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Enrichment and recovery of valuable components in industrial waste waters by traditional liquid–liquid solvent extrac-
tion is not economic due to extremely low concentrations of those targets. Large-phase-ratio extraction exhibits poten-
tial advantages for recovery of small quantities of target components from large volume of aqueous solutions. A novel
bubbling extraction tower is proposed toward performing solvent extraction at large aqueous-to-oil phase ratios in this
work. Organic extractants were covered onto surface of gas bubbles to form a layer of organic liquid membrane and
the dispersed organic phase in tower could be small enough. The target components are extracted from aqueous feed
solution onto the surface of the bubbles, and the enrichment ratios could be extremely high. We develop a feasible meth-
odology to calculate tower height and operation phase ratios of the bubbling extraction tower, which is essential for
future industrial scale-up. Experimental results in pilot test are highly consistent with calculations. VC 2015 American

Institute of Chemical Engineers AIChE J, 61: 3889–3897, 2015
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Introduction

Liquid–liquid solvent extraction plays an important role in

chemical industrials for separation and enrichment of various

target components from complicated solutions.1,2 Nowadays,

advances in practical separation processes stimulate such

demands to develop new methods and equipment for perform-

ing liquid–liquid extraction processes at large aqueous-to-oil

phase ratios, so that target components with extremely low

concentration in large volume of feed aqueous solutions can

be extracted and enriched with higher enrichment ratios into

small volume of organic phases and achieve recovery econom-

ically.3 It is beneficial for applications in the future to treat

various industrial waste water containing low content of valua-

ble components needed to be recovered.4,5 However, structural

design for such a large-phase-ratio extractor is difficult to

meet practical requirements for dispersing small volume of

organic phase thoroughly into large volume of aqueous

phase.6

The traditional equipment used for solvent extraction can be

divided into three types: mixer-settler, extraction tower, and

centrifugal extractor. Those equipment were designed primar-

ily according to the requirements of liquid–liquid two-phase

separation and mass transfer at lower aqueous-to-oil phase

ratios.7 For improving dispersion of small-volume organic

phases, the traditional mixer-settlers have to increase stirring

intensity in mixing chamber, so that correspondingly to

increase settling area in settling chamber to offset the adverse

effects caused by intense agitation. However, those efforts are

generally not effective when operating at large aqueous-to-oil

phase ratios, such as above 100:1, due to structural limitation

for design of mixer and impeller to achieve dispersion of

small-volume organic phases.8 The extraction tower need to

increase tower height to achieve mass-transfer equilibrium

between dispersed oil droplets and continuous aqueous phases.

Operation at large aqueous-to-oil phase ratios may result in

severe axial back-mixing or flooding in towers, and therefore

decrease mass-transfer efficiency and phase separation rate,

especially for those systems easily to cause emulsification.9
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Centrifugal extractors strengthen phase separation using cen-
trifugal force instead of gravity. Although centrifugal extractor
promote phase separation in emulsification systems, it may
cause serious entrainment of organic phase into discharged
water when operating at large aqueous-to-oil phase ratios.10,11

Therefore, aforementioned conventional extraction equipment
do not satisfy the demand to perform large-phase-ratio extrac-
tion. Low separation efficiency, serious loss of expensive
organic extractants, and increased operation costs are always
unavoidable.

Recently, some emerging techniques, such as liquid mem-
brane extraction12,13 and predispersed solvent extraction,14,15

have been suggested with the aim to improve mass transfer,
when targets with lower concentration in large volume of
aqueous phase are required to be extracted and enriched into
small volume of oil phase. Emulsification Liquid membrane
(ELM) extraction takes advantage of amphiphilic surfactants
to stabilize dispersed organic extractants by forming a thin
layer of organic liquid membrane, on one side of which is feed
aqueous solution and the other side is acceptable stripping
solution. Enrichment of targets with extremely low concentra-
tions in feed solutions can be achieved by collecting dispersed
ELMs and breaking emulsion. Predispersed solvent extraction
is to disperse the organic extractants as oil droplets by previ-
ously adding surfactants into oil phase before mixing with
aqueous feed solutions. Stability of dispersed oil droplets is a
crucial parameter for performing large-phase-ratio extraction
processes. Those reported techniques exhibit many advantages
such as large contacting surface and fast mass-transferring
processes. However, they have to face such difficulties how to
destroy the emulsion system introduced by surfactants and
then promote coalescence of dispersed organic phases after
extraction. That turns out to be a main obstacle to restrict prac-
tical application and future industrial scale-up.

