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INTRODUCTION

Reversed-flow gas chromatography (RF-GC) is different

from conventional gas chromatography essentially because it

consists of sampling cell, which is composed of sampling and

diffusion columns. The carrier gas flows continuously through

sampling column while it remains stagnant in the diffusion

column. A part or whole of diffusion column can be filled with

solid or liquid substance under study1,3-12. The authors will limit

this review up to the application of RF-GC towards the interface

of gas-liquid since the review on the other interface has been

extensively describe by the previous review1. The transport

phenomena across the gas-liquid for RF-GC methodologies

much concern on the diffusion of respective solute into the

carrier gas. Thus, the first part of this manuscript will try to

explore the works done by previous researcher on determi-

nation of the diffusion coefficients on the liquid-gas interface.

Next, the author explain in the great details on the experimental

set up for the determination of the diffusion rates and coeffi-
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cient rates of liquid under studies with the application of

surfactant monolayer at the liquid-gas interface which part of

the author's current work46. Finally, the author will discuss the

modification done on the lower part of the diffusion column

of the RF-GC to calculate other physico-chemical measure-

ments within the gas-liquid interface.

Diffusion of gases in liquids: Most of the methods used

in the early measurement of diffusion coefficients of the liquid

systems were based on static bulk equilibration methods (e.g.,

gravimetric sorption/desorption)1. The limitation of this method

is that it relies on the sorption and bulk equilibration which

cannot be applied to solute-solvent system if the solute presents

in a minute amounts. As a consequence, the time for sorption

may be large because the diffusion coefficient may be small.

But, the accuracy of this method may be declined due the small

amount of the solute presents.

Evaporation of liquids: Evaporation is a process which

converting a substance which in the liquid phase into the

vapor phase. The process must overcome the strong forces of



attraction between the molecules, which are balanced equally

strong forces of repulsion. Thus, in order to overcome the

potential energy of attraction, the molecules require kinetic

energy which is a function of temperature. The molecules

obeys the following equation if the process occurs at the

constant volume2,

E

RT

1

n
e

n

∆

ν = (1)

where nν is the number of molecules per milliliter in the vapor,

nl is the number of molecules per milliliter in the liquid, ∆E is

the difference in molar internal energy of the gas and liquid,

R is the gas constant and T is the absolute temperature.

When the molecules gain the kinetic energy, they will

evaporate from the liquid which results the average kinetic

energy of the remaining molecules decreases. This can be

observed as the temperature drops at the beginning of the

process. Thus, heat must be released to the liquid in order to

maintain the temperature. Realistically, the evaporation process

occurs at constant pressure which differs from the prediction

that it occurs at the constant volume. Thus, ones can relate the

evaporation process with the first law of thermodynamic by

the relation2:

∆H = ∆E + P∆V (2)

where P∆V, portrays the work done by vapor at constant atmos-

pheric pressure which result in volume expansion. Thus, ∆H

can be describe as the energy required to evaporate one mole

of liquid at constant pressure, or simply called the molar heat

of vaporization.

Since the gas obeys the ideal gas law to the first approxi-

mation (PV = RT )2, thus the relation gives the latent heat of

vaporization:

∆H = ∆E – RT (3)

∆H is a function of temperature is usually measured by

calorimeter at the normal boiling point.

The factors that affecting the rate of evaporation of a liquid

are as follow: (i) Concentration of the substance evaporating

in the air, (ii) Concentration of the other substances in the air,

(iii) Concentration of the other substances in the liquid

(impurities), (iv) Flow rate of air just above the liquid surface,

(v) Inter-molecular forces (attractive-repulsive) between the

molecule of the liquid, (vi) Pressure at the surface of the liquid,

(vii) Surface area of the liquid that is being exposed, (viii)

Temperature of the liquid, (ix) Density of the liquid, (x) Mono-

layer thickness that being applied at the gas liquid interface,

(xi) Intermolecular interference on the surface of liquid bodies.

General principle of reversed-flow gas chromatography:

