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ABSTRACT

Limiting liquid throughputs were determined for the system
capryl alecohol - water at two water rates in a columm 2-inches i.d.
and 82-1/2 inches in length, pascked with 1/4" poreelain Raschig
rings to a height of 72 inches.

Extraction of CoCl, from CoCly = NiCl, = HC1 ~ water solutions
was carried out in this column using eapryl alcohol as the solvent,
(HIU) gy Walues were fourd to vary frem 4 to 6 feet over the range
of flow rates investigateds The (HIU)py values increased as the
alecohol rate was increased.

The recovery of CoCly from the alecohol extract of the extraction
runs was also carried out im this column, using a HCl - water sclution
as the solvent, The (HIU)g and (HIU)qyy increased whem the alcohol
rate was increased, The (HIU)y wvalues obtained indicated that the
transfer of CoCly from the discontinuous phase to the continumous phase
was better than the tramsfer from the continucus to the discontinuous,
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INTRODUCTION

The separation of nickel and cobalt has presented consider~
able difficulty to the metallurgy industry. The most widely used
processes involve the precipitation of the cobalt in the form of
the hydrated cobaltic oxide (00203'3!20) by the addition of an
oxidizing agent to an alkaline solution of the divalent salts.

Oxidiszing agents commonly used are bleaching powder, sodium and
potassium hypochlorite and hypobromite, and solid carbomates in
conjunction with chlorine gas (4),(14),(19),(21),(26).

The preferential solubility of certain inorganic salts in
organic solvents was noted by Garwin and Hixson(ll) who carried
out a systematic investigation of the possibility of the separa~-
tion of the chlorides of nickel and cobalt by selective extraction
with an organic solvent, Capryl slcohol (2-octancl) was selected
as the organic solvent on the basis of preliminary studies. The
reasons for this selection were the wide difference in the solu-
bilities of the anhydrous salts in the alechol, the comparatively
high solubility of the more soluble salt (CoCl,) in the aleohol,
the low solubility of the aleochol in water, the stability of the
aleohol in conmtact with air and the aqueous solutions investigated,
end the aveilability and moderate cost of the solvent,

Practically no CoCl, was extracted from the simple aqueous
solution except at salt concemirations near saturation, The addition
of an elecirolyte such as mz or HC1 increased the distribution
coefficient of CoClge In ail cases the extraction of KiCly wes
very low. The distribution coefficients (K) for CoClp and MiCl,
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3.

in HC1 solutions at 25°C are given as a function of the total
chloride concentration in Figures 1 and 2, respectively (11).
Kylander and Garwin(16) investigated the extraction of CoCl,
from aqueous HC1 solutioms of CoCly, and CoCly and NMiClp with
capryl alechol in a spray column, The study was carried out im
a column 1-1/4 inches i.d. and 68-3/8 inches in length. A dimtri-
butor consisting of ten O.1-inch dia, nozzles was used., Limiting
liquid throughpute were alsc detemmined for refined grade capryl
alcohol and distilled wmter., Values for (m)m were found to be
nearly eonstani at about 5 feet over the range of flow rates of
the liquid phases, Values for (m)w decreased rapidly with
increasing aleochol rate and decreased slowly with decreasing water

rate.



THE PERFORMANCE OF EXTRACTION EQUIPMENT

Investigations conducted prior to 1936 and shortly thereafter,
made use of the theorstical stage theory and the transfer coefficient
Ka for the expression of mass transfer. The recent irend has been
toward the utilization of the HIU concept. The principal purpose of
these mass transfer coefficients is to permit the adaption of small
scale experimental results to the design of commercial size units.

Varteressian and Fenske(27) conducted investigations om the
system benzene-water-ethyl alcohol, utilizing the theoretical plate
concept to evaluate the performance in their packed colummn, The
effect of a nmber of comnmon variables on the column performance
was indicated. The variables found to affeet the columm performance
were shape and size of packing, and state of saturation of the feed
streems. Variables found to have no effect upon column performance
were the material of the packing, inversion of the continuous and
discontinuous phases, and the rate of throughput of material,

The performance of spray and packed columns was studied by
Appel and Elgin(l) with the system toluene-benzoic acid-water. It wes
found that the capacity of the packed column depended upon the feed rate
of the discontinuous phase and only slightly upon the rate of the
continuous phase. The capacity also varied with the drop size produced
by the nozzle. In general, the dependence of holdup on these variables
was similar to that of capaeity. The effectiveness of a packed column
relative to that of a spray column was believed to depend upon the drop
size produced by the nozzle and the mature of the packing. The capacity
of a packed column was believed to be determined largely by the rate of
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flow and the gecmetry of the packing, rather than by the subdivision
of the discontinuous phase at the nozzle.

Blanding and Elgin(3) studied the flooding velocities of a three-
inch diameter by five-foot packed extraction cclumn. The variables
studied were drop size, type of packing, colum design, packing suppoert,
and variation of the discontinucus and contimuous phase rates. Data
obtained covered the full range of discontinuous and continucus phase
flow rate ratios and a description of the operation at flooeding, The
end design of the column was found to be important for maximm
throughputs, The location of the disperser for best results was found
to be just above the packing support and in the packing. Johnson and
Bliss(15) made a comprehensive study of spray columns and compared the
results with performances of packed and perforated plate columns,

Row, ete. 2l.(22) studied the characteristics and performance
of a nine~inch column packed with Raschig rings and Berl saddles.
High flow rates for the continuous phase were found to have a
profound influence on the over-all HIU. The tower packed with
Raschig rings was found to have a greater capacity than when packed
with Berl saddles.

