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INTRODUCTION 

Relatively few basic studies of mass transfer rates in 

continuous countercurrent liquid-liquid extraction columns 

have been reported in the past, although interest in such 

studies has steadily increased in recent years., especially 

on the better design of extraction columnso It is to be 

understood that the efficiency of extraction is not only in-

fluenced by the characteristics of extraction apparatus but 

is also greatly limited by the physical properties of the sys

tems to be handled. Therefore the selection of a proper 

solvent and the understanding of the physical properties of 

the system is just as important. A few investigators have 

attempted to resolve the overall mass transfer coefficients 

into individual film values7, 12 ,17,42 and others have tried 

to correlate the effects of temperature, 29,36 the Reynolds 

number,-7,l?,42 the Schmidt number,?,9,l2, 17 the interfacial 

t . S,6,10,16,20,30 th t f fl 1,2,4,12,14,15,20~ ension, era es o ow, 

22 , 2J,J?,JS,L~2 the density, 6 the viscosity,6,7,9,l2 ,l7.i,42 

the diffusivity,7,17,L[.2 the concentration,41115, 20 and the 

partition coefficients32 to the mass transfer rates. However, 

any of the correlations made has been limited to the rela= 

tionships within a system itself.. Unless a generalized inter= 

systemic relation is derived, it will be almost impossible 

to design an industrial extraction equipment for a new system 

without preliminary pilot plant studies. Since this investi= 

gation is one of the first to be made in its field~ nothing 

J. 



general can be said at the present time about whether the 

empirical equation developed in this research work is a 

universal form for all systems. Nevertheless it is reason= 

able to expect that systems can be classified in certain 

groups according to their physical and chemical properties. 

For each of these groups there would be a generalized equa

tion, from which one may predict the relative mass transfer 

rate when sufficient data on physical properties are availableo 



THEORETICAL AND EXPERIMENTAL BACKGROUND 

A. General 

The mass transfer rate of liquid-liquid extraction, 

in a given equipment, may generally be affected by the 

viscosity,6,7,9,l2,l7,l9 the diffusivity,7,l7,/_~2 the 

density,6 the concentration,4,l5, 20 the rate of flow,1,2, 

4,12,14,15,20,22,23,37,38,42 the equilibrium correlation 

between phases,32 the interfacial tension5,6,10,l6, 20,30 

and the interfacial ar~a of the materials handledo Most 

of these vary further with a change of temperature.29,36 

Therefore the study of mass transfer rate of liquid-liquid 

extraction of varying systems would be greatly simplified 

if done at constant temperature. If the two liquid phases 

should remain ·the same, and different dilute solutions 

of similar solutes are employed, the case would be fur= 

ther simplified, because the density, the viscosity, the 

interfacial tension and thus the interfacial area of the 

two liquid phases would remain practically identical (the 

interfacial tension of different dilute acid solutions 

were experimentally coµ1pared and proved to be identical 

by the double capillary method). 26 Under these restrict= 

ed conditions the variables may be reduced to~ rate of 

flow, concentration of feed, diffusivity of solute!J and 

partition coefficient; and that is the way in which the 



experimental work of this paper was carried out. 

B. Diffusivity 

The diffusion coefficient, D, is defined as the 

quantity of material that will diffuse across a plane 

of unit dimensions in unit time under unit concentra-

tion gradient, or 

D = dQ 

Adt dC 
dx 

(III 1) 

where, Dis the diffusion coefficient, dQ is the quan-

tity which passes across the plane of area A in time 

dt under a concentration gradient of dC o 

dx 

Various methods are available both for experimental de-

t • t· ll,lJ,18,19,21,24,25,28 ermina ion and for empirical 

predictionJ,34,43 of diffusivity in liquidso A modified 

Northrop and Anson Method,33 using a diffusion cell with 

sintered glass bottom, was employed in this investiga

tion. The results were compared with values calculated 

from Wilke's43 empirical equation. According to Northrop, 

for general cases, 

where, D = 
K = 
A = 
h = 

Vl = 

diffusion 

log V2S-(V2+V1)Q0 

v2s=(V2+v1 )Q 

coefficient, 

a constant= A/h, 

area of diffusion, 

(III 2) 

thickness of the sintered glass disc, 

volume of more concentrated solution= 
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volume of the cell, 

= volume of dilute solution= volume of 

liquid in receiving tube, 

s = total amount of solute at beginning of 

experiment, 

= quantity of solute in dilute solution at 

any time, 

= concentration of solution in the cell at 

time t, 

= concentration of solution in receiving tube 

at time t, 

K' = 2 = 2A = constant for a 
"""'2-. 3....,0,...,,,3 ...... K ~ .,,,...2 -. 3,....,..0.,,..,,3h...,,.,V,,,_1 

particular cell, which can be determined 

by using a solution of known diffusion 

coefficient, 

= quantity of solute in the dilute solution 

when t = o, and 

t = time of duration of the experimento 

If at the beginning of the experiment, there is no 

solute in the receiving tube and v1 is equal to v2, 

equation III 2 can be simplified to~ 

D = 1 log 01 (III 3) 
K•t C-201 

This equation was used for all of the diffusivity de-

termina. tions both in water and toluene except tha. t of 

formic acid in toluene phaseo Since formic acid is only 

slightly soluble in toluene and has a great affinity fo1'.' 
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water, the amount of the acid that diffused through the 

sintered glass disc to the toluene had a tendency to es-

cape from the latter to the gaseous phase very easily. 

