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Abstract

A concept that the driving force of gas–liquid interphase mass transfer comes from the interfacial non-equilibrium is

proposed in this paper. For the absorption process, based on the general chemical potential driving force equation, the

concentration relation between two phases at interface is derived and solved under different conditions as mass transfer

occurs, it shows that the interfacial concentration of absorbed component at liquid side is strongly affected by a Biot

number Y0 and is bulk concentration dependent. The CO2 interfacial concentration of liquid side in stationary absorp-

tion by pure methanol, ethanol and n-propanol absorbent respectively are measured by the use of micro laser holo-

graphic interference technique, the experimental results are in good agreement with the computation.

� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Gas–liquid interphase mass transfer is widely encoun-

tered in many industrial fields such as chemical, refinery,

biochemical, pharmaceutical and environment protec-

tion etc. Some unit operation processes like absorption,

distillation and desorption involve typically gas–liquid

two phase mass transfer, which is also of key importance

in gas–liquid two phase fluid reactor. Film model [1],

penetration theory [2] and surface renewal model [3]

are three classical and well-known theories describing

interphase mass transfer and have been extensively used

in practical processes. On the basis of these models, film-
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penetration model [4] and eddy cell model [5] were fur-

ther developed in terms of turbulent theory. Levich [6]

and Lochiel and Calderbank [7] have solved the convec-

tion–diffusion equation according to the fluid field

characteristic near the interface and obtained the concen-

tration distribution close to the interface which finally

leads to the solution of mass transfer coefficient. Among

all these models proposed, film model received the most

attention due to its simplicity and accuracy comparable

with other models, particularly the concept of resistance

sum has been generally accepted and adopted [8–12].

In fact, an assumption that the gas and liquid phases

are in thermodynamic equilibrium at interface during

the process of mass transfer has to be used to derive these

models above because of both the limitation of experi-

mental instrumentation and theoretical difficulty.

Although equilibrium assumption simplified the solution
ed.
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Nomenclature

C total molar concentration, mol cm�3

de equivalent bubble diameter, cm

D diffusivity in Fick�s equation, cm2 s�1

D 0 diffusivity in Maxwell–Stefan equation,

cm2 s�1

H shifting distance of stripe, cm

J diffusion flux, mol cm�2 s�1

kl rate coefficient of mass transfer in liquid

side, cm2 s�1

l thickness of simulator, cm

n refraction index

R universal gas constant, J mol�1 K�1

S interval between two neighboring stripes,

cm

T absolute temperature, K

u liquid flow velocity, cm2 s�1

x molar fraction of solute at interface

x* equilibrium molar fraction of liquid solute

with gas at interface

Y0 Biot number

Greek symbols

k wavelength of laser, cm

c activity coefficient of solvent in solution

d thickness of concentration boundary layer

in liquid side, cm

l chemical potential, J mol�1

Subscripts

cal calculated value

exp experimental value

A component A

B component B

b bulk liquid

g gas phase

l liquid phase
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of problem, it is harmful to the understanding of the pro-

cess mechanism by neglecting the influence of interface it-

self and source of driving force for interphase mass

transfer. Up to now, all existing theories of mass transfer

are only of limited application and there is no ad hoc

model permitting to precisely elucidate the mechanism

of interfacial mass transfer. In recent years, due to the

exponentially expanding power of computer, increasing

emphasis has been paid to the micro mechanism model

being of little deviation and able to be used under various

operating conditions, moreover, advanced laser mea-

surement techniques are also capable of supplying some

helpful underlying qualitative and quantitative informa-

tion to establish mechanism models [13,14]. This paper

aims at investigating the influence of interface on inter-

phase mass transfer and exploring the micro mechanism

on the basis of existing theories.
2. Theory

Interfacial resistance has been early found in the evap-

oration of a pure liquid [15], Cable and Cardew [16] stud-

ied the kinetics of desorption with interfacial resistance.

Gupta and Sridhar [17] investigated the influence of

interfacial resistance on quiescent gas–liquid absorption.

In fact, because of the lack of experimental accuracy

about the existence of interfacial resistance in gas–liquid

or liquid–liquid mass transfer, which is usually consid-

ered resulting from interfacial or surface contamination

due to surfactants [18], consequently much attention
has been paid to the experimental investigation and the-

oretical description for the effect of surfactant on inter-

phase mass transfer [19–25]. However, a few authors

proposed the interfacial non-equilibrium during inter-

phase mass transfer [11,26,27]. The authors of the present

paper think that for a gas–liquid or a liquid–liquid mass

transfer system, the equilibrium of the driving force must

be maintained in the overall system; the chemical poten-

tial difference between two phases at the interface is a po-

tential energy to force mass transfer. The mathematical

model is derived below under this consideration.

