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Evaluation of Packings for Use in Liquid-Liquid Extraction Columns

A. F. SEIBERT, J. L. HUMPHREY, and J. R. FAIR

DEPARTMENT OF CHEMICAL ENGINEERING
THE UNIVERSITY OF TEXAS AT AUSTIN
AUSTIN, TEXAS 78712

ABSTRACT

Experimental investigations of packing performance in
extraction service were conducted in a 10.2 cm. diameter
column. Both random and structured packing elements
were covered in separate studies. Test systems were
toluene/acetone/water and n-butanol/succinic acid/water.
Measurements were made of dispersed phase holdup and
mass transfer rate. A tentative correlation was de-
veloped, based on a modification of basic tests using
an empty column, involving an effective drop diameter.

INTRODUCTION

The increasing interest in liquid-liquid extraction for indus-
trial processes has created a need for more basic design knowledge
of extraction equipment. The objective of the work reported here
was to provide such information in the form of evaluated relative
effectiveness of a number of packing materials used in extraction
service, The packed extractor was considered to be a simple modifi-
cation of the counterflow spray column, with the packing elements
providing additional drop holdup, increased probability of drop break
up, and reduced axial mixing of the flowing phases. Wettability of
the packing surfaces was also thought to play a role in the mass
transfer performance of the packed extraction column.
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Packings for extraction are the same as those for distillatiom
and absorption. They fall into two categories: random and ordered.
In the first category fall the familiar ring and saddle elements. 1In
the latter category fall the newer structured elements, usually in
the form of corrugated metal sheets arranged carefully for controlling
the flows of the phases. Examples of packing elements are shown in
Figure 1. A particular gbjective of the present work was to ascertain
the performance characteristics of several of these packings that have
been developed only recently, and which have been found to give high
efficiency in distillation service but which have not yet been tested
in extraction service.

Previous Work

Raschig ring and Berl saddle packings have been studied rather
extensively under extraction conditions, but this is far from the case
for the other packings. The spray column, thought to be a base case
for the packed column, has also received a great deal of attention.

In some cases, spray and packed columns have been studied jointly:
Appel and Elgin (1) compared 0.5 in. (12.7 mm.) Berl saddle results
with those of a spray column and Sherwood et al. (2) studied 0.5 in.
(12,7 mm.) and 1.0 in. (25.4 mm.) carbon Raschig rings as well as 0.5
in. (12.7tm.) Berl saddles in comparison with spray column operations
under the same conditions. The latter concluded that packing has a
negligible effect on the mass transfer coefficient but is effective in
increasing the available interfacial area. Nemunaitis et al. (3) and
Eckert (4) likewise investigated the effect of using packing instead
of the empty spray column and found that the overall mass transfer
efficiency was increased by as much as 50%. These workers used an 18
in. (0.46mm.) diameter column and ring and saddle packings in the 1.0
in. (25 mm.) nominal size, and thus provided valuable information for
scaleup purposes. A summary of previous work with packings in extrac-
tion service is shown in Table 1.

Because of its simple nature, the spray column has also been
studied extensively. A complicating factor, however, has been the ten-
dency for the phases, especially the continuous phase, to undergo axial
mixing and thus alter the effective concentration driving force at
various points in the column. Steiner and Hartland (5) have presented
a comprehensive review of the hydrodynamics of spray columns, and
Kumar and Hartland (6) have provided a general correlation for deter-
mining average drop sizes in such columns. Table 2 shows sources and
conditions of experimental studies of drop sizes in packed columns.

In his 1963 monograph, Treybal (7) analyzed data for spray col-
umns and recommended the mass transfer correlations of Handlos and
Baron (8) for the dispersed phase and of Ruby and Elgin (9) for the
continuous phase. In a recent investigation, Rocha et al. (10, 11)
concluded that these correlations are representative of later work
and are thus reasonable for use in continuing studies of spray column
performance.
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(a)
(b)
(c)
(d)
(e)
(£)

(a) (b) (c) (d)

Ceramic Raschig rings
Metal Intalox saddles
Ceramic Intalox saddles
Metal Pall rings

BX gauze packing

SMV structured packing

Figure 1. Packings tested
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Theory

For a differential contactor, the height Z required to obtain
a given separation may be calculated from:

Z = (NTU)OC (HTU)OC (L

where (NTU),. is the number of overall transfer units based on the
continuous phase concentration. This parameter may be determined
from equilibrium data and material balance (operating line) infor-
mation:

C
c2
dc
= e (2)
c c
Ccl

An analytical expression for (NTU),., based on dilute solute concen-
tration and plug flow of both phases, was developed by Treybal (7):

Cc, feed - Cd, feed/ de 1 11
In 5 : Lo 5
c, exit - “d, feed/"dec

A (3
a -1/

(NTU)Oc =

where X is the extraction factor ( = pdVdmdc/(pcVC).