This was concluded when the material balance on formic 

acid was found consistently out of balance. A modifica-

tion was made by introducing a measured quantity of sodium 

hydroxide solution of definite strength to the receiving 

tube at the beginning of the experiment; thus the acid 

diffused out from the cell, passed to the thin layer of 

toluene between the cell and the alkali solution, and 

was instantly removed by sodium hydroxide. Therefore, 

the concentration of the toluene could be considered con-

stant and equal to zero. A new mathematical relation-

ship was then derived as follows: 

Since by definition, 

and by approximation C2 = o, 

_£S = DA ( C ) = QL 
dt h 1 hV1 (S-Q), 

or Ji dQ, ~ s DA dt ' 
~ hV1 

or 2.303 log S-Qo = DA t 
' ~ hV1 

. . D = 2.3V1h log S-Qo - ' At S-Q 

• • D = 2 log S-Qo , 
K•t ~ 



and since Qo = o, 
D == 2 log s == 2 log Cl 

Kit S-Q K't C1-C2 
(III 4) 

where each symbol retains its defined significance except 

for Q., which, in this ease, is equal to the amount of 

solute that diffused through the sintered glass disc, and 

the subscript o indicates the initial condition. The ex

perimental results proved to be satisfactory on the mate-
. . 

rial balance. 

c. Equilibrium Concentration Distribution 

When equilibrium is reached under constant tempera-

ture and pressure, the ratio of the concentration of a 

solute between two contact liquid phases is called the 

partition coefficient, KE., or equilibrium distribution 

constant. This value can be considered as a constant 

for a range of solute concentration when very dilute solu

tions are dealt with. For the experimental determination 

of equilibrium concentration, it is important to assure 

the approaching of equilibrium state, to avoid disturb-

ance during sampling. The concentration of the solute 

can be determined by any suitable method of analysis. 

Since acids were used in this work, direct titration for 

more concentrated samples, and colorimetric method for 

more dilute solutions were used. 

D. Mass Transfer Rate 
16 Elgin and Browning have shown that for cases where 

the system does not depart widely from the simple distri-
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bution law, and where volume changes, amount extracted, 

and concentration involved are not large, the rate of 

mass transfer for extraction may be written: 

(III .5) 

where, Kwa = overall mass transfer coefficient., 

based on phase w., sec-1 , 

N = gme moles acid transferred per sec & ., 

V = volume of pa.eking space, C "Co, and 

(b,C)m = log mean concentration difference., 

gme moles per li tero 



APPARATUS 

A. Diffusivity Determination 
' . 

This includes a diffusion cell, three receiving 

tubes, a constant temperature water jacket and a primary 

constapt temperature water supply bath and auxiliaries, 

(Figur~s 1, 2, and 3). 

1. Diffusion Cell.--A diffusion cell of the capacity of 

31.0028 o.o. at 30° c. with sintered glass bottom, 

(Figure 1), was used. 

2. Receiving Tubes.--Three tubes (Figure 1), made of pyre~ 
I 

glass tubing, we.re useq. as receiving tubes. It is of 

importance that the inner diameter of the lower ends 

of the receiving tubes should be constructed as close 

to the outer diameter of the diffusion cell as possi

ble. The narrow gap provides less surface for unde

sirable evaporation during the process. 

3. Constant Temperature Water Jacket and Primary Constant 

Temperature Water Supply Bath.--Since the accuracy of 

the diffusivity determination is not only dependent on 

the least temperature variation but also on the least 

mechanical vibration, it is essential that direct agi

tation in the water jacket (Figure 2) should be avoid

ed. A primary constant temperature bath (Figure 2) is 

thus used as consta~t temperature water supply for the 
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water jacketo With this device one can greatly re

duce the unnecessary vibration, and at the same time 

eliminate the effect of temperature rise immediately 

following the opening of the circuit and due to the 

residual heat capacity of the heating elemento For 

less temperature disturbances the water jacket is in

sulated on its side by approximately 1/2-inch felt anq 

1/4-inch cork sheets at the bottom and top., and the 

vessel for the immersion-type pump is also insulated 

with approximately 1/2-inch felto By using an evapo

rative type cooler to keep the room temperature be

tween 80-90° F., it is possible to keep the tempera

ture variation w_i thin ±. 0 oOl ° C. in the water jacket 

and+ 0.05° c. in the primary constant temperature 

water supply bath. 

4. Auxiliaries 

io A special pipette of the volume of 3100028 c.c. 

at 30° C. was made and used for measuring a 

definite a.mount of ~olvent for the receiving 

tube so 

iio A universal clamp was designed to hold the bottom 

of the diffusion cell horizontal against the 

quiescent mercury surface, (Figure 1) .. 

iii.. A 500-watt electric heater was used as the heat-

ing element for the primary constant temperature 

water bath. 

iv. A copper cooling coil made of 10 feet of 1/4-inch 

copper tubing was used for cooling purposes (tap 



water was used as cooling medium){Figure-2). 

Ve A Fisher Serfass electronic relay coupled with 

a mercury switch was used for automatic tempera

ture control., 

vi., An immersion type pump, 1/30 HoPo, mounted on the 

wooden cover of a 12-inch diameter by 12-inch high 

pyrex vessel was used for circulating the water., 

Constant temperature water, siphoned from the pri

mary constant temperature water supply, was pumped 

to the constant temperature water jacket and was 

further returned to the primary constant tempera

ture water supply by siphoning action., An im

mersion type pump was used because a centrifugal 

type pump introduced a considerable amount of gas 

which accumulated at the top of the siphon tube 

and periodically stopped the siphon .. 

vii. Two calibrated thermometers with Oo01° Fo divi-

sions were used in temperature measurementso 

viii. A sampling device, with 1/32-inch stainless steel 

tube, attached to a water suction pump was used 

to take samples from the diffusion cell. 

ix., A framework and base were made (Figure 1) to sup= 

port the universal joint and water jacket., 

Bo Equilibrium Concentration Distribution Determination 

Three glass tubes with ground glass stoppers and 

rubber cushions were mounted on the plastic top of the 

primary_constant temperature water supply bath which had 
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originally been used for diffusivity determinationso The 

tubes were attached to an oscillating device which con

verted a part of the power of the stirring motor from 

rotary motion to sliding motion (Figures 4 and 5)o The 

sampling device was the same one as used in diffusivity 

measurements .. 

c .. ~. Transfer Rate Determinations 

The apparatus (Figure 6) for this purpose consists 

chiefly of an extraction column 9 a constant temperature 

(30° c .. ~ 1° C~) device for the whole system, and the 

auxiliaries .. 

1 .. The Extraction Column 

A 4-feet long by 1-1/2-inch diameter pyrex pipe, 

packed with 34 .. 5 inches 4-mm .. glass beads was used as 

the body of the column (Figure 7). The .column was 

jacketed with a 3-feet 8-inches long by 3-inch diameter 

pyrex tubing .. Inside the jacket space, constant tem

perature water was circulated to maintain the desired 

operating temperature .. 