Fick�s law is a fundamental flux equation correspond-

ing to the concentration driving force mass transfer

JA ¼ �DAB

dCA

dy
ð1Þ

where DAB is diffusivity.

In momentum transfer the sheer stress approaches

zero as the velocity gradient decreases, and the two

phases reach a thermal equilibrium when the tempera-

ture becomes equal. Thus it is logical and more reason-

able to assume that the chemical potential of each

component becomes equal throughout the system [28]

JA ¼ �D0
ABCA

RT
dlA

dy
ð2Þ

where D0
AB is a diffusivity corresponding to the driving

force of chemical potential defined by the equation

above which states that the flux is proportional to the

gradient of chemical potential, these two diffusivities

can be related by the equation
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DAB ¼ D0
AB 1þ x2

o ln c2
ox2

� �
ð3Þ

For a system of ideal solution

DAB ¼ D0
AB ð4Þ

Taking into account an absorption process of ideal sys-

tem with an assumption that the resistance in gas side is

negligible and the resistance in liquid side to mass trans-

fer by driving force of chemical potential exists only in a

thin film—concentration boundary layer adjacent to the

interface, Eq. (2) can be rewritten by integral

Dl ¼ � JARTd
DABCA

ð5Þ

where CA is considered as a constant

CA ¼ CI þ Cb

2
ð6Þ

The difference of chemical potential between gas and

liquid phases at interface can be calculated in terms of

molecular thermodynamics [29]

Dl ¼ �ðlg;I � ll;IÞ ¼ �RT ln
x�

xI
ð7Þ

The chemical potential difference is the more plausible

driving force of mass transfer between two phases, com-

bining Eqs. (5)–(7), we have

ln
x�

xI
¼ 2JAd

DABðCI þ CbÞ
ð8Þ

The flux expressing equation based on the driving force

of concentration difference is

JA ¼ klðCI � CbÞ ð9Þ

Comparing Eqs. (8) with (9), we have

ln
x�

xI
¼ 2kldðCI � CbÞ

DABðCI þ CbÞ
¼ 2kldðxI � xbÞ

DABðxI þ xbÞ
ð10Þ

It is convenient to define a Biot number Y0 as

Y 0 ¼
kld
DAB

ð11Þ

It can be found easily that Y0 number shows the devia-

tion of practical operation to film model in mass transfer

coefficient, which is a function depending on material
Table 1

The calculating results of interfacial concentration

xb
x�

0 0.1 0.2 0.3 0.4 0

xI
x�

0.1353 0.3375 0.4572 0.5527 0.6350 0

xI
x�

� xb
x�

0.1353 0.2375 0.2572 0.2527 0.2350 0

RI

Rl
6.39 2.79 2.11 1.76 1.55 1
properties and operation state, substituting Y0 to Eq.

(10) and further writing as

x�

xI
¼ e

2Y 0ðxI�xbÞ
xIþxb ð12Þ

For the case of following film model, Y0 = 1, we have

x�

xI
¼ e

2ðxI�xb Þ
xIþxb ð13Þ

By Eq. (13) the real concentration at interface during

mass transfer between two phases can be obtained.

Table 1 gives the interfacial concentration under differ-

ent liquid bulk concentrations. In order to compare

the resistance on liquid side with that at interface, defin-

ing an interfacial mass transfer coefficient by the

equation

JA ¼ kIðC� � CIÞ ð14Þ

Interfacial resistance of mass transfer is given by

RI ¼
1

kI
ð15Þ

Comparing to the resistance of mass transfer in liquid

side, we have

RI

Rl

¼ x� � xI
xI � xb

ð16Þ

Table 1 shows that the interfacial concentration is far

from the equilibrium value as mass transfer occurs, there

exists a larger deviation for smaller liquid bulk concen-

tration. The difference xI
x� �

xb
x� represents the real concen-

tration driving force in liquid side. For the system in

which the film model is approximately tenable, the prac-

tical driving power for mass transfer comes to the max-

imum when liquid dimensionless concentration xb
x� is in

the range of 0.2–0.3. Comparing with the resistance of

mass transfer in liquid side, the interfacial resistance is

of much larger value, in this situation, the assumption

of equilibrium is not justifiable. In fact, dimensionless

number Y0 is strongly dependent on both system and

operating condition. As a prerequisite that the Y0 will

have to be primarily achieved by solving the convec-

tion–diffusion equation of fluid in motion with the

resorting to turbulent theory in order to obtain real

interfacial concentration and finally get mass transfer
.5 0.6 0.7 0.8 0.9 1.0

.7083 0.7751 0.8368 0.8945 0.9487 1.0

.2083 0.1751 0.1368 0.0945 0.0487 1.0

.40 1.28 1.19 1.12 1.05
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Fig. 1. The variation of interfacial concentration with liquid

bulk concentration under various Y0 conditions.
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Fig. 2. The influence of liquid bulk concentration on concen-

tration driving force in liquid side under various Y0 conditions.
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flux. Some special solution can be obtained according to

various operation conditions.