Comings and Briggs(8) condusted experiments on four wetted-wall
columns and four packed columns, Wetted-wall columns ome-inch in
dismeter were found to give over-all coefficients twice those in
packed columns and also were found t0 have capascities per unit
of column cross—-section as much as ten times those of the packed
eolumns, Thus, a one~inch weited-wall column can handle the same
capacity as a three-inch packed tower, but it must be five times
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as high, The velocity of the dispersed phase was found to have the
greater offect on the over-all coefficient and caused the same
percentage variation in the film reeistence of both phases. The
velocity of the continuous phase was found to have a smaller effect,
which was again the same in both phases. End effects may cause a
four-fold change in the extraction capacity for a given volume of
packing, This effect was found to be larger than that caused by
changes in the dispersed phase velocity. A general tendency for
larger and longer towers to give smaller coefficients wus noticed.

Colburn and Welsh(7) made an attempt to determine individual
film transfer units. The investigatiom was conducted with a coliumnm
packed with 1/2-4nch clay Raschig rings., The film HIU of the dis~
continucus phase was found to be practically independent of either
flow rate, while the film HIU of the continuous phase was found to
increase with an inecrease in the discontinuous phase rate, The results
indicated that the siream which is larger in amount should be made the
discontinuous phases A new method of interpreting over-all transfer
data, obtained in similar packings, was obtained,

Gloyer(13) investigated the extrmction of vegetable oils with
furfural in a nine~foot high by two~inch diameter laboratory column
packed with 1/2-inch Raschig rings and 1/2-inch Berl saddles. A
series of runs was also conducted on a 22~-inch diameter column at
64- and 87~feet heights. The resulis were that the longer column
gave more efficient fractiomation, The effect of column diameter
was also determined using the data from 2-inch, 22-inch, and 66-inch
dismeter columns, The height per stage of ssparation was considerabdly
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lese for the 2#inch column than for the larger columms. The height
per stage was approximetely the same for the 22- and 66-inch columns,
Therefore, the 2-inch column was more efficient per unit height and
it is necessary to have longer columns when the diameter is 22 inches
or greater in order to obtain the same degres of fractiomation as
with the 2-inch column,

Visvanathan and Mandi(28) investigated the performance of em
air-agitated column for comparison with spray and packed columns,

It was ascertained that the order of efficiencies (decreasing values
of Ka) for various types of packing were as followss With nitrobenzens
dispersed, (1) lessing rings, (2) glass wool, (3) Raschig rings; with
aqueous acid dispersed, the order wae (1) glass wool, (2) Lessing
rings, and (3) Raschig rings.

Leddhe and Smith(18) investigated the individusl film transfer
resistances in the sysiems, isobutyraldehyde-water and pentanel-water.
The HIU for the dispersed phase was found to be substantially constant
with changing rates of flow of either comtinuous or dispersed liquids.

Geankoplis and Hixson(12) determined the end-effects in a spray
tower for the extraction of ferric chloride from aqueous hydrochlorie
acid with isopropyl ether using an internal sampling device. Contrary
to previocus experience, the entire end-effect was produced by the
continuous inlet,

Morello and Beckmann(20) inveatigated the system diethylamine~
water-toluene using a 1,375-inch column packed with 4mm glass beads at
three different tempsratures. The HIU for the water film was found to
be essentielly zero, while that for the toluene film decreased with an

increase in temperature.
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Claffey, ot. al(6), investigating the extraction of water-
nigotine solutions by kerosene, found that the coefficlent decreased
with an increase in temperature at all concentrations, At constent
temperature the coefficient increased with an inecrease in concen-
tration to a maximum and then decressed with further increase in
concentration, The extraction was 8 percent higher when the saddle
packing used was loosely packed, The saddle packing gave 5 percent
higher extraction than did the same size ring packing.

Scheibel (23, 25) reported efficiencies of from 10 to 100 percent
for a l=inch diameter agiteted packed column for the separation of
sthanel from water by the double sclvent systems glycel-o-~xylene
and glyecol-methyl-n-amyl ketone, ae the packed height varied froam
1 to 8 inches. Scheibel and Karr(24), using a similar column but of
12-~inch diameter, reported that stage efficiencies may reach 100
percent, Acetons and acetic ecid were extracted with the solvent
pairs, water-methyl isobuityl ketone and water~o-xyleme. The through-
put per unit eross-section of the 12-inch column at flooding was found
to be several times that in a l=-inch ecolumn,

Breckenfeld and Wilke(5) investigated flooding in a 246~inch
tower packed with 1/2-inch saddles and 1/4-inch carbon rings, using
& variety of liquid pairs im order to vary the physical properiies
of the liquid pairs. Interfacial tension was introduced into a
flooding correlation for the first time. The correlation appeared
to fit the data of the authors and other previous workers.

Ballard and Piret(2) used columms of 2,03~ and 3.75-inch
dismeter with 1/4- and 1/2-inch ring packing. A variety of liquids
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was used with water. For water as the dispersed phase, the flooding
phencmena observed coincided with those found by previous investi~
gators. However, with the water as the econiinmueus phase, a new
phenomenon == a transition from nermal operation to a type of flow
involving considerable coalescence = was observed. A correlation
similar to that for gas~liquid flooding rautes was derived,

Elgin and Foust(10) proposed that the same basic relatiomship
exists for ligquid-liquid extraction as that for solid particles
falling through a ecountercurrently flowing liquid, The veloeity of
individual drops at flooding was related to the dispersed phase
holdup, and the application of holdup data from fluidized beds of
solids to the estimation of the spray tower flooding rates was shown,

Crawford and Wilke(9) reported data for limiting flows of various
liquids in a 12-inch diameter tower packed with 1/2=, 1=, and 1-1/2-
inch carbon Raschig rings. Comparison of the correlation obtaimed by
Breckenfeld and Wilke(5) with data on fluids of high viscosity and
large density difference im 1~ and 1-1/2-inch packings gave favorable
agresment. A new correlation was developed by analogy to the theery
of settling spheres which gave good agreement with the data for
columns packed with rings of 1/4~ to 1/2=inch nominal diameter and
1/2=inch Berl saddles and clay spheres.
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STATEMENT OF THE PROBLEM

