to 6 feet and the (H'l'U)o• from 6 to 26 

feet £or the range of flow rates employed. 

An end effect was found at the coalescence point, but none was detected 

for drop fomation. The end effect is considerable at the lower alcohol 

phase rates and it is only slightly affected by the direction of extraction. 

It was found to be equivalent to from 0.3 to 3.6 feet of straight col\Ullll. 



For the straight section of the column, ·(HTU}oA varied from 3 to 6 

feet. Comparison of the values of Ka and HTU obtained here with those ot 

Kylander9 for the extraction of cobaltous chloride from the aqueous phase 

with the alcohol phase dispersed indicate agreement to about 35%. 

2 



INTRODUCTION 

Nickel and cobalt are very difficult to separate industrially because 

of their similar properties. At present one of the most widely used processes 

involves precipitation of the cobalt in the fo:nn of the hydrated cobaltic 

oxide (Co203.3H20) by addition of an alkaline solution o~ an oxidizing agent 

to an acid solution of the divalent salts. Suitable oxidizing agents in­

clude bleaching powder, sodi\llll and potassium hypochlorite and hypobromite, 

and solid carbonates in conjunction vnth chlorine gas2• 7, 11, 13, 15. In 

a recently patented process an aqueous solution of the chlorides is treated 

with gaseous chlorine in the presence of sufficient calcium carbonate to 

keep the solution alkaline. Chlorination is continued until most of the 

more soluble nickelous hydroxide is dissolved, after which cobaltic hydroxide 

is filtered off14• 

Many potential solvents were investigated by Garwin and Hixson3• 4 for 

the separation of nickelous and cobaltous chlorides from aqueous solution. 

Capryl alcohol was selected by these investigators for study because the 

anhydrous cobaltous chloride solubility is much greater than the nickelous 

chloride solubility in the solvent (the cobaltous chloride being quite 

soluble), because the solvent has a low mutual solubility with water, be­

cause it is stable, and because it is available at low cost. Very little 

cobaltous chloride is extracted from the simple aqueous solution. The 

addition of certain electrolytes such as calcium chloride and hydrochloric 

acid results in a marked improvement in the distribution coefficient of the 

cobalt. In all cases the extraction of nickel is low. The distribution 

coefficient (K) for cobal tous chloride between aqueous hydrochloric acid 

and capryl alcohol at 25°0. is shown in Figure 1 as a function of total 

chloride concentration in the aqueous phase. 



Kylanderg studied the extraction of cobaltous chloride from an 

aqueous hydrochloric acid solution of cobaltous chloride and from an 

aqueous hydrochloric acid solution of cobaltous and nickelous chlorides 

in a spray column, 1 1/4 inches in diameter and 68 inches long, with the 

alcohol phase dispersed. The (HTU)oA was nearly constant at 5 to 6 feet 

and the (HTU)ow decreased very rapidly with increasing alcohol phase rate 

and slightly with increasing aqueous phase rate. The values were found 

to be independent of the relative amounts of nickel and cobalt in the 

aqueous phase. Flooding rates were determined with no dissolved solutes 

in the system. 

The only other system for which mass transfer data have been deter­

mined for the extraction of an inorganic salt by an organic solvent is 

the system ferric chloride--hydrochloric acid--water--isopropyl ether. 

Geankoplis and Hixson5 studied this system in ·a 1.45 inch diameter by 

2.57 foot long spray column with the ether phase dispersed. Studies of 

mass transfer were made throughout the column with a movable sampler. 

4 

The horizontal position of the sampler had no effect on the concentrations 

obtained. A large inlet effect, equivalent on an average to 0.5 feet of 

column, was obtained at the continuous phase inlet (coalescence point), and 

there was no end effect at the dispersed phase inlet. The additional ex­

traction produced by the inlet effect was increased by increased dispersed 

phase rate and increased inlet concentration. Adding ferric chloride to 

the ether phase reduced the effect. As the inlet concentration of ferric 

chloride in the aqueous phase was increased the average (HTU)ow increased. 

At first (HTU)ow decreased rapidly with increased dispersed phase rate but 

tended to approach a constant value of 0.7 feet at higher dispersed phase 

rates. 
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Licht and Conwayl-0, by the use of a column of standard design and one 

in which the interface (coalescence point) was eliminated, and by using 

several column heights, determined end effects of appreciable magnitude at 

both ends of a spray column. Studied was the extraction of acetic acid 

from water using isopropyl ether, methyl isobutyl ketone, and ethyl acetate. 

The water phase was dispersed. 
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APPARATUS 

A 2 inch diameter column 73-3/8 inches long, made up of eight sections 

of 2 inch by 1 inch pyrex glass tees, was used for all experimental work. 

The sections of pyrex glass were connected by aluminum flange sets with rub-

berized asbestos gaskets between the glass sections. Glass sampling tubes, 

3 millimeters in outside die.meter, were inserted through neoprene rubber 

stoppers in the side outlets of the glass tees. The sampling tubes extended 

3/8 inch from the wall of the column and were bent down so that they were 

vertical for 1/4 inch to sample the continuous phase rising through the col­

umn. Each tee was rotated 120° clockwise from the tees adjacent to it 

( looking down) • 

The vertical locations of the sampling tubes are shown in the table 

below: 

Point Number Distance from Ends Distance from 
of Disperser Nozzles, Overflow Weir, 

Inches Inches 

Overflow Weir (Bottom) 73.4 o.o 
1 64.5 8.9 

.2 56.4 16.9 
3 48.4 25.0 
4 40.3 33.1 
5 32.2 41.2 
6 24.1 49.3 
7 15.9 57.4 
8 7.8 65.6 