To solve above problems, our previous works invented a
series of new equipment to perform large-phase-ratio extrac-
tion.16–18 A gas-assisted bubbling extraction tower was sug-
gested and it exhibit excellent performance for dispersing
small-volume organic phase. The organic extractant was cov-
ered onto surface of gas bubbles to form a layer of organic liq-
uid membrane, so that total volume of dispersed organic phase
in tower may be small enough, which depend on the thickness
of organic layer on surface of gas bubbles and gas containment
ratios in per unit of mass-transfer height in tower. Those gas
bubbles covered with organic extractant ascend in tower and
contact countercurrently with aqueous feed solutions so that
target components can be extracted and enriched into the surfi-
cial organic liquid membrane layer of the gas bubbles. The
dispersion of organic extractant onto the surface of gas bub-
bles was attributed to interfacial activities of those amphiphilic
extractant molecules, which stabilize gas bubbles. Destroying
those gas-in-oil bubbles and then those dispersed organic liq-
uid membrane on each bubble aggregating together to form a
continuous organic bulk phase can be controlled easily, if
appropriate operation parameters of the tower were conducted.
That new bubbling extraction tower achieved the purpose to
disperse small-volume organic phase thoroughly into large-
volume aqueous phase. The water-to-oil phase ratio in the
tower could reach an extremely large value which is impossi-
ble achieved using traditional extractor. Therefore, target com-
ponents with extremely low concentration in large volume of
feed aqueous solutions can be enriched with higher enrichment
ratios into the organic liquid layer covered on the surface of
gas bubbles.

Our previous works demonstrated that it was feasible to

obtain organic liquid membrane covered gas-in-oil bubbles

with almost uniformed size and liquid membrane thickness.

And it is also found that mass-transfer kinetics of target com-

ponents during bubbling extraction process has close relation-

ship with tower height and/or height-to-diameter ratio.

However, no feasible theoretical models have been raised until

now or could be referred to in the literatures toward design

methodology for the tower height and/or height: diameter ratio

of this kind of new bubbling extraction tower. A continued

lack of theoretical calculation would restrict further optimiza-

tion, scale-up, and industrial application of that new extraction

towers.
The aim of this work is to provide a feasible methodology

toward design and calculation of the tower height of the pro-

posed bubbling extraction tower and its operation phase ratios.

Here, we develop a theoretical framework based on the plug-

flow model19,20 and the dual resistance model21 to calculate

the tower height. The aqueous-to-oil operation phase ratios in

the tower can be calculated when gas containment ratios in the

tower are known, if specific tower diameter is given. Experi-

mental results confirm the reasonability of that suggested cal-

culation method. The present works provide fundamental data

for future industrial application of that new bubbling extrac-

tion tower.

Experimental

Apparatus

The proposed bubbling extraction tower has a structural

design as depicted in Figure 1.
The new bubbling extraction tower is composed of these

parts: organic bubble film generator (4), main tower (3),

organic phase demulsification section (1), aqueous phase clari-

fication section (8), aqueous phase distributor (2), organic

phase inlet (7), organic phase outlet (10), aqueous phase inlet

(9), aqueous phase outlet (5), gas phase inlet (6), and gas phase

outlet (11).
The organic bubble film generator [(4) in Figure 1] consists

of a group of gas needles and oil holes, as shown in Figure 2.

Gas needles are inserted into the oil holes. The outer diameter

of gas needles is smaller than the inner diameter of oil holes.

The organic phase passes through the annular gaps between

gas needles and oil holes and flow out from the top end of

those oil holes. When gas bubbles were blown out from the

top end of gas needles, a thin layer of organic liquid extractant

membrane could be formed and covered on the surface of gas

bubbles. We called those gas-in-oil bubbles covered with

organic liquid extractant membrane as “organic bubbles.” The

extraction process might be enrichment of target components

from aqueous feed solution onto the surfacial organic liquid

membrane layer of those dispersed organic bubbles.
The organic phase demulsification section [(1) in Figure 1]

located at the top of main tower can destroy organic bubbles

and achieve coalescence of dispersed organic phases after

extraction. The aqueous phase clarification section [(8) in

Figure 1] set at the bottom of the main tower is aimed to clar-

ify the aqueous phase flowing out and decrease oil content

within it as little as possible.