The distribution studies made by Garwin and Hixson(ll) were
under equilibriwm conditions and no attempt was made to observe or
predict extraction capacity coefficients which might be expected
when the extraction is carried out countercurremtly in commercial
type equipment., The extraction studies made by Kylander and Gar-
win(16) esteblished capacity coefficients and heights of a transfer
unit for CoCl, by countercurrent exiraction with the systemss
CoCly = AC1 = water - capryl alcohol and NiCl, = Co(l, - HC1 -
water = capryl alcokol in a spray column and with the alcchel
phase dispersed. The present work was undertaken to determine
the capacity coefficients Kja and Kga and heights of a transfer
unit (HFU)q, and (m)“ for CoCl, with the system MiCl, = CoCl, -
HC1 = water - capryl alcochol by countercurremt extraction in a
packed columm with the alcohol phase dispersed.

It was thought advisable to conduct a series of preliminary
runs (Series I) in order to become femiliar with the column
operation and to obtain a few fleoding velocities, Series II was
conducted to obtain data for the extraction of CoCl, from an
aqueous solution containing NiCly, CoCly, and HC1 with capryl
aleochol. Series III was concerned with the recovery of CoCly from
the aleohol extract of Series II by extraction with an HC1 ~ water
mixture of approximstely 23 wt. £ HC1,
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APPARATUS

A column with an over-all length of 82} inches was comstructed
of standerd Pyrex glass pipe fiitings. The packed section comsisted
of 8 redueing tees (2 inch to 1 inch) giving 2 total packed height
of 72 inches, The side outlets of the tees were rotated 120°
progressively from bottom to tope The diameter of the packed section
was 2 inches. The ome-inch side outlet of sach tee was fitted with
a rubber stopper containing a 3mm o0.d. glass sampling tube. The
stopper and the tube were inserted from the inside and forced out
until the sampling tube was flush with the imside wall of the tes.

The end sections and disperser were constructed according to
the suggestions of Hlanding and Elgin(3) and Johmson and Bliss(15).
They- were consiructed from FPlexiglas and Pyrex glass pipe reducers,
Yor vore complete details, see figures 3, 4, 5, and 6,
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Figure 6.
Photograph of the Equipment in Operation



18,

AUXILIARIES

Sterage vessels for the aqueocus feed, solvent, extract, and
raffinate were 12-gallon Pyrex cearboys.

Pressure for moving the aqueous feed and solvent was supplied
by a cylinder of compressed nitrogen. The reduction of the pressure
from the cylinder pressure to 6 or 9 pounds psig was accomplished
by means of two regulators commonly used in oxygem service. The
pressure regulators were protected from the hydrochloric acid
vapor by the use of a wire basket filled with Ascarite and placed
in the manifold between the feed vessels and the regulators. A U-tube
manometer, with spproximately 16 inches of mercury, was used as a
safety valve,.

Flow rates of the feed streams were indicated by the pressure
drop across capillary tubes located in the lines. Inclined-tubs
mancmeters were used to indicate the amount of this pressure
differential, Control of the flow was accomplished by adjusting
a screw clamp upon a short section of Tygon tubing. This gave, in
effect, a diaphram wvalve.

The interface level in the settling chamber was controlled by
the vertical positioning of a vented tee in the raffinate line.

The extract and raffinate lines were vented to prevent siphon-
ing tendencies when the lines were full of liquid.

All tramsfer lines were of 7/16-inch o.d. Saran tubing with
fittings of Seran, glass, rubber, and 3/B-inch 1.d. Tygon tubing.
Tygon wae used prineipally for the section of the raffinate line =
from the bottom of the column to the vented tee.



The packing material was 1/4-inch white porcelain Raschig rings
manufactured by Maurice A. Knight. Packing characteristics are
listed in Table I,

A sight glaes constructed from 3mm o0.d. glass tubing and
comnected to the column with Tygon was placed between the alcohol
outlet and the first sampling point at the top of the column to
facilitate the location of the interface during eperatiom,

19.



MATERTALS USED

Refined grade capryl alechol, manufactured by the Hardesty
Chemical Company, Ine., and containing less than 8{ methyl-hexyl=-
ketone, was used for Series I,

Chanical grade capryl alcohol (2-octanol) obtained from the
Hardesty Chemical Company was used for Series II and Series III.
The mejor impurity was no more than 2.,0{ methyl-hexyl-ketone.

Tap water was used for Beries I, and distilled water was
used for Series II and Series III,

Concentrated hydroshloric acid of tested purity, mamufactured
by Mallinckrodt, was used to adjust the HOl coneemtration of the
aleohol and aquecus phases to the proper wvalues.

Eimer & Amend's tested purity CoCly*6Hg0 and NiCly*6Hy0 were
used in making up thesguecus phases to the proper wvalues.

All reagents used in the amalytical work met A.CiS, epecifi-
cations for purity.
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PROCEDURE FOR SERIES I

The column was packed from the bottem to the midpoint of the
disperser with 1/2~inch Berl saddles. Then the column was filled
with water and the 1/4-inch Raschig rings dumped in a few at a time
on top of the Berl saddles., The settling chamber was placed in
position and the transfer lines comnected., Then the column was
flushed several times with water and drained.

Celibration curves for the alcohol and water metering devices
were made by observing the time required for 100 ml. of fluid te
be discharged through the transfer lines at a given pressure
differential across the capillary tubing., Volumetric flow retes
expressed as cubic feet per hour were calculated and plotted
versus the manometer reading (see Figure 7). The flowmeters were
used only as an indication of comstancy of flow and the calibration
values, therefore, were not used directly.