Disperser (Top} o.o 73.4 

The top section of the column consisted of a 4 inch by 2 inch pyrex 

glas13':reducer with a 1/4 inch thick Plexiglas plate at the top end. A dis­

perser of the type suggested by Johnson and Bliss8 , consisting of thirty 0.1 

inch inside diameter nozzles, was constructed of Plexiglas and placed at 

the large end of the conical section. 
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The bottom settling section was similar to that recommended by Blanding 

and Elgin1 • It consisted of a 4 inch by 2 inch Pyrex glass reducer and a 4 

inch diamet~r by 6 inch length of Plexiglas pipe. A 1/4 inch thick Plexiglas 

plate formed the bottom of the column. A Plexiglas weir was constructed to 

distribute the continuous phase. The weir was held in place by compressing 

sections of neoprene stoppers between the lmll of the column and the weir. 

For details of the column construction, kee Figu~es 2 and 3. 

AUXILIARIES 

The column was supported at the bottom by a metal stand placed on the 

floor, and, slightly above the middle, by a bracket fastened to the wall. 

Storage vessels for the aqueous phase feed, alcohol phase feed, ex­

tract,. and raffinate were twelve-gallon Pyrex glass bottles. 

Pressure for moving the aqueous phase feed and the alcohol phase feed 

was placed over the solutions by means of _compressed nitrogen from a 

standard cylinder. The pressure supplie4 to the feed bottles was reduced 

from the cylinder pressure to 8 or 9 pounds per square inch gauge . by means 

of a ~egulator commonly used in oxygen service. A section of pipe between 

the pressure regulator and the storage bottles was filled with ascarite to 

proteqt the regulator from hydrochloric acid vapor. 

Flow rates of the continuous and dispersed phase feeds were indicated 

by the pressure drop across orifices made by reducihg the cross-section of 

a piece of glass tubing. The pressure drops across the orifices were 

measured by inclined tube manometers. The flow rates were regulated by ad­

justing sc~ew clamps on sections of rubber tubing, which gave a tYPe of 

diaphragm valve. 
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A 300 watt light bulb was placed behind the settling section to pei,nit 

the observation of the interface. A sight glass was installed between the 

bottom tee and the aqueous phase outlet line to aid in detecting the inter­

face position. 

Adjustment of the height of the loop in the aqueous phase exit line 

controlled the interface level in the column at the desired point. 

All transfer lines were 7/16 inch outside diameter Saran tubing, with 

plastic, rubber, and glass fittings. 

A shematic diagram of the extraction equipment and auxiliaries is 

shown in Figure 4. Figure 5 is a photograph of the equipment. 
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Figure 5 

Photograph of Experimental Equipment 
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MATERIALS USED 

Three series of runs were made. Series I consisted of flooding ve­

locities for capryl alcohol and water with no dissolved salts in the system. 

In Series II runs cobaltoua chloride was extracted from an aqueous hydro­

chloric acid solution of cobaltous chloride by capryl alcohol. In Series 

III runs 25% hydrochloric acid solution was employed to extract cobaltous 

chloride from capryl alcohol. 

For the flooding determinations of Series I, refined grade capryl 

alcohol, manufactured by the Hardesty Chemical Company, Inc., and containing 

less than 8% methyl hexyl ketone, was used. 

Chemical grade capryl alcohol (2-octanoll was used in the extraction 

runs of Series II and Series III. It, too, was obtained from the Hardesty 

Chemical Company. The material contained a maximum of 2.0%, metyl hexyl 

ketone as the major impurity. 

Baker and Adamson's concentrated hydrochloric acid and cobaltous 

chloride hexahydrate (CoC12°6H20) of tested purity (A. C. S. specifica­

tions) were used. The concentrated hydrochlori-0 acid was used to bring 

both the aqueous and alcohol phases to the desired acid concentrations, 

and the cobaltous chloride hexahydrate was used to make up the aqueous 

phase feed solutions for Series II. 

Distilled water was used in the aqueous phase. 

All reagents employed in the analytical work met A. C. S. specifi­

cations for purity. 
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PROCEDURE FOR S.E.RIES I 

Flooding Velocities 

Calibration curves were made for the orifice and manometer combinations 

for distilled water by measuring the time required to collect 1000 ml. of 

water for various pressure drops across the orifices. The manometer reading 

was plotted versus flow rate expressed as superficial velocity through the 

column in feet per hour (see Figure 6). These calibration curves were used 

only as a guide in setting the proper flow rates in all runs. The continu­

ous phase was capryl alcohol with a specific gravity of 0.819. The dispersed 

phase was distilled water. Kylander9 found the interfacial tension for this 

system to be 10.5 !ynes per cm. 

The column was nearly filled with continuous phase by applying nitrogen 

pressure to the alcohol phase storage bottle and then pressure was applied 

to the aqueous phase storage bottle to produce flow of the dispersed phase. 

The continuous phase rate was maintained constant and the dispersed 

phase rate set at a value considerably below flooding. The adjustable loop 

was adjusted to maintain the interface at the proper level. After steady 

operating conditions were reached, the dispersed phase rate was increased, 

and the interface again adjusted (the adjustable loop was raised to compen­

sate for the increased average density of the fluid in the column). This 

process was repeated until a limiting pair of flow rates was reached in 

which the operation of the column was no longer satisfactory. This limit­

ing pair of flow rates, defined as the flooding point, was the point at 

which globules of continuous phase detached themselves from the main body 

of the continuous phase and rose rapidly up the column for a short dis­

tance before again becoming part of the continuous phase. This phenomenon 
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is described more completely in the discussion ot the results of Series I. 