2 .. Constant Temperature Device 

Constant temperature of the system was maintain

ed by constant temperature water supply from a 20-

inch by 20=inch by 36-inch tank, insulated with 2-inch 

cork sheets on the outside .. The temperature of the 

water inside was automatically controlled by a Fisher 

Serfas.s electronic relay coupled with a. mercury 

switch .. Tap water at a. temperature lower than the 



controlled temperature was continuously fed into the 

tank as a cooling source, and a 500=watt electric 
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heater was used as heating elemento The larger frac

tion of the water overflowed from the supply tank to 

the feed storage bottle jackets, and was then pumped 

by a gear pump through the column jacket and returned 

to the supply tank, while a fraction of it was allowed 

to overflow from the bottle jacket to the drain.. The 

latter part was compensated by the tap water stream 

to the supply tank .. All the connecting lines were 

well insulated with asbestos cord .. The feed storage 

bottles were further enclosed in a wooden box lined 
I 

with two inches of cork sheet, and 1 the empty space 

was filled with excelsior .. 

3o Auxiliaries 

i .. Two inclined manometers filled with mercury were 

made of glass tubing with capillary glass sections 

as orifices and used as rate=measuring devices 

for the feed streams .. 

ii. All the lines were made of glass and were con-

nected by saran tubing sections .. 

iii .. One-quarter inch stainless steel needle valves 

were used to regulate the feeding rates .. 

iv. Two 5-gallon pyrex carboys were used as feed 

storage bottleso 

v .. Two 12-gallon pyrex carboys were used as product 

collectors .. 



vio Two lO~gallon garbage cans were used as water 

jackets for fe_ed storage bottles o 

viio A Caustic agitator for regenerating the toluene 

was made of a 12-ga.llon pyrex carboy (Figure 8}o 

viiio A washing bottle was also made of a 12-gallon 

pyrex carboy (Figure 9)o 

14 
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MATERIAL USED 

Reagent grade toluene by Merck and Company, Inco, was 

used in diffusivity and equilibrium concentration distribu

tlo;n determinations and technical grade toluene by Phillips 

Petroleum Company was used in rate of mass transfer measure

ments. 

Reagent grade formic acid (98-1D0%) and valeric acid by 

Eastman Kodak Company; and reagent grade acetic acid, pro

pionic acid and n-butyric acid by Fisher Scientific Company 

were used for diffusivity and equilibrium concentration dis

tribution determinations. Ninety per cent formic acid by 

General Chemical Division; 99.5% acetic acid by Fisher Scien

tific Company, and n-butyric acid, propionic acid, and n

valeric acid by Eastman Kodak Company were used in rate of 

mass transfer determinations. Other chemicals used were: 

reagent grade NaOH, HCl, KCl, and bromo-cresol green by 

Merck and Company, Inco All reagents used in the analytical 

work met A.CoSo specifications for purityo Distilled water 

was used in all cases. 



PROCEDURE 

Ao Diffusivity Determination 

Before the diffusivity of an unknown solute can be 

measured, the cell constant must be determinedo The pro= 

cedure for determining the cell constant is exactly the 

same as that for diffusivity determinations, except that 

in the former case the cell constant is unknown and in 

the latter case the diffusivity is unknowno 

Cell constants both at 25° Co and 30° Co were de

terminedo The values 10836 X 10~5 cmo 2/seco for Oel N 

KCl at 25° Co,lS 2o92 x 10-5 cmo 2/sec., for Ool N HCl at 

25° Co and J.,2L~ x 10-5 cm.,2/sec., for 0.,1 N HCl at 30° C., 

were used in the calibration of cell constants., Dif-

fusivity values for Ool HCl were interpolated from 

James and Gordon's data, 19 {Figures 10 and 11) .. It was 

found that small temperature variations cause little 

change in the cell constant& The general procedure is 

as follows~ 

lo The cell is leveled against a quiet mercury surfaceo 

Once the universal joint is tightened and the posi

tion of the cell is marked, the leveled position can 

be reproduced easily without further adjustment by 

using the mercury surface as a reference., 

2., Constant temperature water is now circulated through 

the constant temperature water jacket" 

J., The cell is filled with solution by suction applied 



at the tube end through the membrane., 

4., The outside of the cell is rinsed with pure solvent., 

5., Pure solvent is pipetted into the receiving tubes 

A, Band C., 

6., The cell is clamped to the leveled position, and the 

sintered glass part of the cell is immersed into the 

solvent in the receiving tube"A" 

7., The time is noted and diffusion allowed to continue 

until a desired amount of solute has passed through 

the membrane., The outside solution is then pipetted 

off and analyzed, and the cell is transferred to re

ceiving tube B., This process is repeated until the 

quantity passing thPough the membrane is constant for 

equal time intervals; that is, until the system is 

in steady state., This preliminary diffusion process 

usually takes four to five hours, the exact time de

pending on the characteristics of the cell and on the 

solute and solvent used., 

8., The preliminaPy diffusion was followed immediately 

by the ma.in pa.rt of diffusion., To achieve a.cc ura te 

result, a much longer time period is necessary for 

this part of the process., The time period would de

pend on the diffusivity of the particular solute in

volved for a given solvent., For a solute of large 

diffusivity less time would be required than for one 

of small diffusivity., 

9., At the end of the diffusion, a sample from the cell 



is taken out through a 1/32-inch stainless steel 

tube inserted through the tube of the cell .. The 

concentration of the sample is determined., 
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10 .. A sample of the solution remaining in the receiving 

tube is also taken and analyzed., 

11 .. In special cases, such as for the determination of 

the diffusivity of formic acid in toluene, the whole 

procedure will remain essentially the same, except 

for a few minor changeso In item 5, besides the pure 

solvent, a measured amount of sodium hydroxide solu

tion of known concentration is also introduced .. A 

two phase system is therefore formed in the receivin~ 

tube .. The position of the cell should be so adjusted 

that the gap between the sintered glass surface and 

the interface of the two liquid phases would be as 

close together as practicaily possible, although ther 

should not be in actual contact with each other .. In 

items 10 and 6, samples of the aqueous solutions are 

analyzed instead of toluene solutions .. 

Bo Equilibrium Concentration Distribution Determination 

1. The temperature of the water bath was adjusted to 

30 .:!: 00050 c. 
2 .. Twenty-five c.c.'s of acid-water solutions of dif

ferent concentrations were introduced into three 

separate glass tubes mounted in the constant tem

perature water bath .. 