Starting with the column and the transfer lines empty, the
water and alcohol carboys wers filled and a pressure of 9 psig
was applied above the liquids. The transfer lines were filled by
opening the control valves momentarily. The alcchol rate was
maintained at a low value while filling the columm with water in
oerder to prevent the more dense phase from displacing the alcohol
in the disperser. When the column was full, the water rate was
set at the desired value and the alecochol rate increased by small
amounts at regular intervals until floeding occurreds Sufficient
time was allowed for atiaimment of steady state between changes in
the alcohol rate and the interface was meintsined at & comstant
level by positioning of the vented tee in the raffimate line.
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Flooding was taken as the condition where a layer of dispersed
phase first appeared below the level of the 1/4~inch packing. This
definition is the same as that of Breckenfeld and Wilke(5). Upen
atiainment of flooding, the alcohol rate was reduced and then
increased by very slight amounts until the flooding point was again
reached, After establishing the reproducibility of the flooding
point, the alcchol rate was reduced te very slightly below flooding
and the actual volumetric flow rate obtained by noting the time
required for a definite volume to be discharged from the column,
Several checks were taken and the average recorded.

Upon cempletion of the run, the alecohol rate was reduced and
another water rate set, The foregoing procedure was then repeated
for other flooding points,
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PROCEDURE FOR SERIES II AND SERIES IIX

The procedures for Series II and Series III were the same as
for Series I with the only exception being the mature of the
solutions used, Series II was concerned with the extraction of
CoCl, from an aqueous solution containing HiCl,, CoCly, and HC1
by contacting with capryl alcohol. Beries III consisted of
recovering the CoCl, frem the mlcohol extract of Series II by
contacting the alcohol phase with an HCl ~ water mixture of
approximately 23 wt. £ HCl.

Starting with the column and transfer lines empty, a pressure
of 9 psig was applied to the bottles containing the inlet liquids.
The control valves were then opened slightly and the transfer lines
filled, The water valve was left open until a slight layer of
aqueous phase formed in the bottom of the column, then the alechol
valve was set at a maximum rate until three of the tee sections
were filled with the alechel phase. The alcochol rate was then
reduced to a minimum and the water increased to a maximum until the
column was completely filled, at which time the water and aleohol
rates were set at the desired values. The initial layer of alcchol
was found to facilitate the establishment of a constant interface
level early in the operatiem of the column, The flow rates wers checked
by recording the time required for 100 ml., to 200 ml. of solution to be
discharged from the column, and the sontrol valves of the inlet streams
were adjusted until the desired rates were obtained,

During the initial runs, samples of the ocutlet streams were taken
after the first, second, third, and fourth changes of the eontinucus



phase to determine the time required for steady-state to be
established. After four changes, samples were taken of the
continuous phase at the eight intermediate points of the column.
It was found that two complete changes of the comtinuous phase
(based on the empty column) allewed sufficient time for the
establishment of equilibrium,

Upon cempletion of a run, a new alechol rate was set and
sufficient time allowed for twe complete changes of the continuous
phase to occur, Samples of the cutlet phases and of the comtinuous
phase at the intermediate points were then taken, 8ince the avail=-

able quantity of the inlet solutions was sufficient for several runs,

samples of the inlet streams were taken before the initial run with
each batch and used for successive runs with these mixtures,

25.
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AMALYTICAL METHODS
A, Aquecus Phase

1. Total Chloride. It was important to know the total
chloride content as well as the salt concentrations of the aqueous
phase since the distribution coefficients for the salis are given
by Carwin and Hixson(ll) ae a function of the total chloride con-
centration, The Volhard method as recommended by Kylander(l7) wes
chosen for the total chloride determination,

Samples of all runs for Series II and Series III were analyzed
as followss A 5 ml, portion of the sample was diluted to 100 ml,,
a 5 ml, aliguot was pipetted into a 125 ml, Erlemmeyer flask and
2 ml, to 3 ml, of boiled concentrated nitric acid was added, Suffi-
clent standard Aghi0; was added fram s buretie to completely preci-
pitate the chloride, and provide a small excess, Two milliliters
of nitrobenzene were added and the resulting mixture shaken vigor-
ously to completely coagulate the AgCl precipitate. The precipitate
was washed down from the sides of the flask and one ml. of saturated
ferric ammomium sulfate was edded. The excess AghO3 was then deter-
mined by titration with standard KCNS until a brownish tinge, indi-
cating the formation of the iron-thiocyanate complex, marked the
end-point,

2. Total Salts, A4 25 ml. aliquot of the solution pre~
pered from the mample for the total chloride ammlysis was pipetted
into a 50 ml, Erlemmeyer flask and evaporated to dryness at
temperatures below 105°C, The residue was dissolved in distilled
wmter, transferred to a velumetric flask, and diluted to 100 ml.



A 25 ml, aliquot was pipetted into a 125 ml., Erlemmeyer flask and
analyzed for chloride content in the same mamner as in the total
chloride analysis,

3. KNickel., The method deseribed by Kylander(l7) was
found very satisfactory for the determination of nickel. The pro-
cedure used was as followss A 25 ml. aliguot of the solutiom
prepared from the sample for the total chloride anmalyeis was pipetted
into a 400 ml. beaker and diluted to approximstely 200 ml, (approxi-
mately six times the volume of dimethylglyoxime reagent used). The
solution was heated to near bolling, the dimethylglyoxime (0.5 ml.
of a 1% solution of dimethylglyoxime im 95% ethyl alcohol for each
mg. of total metals present) was added. Concemtrated NHyOH was
added dropwise, while stirring, until the red dimethylglyoxime
precipitate formed, or the vapors given off turned red litmus blue.
The precipitate was allowed to stend over night before being filtered
on a weighed sintered-glass~bottom crucible, then washed with hot
distilled water and dried in an oven at about 110°C for one hour. The
dried precipitate was weighed and the percentage of nickel in the
original sample calculated, No nickel was found to be present in the
alcohol extracts of Beries II,

4. Cobalt. The CoCly concentration of the samples taken
frem the runs of Series II and IYI was determined as the difference
between the total salt concentration and the nickel chleride comcen~

tration. The system of Beries III did not contain any nickel singe the

aleohol extracts of Series II gave no trace of nickel.