Process principle

Experimental operations of the bubbling extraction tower

were conducted according to following procedures:
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The aqueous solutions containing target components flow
into the aqueous phase distributor [(2) in Figure 1] from the

aqueous phase inlet [(9) in Figure 1] set at the top of main

tower, then entering the main tower [(3) in Figure 1] along the
inner-wall of main tower. The aim to design such an aqueous

phase distributor is to prevent axial back-mixing and flooding

of aqueous phase in tower. The aqueous phase flow down
along the main tower and contact with dispersed organic bub-

bles ascending in tower, so that target components in continu-

ous aqueous phase can be entrapped and enriched into the
organic liquid membrane layer on the surface of dispersed gas

bubbles. The aqueous phases, after contacting with organic

bubbles, pass through the aqueous phase clarification section
[(8) in Figure 1] to separate out dispersed oil phases and then

flow out from the aqueous phase outlet [(5) in Figure 1] set at

the bottom of main tower finally.
The organic phase flow into the organic bubble film genera-

tor [(4) in Figure 1] from the organic phase inlet [(7) in Figure

1] set at the bottom of main tower, and in the meantime, air or

nitrogen gas was also blown into the organic bubble film gen-
erator from the gas phase inlet [(6) in Figure 1]. When gas

bubbles were blown out from the top end of gas needles, a thin

layer of organic liquid membrane could be formed and cov-
ered on the surface of gas bubbles. The organic bubbles ascend
along the main tower and contact with the aqueous phase flow-
ing down, so that countercurrent extraction could be achieved.
After phase contacting, the organic bubbles were destroyed
when they pass through the organic phase demulsification sec-
tion [(1) in Figure 1], and organic liquid membrane on surface
of dispersed gas bubbles agglomerate together to form a con-
tinuous organic bulk phase and then overflows from the
organic phase outlet [(10) in Figure 1] set at the top of main
tower. The gas phase flows out from the gas phase outlet [(11)
in Figure 1] set at the top of main tower.

Calculations of Operation Phase Ratios

In this work, we found that it is feasible to achieve disper-
sion of small-volume organic phase in a form of thin layer
organic liquid membrane covered onto surface of gas bubbles
if the volume flow rate of gas pumping in the tower and that of
organic phase pumping in were carefully controlled at appro-
priate ratios. The thickness of organic liquid membrane layer
on each gas bubble could also be controlled by doing so.
Therefore, the total volume of organic phase in the tower can
be calculated if we know the total volume of the organic liquid
membrane layer on the surface of those dispersed gas bubbles
in tower. Unfortunately, it is difficult to determine the average
thickness of those organic liquid membrane layer on each gas
bubble, and also the total surficial area of those dispersed
organic bubbles in tower.

In fact, when volume flow rate of organic phase (L0) pump-
ing in tower is known, the total volume of organic phase
pumping into tower during the time of those dispersed oil bub-
bles passing through the tower can be calculated as followed

V0 ¼ L0t (1)

Here, Vo is the total volume of organic phase within per unit
of mass-transfer height of the tower. t is the two-phase con-
tacting time within per unit of mass-transfer height of the
tower. And we have

Figure 2. Sketch structure of the organic bubble film
generator.

Figure 1. Sketch structure of the bubbling extraction
tower.

1-organic phase demulsibility section; 2-aqueous phase

distributor; 3-main tower; 4-organic bubble film genera-

tor; 5-aqueous phase outlet; 6-gas phase inlet; 7-organic

phase inlet; 8-aqueous phase clarification section; 9-

aqueous phase inlet; 10-organic phase outlet; 11-gas

phase outlet.
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t ¼ 1

lg

(2)

In Eq. 2, lg is the moving velocity of oil bubbles passing
through the empty tower (i.e., aqueous phase in tower does not
move), and it can be calculated by following equation

lg ¼
Lg

A
(3)

where Lg is the volume flow rate of gas phase pumping in

tower. A is the cross-sectional area along the direction of tower

diameter. It can be expressed as A ¼ pd2
t

4

The volume of aqueous phase (Va) within per unit of mass-
transfer height is

Va ¼ p
dt

2

� �2

ð12egÞ (4)

In Eq. 4, dt is the tower diameter. eg is the gas containment
ratio in aqueous phase in per unit of mass-transfer height of
the tower, and it can be expressed as22

eg

12eg

� �4
¼ 0:20

gd2
t qW

rW

� �1
8 gd3

t

m2
W

� � 1
12 lgffiffiffiffiffiffi

gdt

p
� �

(5)

In Eq. 5, rW is the surface tension of the aqueous phase. mW

is the kinematic viscosity of the aqueous phase. qW is the den-
sity of the aqueous phase. The constant g is acceleration of
gravity.