The technique of reversed-flow gas chromatography was first

introduced by Prof. N.A. Katsanos and his co-workers at the

Laboratory of Physical Chemistry, University of Patras, Athens,

Greece3-16. In the recent review of the reversed-flow gas

chromatography17, the author did mention that RF-GC is first

proposed for kinetic studies heterogenous catalysis18 and then

the method is applied to the dehydration of alcohols and the

deamination of primary amines17-19. Many publications using

this technique have been published, this may include the

determination of gas diffusion coefficients in binary and ternary

gas mixture5-8, determination of adsorption equilibrium

constant9, determination of rate constants, activation para-

meters as well as determination of catalytic conversion of reac-

tants into products for various important surface catalyzed

reactions13-15,20 and determination of Flory-Huggins interaction

parameters and solubility parameters in polymer-solvent

system16. Besides that, RF-GC also plays an important role in

determination of rate coefficients for evaporation of liquids21,

determination of mass transfer and partition coefficients across

gas-liquid and gas-solid interfaces22-25 and in determination of

adsoption energies, local monolayer capacities and local

adsorption isotherms26,27. Furthermore RF-GC also has being

used in determination of rate constant for sorption of various

gases on bimetallic catalyst28,29 and in determination of activity

coefficient20. As far as the author concerns, RF-GC has been

used to study the evaporation of the pollutant liquids under

the influences of the surfactant30 as well as the vigorous works

from our laboratory which measure the diffusion rates,

coefficients rates and activation energy of pure liquid pollu-

tants31-39 can be considered as the latest publication under this

area.

Reversed-flow gas chromatography is just another

sampling technique that manipulates the flow of the carrier

gas by reversing the flow at regular time interval with the

assistance of four or six-port valve. The process can be done

manually or using automatic four or six valve with suitable

computer programming. Each flow reversal will produce flow

perturbation on the chromatographic elution curve by having

extra peaks, or will be considered as "sampling peaks" in the

rest of this article as shown in the Fig. 1.
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Fig. 1. Reversed flow chromatogram showing three sample peaks for the

diffusion of liquid pollutant vapors into carrier gas nitrogen at

313.15 K and 101.325 kPa (volumetric flow rate, v = 1 cm3 min-1)

EXPERIMENTAL

Experimental arrangement of the reversed-flow gas

chromatography consists of the following parts:

(1) A commercial gas chromatography with any kind of

detector. Flame ionization detector (FID) is highly recom-

mended due to its sensitiveness.

(2) A sampling column which is made of unfilled stainless

steel chromatographic tube of ¼ inch in diameter and having

total length of 0.8-2.5 m depending on the application.
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(3) A diffusion column which is made from the same

material as sampling column and oriented at right angle to the

latter and usually at its middle point. The diffusion column is

normally straight and relative short about 25-100 cm. Sampling

column and diffusion column can be regarded as sampling

cell and this experiment, they are placed inside the oven.

(4) Sampling cell is connected to the gas inlet on one end

and the detector at the other end. The connection is such way

that the carrier gas flow through the sampling column (carrier

gas remain stationary inside the diffusion column) can be

reversed in direction at any time interval. This possible because

of the existence of six port valve that connect the ends D1 and

D2 of the sampling column to the carrier gas supply and

detector as shown in the Fig. 2.

Liquid under study
Carrier gas, N  inlet2

aL

Flame
ionization
detector

D1

z
Diffusion
column

Sampling column
D2

x = 0
x = l′

l′ l

x = l′ – l

Six-port
valve

Restrictor

z = L

x

Fig. 2. Apparatus of the reversed-flow gas chromatography technique, for

measuring rate coefficients and diffusion coefficients of liquids

The solid line indicates the position in which the valve is

currently regulated and allowed the carrier gas to enter the

column via D2 and leave at D1 toward the FID. Now, by

switching the valve (indicates by the dashed line), the carrier

gas direction is reversed, entering now the column via D1.

(5) A restrictor is placed before the detector to avoid the

flame of FID from being extinguished when the valve is turned

from one position to other.

MATHEMATICAL MODEL

The elution curves is described which follow the carrier

gas reversal based on the common chromatographic sampling

equation shows below21:

1 0 2 0
c c ( , t t ) u ( ) c ( , t t ) [1 – u ( – t )]= ′ + ′ + τ τ + ′ + ′ + τ τ ′ ×l l

M 3 0 0[u ( ) – u ( – t )] c ( , t – t ) u (t – t ) {u (t – t )τ τ ′ + ′ ′ + τ + τ ′ ′l

M M[1 – u ( – t )] – u ( – t ) [u ( ) – u ( – t )]}′ ′τ τ ′ τ τ (4)

where c is concentration of vapor at detector, c1(l′, ...), c2(l′,
...) and c3(l′, ...) are concentration at the point x = l′ (cf Fig. 1)

for the times shown (t0 is the total time from placing the liquid

in column to the last backward reversal of gas flow, t′ = time

interval of backward flow, τ is the t – tM, t being the time from

the last restoration of the carrier gas flow and tM and is the gas

hold-up time of column section l: Finally the various u 's are

unit step functions for the arguments shown in parentheses

and t′
M is the gas hold-up time in the section l′.