27,



5« Specific gravity. All specific gravities were
reported at room temperature with respect to water at 4°C. A
Wesiphal balance was used for these determinations,

Be Alcohol Phase. The HCl and dissolved salis were washed
from the alcohol phase with water, Essentially all of the solutes
were transferred to the water phase since they favor this phase at
low chloride consentrations,

The washing technique used was as fellowss A 25 ml. aliquot of
the alecohol phnse sample was pipetted into a 200 ml, volumetric flask
containing approximately 150 ml, of water. The contents of the flask
were shaken vigorously and the phases allowed to separate. Further
additions of water were made, with thorough mixing and settling, until
the alcohol-water interface reached the 200 ml, marks Most of the
alcohol was decanted and the resulting aqueous solution used for the
analyses, The general procedure for the analyses was the same as that
for the aqueous phase previously deseribed, Modifications of the
procedure appear belows

1. Total Chloride. The total chloride comtent was deter-
mined in order that the HCl concentration of the mlechel phase would
be readily aveilable if desired. An aliquot of 5 ml. or 10 ml. of the
above aqueous extract was given the same treaiment as the aqueocus
phase samplos,

2o Total Selts. A 25 ml. aliquot of the abeve aqueous
extract was dried and processed in the same manner as the aqueous phase
samples,

3. HNigkel. A 25-150 ml. aliquot of the agqueous extract
from above was treated similarly to the agusous phase samples.

28.
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However, the nickel dimethylglyoxime precipitate did not form
immediately when the solution was treated with concentrated NH¢OH.
The presence of sufficient NH4OH was indicated by the characteristic
red color of the cobalt complex, and also by the change of meist red
l1itmus paper to blue in the vepors mhove the solutiom. The samples
were allowed to stand for 24 hours, then filtered, dried, and weighed
a8 before.

4. Cobalt. Cobalt chleride was determined as the differ-
ence between the total salts and the nickel chloride.

5. Specific gravity of the alcohol samples was determined

by the same method as the aqueous phase samples,
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IRTERFACIAL TENSION MEASUREMENTS

A du Nouy ring tensiometer was used to measure the inter-
facial tension of a few selected mixtures, Where samples taken
during runs were used, equal volumes of the alcohol and agueous
phases were shaken together in order to attain equilibrium dis-
tribution of the solutes. The mixture was poured into the
tensicmetsr dish and allowed to separate into two phases. The
measurement was then made and the temperature recorded. The
results are tabulated in Table IV,



the first stagnant layer appesred at the disperser section. The
Ballard and Pireit correlation gave much closer agreement to the
actual flooding points as shown by Table II. The quantity
(4 u‘g) is equal to & constant for the two flooding points.
It was possible to operate the column at a slightly higher rate than
the floed point, but the interface became unconirollable. During
all floocding runs, the interface was maintained approximately two
to three inches above the top of the weir,

Series II and III. The extraction capacity coefficient curves
of Figures 9 and 10 indicate an increase of Ka as the dispersed
phase rate is increased., Figures 11 and 12 show an increase in the
(HTU) o for Series II, and (RIU)oy and (HIU),, for Series III with an
increase in the dispersed phase rate. The (HIU)g, of Series II
remsins essentially constant at a range of fram 4 to 6 fest. This
agrees very well with the (HIU)g of approximately 5 fest found by
Kylander and Carwin(16). An (HTU)q, of approximately 5 feet, there-
fore, is suitable for a preliminary design of either a spray or packed
column, Figure 13 is a replot of the (HTU)q, curves of Figures 11 end
12. This figure shows that the tranefer of CoCl, in the recovery runs
of Series III is better than that for the rums of Series II. This
indicates that the transfer iz better from the discontimuous to the
continucous phase than from the comtinucus to the discontinuous phase.
The higher salt concentration levels in Series II over those prevailing
in Series III may be an important factor in this effect.

The results are not as precise as desired. The quantity of CoCl,y

transferred was small because of the fact that the alechol to wmater

36



EQUATIONS FOR EXTRACTION CAPACITY COEFFICIENTS
AND HEIGET OF A TRANSFER UNIT

For solute transfer across a liquid film in extraction, under
steady-state conditions, at amy point in a contimuously functioning
apparatus,

dN = K (Cy = C,) A (1)
N = Ky(Cy - Cg) a4 (2)

In packed columns the interfacial area is not measurable, and
dA 1s replaced by adV. Assuming that the driving force for mass
transfer is linear in mass transfer, equation (1) may be integrated
to give the followings

NeKa (AC)1nY (3)

K2 = V(A Gy )1n (4)

N is defined as
X = 5(LagCag = LagCap) )
If the volume change of the phase under consideration is assumed
to be megligible as solute is transferred, equation (5) reduces tos
N = 81y (Cap = Cag) (6)
The over-all height of a transfer unit based on the alcohel
phase iss
(eru)oy = 2 )

Bimilar equations may be developed for the water phase in which
the subseript W is substituted for the subseript A in equatioms (3)

through (7).
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RESULTS

Series I flooding determinstions are given in Table II.

The calculeted values of Ka and RIU for Series II and Series

III are given in Table III in the Appendix, This table contains
the observed experimental data and all intermediate caleulated
values from which the capacity coefficients were obtained., The
results are plotted as Ka and HTU versus the alecohol phase rate,
at a constant water rate. See Figures 9, 10, 11, 12, and 13.
It was not possible to calculate the capacity coefficients for
Run W1 of Series III since the driving force based upom either
of the phases was negative. This is theoretically impossible
singe the operating line camnnot cross the equilibrium curve.

