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Abstract

For an extraction process, the overall ef®ciency of mass transfer is determined by the mass transfer coef®cient and the interfacial area. A

small amount of surfactant has the effect of decreasing the mass transfer coef®cient while increasing the interfacial area. The extraction

ef®ciency thus varies in a complex manner with the concentration of surfactant due to the two competing factors. To obtain a better

understanding of these effects, the two factors were studied individually. A single-drop extraction apparatus was used to study the effects of

a surfactant on the mass transfer coef®cient in a previous work. In this work, the effects of a surfactant on the overall ef®ciency and mass

transfer area were investigated in a spray-tower extraction column. The results show that sodium lauryl sulphate (SLS) has a negative effect

on the overall ef®ciency. The value of KRa decreases rapidly with increasing SLS concentration, approaches a minimum at about 10 ppm,

and then increases monotonically with further addition of SLS. With increasing surfactant concentration, the interfacial area increases more

rapidly at a low SLS concentration, which is mainly due to the inhibition of drop coalescence by the dynamic surface effect. However, the

slower increasing rate of mass transfer area at higher SLS concentrations results from a decrease in drop size with decreasing interfacial

tension. # 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

The extraction column is a useful tool for various liquid±

liquid mass transfer operations. In the extraction column,

the discontinuous phase is dispersed into small droplets

in order to increase the two-phase contact area. As the

dispersed droplets travel through the continuous phase,

convection in both phases is promoted and the mass

transfer coef®cient is enhanced. The overall mass

transfer ef®ciency is thus determined by the mass transfer

coef®cient and the interfacial area. If a small amount

of surfactant is added to the extraction system, the

two factors are affected. The effects of a surfactant on

mass transfer in an extraction column have been studied

by many workers. Some have studied the effects of a

surfactant on the mass transfer coef®cient in single-drop

extraction [1±6], and others have investigated its effect

on the overall ef®ciency of the equipment [7±11].

The results indicate that surfactants often reduce the mass

transfer coef®cient but increase the mass transfer area

per unit volume.

In studies performed on single-drop extraction, the

decrease in the mass transfer coef®cient by surfactant was

attributed either to the decrease in interfacial mobility and

internal circulation [1,2] or to the blocking action of sur-

factant molecules at the interface [3,4]. In the studies on

equipment performance, the overall ef®ciencies were found

to increase or decrease with the addition of surfactant. This

is due to the competitive effects of surfactant on the mass

transfer coef®cient, K, and mass transfer area, a. The net

effect of surfactant on the operation ef®ciency of the extrac-

tion column or the value of the product, Ka, is rather

complicated. To identify the competitive effects, it is more

appropriate to study the two factors individually.

In a previous study [6], a single-drop extraction apparatus

was used to study the effects of a surfactant on the mass

transfer coef®cient and the ¯uid ¯ow behaviour along the

extraction column. In the present work, the experiments

were carried out in a spray-tower to obtain the overall

performance. In addition, the effects of a surfactant on

the overall mass transfer ef®ciency and mass transfer area

were investigated.
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2. Experimental method and apparatus

Acetic acid was used as solute, which originally con-

tained a dispersed phase (carbon tetrachloride) that was

extracted by a continuous phase (water). The surfactant used

was sodium lauryl sulphate (SLS, C12H25OSO3Na), which

is a water-soluble, anionic surfactant. The initial concentra-

tion of acetic acid in carbon tetrachloride was 0.1 M for all

of the experiments.

Fig. 1 shows a schematic diagram of the experimental

set-up used in this work. The extraction column (A) has an

inside diameter of 35 mm and a height of 1.0 m. The

distributor (G), made of stainless steel, has four 2 mm

diameter holes which are separated by 4 mm.

For all of the experiments, the ¯ow rates of the water

phase and the CCl4 phase were kept at 160 and 80 ml minÿ1,

respectively. The output ¯ow rate of the CCl4 phase was

adjusted by a valve (E) to control the two-phase interface at

a constant level, and steady state could be reached within

30 min.

The distribution ratio, m, of acetic acid between CCl4 and

water, is de®ned as m � XR/XE, where XR and XE are the

equilibrium mole fractions of acetic acid in CCl4 and water,

respectively. The value of m increases linearly with XE

(m � 2.9XE � 0.026) and is nearly independent of surfac-

tant concentration. As the acetic acid concentration in this

study is very dilute, the value of m is much smaller than 0.1

during the operation range. The concentration of acetic acid

in the CCl4 phase was analysed by mixing the sample with

an excess amount of water, followed by titration with

NaOH.