This was the practical limit of operation, and flooding of the type de­

scribed by Blanding and Elgin1 was not experienced. The flow rates at the 

flooding points were detei,nined by measuring the time required to collect 

1000 ml. ot each phase. 

Thia procedure was repeated tor other oontinuoua phase flow rates. 

The limiting pairs ot flow rates are plotted in ligure 7. 
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PROCEDURE BUR SERIF.s II AND III 

Cobaltous Chloride Extraction 

Before the tirst Series II run was made, an aqueous solution to which 

the desired quantity of concentrated hydrochloric acid solution had been 

added was run through the spray column counterourrent to the alcohol phase 

several times in order that the, HCl oono,entre.tion in both phases would be 

nearly in equilibrium and so that very little HCl would be transferred in 

an actual run. Sufficient cobaltous chloride hexabydrate was then added 

to the aqueous phase to bring the salt concentration to the desired value. 

The column was nearly tilled with continuous phase and then flow ot 

the dispersed phase was started as in Series I. The interface was set at 

the proper point by positioning the adjustable loop and when the intertace 

was steady, the flow rates of both phases were measured by dete:nnining the 

time required to collect 1000 ml. of each phase. Adjustments were made to 

obtain the flow rates desired. The manometer readings were used only as 

indicating devices for maintaining constant flow rates throug~out the run. 

In the early runs, samples of the exit streams were taken at inter-

vale and analyzed. Steady state conditions appeared to be reached after 

two complete changes of continuous phase as shown in the following table 

for run 3 of Series II: 

Number of Changes of 
Continuous Phase 

2 
3 
4 , 

C0Cl2 Concentration in Alcohol 
Phase Leaving Column, Percent • 

.o.ao 
o.s1 
0.81 

In subsequent runs sampling of the exit streams and inte:nnediate points 

was begun after 2 1/2 or 3 changes of continuous phase. Inte:nnediate sam-

plea were drawn off at a rate of 3 to 5 ml. per minute. Samples of both 
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aqueous and alcohol phase feeds were taken from the storage bottles immedi­

ately before the run was started. 

For the first Series III run the aqueous phase feed was 25% hydrochloric 

acid solution and the alcohol phase feed consisted of the extract from the 

first Series II run. Operation of the equipment and sampling procedure was 

the same as for Series II. 

After a Series III run was terminated the aqueous product phase was 

distilled to separate the hydrochloric acid and the cobaltous chloride for 

the reuse of each. The distilled hydrochloric acid was collected in a re­

ceiver containing 25% ECl. When the distillation was started ECl vap0r came 

over first; this was followed by an azeotrope containing approximately 2~ 

HCl. The overall composition of the distillate was thus about 25% HCl. The 

cobaltous chloride residue was added to the raffinate of the previous Series 

II run and this was then used as the aqueous phase feed for the next Series 

II run. The alcohol phase from which most of the .cobaltous chloride had 

been removed in the previous Series III run was used as alcohol phase feed 

for the next Series II run. The hydrochloric acid distilled over was em­

ployed as aqueous phase feed for the next Series III run. For a Series II 

run the aqueous phase feed contained approximately 25% HCl and 8-10% co­

baltous chloride. The HCl concentration in the alcohol phase was 9-10%. 



ANALYTICAL METHODS 

A. Aqueous Phase. A 5 ml sample of the aqueous phase was diluted to 

100 ml. 

21 

1. Total chloride. Determination or tne total chloride concen­

tration of the aqueous phase was necessary since the distribution coeffi­

cient for cobaltous chloride is known as a function ot total chloride con­

centration. The Volhard method was chosen tor the total chloride deter­

mination because it is much more rapid than gravimetric methods, because the 

cobalt ion does not interfere with the end point, and because the titration 

is carried out in acid solution. A 5 ml aliquot of the diluted aqueous phase 

sample was pipetted into a 250 ml glass stoppered Erlenmeyer flask and di­

luted with distilled water. Four ml of concentrated nitric acid were added. 

Sufficient standard silver nitrate solution was added from a burette to com­

pletely precipitate the chloride and provide a small excess. Two or 3 ml of 

nitrobenzene and 2 ml of saturated ferric ammonium sulfate were added and the 

flask was then stoppered and shaken well to completely coagulate the silver 

chloride precipitate. The excess silver nitrate was then determined by back­

titrating with standard potassium thiocyanate until a brownish tinge appeared, 

marking the formation of an iron complex with the thiocyanate radical, and 

indicating the end point. Duplicate determinations were made. These agreed 

to 0.05 ml. 

2. Cobaltous chloride. A 10 ml aliquot of the diluted aqueous 

phase sample was pipetted into a 125 ml Erlenmeyer flask, and the flask 

then placed in the oven at 95-loo0 c overnight to evaporate the sample to 

dryness. The sample was then redissolved in distilled water and the chloride 

content determined by the Volhard method in the same way the total chloride 
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determinations ~ere made. Duplicate determinations were made. These 

usually agreed to o.05 ml. From the amount ot chloride in the sample the 

cobaltous chloride content could be readily calculated. 

3. Specific gravity. Specific gravities were determined at room 
.' 

temperature relative to water at 4°0, using a Westphal balance. 