3 .. Twenty-five c.c.'s of toluene were added to ea.ch 



of the three tubes. 

4. The apparatus was then assembled properly, and the 

oscillating device was turned on. 

2'7 

5. Samples from both the aqueous layers and the toluene 

layers were taken through a 1/32-inch stainless 

steel tube every three hours until analysis of sam

ples from two consecutive periods indicated no dif

ference in the resultso 

6. In order to shorten the time required for reaching 

the equilibrium state., occasional manual shaking of 

the glass tubing was found very effective. 

Co ~ Transfer Rate Determinations 

lo Manometers were calibrated by setting a fixed read

ing of the meter and measuring with a graduated cyli~

der the amount of fluid collected within a certain 

time interval. Results were tabulated in tables I 

·and II and plotted in Figures 12 and 13. 

2 0 The capacity of a column is limited by the flooding 

velocities of the liquid streams that flow through 

the column. The flooding velocity of the water phase 

at a fixed toluene phase velocity of 2LJ-00 coc./hro 

was determined as 2800 c.c./hr. Since the feeding 

rate of toluene was held constant at 2400 c.c./hour 

for all runs, 2800 coco/hr. should serve as a crite

rion for the water phase feeding rate. 

3o The two feed storage bottles were filled., one with 

toluene and the other with distilled water. 



~. A calculated amount of acid was added to the water. 

The solution was intimately mixed by bubbling with 

compressed air .. 
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5. A sample of the water solution was taken and analyzed 

to see if it was within the desired concentration 

range. 

6 .. After the concentration was adjusted~ constant tem

perature water was circulated through the system. 

No measurement was taken before constant temperature 

was assured. 

7. Compressed air, as a lifting means for the feeds, 

was regulated to 6 psig. 

8. The column was first filled with water solution. 

9o Toluene was then introduced. 

10. The two streams were adjusted to, and maintained 

at, the exact rates desired by the use of needle 

valves. 

11. The interface was located and adjusted to approxi

mately one inch above the packing by leveling the 

loop attached to the exit of the water phase product. 

12. A steady state condition was approached within one 

to one and one-half hours for different ranges of 

flow rates. However, longer time periods were used, 

and readings were not recorded until identical ana

lytical results of products were obtained on two 

consecutive periods of half an hour. 

13. The whole system was purged every time a new system 

was used. 



14. The water=phase product was collected in a 12=gallon 

pyrex carboy in which a caustic solution with indi

cator was originally presented., This was devised 

to eliminate the unpleasant odor of the higher mem

bers of the fatty acidso 

150 The toluene was regenerated by first agitating it 

with caustic solutions for 4 hours and then washing 

with running water overnighto 



ANALYTICAL METHODS 

A. The acid concentration of the water phase was analyzed 

by direct titration against 0.03 Nor O.l N NaOH solu

tion, U$ing phenolphthalein as an indicator., 

B. The acid concentration of the toluene phase was de

termined by first shaking the sample with ten times 

its volume of distilled water, and then titrating the 

whole mixture against 0.,03 Nor 0.1 N NaOH solution 

using phenolphthalein as an indicator., However, for 

the equilibrium concentration distribution determina

tion with formic acid, the colorimatric method had to 

be used., A Beckman Quartz spectrophotometer was used., 

The procedure was as follows: 

1. Aci~-toluene solution~ were made to the following 

concentrations: 0.,001, 0.0009, 0.,0008, 0.0007, 

0.00065, 0.0006, 0 .. 0005, 0.0004, 0.00039 0.0002 

and 0.0001 gram moles/liter., 

2. A stock, CO2-free solution was made consisting of 

0.06 gram moles/liter of bromo-cresol green. 

3., A 5-c .. c., sample was extracted with 25 c.c. of the 

bromo-cresol green solution., 

4 . ., The percentage of transmittance of the solution 

was plotted against its concentration. The process 

was repeated, and a percentage transmittance con

centration diagram was constructed, (Figure lL~)., 
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.5. Any unknown acid-toluene solution of a. concentra tj on 

between 0.001 to 0.0001 gram moles/liter can thus 

be determined by first extracting the toluene with 

25 CoCo bromo-cresol green stock solution, and then 

reading the percentage of transmittance and ascer

taining its concentration from the diagram. 

c. Standard 0 .. 1 N AgNOJ was used to titrate KCl in the 

diffusion cell constant evaluation, using potassium 

chromate as an indicator. 



DISCUSSION OF RESULTS AND CONCLUSIONS 

A.. Diffusivity 

The diffusivities of various kind of acids, either 

in water or in toluene, were determined both experi

mentally by Northropts33 method and empirically by 

Wilke's43 equation. In the experimental procedure,the 

cell const~nt was first evaluated by using the values 

of l.,836 x 10-5 cm.,2/seeo 18 for O.l N KCl solution at 

25° c., 2.91 x 10-5 cm., 2/sec. 19 for O .. l N HCl solution 

at 25° C. 6 and 3 .. 24 x 10-5 cm. 2/sec. 19 for 0 .. 1 N HCl 

solution at 30° C., as standards. Small temperature 

variations were found not to change the cell constant 

to a significant extent. The cell constant was found 

invariably. as O .06142 cm .. - 2 within the experimental tem

.pera ture range. The results were tabulated in tables 

III and IV. By plotting diffusivity versus molecular 

volume on log-log graph paper (Figure 15), a straight 

line correlation resulted and the following relations 

were obtained: 

(VIII 1) 

and., DT = 26,.26 ( i ) o.5? (VIII 2) 

where Dw = diffusivity in water x 105, cm.2/sec .. , 



5 . 2; DT = diffusivity in toluene x 10 , cm.. sec., a.nd 

V = molecular volume., 

B. Equilibrium Concentration Distribution 

No particular difficulty was encountered in this 

part of the experiment .. The results were tabulated in 

tables V, -VI., VII, VIII., IX and X and plotted in Figures 

IL~, 16, 17, 18, 19, 20, 21, 22 and 23., 

a .. Rate of Mass Transfer --------
Kwa, the extraction capacity coefficient based on 

the water phase, was determined experimentally for the 

extraction of acetic acid, propionic acid, n-butyric 

acid and n-valeric acid from their dilute aqueous solu-

tions by using toluene at 30° a., (Tables XI, XII., XIII 

and XIV) .. The Kwa for the extraction of formic acid was 

also attempted .. However., due to the exceedingly small 

amount of acid transferred during the process, no relia

ble result was obtained .. Toluene was the dispersed 

phase., and water was the continuous phase. The follow

ing generalized equation was derived to correlate the 

extraction capacity coefficient Kwa. with other physical 

properties of the system~ 

(VIII 3) 

where Kwa = capacity coefficient, based on water phase, 

lbs .. /ft.,3 hro , 
lbs .. /ft.3 



I ... 