For the continuous counter-current extraction column, the

volumetric overall mass transfer coef®cient, KRa, was

obtained by Lee [12] as follows:

KRa � FR�XR1 ÿ XR2�
ACRMH��X�ln

(1)

where (�X)ln is the logarithmic mean mole fraction differ-

ence de®ned by

��X�ln �
�XR1 ÿ X�R1� ÿ �XR2 ÿ X�R2�
ln�XR1 ÿ X�R1=XR2 ÿ X�R2�

(2)

where a is the mass transfer area per unit volume (m2 mÿ3).

As it is not easily estimated, it is always combined with KR.

FR is the molar ¯ow rate, A and H, respectively, are the

cross-sectional area and height of the extraction column,

XR1 and XR2 are the mole fractions of the solute in the CCl4
phase at the top (input) and bottom (output) of the column,

respectively, and X�R1 and X�R2 are the mole fractions of the

solute in equilibrium with the extraction phase, i.e.

X�R � mXE. In this work, the value of X�R is negligibly small

for two reasons: (i) the value of XE is very small due to the

small holdup of the dispersed phase (less than 10%) and, in

addition, the initial concentration of the solute is very dilute;

and (ii) the value of m is much smaller than 0.1 during the

operation range. CRM is the mean concentration of the

raf®nate phase along the extraction column. Since the acetic

acid concentration is dilute, CRM is equivalent to the molar

concentration of CCl4.

3. Dynamic surface effect and drop coalescence
mechanism

The local difference in solute concentration or tempera-

ture at the interface causes a local increase or decrease in

surface tension, and thus induces ¯uid ¯ow at the interface

(or interfacial turbulence). This phenomenon is known as

the Marangoni effect, discussed by Scriven and Sternling

[13] and Levich [14]. For a system containing surfactant,

when the surface is being stretched, a new surface is created

constantly and surfactant molecules should be supplied

from the bulk phase to the interface so as to satisfy the

need for adsorption. The concentration in the vicinity of the

interface is lower than that in the bulk phase due to the

limitation of the diffusion rate. The surface concentration of

surfactant is in equilibrium with this lower concentration

and is lower than that at a static surface without stretching of

the interface. As a result, the interfacial tension of a

stretching interface will be higher than that of a static

one. The local difference in surface tension caused by the

stretching of the interface exerts a Marangoni stress which

prevents the surface from being stretched further, and the

surface motion will be retarded. When the interface is being

compressed, surfactant has a similar effect of retarding

further compression. The Marangoni stress induced by a

stretching (or compressing) surface is termed the dynamic

surface effect [15]. This effect hampers interfacial turbu-

lence and surface convection, and the mass transfer coef®-

cient of an extraction system is thus reduced.

As two drops come into contact in the coalescence

process shown in Fig. 2, the liquid between them ¯ows

outwards and simultaneously stretches the drop surface. In a

surfactant containing solution, the interfacial tension in the

region between the two drops would be higher due to the

stretching of the interface. The surface convection sweeps

adsorbed surfactant molecules on the drop surface towards

the outside surface of the two drops, where they accumulate,

Fig. 1. Flow diagram of the spray-tower extraction apparatus: A, extraction

column; B, water phase feed tank; C, CCl4 phase feed tank; D, feeding pump;

E, flow rate controlling valves; F, rotameters; G, distributor; H, CCl4 phase

collection tank; I, water phase collection tank.
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further reducing the interfacial tension there. The net force

on the interface, pulling from this low-tension region

towards the contact region between the drops, exerts a

Marangoni stress which increases the drag resistance of

the drainage of the liquid. As a result, coalescence is

prevented or obstructed [16,17].