Figs. 1 and 2 indicate respectively the variation of

interfacial concentration with liquid bulk concentration

under various Y0 conditions.
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Fig. 3. Optical representation of single source laser interfer-

ometer: 1—He–Ne laser, 2—mirrors, 3—shutter, 4—polarisa-

tion filters, 5—beam-splitter, 6—spatial filters, 7—lenses, 8—

simulator, 9—amplifying lens, 10—holographic plate, 11—

frosted glass, 12—camera.
3. Experiment

In recent decades, the laser measurement techniques

have been prevalently applied to precise qualitative

and quantitative measurement of diverse parameters in

fluid like velocity, temperature, concentration and den-

sity etc. with the advantages of high accuracy, non-intru-

sive and feasibility to make instantaneous measurement
and visualization. However, it is still quite difficult to

perform the measurement of concentration change in a

slower-rate and very smaller-amount physical absorp-

tion process due to little concentration variation which

is insensitive to refraction index by means of the simple

and ordinary optical methods of interference. In this

paper, the real-time method [14] and micro laser holo-

graphic interference technique were used for the deter-

mination of concentration field and its variation near

the interface on liquid side during absorption process.

In the first exposure, the comparison wave is recorded,

and the hologram developed, fixed and repositioned

accurately into the plate holder. The comparison wave

is reconstructed by illuminating the hologram with the

reference wave. The reconstructed wave can be superim-

posed to the momentary object wave. If the object wave

corresponds to the original state in which the hologram

is taken, no interference fringes appear. When the mass

transfer process is started, the resulting object wave is

distorted, and behind the hologram, the object wave

and the reference wave interfere and form an interfer-

ence pattern which can be observed continuously and

also filmed or photographed. In our experiments, a spe-

cial single source laser holographic interferometer with

optical magnification which is essential to gain a satis-

factory view of interference fringes within the thin con-

centration boundary layer has been constructed for the

study of gas absorption by a pure absorbent as shown

in Fig. 3. The laser beam from a He–Ne laser source is

splitted into two coherent beams, one (objective beam)

passes through the bubbling simulator at a point near

the interface of a rising bubble, while the other (refer-

ence beam) bypasses the simulator. These two beams

intersect at the photographic plate to form a hologram

by interference. The two beam amplifying lens 6 and 9

should be carefully chosen and adjusted to hologram.

In addition, to obtain more exact information, a parallel

vertical and suitable interval of fringes are formed
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artificially and preveniently by micro adjusting the opti-

cal unit in the optical path. As no concentration chan-

ged, the stripes are parallel and vertical to interface

with same interval. Whereas if concentration changed,

the stripes would shift simultaneously. For arbitrary

two points A(x0,y0) referring to bulk concentration

and B(x,y) responding to changed concentration as

shown in Fig. 4, has

n ¼ n0 �
Hk
lS

ð17Þ

where n is the refraction index in point B(x,y), n0 the

refraction index of bulk in point A(x0,y0), H the shifting

of stripe (y � y0), l the thickness of simulator, k the

wavelength of laser, and S the interval between two

neighboring stripes. The relation of concentration to

refraction index is determined experimentally and fitted.
y

z

x

Y0

Y
B A

X X0

S

Fig. 4. Schematic diagram of the interference stripes variation.
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Fig. 5. Schematic flowshow of experimental set-up: 1—bub-

bling simulator, 2—captured bubble, 3—thermostat, 4—con-

troller, 5—pump, 6—flow meter, 7—injector.
Fig. 5 is the schematic diagram of gas–liquid flowing

simulator. The liquid was pumped to the top of a verti-

cal rectangular channel 1 in optical glass, and flowed

downward to the bottom. The incoming liquid was

introduced through a horizontal perforated tube to en-

sure uniform distribution. The gas phase was injected

into the channel by syringe 7 and the bubble size was

carefully controlled by the injection-flowrate. A small

metal mesh was installed in the channel to keep the ris-

ing bubble in stationary position against the downward

current of liquid. By means of thermostat 3, the gas and

liquid phases were kept at the same temperature. Figs.

6–8 show the shifts of interference fringes in hologram

as CO2 is absorbed by static and pure absorbent metha-

nol, ethanol, and n-propanol respectively under experi-

mental condition. The straight lines in hologram

indicate the reference infringes representing the condi-

tion of uniform concentration maintained in the bulk

fluid, whereas the curved lines illustrate the reference

infringes of concentration change induced by mass

transfer.
Fig. 6. The hologram of CO2 absorbed by static methanol.