Therefore, the aqueous-to-oil phase ratio, Ra=o, within per
unit of mass-transfer height can be calculated by the following
equation

Ra=o ¼ Va=Vo (6)

In Eq. 6, Va and Vo could be calculated respectively based
on the values obtained from Eqs. 1 to 5, therefore, Ra=o can be
expressed as

Ra=o ¼
ð12egÞLg

L0

(7)

From above discussion, we know that the values of eg

depend only on the tower diameter dt, if the physicochemical
properties of the extraction system, such as rW, mW, qW, and so
forth, are known previously. Therefore, Ra=o can be calculated
when dt is given. The calculation about Ra=o provide feasible
guidelines for operation of the tower to achieve dispersion of
the small volume of organic phase on the surface of gas bub-
bles by regulating the ratios between the volume flow rate of
gas pumping in the tower and that of organic phase pumping
in. Therefore, a stable operation to perform liquid–liquid sol-
vent extraction at large aqueous-to-oil phase ratios in that sug-
gested bubbling extraction tower could be achieved.

Calculations of Tower Height

The plug-flow model is usually used to calculate the mass-
transfer height in traditional extraction tower.23 In that pro-
cess, organic extractant was dispersed as tiny oil droplets to
achieve countercurrent contact with aqueous feed solutions.
However, extraction reaction in this work was carried on the
surface layer of dispersed gas bubbles covered with organic
extractant liquid membrane. The novelty of this method is the
use of a gaseous phase inside the small organic droplets. The
gas bubbles act only as a kind of distribution medium to sup-

port organic liquid extractant membrane and do not participate
in the reactions. Therefore, the mass-transfer process of target
component is in fact from the bulk aqueous phase into the
organic liquid membrane covered on the surface of those dis-
persed gas bubbles. In such conditions, operation model of the
suggested bubbling extraction tower is very similar as that of
traditional extraction tower. Therefore, the plug-flow model
could also be used to calculate the mass-transfer height in
present bubbling extraction tower.

As shown in Figure 3, we assume that aqueous phase flow
and organic phase flow in bubbling extraction tower both fol-
low the plug-flow model. That is to say, the volume flow rate
of the two liquid phases both keep in constant, when they pass
through each section of the tower along the direction of tower
height. The liquid flow moves likes a piston, moving forward
regularly and in parallel. Mass transfer between oil and aque-
ous phase is assumed to occur only in the horizontal direction
but not in the vertical direction.23

Given that two immiscible liquid phases both undergo plug-
flow in the tower, the theoretical height of mass transfer can
be expressed as23

HW ¼
L

KaA

ðx0

x1

dx

x2x�
(8)

where, HW is the theoretical mass-transferring height of aque-
ous phase. K is the total mass-transfer coefficient. a is the total
contacting surface area between organic and aqueous two
phases. x0 and x1 represent the concentration of target compo-
nent in aqueous phase entering in the tower (i.e., the inlet con-
centration) and flowing out the tower (i.e., the outlet
concentration), respectively. x represents the concentration of
target component in aqueous phase entering in one of sections
along the tower height direction. x� is the mass-transfer equi-
librium concentration of target component passing out off
each section in the tower.

Equation 8 is composed of two parts:
Ð x0

x1

dx
x2x� and L

KaA . The
former,

Ð x0

x1

dx
x2x�, is defined as the mass-transfer unit number,

which could be represented by the symbol NTUð ÞW . The
mass-transfer unit number depends on detailed requirements
from separation processes. The later, L

KaA, in Eq. 8 was defined
as the mass-transfer unit height, which could be represented

Figure 3. Continuous and countercurrent mass trans-
ferring in extraction tower.

(a) Plug-flow model of aqueous and organic phase flow

in tower (b) Mass transfer between organic and aqueous

phase occur only in the horizontal direction
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by the symbol HTUð ÞW. Therefore, the theoretical mass-
transfer height can be expressed as23

HW ¼ NTUð ÞW HTUð ÞW (9)

In that case, there is no apparent change in volume flow rate
of each phase and no mutual dissolution of the two phases in
the extraction process, NTUð ÞW can be expressed as23

NTUð ÞW ¼
1

12 1
e

ln
x02

y1

D

x12
y1

D

� �
12

1

e

� �
1

1

e

� �
(10)

In Eq. 10, e is the extraction factor. It can be expressed as
e ¼ DL0

L , in which Lo and L represent the volume flow rate of
the organic and aqueous phases, respectively. D is the distribu-
tion coefficient. y1 and y0 represent the inlet and outlet concen-
tration of target component in organic phase, respectively.