A liquid ®lm always forms between two drops (or bub-

bles) during the process of coalescence. Thinning and ®nal

rupturing of the thin liquid ®lm are the processes by which

the two drops coalesce. The thinning process was proposed

to occur in two stages by Marrucci [18]. The ®rst stage

involves very rapid stretching of the liquid ®lm down to a

quasi-equilibrium thickness, h0, where the increase in inter-

facial tension is balanced by the internal pressure. The value

of this thickness was calculated as a function of physical

properties, as shown by Marrucci [18]:

Qrk2

�
� 1

kh0

� �kh0�2 (3)

k � 12��

A0r

� �1=3

(4)

Q � 2C

RT

d�

dC

� �2

(5)

where r is the drop radius, A0 the Hamaker London constant

and � the interfacial tension of the solution at the surfactant

concentration C. The second stage involves further thinning

of the quasi-equilibrium ®lm down to a thickness of the

rupture, hf, which can be expressed by

Qrk2

�
� 2

khf

ÿ �khf�2 (6)

It was shown that the stage which dominates the thinning

process is determined by the value of Qrk2/�, i.e. the value

of Qrk2/� is very important for the coalescence of drops. At

constant temperature, if we de®ne M by Eq. (7), then M is

proportional to Qrk2/� and can be used to express the degree

of ease of coalescence of two drops in dilute surfactant

solution [19]:

M � C
r

�

� �1=3 d�

dC

� �2

(7)

4. Results and discussion

The experimental results of KRa are shown in Fig. 3 as a

function of the SLS concentration. In this work, surfactant

has a negative effect on the overall ef®ciency of mass

transfer. The value of KRa decreases rapidly as the con-

centration of SLS increases and reaches a minimum at about

10 ppm, and then increases monotonically as the concen-

tration is further increased. This result indicates that, below

10 ppm of SLS, the effect of surfactant on the decrease in KR

is more important than that on the increase in interfacial

area. However, with further addition of SLS, the increase in

KRa is caused mainly by the increase in interfacial area.

The effects of SLS on the mass transfer coef®cient, KR, of

the same system have been studied previously [6]. These

results are plotted in Fig. 3, which shows that the value of

KR decreases rapidly as surfactant is added and reaches a

constant value at about 20 ppm of SLS. To understand the

dependence of the interfacial area on the surfactant con-

centration in the spray-tower, the values of KR obtained from

the single-drop extraction study were used to substitute for

the values in the product, KRa, and thus the interfacial area

was calculated. Although the KR values for the two pro-

cesses are not exactly identical, the distinction between

them should be small because the mass transfer across

the interface is controlled by the transfer within the dis-

persed phase due to the small value of m, and the ¯uid ¯ow

within the dispersed phase is inhibited in the presence of

surfactant. Since the dependence of KR on the SLS con-

centration is similar in both types of apparatus, the mass

transfer area in the spray-tower can be compared relatively.

The mass transfer area, a, obtained by this calculation is also

shown in Fig. 3.

Fig. 2. The interfacial flow of two approaching drops in surfactant

solution.

Fig. 3. KRa, KR, and a as functions of the concentration of SLS in

solution. KRa: obtained from spray-tower extraction column; KR: obtained

from single-drop extraction at the same column length (1.0 m); a:

calculated by substituting the values of KR into KRa.
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With increasing SLS concentration, the interfacial area

increases rapidly at a low SLS concentration, but slows

down when the SLS concentration reaches higher values. A

surfactant will increase the interfacial area via two effects:

via a decrease in the drop size with decreasing interfacial

tension [20,21], and via the prevention of coalescence

dispersing droplets by the dynamic surface effect. The ®rst

effect can be estimated by measuring the drop sizes at

various concentrations of SLS. This experiment was carried

out using a drop former made of glass (tip head outside

diameter, 3 mm). The drop size decreases with decreasing

interfacial tension, which is shown in Fig. 4 as a function of

the SLS concentration. The ratio of the speci®c surface area,

as (ratio of the surface area of a drop, ad, to the drop volume,

Vd), to the value in a surfactant free solution (as0) is also

shown in Fig. 4.

The linear increase in the speci®c area ratio (as/as0)

represents the increase in the interfacial area with no

coalescence, and the variation is due to the decrease in

drop size with decreasing interfacial tension. When the SLS

concentration increases from 0 to 100 ppm, no signi®cant

increase in the interfacial area is found in Fig. 4, but the a

value in Fig. 3 increases to about six times the initial value.

So, we can infer that, at a low SLS concentration, the rapid

increase in the mass transfer area in the spray-tower is

caused by the inhibition of drop coalescence by the dynamic

surface effect. When the SLS concentration increases

further, the increase in a slows down, which means that

further addition of SLS has little effect on coalescence

prevention. The increase in the surface area at a high

SLS concentration is thus mainly attributed to the decrease

in drop size with the decreasing interfacial tension.