B. Alcohol pb,se. A 10 ml sample of the alcohol phase was added to 

approximately 150 ml of di.tilled water in a 250 ml volumetric flask. At 

low chloride concentrations, the cobaltous chloriq~ and hydrochloric acid 

greatly favor the aqueous phase. The mixture was shaken well in the flask 

and the t ·RO phases allowed to separate. Furth~r additions ot water were 

made, with shaking and settling until the water-alcohol interface was at 

the 250 ml mark. In this way essentially all pf the solutes were trans-

ferred to the water. The alcohol was then deca~ted and the water phase, 

which contained the solutes, was used for the analyse.a. The methods used 

were the same as tor the aqueous phase except for the sizes of the samples 

which are indicated below. 

1. Total chloride. Ten ml aliquots ot the .above aqueous extract 

were taken tor analysis. These dete:i,ninatio~s were not needed tor calcu-

lation ot mass transfer coefficients. They showed, however, that the HCl 

concentration in the alcohol phase was relatively con,tant throughout the 

column. Duplicate determinations were made. Tpese usually agreed to 

0.05 ml. 

2. Cobaltous chloride. 'l'wenty-tive ml aliquots ot the aqueous 
' . 

extract were evaporated to dryness and analyzed in the same manner as the 
. ' ' I 

aqueous phase samples. Duplicate determinations were ma4e. These usually 

agreed to O. 05 ml-.• 



3. Specific gravity. Specific gravities ot the alcohol phase 

were detennined in the same manner as for the aqueo~s phase. 

23 
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RESULTS 

The flooding data of Series I are plotted as the alcohol phase flow 

rate versus the corresponding aqueous phase flow rate in Figure 7. Also 

included is a flood point determined for Run No. 3 of Series III. 

The values of Ka and BTU for runs of Series II and Series III were 

obtained by using the following equations: 

When steady-state conditions are maintained in an extraction column, 

the rate at which material is being transferred at any point is represented 

by the following equations for Series II: 

• dN = KA(CA - CA)dA 

• dN = Kw(cw - cw)dA 

(1) 

( 2) 

If the driving force for mass transfer is assumed to be linear with 

mass transfer, and if adV is substituted for dA, equation (1) may be 

integrated to give: 

( 3) 

or 

K - N 
Aa - V(£i0)1m 

(4) 

where N is defined as: 

{ 5) 

If it is assumed that the volume change of the phase under consider-

ation is negligible as solute is transferred, equation (5) reduces to: 

( 6) 

The overall height of a transfer unit based on the alcohol phase is: 

( 7) 
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Similar equations may be derived for the aqueous phase by substituting 

the subscript W for the subscript A in equations (3) through (7). 

In Series III, cobaltous chloride was being transferred trom the alco­

hol phase to the aqueous phase so all the equations become valid if the 

signs of the concentrations are changed in equations (1), (2), (5), and (6). 

The use of the logarithmic mean concentration difference is justified 

since the equilibrium line deviates negligibly from a straight line for the 

concentrations employed, and the change in volume, calculated for each phase 

was found to be less than 1% in every run. 

Table I in the Appendix contains the data and intermediate calculations 

for both Series II and Series III necessary to obtain values of Ka and HTU 

for the entire column, and various sections of the column, and the magnitude 

of the end effect at the coalescence point. The results are plotted as Ka 

and HTU for the entire column (including end effect) in Figures 8-13 and 

with the end effect eliminated in Figure 15. The abscissa in each case is 

the aqueous phase flow rate, the alcohol phase flow rate being constant. 

The end effect in terms of the height of a column to which it is equivalent 

is plotted against aqueous phase flow rate at constant alcohol phase flow 

rate in Figure 14. 
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DISCUSSION Of -RESUL~S - CONCD"JSIONS 

Series I. Flooding velocities were determined in order to find the 

limiting rates which could be employed in the operation of the column and 

also to compare the results with those of Kylander9 in which the alcohol 

phase was dispersed. 

For a constant continuous phase flow rate and a low dispersed phase 

flow rate the holdup in the column was relatively low and the drops of dis­

persed phase fell uniformly through the continuous phase. A photograph of 

the operation under these conditions is shown in Figure 16. As the dis­

persed phase rate was increased, the holdup becarae greater, some coales­

cence of the dispersed phase drops occurred in the column, and there was 

some recirculation of the dispersed phase drops. This condition of rela­

tively high holdup, slightly below the flooding point, is shown in Figure 

17. As the dispersed phase rate was increased further globules of alcohol 

detached themselves from the main portion of the continuous phase and rose 

rapidly up the column for a short distance before they again became part 

of the continuous phase. When this took place, coalescence of dispersed 

phase particles increased markedly, and local recirculation of the dis­

persed phase drops became much greater in magnitude. This change in oper­

ating conditions occurred at the same time throughout the entire length 

of the column proper. When the column was operating under flooded con­

ditions the interface between the two phases in the bottom settling 

section, instead of staying at the same location, rose and fell rapidly, 

indicating surges of first one phase and then the other. Figure 18 is a 

photograph of the column operating under flooding conditions. 
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The flooding point obtained in this work was different from that ex­

perienced by Kylander9 and Blanding and Elgin1 • Kylander9 defined flooding 

as the point at which dispersed phase (alcohol) drops collected in the 

conical section above the disperser to such an extent as to interfere with 

drop formation from the jets leaving the disperser. Blanding and Elginl 

found that at a certain pair of flow rates, a condition of high drop holdup 

would start at the top of the column and proceed uncontrolled downward until 

the entire column was filled with closely packed drops. This was considered 

to represent flooding although the column would operate satisfactorily at 

these rates. 