HTUð ÞW could be expressed as23

HTUð ÞW ¼
L

KaA
(11)

In Eq. 11, the total contacting surface area, a, between
organic and aqueous two phases can be calculated by the fol-
lowing equation24

a ¼ 6eg

dvs

(12)

where, the average bubble diameter,dvs, can be calculated
using the Akita Number Relational Formula22

dvs

dt

¼ 26
gd2

t qW

rW

� �20:5
gd3

t qW
2

m2
W

� �20:12 lgffiffiffiffiffiffi
gdt

p
� �20:12

(13)

The total mass-transfer coefficient, K, can be calculated
based on the Dual Resistance Model.21 The extraction process
is represented in Figure 4.

Assuming that an air circulation inside the small organic
droplets was not considered here. According to the dual model
resistance assumption for a stable mass transfer across the
interface, the mass-transfer rate for target components from
aqueous bulk phase to interface is equal to that from interface
to organic bulk phase. There is

nA ¼ kWðx2xiÞ ¼ k0ðyi2yÞ (14)

In Eq. 14, nA is the diffusion rate of target component A on

per unit of contacting area. kW and k0 are the mass-transfer

coefficients of component A in aqueous and organic phases,

respectively. Variables x and y are the concentrations of target

component A in organic and aqueous bulk phases, respec-

tively. xi and yi are the interfacial concentrations of target

component A on the side of organic phase and aqueous phases,

respectively.
In fact, xi and yi are unknown. Assume the mass transfer

of target component A has reached equilibrium on the liquid–

liquid interface, therefore the target component passes through

the interface without any resistance. According to the Dual

Resistance Model, the total mass-transfer resistance is com-

posed of two parts: target components transferring from aque-

ous bulk phase onto the interface, and then the reaction

resultants formed on the interface transferring into organic

bulk phase. The total mass-transfer resistance of target compo-

nent from aqueous bulk phase to organic bulk phase across per

unit of mass-transfer area can be expressed as21

1

K
¼ 1

kW

1
1

Dk0

(15)

According to Eq. 15, the total mass-transfer resistance can

be calculated based on mass-transfer coefficients of target

component in organic bulk phase, k0, and that in aqueous bulk

phase, kW.
When organic oil bubbles pass through continuous aqueous

phase, the Reynolds Number is Re ¼ dvsusqW=vW. Here, us is

the relative moving velocity of organic and aqueous phases in

tower. It can be expressed as follows21

ls ¼
l0

/D

1
l

12/D

(16)

where l0 is the moving velocity of organic phase passing

through the empty tower. It has l0 ¼ L0

A . l is the moving veloc-

ity of aqueous phase passing through the empty tower. It has

l ¼ L
A.

In Eq. 16, /D is the flooding retention rate, which has

Figure 4. The dual resistance model.
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/D ¼
2

31
ffiffiffiffiffiffiffiffiffiffiffi
11 8

LR

q (17)

Here, LR represents the ratio of volume flow rate of oil to
aqueous phase, it has LR ¼ L0

L .
In this work, the calculated values of Re is 1.62, which is

below 10.
Therefore k0 can be expressed as25

k0 ¼
2p2D0

3dvs

(18)

Calderbank and Moo-Young proposed that kW could be
described by the following formula25

kWdvs

DW

¼ 0:42
tw

qWDW

� �1
3 gd3

vsDqqW

t2
W

� �1
3

(19)

Here, D0 and DW are the molecular diffusion coefficients of
target component in organic and aqueous phases, respectively.
Dq is the density difference between organic phase and aque-
ous phase.

Based on the values obtained from Eqs. 10 to 19, the theo-
retical mass-transferring height, HW, of aqueous phase in the
tower can be calculated. As for a real mass-transferring height,
HWG, that is required for practical operation processes, the
influence from eg should be taken into considered because a
large amount of gas bubbles were blown into the tower. There-
fore, we have

HWG ¼
HW

12eg

(20)

The process of gas bubbling may result in axial mixing in
the bubbling extraction tower. Levenspiel and Bischoff sug-
gested a quantitative model to describe the influence from
axial gas mixing on the calculation of tower height.26 There-
fore, the mass-transferring height involving in axial gas mix-
ing effect can be described as HWZ, which has a close
relationship with the Peclet Number (Pe) and operation effi-
ciency (gA). Here, Pe can be calculated as follows

Pe ¼
ugHWG

EGZeg

(21)

where, EGZ is the axial gas dispersion coefficient.
Pavlica and Olson proposed that EGZ could be calculated as

follows27

EGZ ¼ 5dt
ug

eg

� �
(22)

Therefore, HWZ can be obtained from the Levenspiel’s
quantitative relationship diagram when Pe and gA are known.