3.4 

R = rate of flow of water phase, c.c./hr., 

(C)m = log mean concentration of water phase 

feed and product, gm. moles acid/1., 

(KE)m = partition coefficient corresponding to 

(C)nv 

Dvi1 = diffusivity in water x 105, cm. 2/sec., 

DT = diffusivity in toluene x 105, cm. 2/sec., 

K = -37.306 + 35.049 N -9.924 N2 + 0.8835 N3, 

a== ... s.50 + 8.085 N - 2.24 N2 + 0.195 N3, 

b = 2.6998 - 2.7265 N + o.845 N2 - 0.0783 N3., and 

N = number of carbon atoms in acid. 

The calculated Kwa was plotted versus the experimental

ly determined Kwa in Figure 24, and they are compared 

in Tables XI, XII, XIII arid XIV .• 



SUM1VIARY 

The extraction Qf formic acid, acetic acid, propionic 

acid, n-butyric acid, and n-valerie acid from their dilute 

water solutions by toluene under constant temperature of 30° C. 

were studied. A four foot length of 1-1/2 inch pyrex pipe, 

packed for 34-.,.5 inches with 4--mm .. glass beads was used as the 

extraction column. The diffusivities of each acid, both in 

toluene and in water, and the equilibrium distribution eon-

eentrations for all acids between water and toluene phases 

were measured., Water was the continuous phase and toluene was 

the dispersed phase., Mass transfer coefficients at different 

feeding rates, and various acid concentrations for the water 

phase, and constant feeding rate and acid-free toluene were 

~ determined,,•· The differences in interfacial tension between 

the toluene phase and the water phase for the various acids 

at low concentrations were found to be negligible .. Three . ' 

generalized empirical equations were derived, two of which 

correlate the molecular volume and diffusivity and the third 

correlates the mass transfer coefficient, flow rates and 

physical properties; they are~ 

Dw = 10 .. 9 ( ~ )004-87 (VIII 1) 

(VIII 2) 

*Noteg Except for formic acid-toluene water system .. (Reason 

explained in chapter VIII .. ) 
t'l 3,:,? 
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and, 

where, 

(VIII 3) 

R = rate of flow of water phase, c.co per hour, 

(C)m = log mean concentration of water phase 

36 

feed and product, gmo moles acid per liter, 

(KE)m = partition coefficient corresponding to 

(C )m, 

Dw = diffusivity in water x 105, eme 2 per sec., 

DT = diffusivity in toluene x 105, cmo 2 per 

sec., 

K = ... 37.,306+35o049N-9o924N2+o .. 8835N3 , 

a = -8o50+8.085N-2 .. 24N2+0 .. 195N3, 

b = 2.6998-2 .. 7265N+Oo845N2-o .. 0783N3, 

N ::: number of carbon atoms in acid, and 

V = molecular volume .. 
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TABLE I 

CALIBRATION OF WATER MANOMETER AT 30° Co 

Manometer Reading Flow Rate, c .. c .. /hro 

3o5 708 ., 

4.,0 1015 

4i.5 1265 

5 .. 0 1482 

5.,5 1680 

605 2030 

7o5 2350 

9o0 2775 

10 .. 0 3042 

11.,0 3300 

12o0 3540 

13o0 3780 

15 .. 0 4,200 

17o0 4580 

19o0 4980 

2lo0 5320 
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TABLE: II 

CALIBRATION OF TOLUENE MANOJ.\llETER AT 30° C • 

Manometer Reading Flow Rate, c.c./hr. 

5 1750 

6 2215 

6.5 2400 

7 2590 

8 ·2860 

10 3450 

12 3950 

14 4390 

16 4800 

18 5180 

20 5560 
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Solution Used 

O.,lN KCl 

O.lN HCl 

0 .lN HCl 

TABLE III 

CELL CONSTANT CALIBRATION 

Diffusivity Temperature 

5 2; 
I 

C., 0 X 10 CIDo SeCe 

1 .. 836 25 
211910 25 

3.240 30 

Average 

TABLE IV 

DIFFUSIVITIES AT 300 C., 

D» Diffusivity x 105 cm.2/seco 

Cell Constant 

cm-., -2 

0 .. 06168 

0 .. 06127 

0 .. 06140 

0 .. 06142 

Molecular 
in Water., Di.v in Toluene DT Volume 

Experi- Calcu- Experi- Calcu-
mental lated mental lated 

Formic Acid 1 .. 684 1.,900 2 .. 985 3.,140 46 .. 2 

Acetic Acid 1.406 10455 2.,392 2.400 68.,4 

Prop ionic Acid 1 .. 221 1 .. 220 2 .. 035 2.,000 90 .. 6 

n-Butyric Acid 1 .. 073 1 .. 065 111801 le750 112 .. 8 

n-Valeric Acid 0 .. 990 0.,946 1 .. 620 1.,560 135.,0 

43: 



TABLE V 

CONCENTRATION=PERCENTAGE TRANSMITTANCE RELATIVE TO 

WATER EXTRACT FROM FORMIC ACID-WATER-TOLUENE 

SYSTEM AT 30° C., 

% Transmittance 

Water Extra.ct 

92 .. 5 

9lo0 

90 .. 0 

89 .. 2 

88 .. o 

87ol 

86 .. 1 

82.,2 

78.,0 

72.,5 

65 .. 4 

44 

Acid Concentration 

in Toluene, 

gm., moles/liter 

0 .. 001 

0 .. 0009 

0 .. 0008 

0 .. 0007 

0.00065 

0 .. 0006 

0 .. 0005 

0 .. 0004 

0 .. 0003 

0 .. 0002 

0 .. 0001 



TABLE VI 

EQUILIBRIUM DISTRIBUTION OF FORMIC ACID 

IN TOLUENE-WATER-FORMIC ACID sYSTEM 

AT 30° Go 

CT 
% Transmittance GT., Concentration Gvr, Concentration KE=Gw 

of Water Extract of Acid in Tol- of Acid in 'Water 
uene 

Rich Phase, 
moles/liter 

gm .. Rich Phase 9 

moles/liter 
gm .. 