The limiting linear velocities of both phases through the column used 

in this investigation were found to be approximately 35% higher than those 

obtained by Kylander9 in a 1 1/4 inch diameter column for the same ratio of 

dispersed phase flow to continuous phase flow. Blanding and Elginl also 

found differences in flooding velocities for the same pair of fluids when 

the continuous and dispersed phases were reversed. With 1/8 inch diameter 

nozzles for the system naphtha--water, flooding velocities were higher with 

the water dispersed and for the system methyl-isobutyl ketone--water, flooding 

velocities were higher with the ketone dispersed. 



Figure 16 

Appearanoe of Column at Low Holdup 

Aqueous (Dispersed) Phase Rate= 100 feet per hour 

Alcohol (Continuous) Phase Rate= 200 feet per hour 
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Figure 17 

Appearanoe ot Column at High Holdup 

Aqueous (Dispersed) Phase Rate= 150 feet per hour 

Alcohol (Continuous) Phase Rate= 200 feet per hour 
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Figure 18 

Appearance ot Column Under Flooded Conditions 

Aqueous (Dispersed) Phase Rate: 200 feet per hour 

Alcohol (Continuous) Phase Rate= 200 feet per hour 
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Series II and Series III. For the runs of Series II the data show, 

at an alcohol phase flow rate of about 100 feet per hour, that as the aqueous 

phase rate is increased, the Ka goes through~ maximum and then falls ott. 

The general slope ot the curve is the same at an alcohol phase rate or 145 

feet per hour. This would indicate that as more aqueous phase enters the 

system, more drops are formed, increasing the interracial area, but as ·the 

aqueous phase rate is increased further, coalescence of the drops occurs 

until a point is reached at which the interfacial area begins to decrease, 

The values of Ka for the same aqueous phase rate are higher tor the lower 

alcohol phase rate. 

For Series III Ka again increases as the aqueous phase rate is in­

creased, but no maximum is apparently approached. Ka is higher at the higher 

alcohol phase rate for the same aqueous phase rate, in contrast to the op­

posite trend in Series II. 

The (HTU)oA for Series II and III (see Figure 13) was relatively 

constant tor various aqueoui phase rates at a particular alcohol phase rate. 

The values of (HTU)oA ranged from 2.5 to 6 feet, increasing with increasing 

alcohol phase rate in Series II but being independent of this factor in 

Series III. The (HTU)ow shows a consistent increase with increasing 

aqueous phase rate. It increases with increasing alcohol rate is Series II 

but with decreasing alcohol rate is Series III. The values of (HTU)ow 

ranged from 6 to 26 feet for the flow rates investigated. 

Kylander9 investigated the extraction of cobaltous chloride from 

aqueous hydrochloric acid solution with capryl a~cohol with the alcohol 

phase dispersed. For the range where the alcohol and aqueous phase flow 

rates are the -same as those employed in Series II of this investigation, 
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the following data, taken from the smoothed curves, are tabulated: 

Investigator Alcohol Aqueous KA a Kp (H'l'U)oA (HTU)o11 
Phase Rate Phase Rate 
f't./hr. ft./hr. 

Ky lander 95 48 22 6.1 4.3 '7.1 
Present Work 95 49 30 '7. 0 2.9 6.1 

Kylander 142 48 3'7 9.2 4.3 4.9 
Present Work 142 56 23 4.8 6.0 11.5 

The values of (HTU)oA obtained in the two studies differ by approxi-

mately 35% in each case; at the lower alcohol phase rate the (HTU)oA in 

this work was higher than that obtained by Kylander9 , but at the higher 

alcohol phase rate the reverse was true. 

In the taking of intermediate samples from the column through the 

sampling tubes, less than one percent of the material withdrawn was dis-

parsed phase in most cases. At higher dispersed phase rates, however, as 

much as ten percent dispersed phase was entrained, but it was readily 

separated by allowing it to settle out in a vertical tube as the sample 

was withdrawn. Samples taken at intermediate points close together showed 

so little change in cobaltous chloride concentration that values of HTU 

calculated over very short sections were meaningless due to limitations in 

the accuracy of the analyses. No trend could be detected in the straight 

section of the column, however, and there was no evidence of an end effect 

at the top of the column where the drops of dispersed phase were formed. 

The points plotted for the entire column length are based on the average 

of the material transferred as indicated by analysis of both the aqueous and 

alcohol pha~es. An average deviation of' ten percent was obtained. Calcu-

lations for portions of the column, however, are based on the alcohol phase 

analyses only ( since intermediate samples are involved). For comparison, 
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values of Ka and HTU for the entire column length, based on the alcohol 

phase analyses only, are included in Table I. Discrepancies in the overall 

material balances are believed due to small concentration differences ob-

tained between inlet and outlet samples, particularly at the lower total 

throughputs. At high throughputs some difficulty was encountered in main-

taining the interface at a constant position in the column. This would 

cause slight errors in flow measurements and possibly mean a slight devi-

ation from steady-state conditions. 

An appreciable end effect was found at the coalescence point (bottom 

of the column). By assuming a constant KAa in the straight section of the 

column (and analyses throughout the column indicate that this is the case, 

as shown for run 4 of Series III in the following table:) 

Section 

1-3 
3-6 
6-8 
8- Top 

K;.,a (Estimated Error·=! 30%) 

32 
9 

16 
17 

the end effect was isolated and plotted as the number of feet of strai ght 

column to which i t is equivalent (see sample calculations). The end effect 

is appreciably higher for t he l ower alcohol r ate, being apparently l i ttle 

affected by the direction of extraction. The end effect varies from 0.3 to 

3.6 feet. 