The value of M measures the degree of dif®culty of

coalescence of dispersing droplets in a surfactant-contain-

ing solution. For a system with a large value of M, the

droplets ®nd it dif®cult to coalesce. However, when the M

value is small, they coalesce easily. The variation in the

interfacial tension (between water and CCl4) with SLS

concentration, as shown in the previous work, has a relation-

ship of � � exp(3.43 ÿ 1.34212C) � 4.14. This relation-

ship was used for the computation of M values. Fig. 5

shows the values of a and the computed M values as

functions of the SLS concentration. The similarity between

these two curves veri®es that the M value can be used as a

measure of the dif®culty of drop coalescence.

The effects of surfactants on the overall mass transfer

coef®cient obtained by other researchers are not identical to

our results. Hong and Maa [9], using a mixer±settler appa-

ratus, and Chu et al. [7], using a packed tower, found

maximum values of Ka, which implies that the increase

in the interfacial area is more important than the decrease in

the mass transfer coef®cient at low surfactant concentra-

tions. In contrast, the minimum values of Ka obtained by

Ruskan [8], using an agitated extraction column, and from

this work show that the decrease in the mass transfer

coef®cient is the dominant factor. The discrepancy may

be due to the effect of different apparatus. In addition, the

solvent±solute systems and surfactants used may also play

an important role, which has been demonstrated by the

research of Chu et al. [7]. It is still very dif®cult to predict

how the Ka value will change for a particular system.

5. Conclusions

A small amount of surfactant has the effect of retarding

the coalescence of droplets, and thus causes an increase in

the mass transfer area in the extraction process. It also has

the effect of retarding the stretching and compression of the

interface, therefore, reducing the interfacial disturbance and

increasing the mass transfer resistance. For the mass transfer

in a spray-tower extraction column, a minimum value of

KRa was obtained due to the competitive effects of these two

factors, which demonstrates that the effect of SLS on the

decrease in KR is more important than that on the increase in

the mass transfer area.

For a surfactant containing system, the mass transfer

area may be increased both by the decrease in drop size

Fig. 4. The drop radius and the ratio of the specific surface area with (as)

and without (as0) surfactant as a function of the SLS concentration.

Fig. 5. The mass transfer area, a, and M as functions of the SLS

concentration.
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with decreasing interfacial tension, and by the coale-

scence prevention of dispersing droplets. At a low con-

centration of SLS, the mass transfer area increases more

rapidly with increasing SLS concentration, which is mainly

due to the prevention of the coalescence of droplets.

However, at a high SLS concentration, the slow rate

of increase in the mass transfer area is mainly caused

by the decrease in drop size with decreasing interfacial

tension. The value of M is a measure of the degree

of dif®culty of coalescence of the dispersing droplets.

The variation in M values with SLS concentration agrees

satisfactorily with that of the a values at low concentra-

tions of SLS.
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Appendix

Nomenclature

a mass transfer area per unit volume (m2 mÿ3)

ad surface area of a drop (m2)

as surface area per unit volume of a drop (m2 mÿ3)

A cross-sectional area of the extraction column (m2)

A0 Hamaker London constant (J)

C molar concentration (mol mÿ3)

CRM mean value of total molar concentration of raffinate

phase along the column (mol mÿ3)

F molar flow rate (mol sÿ1)

hf film thickness at break (m)

h0 quasi-equilibrium film thickness (m)

H height of extraction column (m)

k defined by Eq. (4) (mÿ1)

K mass transfer coefficient (m sÿ1)

KRa volumetric overall mass transfer coefficient based

on the raffinate phase (sÿ1)

m distribution ratio

M defined by Eq. (7) ((N m)5/3 molÿ1)

Q defined by Eq. (5) (N)

r drop radius (m)

R gas constant (J Kÿ1 molÿ1)

T temperature (K)

Vd volume of a drop (m3)

X mole fraction

X�R mole fraction of raffinate phase in equilibrium with

the extract phase

�X defined by Eq. (2)

� interfacial tension (N mÿ1)

Subscripts

R raffinate phase

E extraction phase

1 feed stream

2 output stream
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