Apart from above discussion, the aqueous phase clarification
section and the organic phase demulsification section should also
be included in for calculation of the total tower height to achieve
complete separation of aqueous and oil phases.

We use HS to describe the required height for the aqueous
phase clarification section.

HS can be calculated by the following formula

HS ¼
4VS

pd2
t

(23)

where, VS is the volume of the aqueous phase clarification sec-
tion in tower.

The calculation for VS should take into account that half of
that volume was occupied by aqueous phase

Therefore, we have

VS ¼
2L0s0

/D

(24)

s0 is the retention time required in the aqueous phase clarifi-
cation section. It could be calculated using the following
formula23

s0 ¼ 1:32 3 105 tWdvs

rW

HWZ

dvs

� �0:18 Dqgd2
vs

rW

� �0:32

(25)

Usually, the height of the organic phase demulsibility sec-
tion is equal to HS.

Therefore, the total tower height, H, is a sum of the mass-
transferring height involving in axial gas mixing effect, HWZ,
and the height of the aqueous phase clarification section and
the organic phase demulsibility section

H ¼ HWZ12HS (26)

Regarding the practical processes to operate the tower,
those calculations are necessary to achieve effective extraction
and enrichment of target components, because we could regu-
late the volume flow rate of organic phase, aqueous phase, and
gas pumping in the tower according to the calculated values of
HWZ and HS, so that to meet the requirements of practical
height of the main tower [(3) in Figure 1], the height of the
aqueous phase clarification section [(1) in Figure 1] and that
of the organic phase demulsibility section [(8) in Figure 1].

Calculation Examples

Calculation of operation phase ratio

The suggested bubbling extraction tower was used for
extraction of lanthanum (La) from an industrial waste water
obtained from a rare-earth refinery in Shandong Province,
P.R. China. The density of aqueous feed solution, qW, was
1060 kg/m3, and the surface tension of the aqueous solution,
rW, was 17.5 3 1023 N/m. mW was 3.0 3 1023 pa�s, and g is
9.81 m/s2. The organic extractant was 2-ethylhexyl phos-
phonic acid mono-2-ethylhexyl ester (CAS No.1070-03-7)
(denoted as P507) as used in traditional rare-earth solvent
extraction processes. Kerosene (CAS No.8008-20-6) was used
as a diluent of the organic extractant P507. The concentration
of P507 in kerosene was 1.5 mol/L. The aqueous-phase flow
rate, L, was 0.10 m3/h, while the organic-phase flow rate, L0,
was controlled at 0.03 m3/h. The gas-phase flow rate, Lg, was
20 m3/h.

According to previous discussion, the operation phase ratio,
Ra=o, can be calculated if the tower diameter, dt, and gas con-
tainment ratios, eg, were known. Here, the value of dt was set
equaling to 0.23 m. The calculated results are listed in Table 1.

As shown in Table 1, if the tower diameter, dt, of the pro-
posed bubbling extraction tower was 0.23 m, the operation
phase ratio, Ra=o, could reach 603. Such a large aqueous-to-oil
operation phase ratio is hard to be achieved in traditional
extraction equipments.

Calculation of tower height

P507 molecules diluted in kerosene generally occurs in a
form of its molecular dimers, which could be expressed as
(HA)2. The chemical reaction between P507 molecules and
La31 ions includes two step
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ðHAÞ2ðorgÞ12NaOH ¼ ðNaAÞ2ðorgÞ12H2O (27)

3ðNaAÞ2ðorgÞ12LaCl3 ¼ ðLaA3Þ2ðorgÞ16NaCl (28)

Saponification of P507 molecules with alkali was required

prior to extraction of La31, which would result in the H1 ion
in phosphoric acid group (-POOH) of P507 molecules would

be replaced by Na1 ion, as shown in Eq. 27. Therefore, La31

extraction chemical reaction with P507 is in fact that, La31 in
aqueous phase transfer into the organic phase to exchange

with Na1 ion and associate with APOO group, as shown in

Eq. 28. In the meantime, Na1 in the organic phase transfer
into the aqueous phase.