In order to facilitate design calculations the end effect was isolated 

from the straight section of the column and values of (HTU)oA with the end 

effect eliminated are plotted aga'inst aqueous phase rate in Figure 15. With 

the exception of the 100 feet per hour alcohol phase rate curve for Series II, 

the (HTU) oA corrected for end effect seems to be quite constant for a 
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particular alcohol phase rate and direction of extraction. It ranges from 

3 to 6 feet for all conditions studied. 

Geankoplis and Hixson5 found an appreciable end effect at the coales­

cence point, averaging the equivalent of 0.5 foot of column height, and no 

end effect for drop formation. This work substantiates their findings. 

Licht and ConwaylO found appreciable end effects at both ends of the column 

in the extraction of acetic acid from water with several organic solvents 

and with the water phase dispersed. By using several column heights and 

one column which was designed to eliminate the formation of an interface, 

end effects at both ends were determined. However, this author doubts that 

the coalescence point was completely eliminated. It is possible that the 

end effect indicated for drop formation is not justified and should be added 

to the end effect obtained for coalescence. 

Hardy6 and Nandi and Viswanathanl2 used several column lengths and de­

tected end effects which they ascribed to drop formation without actually 

determining to which end of the column the added extraction could be 

attributed. 

The flooding point obtained for run 3 of Series III was considerably 

below the curve obtained in Series I, the total flow being about 2/3 the 

flow in Series I. This appears to be due primarily to smaller drops caused 

by the lower interfacial tension. For Series III an interracial tension 

of 3.8 dynes per cm. was found, compared to 10.5 dynes per cm. for Series I. 

Kylander9 also found the flooding point lowered to about the same extent 

with salts in the system relative to the system capryl alcohol--water. 
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SUMMARY 

All experimental work was done in a spray column two inches in diameter 

and 73-3/8 inches long. 

Flooding velocities were determined tor the system capryl alcohol-­

water. These were found to be 35% higher than those previously found tor 

the seme system but with the aqueous phase dispersed. The type ot :flooding 

occurring in this system was different trom that tound by others in that it 

ooneisted of globules ot continuous phase detaching themselves trom the main 

body 01' the continuous phase and rising rapidly up the column tor a short 

distance betore again becoming part ot the continuous phase. 

For the extraction of cobal tous chloride :fro:11l both the e.lcohol phase 

and aqueous phase, Ka wee found to increase w1 th increasi ns aqueous phase 

rate, A maximum was found for the extraction :from the aqueous phase, in­

dicating coalescence o:f dispersed phase drops, but not for extraction in 

the reverse direction. The eftect o:f alcohol phase rate on Xa was found 

to be a :function o:f the direction of extraction. 

For the entire column, the (HTtJloA was relatively constant for vari­

ous aqueous phase rates and for a particular alcohol phase rate. It was 

unaffected by the alcohol phase rate for extraction from the alcohol phase, 

but increased with increasing alcohol phase rate tor extraction :from the 

aqueous phase. The (HTU)ow increased with increasing aqueous phase rate, 

and it increased with increasing alcohol phase rate for extraction from 

the aqueous phase, but decreased with increasing alcohol phase rate for 

extraction from the alcohol phase, The (HTU)oA. varied :from 2.e to 6 

teet ~nd the (HTU) 01 from 6 to 26 feet for the range of flow rates employed. 

Tbe values of Ka and HTU deviate by approximately 35% from those :found 



for the same linear flow rates in a previous investigation with the alco­

hol phase dispersed. 

Samples of the alcohol phase were taken at intennediate points in the 

column and an appreciable end effect was found at the coalescence point, 

but none was detected for drop fonnation. The end effect is considerable 

at the lower alcohol phase rates and is only slightly affected by the 

direction of extraction. 

For convenience in design calculations the end effect was isolated 

from the straight section of the column and the column considered as two 

sections. The (HTU)oA for the straight section varied from 3 to 6 feet 

and the end effect in terms of length of straight column was found to vary 

from 0.3 to 3.6 feet. 



RECOMMENDATIONS 

Recommendations for further work on the separation of nickel and 

cobalt by liquid-liquid extraction are as follows: 

I. Determination of end effects with the alcohol phase 

dispersed. 

2. Determination of extraction capacities for the recovery 

of cobalt from the alc9hol phase with the alcohol phase 

dispersed. 

5. Investigation of tb.e use of other solvents, particularly 

higher alcohols. 
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APPENDIX 
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SAMPLE CALCULA'l'IONS 

Run n1..1D1ber 7 of Series II. 

The nUITibers in parentheses refer to the numbers heading the columns 

in Table I. Columns (1) through (17), (31), and (37) are observed experi-

menh.l data. 

(l8 ) = 62,4 x (5) x (9) = §!:.!_x __ Q.:.§!Lx 0,57 
100 100 

= 0,31 #Coc1 2/ou. ft. 

, 19 ) = _s2_. 4_x __ ~_, 5_) _t _O_rg __ ~ _: -~ t_~1_t _(._, 6_) __ , 5_vJ_, _10_) 

100 

: 0,57 #CoCl 2/cu. ft, 

62,4 0,889 + (2•15 - 2•08 
: 2,15 - 0,57 (o.895. o.8s9D 2.08 

100 

= 1.16 #CoC12/cu. ft. 

(21) • 62,4 X (6) X (15) _ 62,4 X 0,895 X 2,15 
100 - 100 - ·-

: 1,20 #CoC1 2/cu. ft. 

( 22) : 62,4 X i7) X (16): 62,4 X 1,211 X 11,39 
00 100 

= 8.61 #CoC1 2/cu.ft. 

( 23) : 62,4 X (8) X (16) : 62,4 X 1,19§~:64 
100 100 

= 7,19 #C0Cl2/cu. ft. 