The salt concentrations at intermediate sampling points are
shown in Table V. These wers not used since the change in
concentration from point to point along the eolumn was very small
and the capacity coefficients calculated with these values would
have been considerably im error.

Table VI gives the maximum percent error in the capacity

coefficients resulting from an assumed amamlytical error of 0,05 ml,

in the chloride titration.
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DISCUSSION OF RESULTS -- CONCLUSIONS

Series I, A study of the flooding characteristics of the column
was made to beceme familiar with the operation of the column and to
obtain additional data to check against the correlations of Brecken~-
feld and Wilke(5) and Ballard and Piret(2).

Blanding and Elgin found that a certaim pair of flow rates, a
layer of the dispersed phase appeared belew the packing and the
column ceased to operate satisfactorily. Breckemfeld and Wilke also
found this condition in their investigations. However, Ballard and
Piret found three types of flooding to occur, depending upon which
phase was dispersed and the physical properties of the liquids. They
found that the flooding described by previous investigators (type 1)
occurred only with solvents of medium or high density and with systems
of high interfacial tension. The second type of operstion was found
to occur in most of their runs under all conditions of opasration, In
these runs a gradual transition or phass reverssl occurred from drop-
wise movement of the dispersed organic solvent through the continucus
water phase, to a film-wise movement of the water phase over the packing
through a predominant solvemt phase. The third type of behavior cccurred
in many of the runs in which the interfacial tension was low. This
phenomenon was characterized by surging of the interface and a
sudden formation of a layer of the organic solvent near the disperser
which then passed on through the packing and out the column, This
opoeration repeated itself periedically.

The transition points defined by Ballard and Piret were below
the flooding points found by previous investigatioms, Crawford and
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Figure 8,
Appearance of the Column Near Flooding
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vilke(9), in investigating limiting flow through larger packings,
calculated transition points with the Ballard and Piret correlation
and compared them with the flooding points they themselves obtained,
using the criterion of flooding as proposed by Blanding and Elgin,
The transition po'.l:'rh were for the most part about 40 perceant lower
than the flooding peinte,

The type of flooding found in this investigation was similar
to the third type found by Ballard and Piret. In approaching the
floeding point, the bubble size was noted to increase slightly. An
accumulation of bubbles in the more open sections of the packing was
noticed as shown by Figure 8. At flooding, a layer of the dispersed
alcohol phase formed Jjust above the disperser. This layer increased
in thickness to a certain point and then began to pass up the column
as a unit, However, it did not pass out of the column as a unit,
but decreased in depth and finally disappeared, at which time another
layer of solvent had formed at the disperser. This operation was
repeated at regular intervals., Since the packed section was T2 inches
in length, the packing was able to disperse the solvent layer. The
surging of the interface allowed the solvent to disengage itself from
the disperser and thue move up into the ¢oclumn, The interfaciasl
tension and density difference was low, as shown in Table II, All
flooding determinations were made with aleohol and water previously
saturated with respect to each other.

The Breckenfeld and Wilke correlation predicted & limiting flow
of the dispersed phase of from 50 to 100 percent higher than that
actually obtaimed, the flood point being defined as the point where
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rates studied were not high and the equilibriun distribution tends to
favor the aqueous phase. Calculations of the quantity of CoCl,
transferred are obtained from differences in inlet and outlet stream
concentrations., Therefore, they are subjeci to considerable per-
centage error when such differences are small. It is believed,
however, that the data are sufficiently reliable for preliminary
design calculations. With the experimental coefficients reported,

it is possible to design columns for the separation of NiClj and

CoCly, and for the recovery of CoCl, from the mlcohol extract.



STMMARY

A study was made of the comtinuous extraction of CoCly, with
capryl alcohol from a solution containing CoCl, - NiCl, - HCl =
water and the recovery of CoCly from the alcohol extract with an
HC1 = water mixture., The equilibrium distribution data of the
saltes between the two phases used in the present work are those
found by Garwin and Hixson(ll).

A column 2-inches i.d. and 82-1/2-inches long, packed with
1/4~inch porcelain Raschig rings to a height of 72 inches, was used
for the flooding and extraction studies. The end design and disperser
design for the column were similar to those found satisfactory by
previous investigators. Flooding was defined as the pair of flow
rates at which a layer of the dispersed phase first appeared near the
disperser.

For the extraction, the over-all (HIU),, varied from 4 to 6 feet
over the range of liquid rates used. The over-all (HTU)qy varied
widely and showed a general increase as the alcohol rate increased.

A replotting of the (HW)m curves for Series II and III indicated that

the transfer of CoCl, was better from the discontinuous to the com~
tinuous phase than from the continucus to the discontinuous phase.
Flooding rates determined for the system capryl alcohol =~ water
were campared with those caslculated with the Breckenfeld and Wilke(5)
and Ballard and Piret(2) correlations. The actual flooding velocities
were found to agree more closely with those predicted by the Ballard
and Piret correlation., The operation of the column at flooding was
the same as that reported by Ballard and Piret for systems with low

interfacial tension and density difference.

41.



RECOMMERDATIONS
Recommendations for further work on the nickel-cobalt separation
by liquid~-liquid extraction are as followss:
l. Development of a volumetric method of amalysis for
cobalt or nickel in solutions containing both salts.
2 Investigation of higher alcohel to water ratios,
3¢ Determimation of extraction capacities with other types
of packing and packing material,
4, Inversion of the extraction column so that operation with
the water phase dispersed may be studied,

42,
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TAEIE I

Packing Characteristicsl

Size of packing, inch 0e25
Type of material Unglazed Poreelain
Apparent demsity, #/cu.ft. 139.5
Sizes
Outside dismeter, inch 025
Ineide dismeter, inch 0.125
Length, inch 025
Surface area factor, A, sq.ft./eu.fte. 202.0
Fractional free volume, ¥ 0.559
TABLE II

Limiting Flows

Ug Calculated by |
Vater Rate ("5) Alcehol Rate (g;) Recent Correlations ( # o4 ﬁi

Rup (5) (2)
F=1 1043 24,5 38.9 1647 8
F=2 19.5 7.98 22.3 9.74 17

Temperature = 29.5°C
o = 11,1 dynes/cm.
¢ = 1,000 8./‘10
Pd w 0,921 g./ml.