According to the Dual Resistance Model, the mass-transfer

resistance for La31 ion from the aqueous bulk phase into the

organic liquid extractant membrane on the surface of bubbles,
and Na1 ion from organic liquid membrane layer into the

aqueous bulk phase, come from the resistance in the organic

and aqueous retention layer on the two sides of the surface of
the organic liquid membrane layer covered on surface of the

bubbles, as depicted in Figure 4. The total mass-transfer resist-

ance for La31 ion transferring is composed of two parts: La31

transferring from aqueous bulk phase onto the interface of

those dispersed organic bubbles, and then the reaction resul-

tants formed on the interface transferring into the bulk phase
of the organic liquid membrane layer. According to Eqs. 18

and 19, we could obtain the mass-transfer coefficients, k0 and

kW, of La31 ions passing through the organic and aqueous
retention layer in the liquid organic membrane on the surface

of those dispersed organic bubbles contacting with aqueous

phase, respectively. Therefore, the total mass-transfer resist-
ance for La31 transferring across per unit of the surficial area

of the liquid membrane layer on bubbles can be calculated

based on Eq. 15.
If we know the inlet concentration of La31 ions in feed

aqueous solution, x0, and the outlet concentration of La31 ions

in aqueous solution flowing out of the tower, x1, the total

tower height, H, could be calculated based on Eq. 26. Here,
x0, was set equaling to 7.19 3 1024 mol/L, and x1, was 0.36

3 1024 mol/L. The other physic-chemical parameters required

for calculation are listed in Table 2. The calculated results are
listed in Table 3.

As shown in Table 3, a required total tower height was

11.12 m, when outlet concentration of La31 in aqueous solu-

tion after extraction was set equaling to 0.36 3 1024 mol/L.
The height to diameter ratio of the main tower is 48.

Demonstration in Pilot Test

A new bubbling extraction tower was manufactured to con-
firm the reasonability of above calculations. The tower diame-

ter dt was 0.23 m and total tower height H was 4.0 m, HWZ

was 3.4 m.
The pilot test was performed according to the following

procedures:
About 0.15 m3 of aqueous feed solution was used for extrac-

tion. When all of 0.15 m3 aqueous feed solutions flow out
from the bubbling extraction tower, the mass-transfer height
of aqueous phase traveling in the tower is 3.4 m. Then the
aqueous solution flowing out was repumped into the tower for
recycling from the aqueous phase inlet to contact with dis-
persed organic extractant bubbles once again. Extraction was
end until the aqueous solution recycle four times in tower. For
each repeated recycling, two-parallel samples were taken from
the aqueous solution flowing out of the tower. The aqueous-
phase flow rate, L, the organic-phase flow rate, L0, the gas-
phase flow rate, Lg, and other detailed operating parameters of
the bubbling extraction tower were same as mentioned before.
Air bubbles were blown into the tower as the support of the
organic liquid extractant membrane. Experimental results are
shown in Table 4.

From the results listed in Table 4, we see that the concentra-
tion of La31 in equilibrating aqueous phase decreased from
7.19 3 1024 mol/L to 0.20 3 1025 mol/L when the aqueous
phase passed through the tower three times, which means the
aqueous phase traveling a total height of 10.2 m in the tower.
The experimental data in pilot test for required tower height
are highly consistent with the calculation results given in pre-
vious discussion. Therefore, the calculation methods estab-
lished in this study can be appropriate for designing the tower
height of our proposed bubbling extraction tower.

In pilot test, the volume flow rate of the organic-phase
sprayed into the tower was 0.03 m3/h, and gas-phase flow rate
was 20 m3/h. Our previous works found that the time for a sin-
gle gas bubble ascending from the oil spraying-hole at the bot-
tom of the tower to the top end of the tower (tower height is
3.4 m) is about 13 s. Here, that time is defined as phase con-
tacting time in bubbling extraction tower. Therefore, the total
volume of organic phase and that of gas phase passing through
the tower are 1.08 3 1024 m3 and 0.072 m3, respectively, dur-
ing the time of two phase contacting in tower. The total vol-
ume of aqueous phase in the tower is 0.071 m3, which is a
difference of the total volume of main tower minus the total
volume of organic phase and gas phase in tower. Thus, the
practical operation phase ratio in bubbling extraction tower is
657. Experimental observation about operation phase ratio is
indeed in a good agreement with that calculated values. The
calculated error is only 9%.