Equation 3 may be used when axial mixing is present, with the
correction being taken up in the value of the height of a transfer
unit (HTU),.. This latter term may be defined as:

(HTU)OC = VC/(KOC ai) %)

where VC = superficial velocity of the continuous phase

K = overall mass transfer coefficient, based on
continuous phase concentrations

a, = interfacial area for mass transfer

Often, values of Kpea: (a volumetric coefficient) are reported when
describing the mass transfer efficiency of a counterflow, differen-
tial contactor. The overall coefficient may be determined from two-
film theory as:

1/1(OC = 1/kC + 1/(mdc k) (5)

d

where . = distribution coefficient, or slope of the equilibrium
curve, plotted on a concentration basis and with dis-
persed phase concentration as the ordinate scale



13:13 25 January 2011

Downl oaded At:

288 SEIBERT, HUMPHREY, AND FAIR

kc = individual film mass transfer coefficient outside the
drop
kd = individual film mass transfer coefficient inside the

drop

The interfacial area a, may be calculated assuming the dis-
persed phase travels as spherical drops with an average diameter:

a = (62 9)/d (6)

where € = void fraction of packing

¢ .= volume fraction of the dispersed phase moving through
the packing
dvs= Sauter mean (volume-surface) drop diameter

Previous work on dispersed phase holdup in packed columns is summa-
rized in Table 3.

The Handlos and Baron correlation for the individual film mass
transfer coefficient inside the drop is:

v

= — _.____S -
kd = 0.00375 (l T ud/UC) )

where Vs = slip velocity between the phases, defined as:

Vc Vd

s " Ed - 5y *t e Y

(8)
The Ruby and Elgin correlation for the individual film mass transfer
coefficient outside the drop, as modified by Treybal (7), is:
ko= 07250 e, Oy se, O a-sy ()
c ' d €e Ce d

vs

The dimensionless Reynolds and Schmidt groups in Equation 9 are
defined as:

v
Re = ————— (10)

He (11)

Sc_ =
c
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Axial Mixing.

Packed extraction columns are usually designed on the basis that
there is plug flow in both phases. As noted earlier, the spray column
has been found to exhibit considerable departure from this ideal flow
situation, especially with regard to backmixing in the continuous
phase. It is expected that the presence of packing elements serves
to minimize axial mixing in packed columns, and the assumption of
plug flow is an expedient that has some basis in experimental findings.
Spray column mixing models have been summarized by Steiner and Hartland
(5); the most notable model is due to Miyauchi and Vermeulen (12).
Mixing data for packed extractors are scarce, and are limited to
Raschig ring and Berl saddle random packings (13, 14).

Flooding

Investigations of flooding in packed extraction columns have
been carried out in the absence of a transferring solute, and thus
correlations based on such work may not be reliable for conditions
when mass transfer takes place. The correlation of Dell and Pratt
(15) is most often recommended, but those of Hoffing and Lockhart
(16) and Crawford and Wilke (17) have some credence. FEckert (4) has
proposed a flooding prediction method that incorporates some of his
own data for larger diameter packed extractors. 1In all cases, the
flooding models are largely empirical. Sources of flooding data for
packed extraction columns are shown in Table 4.

Experimental Work

The experimental extraction system used in the present work
utilized a conventional flow diagram (Figure 2). The column com-
prised 4 in. (10.2 cm.) (i.d.) flanged glass sections capable of con-
taining up to 5 ft. (1.5 m.) of packing. The packing support was an
open four-mesh screen. The distributor, located approximately 6 in.
(15.2 cm.) from the packing, was a ring sparger with nine 3/16 in.
(4.8 mm.) diameter holes, uniformly spaced to ensure proper flow
distribution.

The packings studied are listed in Table 5, together with their
geometrical characteristics. It will be noted that two of the random
packings (Pall rings, metal Intalox saddles) and the two structured
packings (Sulzer BX and Sulzer SMV) are usually included in the "high-
efficiency" category when considered for distillation applications.