1 Obtained from Maurice A. Knight, Akron, Ohio



TABLE III

Sp_gglii‘&c Grevity = _ Selt Concertration - Water Fhase In :
&;cogoj. ser Weight Percent __ # Salt/Cu.Ft.. Weight Percent

% ﬁ : uecl : !&_gl CoC1+ Eebli ﬂ !uiClo comf E MeCly & h%i_g_lyz%ﬁ

0.872 3 880 1.190 1.16;_8 14T 3.48 4.3 578 z 58 3.20 T.56 3,50 4,06
0.872 ¢.879 1.190 1,188 7. 79 .48 4.1 5 5.78 S8 3.20  T.39 3.50 3.89
0.876 0.674 1.189 1,179 B8.66 13,07 5.59 €443 a.‘z'ﬂ 4,15 8,02 3,04 5.08
0,876 0.876 1.189 1,184 8.66 3,07 5.59 = 6.43 228 4,15 8,21 3,03 5.18
04876 0,879 1,189 1.184 8,66 3.07 5.59 @ 6,43 2.28 4,15 T.67 3.01 4,66

.8?60 878 .1891184 8,66 3.07 5.59 | 6.43 2,28 445 7.52 3,01 481 5, 8" 2 2,23 3.55

. 0,869 0.866 1,121 1,123 0.139 0,000 0,139 0,096 0,000 0,b9%6 1.08 0,000 1.08 0,758 0.000 n.asB

- 0,869 0,868 1.120 1,120 €.139 ©€,000 0.13% | 0,096 0,000 -e.m 1.25 0,000 1,25 0,874 0,000 Q.87

© 0.882 0,875 1,128 1,133 0.000 ©€.000 0.000 ° 0,000 0,000 0,000 C,436 0,000 0,436 0,308 0.000 0,308
0,862 0,874 1.128 1,134 0.000 0,000 0,000 0,000 0.000 0.p00 0,667 0,000 0,667 0,472 0,000 0,472

s Cut }F l{eﬂl_zlr_ansfe: red Per Hour
: ter Alcohol 7 Total
haus (Fhase Average Devia

Eb‘ 1 330 s

€.0371 0.05__81 .0.4:»'-6. - 44,2 0,
0.0627 ©.0864 0,0746 = 31.8 Ql0OB

0.0962 0.0673 0.0818 #35.3 7'

0.0777 0.0973 0,0875 = 22,4

0.160 0.128  0.144  429,2
0.138 0,157 0.14=E = 12,8

_ ":'ggghi Fercent
2 h‘.iaCJ. a. B&CI CoCly

0.000 €.000 C€,000 0,000 0,000 1.29 0,000 1.29
0,000 0,600 C,000 0,000 €,000 1,21 0,000 1.21
0,000 0.03C5 ©,0167 0,000 0,0167 0,848 0,000 ©.846
05 0,000 0,035 C.01€7 0,000 0,0167 0,890 10,000 0.890 9
05 0,000 0.0305 0.0067 0.000 0,0167 C,%91  0.000 0.991 0,544 0.
0,000 €.0305 0,0167 0.000 0,0167 0.974 0.000 C.974 0.534 0,000

10,000 1.56 0.858 0.000 0,856 0.0383 0,000 €.03E3 0.0205 ©

' 'e.raae1sa 0,858 0,000 0,856 C©.0465 ©,000 0,0465 0,025 0.
0,567 0.000 0,567 0€,0103 0,000 0,€103 ©.0056 <

04567 0.000 0,567 0,0068 0,000 0,0088 0©.0046 ©

0,136 0.0322 -0.054 +124 0,1
0.150 0.0588 0.105 «;@ﬂ 0,150
040697 10,0668 'm-aﬁﬁ C *4.28 0
0.110 0.0866 10,0085  +23.4

b
. ] B




TABLE IIY (Cont,)

ia-.zsa 0,100 0,317
0.692. 0.143  0.348
0,688 0.312  0.477

- 0,716  0.284 04467 y
0,601 0,235 = 0,391 .

« 0,651 0,006 @ ~=-
0,682 0.002 0,192
0.487 0.0056 C,111

0,443 0.0048 0,099

haee is zssumed to be equsl
pditions of operation
urms 47 & 4L,

125
1.,1%
108
1.1
1.1
1.1%
1.14
1.13




System

Refined Grade Capryl
Alcohol = Distilled Water

Bolvent - Aquecus Feed
Run Ex. 1, Equal Volumes
Equilibrated

TABLE IV

11.1 {29¢5°C)

2.37 (29°)

Aidle O3

10.5 (30-35°)

2.5 (30-35%)

(For a comparable

mixture = not iden-
tical with sctual
system used.)

a1,



NP KA
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TABLE VI

Mexizum £ Error in Capacity Coefficients Resulting
from an Assumed Analytical Error of 0,05 ml. in the
Chloride Titration.
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SAMPIE CALCULATIONS

Run number 3, Series II.

Columns (1) through (11), (15), (16), (17), (21), (22), (23), (27),

(28), (29), (41), and (43) contain observed experimental data.
(12) = ﬁhﬂ{%g_!_(ﬂ = Mlik]%l_aﬁ B 6,43 #ﬂoﬁlyau.ft.