Pilot test also demonstrated that the new bubbling extraction
tower suggested in this work have unique advantage in

Table 1. Calculation Results for Operation Phase Ratio

t (s) lg (m/s) Vo (m3) eg Va (m3) Ra=o

7.58 0.132 0.63 3 1024 0.095 0.038 603

Table 2. The Physic-Chemical Parameters of Extraction

System

D0 (m2/s) DW (m2/s) Dq (kg/m3) D gA (%)

5.85 3 1029 0.79 3 10211 180 63 0.95

Table 3. Calculation Results for Tower Height

dvs (m) a (m2/m3) l0 (m/s) l (m/s) ls (m/s) LR /D k0 (m/s) kW (m/s) K (m/s) e

2.7 3 1023 211 0.2 3 1023 0.7 3 1023 1.7 3 1023 0.3 0.24 1.42 3 1025 1.40 3 1026 1.40 3 1026 18.9
NTUð ÞW HTUð ÞW (m) HW (m) HWG (m) EGZ (m2/s) HWZ (m) Pe s0 (s) VS (m3) HS (m) H (m)

3.1 1.82 5.64 6.23 1.60 10.30 5.41 244 0.017 0.41 11.12
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comparison with traditionally used extraction towers for
recovery of small quantities of valuable components diluted in
large quantities of water. To perform liquid–liquid extraction
using large aqueous-to-oil phase ratios could achieve eco-
nomic recovery of the target components with extremely low
concentrations in industrial waste waters. As an example to
illustrate that advantage, we conducted a preliminary analysis
about the cost of the new extraction tower. As mentioned
above, the initial concentration of La31 in waste water is 7.19
3 1024 mol/L. That is to say, about 100 g La was in per cubic
meter of waste water. We know that the percent recovery of
La in the aqueous solution flowing out of the bubbling extrac-
tion tower could reach above 97%, as indicated in Table 4.
According to economic price of La in China market (about 0.2
RMB yuan per gram), the incomes for treatment of per cubic
meter of waste water would be 19.4 RMB yuan, if we could
obtain 97 g La from per cubic meter of waste water. Our pilot
test demonstrated that the enrichment ratios of La could reach
more than 600, by performing large-phase-ratio extraction in
that bubbling extraction tower. Therefore, the payback for
treatment of per cubic meter of waste water would be 17.4
RMB yuan, due to the cost to treat per cubic meter of waste
water in that suggest bubbling extraction tower is less than 2.0
RMB yuan. However, the maximum phase flow ratios in the
traditional extraction towers, such as Rotating Disc Column or
Pulsed Sieve Plate Extraction Column, are not higher than
15.28 In addition, the percent recovery are only around 60%
using the traditional extraction towers to treat such an indus-
trial waste water containing extremely low concentration of
target components.29 The cost to perform liquid–liquid extrac-
tion using traditional extraction towers would be far larger
than that suggested bubbling extraction tower. Therefore, the
economic benefits brought about using the new bubbling
extraction tower is obvious higher than those traditional
extraction towers and it does have a decent payback.

Conclusions

In this work, a novel bubbling extraction tower was sug-
gested to perform liquid–liquid solvent extraction at large
aqueous-to-oil phase ratios, so that valuable components in
industrial waste waters with extremely low concentrations can
be effectively extracted and enriched with higher enrichment
ratios into the small volume of organic phase and then recov-
ered economically. Experimental results demonstrated that in
the bubbling extraction tower, the small volume of organic
phase can be dispersed and covered on the surface of gas bub-
bles to form a layer of organic liquid extractant membrane.
The target components are extracted from the aqueous feed
solution into the surficial organic liquid membrane of those
dispersed oil bubbles, which are ultimately collapsed at the
top of the tower and the organic phase is recovered. We devel-

oped a theoretical framework to calculate the required tower

height of the suggested bubbling extraction tower based on the

plug-flow model and the dual resistance model. The aqueous-

to-oil operation phase ratios in the tower can be calculated

when gas containment ratios in the tower are known, if spe-

cific tower diameter is given. In comparison with traditional

extraction tower, dispersion characters of organic extractants

on the surface of gas bubbles were taken into consideration to

calculate the tower height and operation phase ratios. Tower

height and operation phase ratio calculated by the proposed

new methodology are highly consistent with those experimen-

tal results in pilot tests. These works provide a scientific basis

for structural design of the new bubbling extraction tower, and

it is important for future optimization, scale-up, and industrial

application.
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