Two test systems were selected on the basis of recommendations
by the European Federation of Chemical Engineering (18). The toluene/
acetone/water system has a relatively high interfacial tension, thus
producing fairly large drops. The n-butanol/succinic acid/water
system has a very low interfacial tension with corresponding small
drop sizes. Concentrations of the solutes acetone and succinic acid
were determined by titration. Properties of the test systems are
shown in Table 6.
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Table 5

Characteristics of Packings Tested

Packing Void Pieces

Surface Fraction per

fri/fed cu. ft.
Ceramic Raschig rings, 1/2 inch + . . 106 0,64 8,400
Metal Pall rings, 5/8 inch « . + « & 87 0.93 5,070
Ceramic Intalox saddles, 1/2 inch . . 110 0.72 12,500
Metal Intalox saddles, No, 15h. PR 79 0.94 8,100

e .

BX Gauze packing . « v o & v v 4 o W 140 0.88 -
SMV Structured packing HT P 104 0.95 -

*Product of Norton Company, Akron, Chio U. S. A.
w*Product of Sulzer Brothers, Ltd., Winterthur, Switzerland; marketed

in U. S. A. by Koch Enginecring, Inc., Wichita, Kansas.

Table 6

Physical Properties of Systems Studied (18)

Temperature = 20

Continuous Phase Toluene/Acetone/ n-Butanol/Succinic
Water® acid/Naterw¥s
Viscosity, CP o v v v v 5 o 2 o 1.14 1.45
Density, gm/cm3 e e e e e e 0.992 0,988
. i 2 -5 -5
Diffusion coefficient, cm“/sec. . 1.01(10 ) 0.55(10 7)

Dispersed Phase

Viscosity, CP. v o o o s » o o o = ¢.57 3.41
Density, gm/cmB. e e e e e e e s 0.864 0.852
- , -5
Diffusion coefficient, cmz/sec . . 2.51(10 5) 0.23(10 7)
Slope of equilibrium curve, Mo » * * 0.85 1.25
Interfacial tension, dynes/cm [P 23.1 1.5

#5.0 wt=7 0.8 wt-Z
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Experimental Results

The results of the experimental work are tabulated in Table 7
and are summarized in Figures 3 through 10. Values of the volumetric
mass transfer coefficient, Kyecai, were obtained from Equations 3
and 4. Dispersed phase holdup values were measured directly by the
quick shut-off technique. For both Kgeaq and holdup, effects of
system properties, phase flow rates and mass transfer direction
are shown for each of the packings tested and for the empty (spray)
column. Also, each packing was operated up to its flood point, so
relative capacities of the packings may be obtained from the data
plots.

Figures 3 - 8 show that the transfer coefficient varies directly
with phase flow rate and is more influenced by the dispersed phase
rate than by the continuous phase rate. This may be attributed to
the increased holdup associated with the increased drop population
at higher dispersed phase flows; the measured holdup data are shown
in Figure 10. Visual observations showed that drop size did not
change materially with dispersed phase rate, except as flooding was
approached. It is quite clear that the butanol/succinic acid/water
system, with its low interfacial tension and characteristically
small drop size, has superior mass transfer efficiency. More will
be said later about the relative sizes of drops deduced for the
different packings.

Figures 6, 7 and 8 deal with the newer packings that provide
high efficiencies in distillation service. These packings also give
good mass transfer results for extraction, but depending on their
dimensions can have limited throughput capacity. For example, the
BX gauze structured material has very close element spacing (about
10.2 cm.) and thus can accommodate relatively few of the larger
size drops that are characteristic of the toluene/acetone/water
system. The SMV sheet metal and metal Intalox packings show high
efficiencies and capacities relative to the older, conventional
ring and saddle packings.

Because of system and packing variations, it is difficult to
compare the results of the present work with those of previous
workers. Approximate comparisons, for example with the Raschig
ring data of Gayler and Pratt (19), show quite good agreement.

Dispersed phase holdup data are plotted in Figure 10, with the
various packing materials seen to have somewhat different influences
on holdup. The variations follow through to the mass transfer coef-
ficient variations shown earlier. When solute was transferred from
the continuous to the dispersed phase, there was a tendency for the
mass transfer efficiency to be higher than for solute movement in
the reverse direction. However, this was not a consistent effect
and at present is not explained. It would appear that in some cases
there was sufficient solute movement to cause an increase in dispersed
phase holdup and therefore interfacial area.
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Figure 10 (Continued)

An effect of packing wetting appeared to be present, but data
are not sufficient to permit firm conclusions. As an example, for
BX gauze, the aqueous phase was observed to wet the packing preferen-
tially. When that phase was dispersed, the drops moved along the
packing surface, losing about half of their available interfacial
area for mass transfer. Accordingly, the rate of mass transfer
was about cut in half.