Fig. 7. The hologram of CO2 absorbed by static ethanol.



Fig. 8. The hologram of CO2 absorbed by static n-propanol.
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4. Results and discussions

An experiment of CO2 single bubble absorption was

carried out. The solvents used in experiments are meth-

anol (99.5 wt.%), ethanol (99.7 wt.%) and n-propanol

(99.5 wt.%). The concentration of CO2 is 99.99 (wt.%).

The experimental conditions are: T = 298.15 K, P =

101.325 kPa, and the equivalent bubble diameter

de = 0.42 cm. For a system of pure gas, the resistance

of gas film can be neglected, thus the liquid equilibrium

concentration at interface is the saturated absorption

concentration at the same temperature and pressure.

The liquid diffusivities and equilibrium molar fraction

of CO2 in absorbent under experimental condition

are respectively: methanol: D = 3.75 · 10�5 cm2 s�1,

x�2 ¼ 6.28� 10�3; ethanol: D = 4.0 · 10�5 cm2 s�1, x�2 ¼
7.15� 10�3; n-propanol: D = 2.79 · 10�5 cm2 s�1, x�2 ¼
8.33� 10�3.

The iterative method is used to calculate the interfa-

cial concentration of CO2 absorbed by clean solvent.

The film model is applied to the static absorption pro-

cess, thus xb is zero and Y0 becomes unit in Eq. (12).

As a result, xI can be solved in terms of Eq. (12) through

iterative way with a given initial value between zero and

x*. Table 2 shows the differences of equilibrium, exper-

imental and computed interfacial concentration and

their comparison in CO2 stationary absorption with dif-

ferent pure absorbent. It is apparently found that the

interfacial concentrations measured are far from the
Table 2

The comparison of experimental, calculating and equilibrium

CO2 interfacial concentrations

Nom Methanol Ethanol n-Propanol

xI,cal · 103 0.85 0.967 1.13

xI,exp · 103 0.992 1.76 1.94

x* · 103 6.28 7.15 8.33
equilibrium ones and in good agreement with calculated

ones. A possible reason for lower calculated values is

that the computation based on the film model with

Y0 = 1 shifts the practical process in which the mass

transfer coefficient is less than that obtained by film

model and Y0 < 1.

In the literature, widespread attention has been fo-

cused on the mass transfer accompanied interfacial tur-

bulence [30–33]. In our works, the visualization of

interfacial turbulence is carried out. A drastic turbulence

is observed in ethanol absorption, whereas only slight

fluctuation is found in methanol and n-propanol

absorption. The disorder of interference strips near the

interface implies the concentration chaos caused by

interfacial turbulence as mass transfer occurs. In addi-

tion, the experimental observation demonstrates the fact

that the processes of interphase mass transfer could be

accompanied with strongly or weekly interfacial turbu-

lence. Under low fluid flow velocity and stationary situ-

ation, interfacial turbulence is usually initiated at some

point of field, resulting from the non-uniformity of mass

transfer at interface. This decelerates and comes soon to

a stabilization with the increasing liquid flow velocity.
5. Conclusion

In the processes of gas–liquid mass transfer, the two

parts outside interface is not at thermodynamic equilib-

rium arising from the interphase mass transfer. For the

system in which the film model is approximately right,

the flux is affected comprehensively by material proper-

ties, operation condition and liquid bulk concentration.

Under the same material properties and operating con-

dition, the rate of interphase mass transfer attains a

maximum for a dimensionless bulk concentration rang-

ing from 0.2 to 0.3. A Biot number Y0 number which

shows the deviation of practical mass transfer to that

of film model is proposed in this paper, a bigger Y0 num-

ber bring about a larger deceleration from equilibrium.

In the situation of model film, Y0 = 1, under other situ-

ations, Y0 could be obtained by solving the convection–

diffusion equation of species combining with turbulent

theory and dynamical boundary condition. Practically,

only in the system of little Y0 number the assumption

of equilibrium at interface is plausibly justified, for in-

stance, as Y0 is less than 0.5. For a process of gas

absorption, when the liquid mass transfer coefficient is

used to flux equation, the concentration driving force

is (CI � Cb) instead of (C* � Cb). The flux of mass

transfer is integrally influenced by both the mass transfer

coefficient and interfacial concentration. It is just the

reason that the flux of interphase mass transfer is not

linearly varied with the increasing of mass transfer coef-

ficient. The CO2 interfacial concentration of liquid side

in stationary absorption by pure methanol, ethanol
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and n-propanol absorbent respectively were measured

by the use of micro laser holographic interference tech-

nique, the experimental results are in good agreement

with calculated ones from the equation proposed. The

achievement of this paper is also helpful to the studies

of some analogous processes such as distillation, extrac-

tion and desorption, bubble nucleation and heat transfer

etc.
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