( 24) = [( 22) - ( 23LJ ( 2) : (8. 61 - 7.19)1. 796 :: 2. 64 #CoC12/hr. 

(25) = [(21) - (18LJ (1) : (1.20 - 0.31)3.164: 2.82 #Coc12/hr. 

(26) :: fl19) - (18LJ (1) : (0.57 - 0.31)3.164 = 0.80 #CoOlvhr. 

(27) : IT20) - (19U {l) = {1.16 - o.57)3.164 = 1.90 #00012/hr. 

(28) = D21) - {19U (l) : (1.20 ... o.57)3.164 : 2.02 #00012/hr. 

(29) ~ (24) t {2p} ~ 2.64 t 2.e2 ~ 2.73 #Coc12/hr. 
2 2 

(30):: (24} - ~25) X 100: 2.64 • 2,82 X 100 ~. 7% 
(29 2.73 . 

(33) = (31) fa~~~~: f;>9 u37) - (3lu 

: 25.95 ~ ::t~: ~:~~ (26.16 - 25.95) ~ 26.01% Cl 

: 25.95 r 2.l5 - 2-0S (26.16 - 25.95) : 26.15% Cl 
2.15 - 0,57 

(32), {34), (36), and (:38) are the distribution ooeftioient1 (K) 

corresponding to the total chloride concentration in the a~ueous phase 

(See Figure l). 

(39) = (32) X (17):: 0.264 X 9.64 .= 2.54% C0Cl2 

{40) : (34) p17) t (fi~)--(nd ((16) - (17)n = 

= (0.268) [9.64 + 1.92 - o. 57 (11.39 - 9.64)1 = 2.7~ 00012 2.15 - o. 57 :J 

= o.274 r9.64 t 2•08 - o. 57 (11.39 - 9.64P= 3.10% C0Cl2 L' 2.15 - o. 57 '.J 

(42) = (:38) x (16): 0.274 x 11.39: 3.12% C0Cl2 

46 



47 

For the calculation of (43)-(46), the specific gravity of the alcohol 

phase which would be in equilibrium with the bulk of the aqueous phase was 

assumed to be the observed alcohol phase specific gravity at that point in 

the column. 

( 43} : 62.4 X {5) X (39) = 62.4 X 0.889 X 2.54 
100 100 

= 1.41 #CoC12/cu. ft. 

62.4 ~5) t (f 15) - (lO)) {(6) - (5))] (40} 
(44) = L' 15) - (9) 

100 

r. 2.15 - 1.02 ( )'l = 62.4 Lo.ss9 + 2•15 _ 0_57 o.895 - o.ssg~ 2.72 

100 

= 1.51 #CoC12/cu.ft. 

(45) = 62.4 D5) + fti;~ - ~~f)) {(6) _ (5))] (41) 

100 

_ 62.4 fo.889 + 2•15 - 2•08 (0.895 - 0.889)] 3.10 C" 2.15 - o.5? 
100 

= 1.73 #Coc12/cu.ft. 

( 46) : 62.4 X (6) X (42) : 62.4 X 0.895 X 3.12 
100 100 

= 1.74 #CoC12/cu. ft. 

(47) = ( 43) (18) = 1.41 - 0.31 = 1.10 #Coc12/cu. ft. 

( 48) = ( 44) {19) = 1. 51 - O. 57 = O. 94 #CoCld cu. ft. 

( 49) = ( 45) (20) = 1.73 - 1.16 = o.5? #CoC12}cu. ft. 

( 50) = ( 46) - ( 21) = 1.74 - 1.20 = 0.54 #CoC12/cu. ft. 

( 51) : (47} - (50) = l.lO - 0.54: 0.79 #CoCldcu. ft. 
ln f 47) ln 1.10 

50) o.94 



(47) - (48) 1.10 - o. 94 
1.02 #CoClicu. ft. ( 52) - -- 1 f 47) 

- l 1.10 = 
n 48) n o.94 

( 53) 
(48) - ( 49) _ o.94 - o.57 # I ft. = @I - 0 •94 : 0.74 CoC12 cu. 

ln (49} ln o.5'7 

( 54) 
(48) - (50) o.94 - o.54 = 0.72 #Coc12/cu. = ~ 

= 1 o.94 ft. 
ln ) n 0.54 

The effective volume of the column is o.1333 cu. ft •• 

Column (55} is the KAa calculated from the average quantity of CoC12 

transferred. 

( 55) - ( 29) = 2. 7 3 = ..-----26_ ..... o_._h_r_. ____ 
- (51) x 0.1333 0.79 x 0.1333 (cu. ft.) cu. ft.) 

Column (56) is the KAa calculated from the quantity of CoC12 trans-

ferred by the alcohol phase. 

( 56 ) - ( 25) = 2.80 = 26.8 #/hr. 
- {51) x o.1333 o.79 x o.1333 {cu. ft.)(#/cu. ft.) 

The effective volume of the section of the column from the bottom 

to point l is 0.01613 cu. ft. 

(5?) _ (26) _ 0.80 _ 48.7 ~hr. 
- (52) x 0.01613 - 1.02 x 0.01613 - (cu. ft.)( cu. ft.) 

The effective volume of the section of the column from point l to 

point 8 is 0.1030 cu. ft •• 

(5S) = (53) x(207)01030 _ 1.90 _ ~-2_5_ ..... o~ .... hr_._.......,.. 
0.74 X 0.1030 CU. ft.) CU. ft.) 

The effective volume of the section of the column from point l to 

the top is o.1172 cu. ft. 