Correlation of Results

The packed extraction column was considered to be a variant of
the basic spray extraction column. The presence of the packing is
expected to decrease axial mixing, increase dispersed phase holdup,
and decrease effective drop size through a modest amount of coalescence
and re-formation. Accordingly, the experimental spray column data
were corrected to an idealized, non-backmixed case and were modeled
through the use of the Handlos and Baron correlation for mass trans-—
fer outside the drops. Each of the packings was then treated in the
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Table 8

Effective drop diameters for packings tested

(Diameters in centimeters)

Toluene/acetone/ n-Butanol/Succinic
water acid/water

d +~c c+ d 4 > c c+ d
Ceramic Raschig rings, 1/2-inch . . . 0.71 0.74 0.31 -
Ceramic Intalox saddles, 1/2-~inch. . . 0.86 1.00 0.39
Metal Pall rings, 5/8-inch e s e . 0,73 0.87 0.33 0.24
Metal Intalox saddles, No. 15 . . . . (.72 G.72 0.33 -
BX Gauze packing + « ¢ o+ « s+ + « . . 0.59 0.43 0.21 0.23
SMV Structured packing . « « + . . . . 0,79 0.51 0.31 -
(Spray column) . . . « « 4 + « + « . « 1,05 ~ 0.44 -

d > ¢ = solute transfer from dispersed tc continucus phase

o

¥

a
n

solute transfer from continuous to dispersed phase

following way. The measured values of volumetric coefficient Kocay
and holdup € were used to find an effective drop diameter that would
also satisfy the Handlos/Baron and Ruby/Elgin mass transfer relation-
ships. This was an iterative procedure. The resulting effective
diameter provides a relative measure of the packing effectiveness,
but is not necessarily a general term that is independent of packing
size. Table 8 shows values of the effective drop diameters of the
packings tested, and Figure 11 is a parity plot comparing measured
coefficients and those calculated using the effective diameters from
Table 8. It is clear that much more work will be required in order
to determine the extent to which larger packing sizes influence the
value of the effective diameter.

Summary and Conclusions

Mass transfer efficiencies have been studied for a variety of
packing materials under liquid-liquid extraction conditions. Extrac-

tion data for several of the packings have not previously been reported.



13:13 25 January 2011

Downl oaded At:

310 SEIBERT, HUMPHREY, AND FAIR

38
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Figure 11. Parity plot for overall mass transfer coefficient

It has been found that the packed column can be treated as a variant
of the spray column, so long as the effects of axial mixing are taken
into account. A mass transfer model was developed on this basis,

with the primary correlating variable being an effective drop diameter.
While there is some indication that the model will serve for larger
packing sizes than could be tested in the experimental column, confir-
matory work at larger scales will be necessary.
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SYMBOLS

a, Interfacial area, defined by Equation 6, LZ/L3

C Concentration of solute, M/L3

d Drop diameter, L

dVS Sauter mean drop diameter, L

D Molecular diffusion coefficient, L2/t

(HTU)oc Height of an overall transfer unit, based on continuous
phase concentration, L

Koc Overall mass transfer coefficient, based on continuous
phase concentration, L/t

kC Individual film mass transfer coefficient outside the
drop, L/t

kd Individual film mass transfer coefficient inside the
drop, L/t

My Distribution coefficient, of slope of the equilibrium

curve plotted on a concentration basis and with the
dispersed phase as the ordinate scale

(NTU)Oc Number of overall transfer units based on the continuous

phase
Rec Reynolds number based on the continuocus phase (Equation 10)
Scc Schmidt number based on the continous phase (Equation 11)
VC Superficial velocity of the continuous phase, L/t
Vd Superficial velocity of the dispersed phase, L/t
2 Slip velocity, defined by Equation 8, L/t
Z Contacting height, L

Greek letters
Void fraction of packing
Extraction factor, pgVgmgce/(peVe)
Liquid viscosity, M/Lt

Interfacial tension, F/L

€

A

u

p Liquid density, M/L3

o

¢d Fraction of dispersed phase holdup in packed section

Subscripts
¢ Continuous phase

d Dispersed phase
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