95o5 0 .. 001335 Oo5002 0000267 

93o5 00001065 0 .. 4020 0000267 

90 .. 0 0 .. 000760 002850 0 .. 0026.5 

87 .. 0 Oo000.590 0 .. 221.5 0 .. 00267 

84 .. .5 0 .. 00046.5 0 .. 1750 0 .. 00267 

77.,0 0 .. 000272 0 .. 1000 0 .. 00272 
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TABLE VII 

EQUILIBRIUM DISTRIBUTION OF ACETIC ACID 

IN TOLUENE-WATER-ACETIC ACID SYSTEM 

AT 30° G., 

cw, Concentra.tion 

of Acid in Water 

Rich Phase, 
gm .. moles/1., 

0.,515 

0.,429 

0.,366 

Oo275 

0 .. 2195 

001788 

001412 

0 .. 1009 

0.,0500 

OoOOOO 

CT, Concentration 

of Acid in Toluene 

Rich Phase, 
gm .. moles/1 .. 

0.00848 

Oo00.599 

0 .. 00482 

0.,00315 

00002387 

0 .. 00182.5 

0 .. 001373 

0 .. 0009003 

0 .. 000420 

0 .. 0000 

4.6 

0 .. 9164 

0 .. 0139 

0 .. 0132 

0.,011.5 

0 .. 0109 

0 .. 0102 

0 .. 0097 

0 .. 0089 

0 .. 0084 



TABLE VIII 

EQUILIBRIUM DISTRIBUTION OF PROPIONIO ACID 

IN TOLUENE-WATER-PROPIONIC ACID SYSTEM 

AT 30° C. 

Cw, Concentration 

of Acid in Water 

Rich Phase, 
gm. moles/1. 

0.4030 

0 .. 3530 

0.3290 

0.2895 

0.2310 

0.1800 

0.1390 

0.1075 

0.0822 

0.0452 

CT, Concentration 

of Acid in Toluene 

Rich Phase, 
gm. moles/I. 

0.0960 

0.0764 

0.0669 

0.0539 

0.0364 

0.02315 

0.01580 

0.01010 

0 .. 00769 

0.00293 

o.23s1 

0.2164 

0.2033 

0.1862 

0 .. 1576 

0.1286 

0.1137 

0.0940 

0.0936 

0.0648 



TABLE IX 

EQUILlBRIUM DISTRIBUTION OF N-BUTYRIC ACID 

IN TOLUENE-WATER-N-BUTYRIC ACID SYSTEM 

AT 30° c. 
CT 

Cw.,, Concentration CT.,, Concentration KE= Cw 
of Acid in Water of Acid in Toluene 

Rich Phase, 
gm. moles/1. 

Rich Phase, 
gm. moles/1. 

0.2780 0.6520 2.34.5 

0.2570 " o_.56.50 2.198 

0.2260 o.J.iJ+90 1.987 

0.18.58 0.316.5 1.703 

0 .. 1571 0.2300 1.464-

0.1327 0.1700 1.287 

0.1110 0.1225 1.104 

0.092.5 0.0877 0.948 

0.0770 0.0629 0.816 

0.0619 0.0426 o.688 

0.0.522 0.0313 0.600 

0.0431 0.0222 0.515 

0.0285 0.0118 0.414 

0.0169.5 0.00.509 0.300 
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TABLE X 

EQUILIBRIUM DISTRIBUTION OF N-VALERIC ACID 

IN TOLUENE=WATER-N-VALERIC ACID SYSTEM 

AT 30° C., 

Cw, Concentration 

of Acid in Water 

Rich Phase, 
gm., nioles/1. 

0 .. 2680 

0 .. 2165 

0 .. 1790 

001625 

001321 

0 .. 1080 

0 .. 0824 

0 .. 0580 

0 .. 0464 

0 .. 0398 

0 .. 0343 

0.0258 

0 .. 0148 

0 .. 0104 

0 .. 0077 

CT, Concentration 

of Acid in Toluene 

Rich Phase, 
gmo. moles/1., 

6 .. 340 

4 .. 920 

30780 

3 .. 29.5 

2 .. 422 

1.722 

10080 

o .. ,570 

0.372 

0 .. 2787 

002100 

0.1240 

0.0445 

0.0231 

0 .. 0140 

23.65 

22 .. 73 

21.11 

20.,28 

18034 

1.5 .. 94 

13.10 

9o83 

8.017 

7 .. 003 

6.122 

4 .. 806 

3 .. 007 

2.221 

1 .. 818 
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METHOD OF DERIVATION OF THE GENERALIZED EQUATIONS 

Ao Correlation of Molecular Volume a.nd Diffusivity 

lo For the Water Pha.seo--The diffusivity was plotted 

versus molecular volume on log-log graph paper, 

(Figure l.5)o Since a straight line resulted, an 

equation of the following form could be written, 

log Dw = m log V + log C (IX 1) 

where, Dw = diffusivity in water x 10.5, cmo 2/seco, 

V = molecular volume, and 

m and C = constantso 

By substituting two sets of molecular volume and the 

corresponding diffusivities in equation (IX 1), 

Dw = 10o9 (--v-1 ) 0 0487 
( IX 2) 

was derived. 