= 624 x (7) x (10) o 62,4 x 1,189 x 3,07 =
(13) 300 = 624 mg = 2.28 #NiC1o/cul.tt,

(14) = (12) = (13) = 6443 = 2,28 = 4,15 #CoCly/cu.ft,
62,4 x (8) x (16) , 62,4 x 1,179 x 8.12
(18) = 62.4 130 6) , 624 T 8.12 , 5097 fHeCly/cu.ft.
(19) = é&{%ﬁ.‘m = MWM s 2,24 #mc),z/w.ﬂ.
(20) = (18) = (19) = 3.73 #CoCly/cu.ft,
62,4 x (5) x (21) o 62+4 x 0,876 x 0,0305
(24) = 22l 3 212 0 0.0167 #MeClo/cu.tt,
62:4 x (5) x (22) , 62:4 x 0,876 x 0,0 o
(25) = { Kpatop Rl 0.0 #N1C1,/cu.tt,
(26) = (24) = (25) = 0.,0167 = 0,0 ® 0,0167 #CoCly/cu.ft.
(30) = éZaLa_}%.LLZIl = “_h_ua_g%;_xm ® 0,463 {MeClo/culrts

(31) = éas"_!_%%_l_{m e é&ﬁ_&.gl.%ozz_uﬁ = 0.0 #Ric’la/cu.ft.

(32) = (30) = (31) ® 0.463 = 0.0 ® 0.463 #CoCly/cusft.
(33) = (2) x[(12)-(18) = 0,209 [f.43 = 5.97 = 0.0962 fMeClo/hr.
(34) = (1) x[(30)=(24)] = 0.151 [0.463 = 0,0167] ® 0.0673 FAteCly/br,

(35) = m)%ﬂil - Q.Q‘ié'-’;_o'%ﬂ = 0,0818 Mz/hr.



(36) =.(31).(;_5§3ﬂ x 100 = M%W x 100 = +35.3%

(37) ® (2) x [(14) = (20)] = 0.209 .15 = 3.73 = 0.877 #CoCly/hr.
(38) = (1) x [(32)~ (26)] = 0.151 [0.463 - 0.0167] = 0.0673 #CoCly/nr.

(39) = .(.31)_'%‘35.1 = M ® 0,0775 #CoCly/hre

(w)s%mxlm =2‘le00 =+ 26,38

(42) and (44) are the distribution coefficients (K) correspending to
the totel chloride concentration in the water phase (see Figure 2).

(45) = (11) x (42) ® 5,59 x 0,253 = 1.42% CoCl,

(46) = (17) x (44) = 5,08 x 0,253 = 1.29% C€iC1,

For the calculation of (47) and (48), the specific gravity of the alecohol
phase which would be in equilibrium with the bulk of the water phase was

assumed to be equal to the observed alcohol phase gravity.

(47) o &l"—!—%&—!—(&i’. o g‘%w = 0.775 #coc]_yw.ﬁ.

(48) = 62,4 x (5) x (46) 5 62,4 876 = 0,705 #CoCly/cu.fte.

100 100
(49) = (48) = (26) = 0.705 = 0.0167 ® 0,688 #CoCly/cu.ft.
(50) = (47) = (32) = 0.775 = 0.463 = 0,312 #CoCly/cu.ft,
(51) = m—"—ﬁ-‘ = % = 0.477 #CoCly/cu.ft.
(50

1In < In 5,312

The effective tower volume is 0,131 cu.fti.

—uﬂ_ﬁf = 020715 = .(_&Qﬁ*wh_’
(52) ® 0,131 x 0,131 x 0.477 1.24 cu.fte cu.ft.
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(53) ‘-'--8%, = 8292 u 5,58 foot

1.2‘
50 = 2 58 » 5.0t i

(55) = -&}} = -g:%—gl ® 0,066% CoCl,

For the specific gravity of the water phase used in calculation of

(56) and (57), see Note ¢, Table III,
6204 x 8pogre x (54) . 6244 x 1,19 x 3.36 .
(56) = Bok z 82u4 2 1odd 2 2,50 #CoCla/cuatt.

(57) = é&%ﬂﬁl = QML&LLILM & 0,0478 fcmz/“.ﬁ.

(58) = (14) - (56) = 4,15 = 2.50 = 1.65 #CoCl,/cultt,
(59) ® (20) = (57) = 3.73 = 0.0478 = 3.24 #CoCly/cu.ft.

(60) = ‘fﬂ—_ﬁi = = 2.46 §CoCly/cudtt.
In 5 1n iﬁ%
(61) = 0‘131 X zEj = 0‘131 X 204; ® 0‘2‘1 tCn.ﬁ.Hﬁ cu.ft.’

(62) .{%{T e 23 = 23,0 r,



NOMENCLATURE
a » interfacial area per unit volume, sq.ft./cu.ft,
dA » differential interfacial area, sq.ft.
C = CoCl, concentration, #/cu.ft.
ACy = (Cf = Cp) at any point in the columnm, #/cu.ft.
ACg = (Gy = Cy) at any point in the column, #/cu.ft.
HTU 2 height of a transfer unit, feet,
K = distribution coefficient, (weight percent ealt in the alcohol
phase at equilibrium)/ zwight percent salt in the water phase
at equilibrium),

K = extraction coefficient based on the alcchol phase, #/(hr.)(sq.
ft. of interfacial area)(AC;).

Ka % extraction capacity coefficient, #/(hr.)(cusft. of column)(AC).
L = liquid rate, (cue.ft.)/(hr.)(sq.ft.)
MeCl2 @ iCly 7~ CoCl,
N = rate of CoCly transfer, f/hr.
5 = cross-sectional area of the column, sq.ft.
¥ & volume of the columm, cu.ft.
Subscripts
A = alcohol phase.
B = bottom of the column.
¢ = continuous phase.
d = discontinuous phase.
lm & log mean.
OA = over-all, based on the alcohol phase.
O = over-all, based on the water phase.

T = top of column.



U » superficial velocity at flooding point, en.ft./(sq.ft.)(hr.).
¥ = water phase.
1,2,3 @ first, second, or third sampling point from the bottom,
Superseript
* z equilibrium value.
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