( 59 ) - (28) = 2.02 = 23.9 hr. 
- (54) x o.1172 o.72 x o.1172 (cu. ft.)( cu. ft.) 

Column (60) is the (HTU)oA calculated from the average quantity of 

CoC12 transferred. 

(60) = ~ = 145 = 5.57 feet 
~ 26.0 
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Column (61) is the HTU)oA calculated from the quantity of CoC12 trans-

ferred by the alcohol phase. 

(61) = ~ = 145 = 5.4 feet 
~ 26.8 

(62} s ~ = 145 = 3.0 feet "[5?T 48.7 

(63) = ~ = ~ = 5 8 feet (58T 25.0 • 

(64) ~ ~ = 145 = 6.1 feet 
{59f 23.9 

To calculate the end effect in terms of the number of feet of straight 

column to which it is equivalent, the value of KAa which was calculated for 

the section of the column from point 1 to the top was assumed to apply to 

the entire column except the end effect at the coalescence point. This cal-

culation was done by trial and error by first assuming a quantity of material 

transferred for the entire column except the bottom end. 

Assume 2.43 #Coc12/hr. transferred in the straight section of the 

column. 

2.43 _ 2.43 _ /IC Cl-' 
log mean 4C = (59) x o.1333 - 23.9 x o.1333 - o.763 o ~cu. ft. 

If 2.43 #CoClp/hr. are transferred in the straight section, the con-

centration difference in the alcohol phase at the bottom end of the straight 

section must be: 
. ' 

(47) - [(25) (;5~-43 J f 47) 

= 1.03 #CoC12/cu. ft. 

log mean ~C = 1 · 03 - {5o) = 
1.03 

ln ( 50) 

1 lo _ 2.82 - 2.43 
• 2.82 (1.10 - 0.54) 

1.03 - 0.54 = o.762 #CoClp/cu. ft. 
1.03 

ln 0-54 

which checks the value obtained by assuming a quantity of material trans-

ferred in the straight section. If it did not check another trial would be 

required. 



At the coalescence point at the bottom of the colmnn: 

log mean~C = (4?) - 1.03 = 1.10 - 1.03 = 1.0? #CoC12}cu. ft. 
ln 1ill ln l.lO 

1.03 1.03 

From the equation: 

KA a = V(~C) 1m 

V: N 
KAa(LiC)1m 

V: 25 - 2.43 2.82 - 2.43: o.0154 cu. ft. 
59 X 1.0? 23.9 X 1.0? 

The cross-sectional area of the oolmnn is 0.0218 sq. ft. 

(65} = o.0154 = o.7 ft. 
0.021s 

Another method of calculating the end effect is by means ot NTU's. 

(N'l'tT) - H 
OA - (HTU)oA 

The height ot the oolmnn is 6.11 feet. 

For the entire colmnn: 

(NTU) _ 6.11 - 6.11 - l 12 
QA - (6I1" - ~ - . 

For the straight section of column: 

(NTU)oA: 6.11 = &.:.!1.: 1.00 
( 64) 6.1 

End effect= 1.12 - 1.00 = 0.12 (NTU)oA 

End effect= 0.12 x 6.1 = o.s feet 

(66) = ~ = o. 57 = 2.15% coc1 T32f o.264 2 

(6?): ~: 2•15 = ?.85% CoCl \38T 0.2?4 2 

See Figure 19 for the specific gravities used in the calculation of 

( 68) and ( 69). 

(68) s 62.4 x sp. gr. x (66): 62.4 x 1.143 x 2.15 
100 100 

= 1.5? #Coc12/cu. ft. 
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(69) = 62.4 x sp. gr. x (6?) _ 62.4 x 1.18? x ?.85 
100 100 

= 5.88 #CoC12/cu. ft. 

{?O) = {23) - (68) ; ?.19 - 1.5? = 5.62 #CoCl~cu. ft. 

(?l) = {22) - {69) = 8.61 - 5.88 = 2.?3 #Coc12/cu. ft. 

= 5• 62 - 2 • 73 = 4 00 #C Cl/ ft ...__...__,.---,,_..... 5. 62 • 0 2 cu. • 
ln 2.73 

{ 73) _ (29) _ 2.73 _ 5.12 liLhr. 
- (72) x 0.1333 - 4.00 x 0.1333 - (cu. ft.){#/cu. 

( ?4) = i!l__ 82 = 15.l feet 
\72) 5.12 
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a 

dA 

C 

.iiC 

NOMENCLATURE 

interfacial area per unit volume, sq. ft./cu. ft. 

differential area, sq. ft. 

cobaltous chloride concentration, #/cu. ft. 

• (C - C) at any point in the column, #/cu. ft • 

H height of the col\llllD., ft. 

HTU height of a transfer unit, ft. 

K distribution coefficient, (weight percent salt in the alcohol 

phase at equilibrium)/(weight percent salt in the aqueous phase at 

equilibrium) 

KA extraction capacity coefficient, based on alcohol phase, #/(hr.) 

(sq. ft. of interfacial area)(~C) 

Ka extraction capacity coefficient, 

#/(hr)(cu. ft. of column)(AC) 

L liquid flow rate, ft./hr. 

N rate of cobaltous chloride transfer, #/hr. 

NTU number of transfer units 

S cross-sectional area of the column, sq. ft. 

V volume of the column, cu. ft. 

Superscripts: 

equilibrium value 

Subscripts: 

A alcohol phase 

B bottom of the column 

1m log mean 

QA overall, based on the alcohol phase 
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01 overall, based on the aqueous phase 

T top of the column 

w aqueous phase 
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