2o For the toluene phase, a similar equation was ob

tained by following the same procedure (Figure 14) 

as stated in the previous para.graph~ 

DT = 26.26 ( ~ ) 0 •57 

where, DT = diffusivity in toluene x 10.5, 

cmo 2/seco 

( IX 3) 

Bo Correlation of~ Transfer Rate to Physical Properties 

It is believed that the mass transfer coefficient 
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for a system in a certain extraction column is a func

tion of D, the diffusivity of the solute in either phase, 

KE, the equilibrium concentration distribution constant., 

C, the concentration of the solute in either phase,~ , 

the interfacia.l tension between the two phases, a., the 

interfacia.l area, a.nd R, the flow rate of either phase 

and the temperature. However, in this particular inves

tigation there are only five significant variables: 

namely, the concentration in water phase, the diffusivi

ties in both phases, the rate of flow of water phase, and 

the equilibrium concentration distribution constant. By 

plotting Kwa., the capacity coefficient based on the water 

phase, versus the rate of flow of different acids (Figure 

25) at various concentrations, and by drawing curves con

necting the points representing the same kind of acid 

at the same feed concentration, a set of sixteen cur>ves 

was formed. From these curves the conclusion can be 

drawn that Kwa. increases with an increase of flow rate 

of the continuous phase, but decreases with a decrease 

of feed concentration in the dispersed phase. Despite 

the fact that the higher members of the fatty acids pos

sess lower diffusivities than those of its lower mem

bers, it was noticed that Kwa increases with an increase 

in the number of carbon atoms in the fatty acid. This 

phenomenon can probably be explained by the fact that 

the distribution constant, which is much greater for the 

former than that for the latter, is far more significant 

than the diffusivity in the process of mass transfer. 
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To correlate the experimental data, this must be carried 

out stepwiseo Theoretically all the variables may be 

expressed by a general form9 

(IX 4) 
where Kwa = capacity coefficient based on water phase, 

-1 
hro o 

(C)m = log mean concentration of water phase feed 

and product, gm. moles acid/1., 

R = rate of flow of water phase, c.c./hr., 

(KE)m = partition coefficient corresponding to (C):µ1., 

Dw = diffusivity in water x 105, cm. 2/sec.,, 

DT = diffusivity in toluene x 105, cmo 2/sec., and 

K9 a, b, c, d, and e = constants for each acid. 

Since all mass transfer rates were measured for dilute 

solutions with small changes in the concentration range, 

DT and Dw can be considered as constant for the same kind 

of solute, and equation (IX ~-) can thus be reduced to, 

Kwa = (C)ma(KE)mc(R)b KV (IX 5a) 

and, at a constant rate of flow, further reduced to: 

( IX 5b) 

where, KY and K'' are constants only for a single acid. 

By assuming a value for c, the constant a can be calcu-

lated from the experimental datao By trial and error, 

values of a and c were determined to fulfill each set 

of different combinations of experimental data., The 

constant b can be evaluated by substituting the calcu= 
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lated values of c and a, and experimental data into equa

tion (IX 5a). Since a, b, c and Kall are constants 

only for a specified acid, a total of four equations are 

necessary to make a correlation for each acid. Usually, 

the physical properties of a series of homologous hydro

carbons can be correlated with the nuraber of carbon atoms 

present in their structure. Therefore, it would be 

reasonable to express the constants a, b, c and Kin 

terms of the number of carbon atoms. Since c was found 

to be universal to all acids and equal to 0,.2, only the 

significance of a, b, and Kare to be determined. Let, 

m1 + m2 N + m3 N2 + m4 N3 == a, ( IX 6) 

n1 + n2 N + n3 N2 + n4 N3 -· b, ( IX 7) 

and, o1 + 02 N + 03 N2 + 04 NJ == K ( IX 8) 

be the general forms.,, 

where, m1 , m2, m3, mL1_, n1 , n2 ., n3., n4, o1 ., o2 , o3 and 

oL~ are constants to be determined., and N is the numbe1" 

of carbon atoms present. By substituting values of a, 

b, Kand Nin equation (IX 6).,, (IX 7) and (IX 8), it 

was found that withe and d equal to unity, 

( IX 9) 

( IX 10) 

( IX 11) 

Therefore, equation (IX 4) can be used for general cases 



with the aid of e-qua tions ( IX 9), ( IX 10) and ( IX 11), 

and wi.th d and e equal to unity.. The values of calcu

lated capacity coefficient, Kwa, and that of the exper

imentally determined capacity coefficient, Kwa, are 

listed in Tables XI, XII, XIII and XIV, and are plotted 

in Figure 24., The final form of the generalized equa

tion should be, 

( IX 12) 



SAMPLE CALCULATIONS 

A.. Diffusivity Determination 

1. Calibration of Cell Constant. 

Solution used ........................... 0.096973-_N HCl 
~:::··-;;.-.-· ----

Diffusivity of 0 .. 1 N HCl at 25° c. o••••o••o•••••• 

2.91 x 10-.5 cm. 2/see. 

Concentration of standard NaOH ............ 0 .. 09867 N 

CoCo NaOH for 25 CoCo original solution •••••••••••• 

c.e. NaOH for 25 c.c .. preliminary diffusion sample 

CoCo Na.OH for 25 c .. c. diffusion sampleoooeooo 5.41 

c .. c. NaOH fo.r 25 e.c .. solution remaining inside 

of the cell at the end of diffusion •••••• 18.45 

Time of diffusion ••••••••••••••••••••••• 2455 min. 

1 
D = ifi"t log (III 3) 

Since the same amount of sample was used for each 

titration, c1 and c2 can be expressed directly in 

terms of number of c.c .. of Na.OH required instead 

of using concentration, 

Kt= 1 log 24.575 - 0.73 
2.91x10-5x245.5x6o -24-.-5 ..... 75=_ ...... o ........ 7_3--2--( ..... 5-=-.4-1~) 

= 0.06127 cm.-2 

73 
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2. Diffusivity for Unknown Substance 

Solution used., •••••••••••• 0 .. 0998 N Propionic Acid 

Time of diffus'ion., ......................... o .... .,. 4018 min., 

T ture 300 c .• ··empera · - - 0 8 0 & e. 0 C, 0 fl O fl. 0 G Q •• e •• ,;,- 0. e O O O ()- 0 0 0 0-

Cell Constant ......................... 0 .. 06142 om.,-2 

Concentration of standard NaOH ............ Oe09867 N. 

c.,c .. NaOH for 25 c.,c., original solution ....... 24.,95 

CoCo NaOH for 25 CoCo preliminary diffusion 

8 ample O O O O 6 0- 0 • 11 0 0 0 0 • 0 0 0 e .0 e O O O O .O a O 8 ·0 & 0 & 1ft O O O O -• 35 

c.,c. NaOH for 25 c.c., diffusion sample ......... 4.,18 

c.,c. NaOH for 25 c.,c., solution remaining inside 

of the cell at the end of diffusion ......... 20.,61 

D = l log Cl ~} 
Kit C1-2C2. 

= 

(III 3) 

1 log 2~o95-0 .. 35 
o .. o6i42x40l8x6o 24.,9 -0 .. 35-2(4 .. 15) 

= 1 .. 218 x 10-5 crn.,2/sec. 

B.,' · Equilibrium Distribution 

Sys tern used for sample calculation ••••.••••. Toluene

Water Propionic Acid System 

Concentration of s tB..ndard NaOH ••• "° '""' "-" p .. ., o O .. 0326 N 

c.c., NaOH for 25 c.c .. water rich sample~ ......... 50.,45 

c.,c., NaOH for 25 Coco toluene rich sample ......... 10025 

Tempe:;ra ture . o o o o o o o o '° o o • o o • -0 °' •• o o e °' o o -o o ., o 9 o o- o o- -o o 30° Co 

~} Note: Equation III .. 4 was used for .formic acid in 
toluene. 



50.,45 x 0.0326 = 0.,329 gm .. moles acid/liter water 
5 

rich solution 

10.,25 x 0 .. 0326 = 0 .. 0669 gm., moles acid/liter 

toluene rich solution 

C0 Mass Transfer Rate Determination 

System used for sample calculation ........ ., Run No .. 1, 

propionic acid-water toluene series 

Acid concentration of water rich feed., WF ....... 0 .. 2197 

gm .. moles/liter 

Acid concentration of water rich product., Wp .... 0 .. 181+0 

gm. moles/liter 

Acid concentration of toluene rich feed., Tp • .. .. 0 .. 0000 

gm .. moles/liter 

Acid concentration of toluene rich product, Tp 

gm. moles/liter 

0 .. 02945 

Toluene phase feeding rate°" •••.... "° ... ..., 2400 c .. c .. /hr .. 

Water phase feeding rateo •••••••••••••• ,,.,. 2030 c . .,c .. /hr.,. 

V, effective packing volume., ••••••••••.•• 1000 c.,c., 

N, gram moles acid transferred per second, 

= 2030(0.2197=0.,1840) = 0.,00002015 (based on water 
3600 phase) 

or,= 2400(0 .. 02945-0) = 0000001968 (based on toluene 
· 3600 phase) 

and,= 0.,00002015+0o00001968 = 0000001992 (average) 
2 



Equilibrium concentration of acid in water rich phas~ 

corresponding to toluene product was found as 002068 gmo 

moles/liter from Figure 190 

Since Kwa = V(~ C)m;: (III 5) 

~t- Note: For acetic acid-water-toluene system (6C)m 

was calculated by the following procedure: 

where, M = slope of equilibrium distribution curve, 

TE= Equilibrium concentration of toluene phase 

corresponding to WFP 

and, ( Ac )m = ~cl -t:c2 
2.,303 log AC1 

~C2 

= (Oo2197-0 .. 2068)-(0 .. 1840-0) 
2 .. 303 log (Oo.21~4-0 .. 2068) 

(0 .. 1 0-0) 

= 0 .. 0668 gm. moles/liter 

0 .. 00001 2 
Kwa = --10=0,,..,o,,..,.....""'-"'""6"'-6-8-

1000 o .. o 

or Kwa = 10072 lb .. /ft.,3hrs 
lb .. /ft .. 3 

= 0 .. 000298 

gm., moles/cm.,3 ~ 
gm .. moles/cm.,3 



NOIVJENCLA TURE 

A= area of diffusiono 

a= constant, or 

a= area of diffusion, or 

a= -8o50+8 .. o85N-2o24 N2 + Ool95 ij3., 

b = 206998-2.,7265N+0.,845~2-0o0783N3., 

c = constanto 

C = concentration, gm., moles/liter., 

CT= concentration in toluene phase, gm .. moles/litero 

Cw= concentration in water phase, gmo moles/litero 

(C)m = log mean concentration of water phase feed and 

product 3 gmo moles acid/litero 

(Lli.C)m = Log mean concentration gradient, gm .. moles/litero 

C1 = concentration of solution in the cell at time t, gmo 

moles/liter., 

c2 = concentration of solution in receiving tube at time 

t, gm .. moles/litero 

~=concentration gradiento 

D = diffusivity, cm.,2/sec., 

DT = diffusivity in toluene X 105, cmo 2/sec .. 

Dw = diffusivity in water x 105, cm.,2/sec., 

h = thickness of the sintered glass disco 

K =-37c306 + 35o049N - 9.,924N2 + 008835 N3o 

K = a constant= A/ho 

Kt= constant., 
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Kt = eell constant, em.-2. 

Kt, = constant. 

C 
KE= -1 = partition coefficient (or equilibr+~ qistribution cw ' 

constant) .. 

(KE) = partition coefficient corresponding to (C)m• 
m : 

Kwa = mass transfer coefficient based on water phase 
3 3 ' I (gm. moles/c.m. -sec.)/(gm. moles/c .. m. ), or 

Kwa = mass transfer coefficient based on water phase 

(lbs./ft.3 hr.)/(lbs./ft.3) 

M = slope of equilibrium. distribution curve. 

m = constant. 

N = gm. moles acid transferred/sec •. , or 

N = ni:unber of carbon atoms in acid, or 

N = normality. 

Q = quantity of solute in dilute solution at any time, 

gm .. moles. 

dQ = a differential quantity of material. 

R = rate of flow, or 

R = rate of flow of water phase, c.mo3/hr. 

S = interracial tension, or 

S = total amount of solute at beginning of e~peri~~nt, 

gm. moles. 

'rE: = equilibrium concentration of toluene phase co~respond
i 

ing to Wp. 

dt = a differential period of time. 

t = time, see. 
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V = molecular volume .. (c.m.3/gm. moles at boiling point), 

V = volume of packing space, liter. 

v1 = volume of more concentrated solution= volume of cell, 

cm-3 • 

v2 = volume of dilute solution= volume of liquid in receiv

ing tube, cm3., 

Subscripts 

a. = constant. 

b = constant. 

C = constanto 

d = constant·. 

e = constant .. 

F = feed. 

m = constant .. 

0 = initial state. 

p = product. 

T = toluene phase o 

w = water phase. 

1 = different stage. 

2 = different stage. 
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