For t′ smaller than both tM and t′M, each sample peak pro-

duced by two successive reversals which is symmetrical and

its maximum height h from the ending baseline is given by21,47:

0
h 2c ( , t )≅ ′l (5)

where c(l′, t0) is the vapor concentration at x = l′, time t0. The

concentration of the liquid can be found from the diffusion

equation in the column L (Fig. 1)21,47:
2

z z

2

0

c c
D

t z

∂ ∂
=

∂ ∂
(6)

where D is the diffusion coefficient of the vapor into the

carrier gas. The solution of (6) is sought under the initial

condition21,47:

cz(z, 0) = 0 (7)

As the boundary condition at z = L:

cz(L, t0) = c(l, t0) (8)

and thus,
z

0

z L

c
–D c( , t )

z
=

∂ 
= ν ′ 

∂ 
l (9)

where ν is the linear velocity of carrier gas and the boundary

condition at z = 0:

z
c 0 z

z 0

c
–D k (c – c (0))

z
=

∂ 
= 

∂ 
(10)

where cz(0) is the actual concentration at the liquid interface

at time t0, c0 the concentration of the vapor which would be in

equilibrium with the bulk liquid phase and kc a rate coefficient

for the evaporation process. Eqn. 10 expresses the equality of

the diffusion flux for the removal of vapors from the liquid

surface and the evaporation flux due to departure of cz at the

surface from the equilibrium value c0.

When the Laplace transform of (6) taken with respect to

t0, a linear second-order differential equation results. It can be

solved by using z Laplace transformation yielding21,47:

z
z z

C (0)
C C (0) cos qz sin qz

q

′

= + (11)

where
0

0

p
q

D

 
=  

 
(12)

and Cz(0) and C′
z(0) are the t0 Laplace transform of cz(0) and

respectively. If one combines (11) with the t0 transforms of

the boundary condition (8), (9) and (10), the Laplace transform

of c(l′, t0), denoted as C(l′, p0), is found by:

c 0

0

0 c
q c

q

k c 1
C( , p )

p k
D sin h qL ( k ) cos h qL

D

′ =
 ν

+ + ν + 
 
 

l (13)

The application of inverse Laplace transformation of this

equation to find c(l′, t0) is difficult. Thus, it can be achieved by

using certain approximation which are different for small or

for long times. In the first case qL is large, allowing both

sinh qL and to be approximated by 
qL

exp
2

 
 
 

. Then (13)

becomes:
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c 0
0

0 c

k c 2 exp (– qL)
C( , p )

p Dq k
1– 1

Dq Dq

′ =
   ν

+   
   

l

(14)

For high enough flow rates, the equation further reduces

to21,47:

c 0

0

c

2k c exp (– qL)
C( , p )

kD
q q

D

′ =
ν  

+ 
 

l

(15)

Taking now the inverse Laplace transform of this equation,

one finds:

c 0 c c 0
0 0

0

2k c k L k 2t L
C( , t ) exp erfc (t )

D D 2 (Dt )

  
 ′ = + + ν     

l (16)

Finally, if one uses the relation 
2

1

2

exp (– x )
erfc (x) =

 
τπ  
 

,

which is good approximation48 for large values of x, equation

(16) becomes21,47:

1
12

2
c 0 2

0 c 01

0 2
0

2k c (D) –L L
C( , t ) exp k t

4Dt
2t

 
    

′ = +    ν π      

l
(17)

Coming now to the other extreme, i.e., long time approxi-

mation21,47, qL is small and the functions sinh qL and cosh qL of

eqn. 13 can be expanded in McLaurin series, retaining the first

three terms in each of them. Then, from eqn. 13 one obtains:

c 0

0
2 2

0 c
c

q

k c 1
C( , p )

p k q L
Dq qL ( k ) 1

D 2

′ =
   ν

+ + ν + +       

l (18)

and by using equation (12) and rearranging this becomes:

c 0

0

c c0
0 c

k c 1
C( , p )

k ( k )LLp
p 1 ( k )

2D D L

′ =
ν ν + 

+ ν + + + 
 

l
(19)

For high enough flow rates kc can be neglected compared

to ν and l can be neglected in comparison21,47 with 
L

2D

ν
. For

instance, in a usual experimental situation it was calculated

that 
L

420
2D

ν
= . Adopting these approximations, eqn. 19 reduces,

after some rearrangement, to:

c 0

0 2
c0

0

2k Dc 1
C( , p )

2(k L D)L p
p

D

′ =
+ν

+

l (20)

Finally, inverse Laplace transformation49 of this relation

yields:

  
0 c 0

0 2

c

kDc –2(k L D)t
C( , t ) 1 – exp

(k L D) L

 +  
′ =   ν +    

l (21)

By considering maximum height h of the sample peaks

in eqn. 5 and substituting in it, the right hand side of eqn. 21

for c(l′, t0) one obtain h as an explicit function of time t0. In

order to linearize the resulting relation, an infinity value h∞

for the peak height is required21,47:

c 0

c

2k Dc
h

[ (k L D)]
∞ =

ν + (22)

Using this expression, we obtain

c
02

2(k L D)
ln(h – h) lnh – t

L
∞ ∞

+ 
=  

 
(23)

Thus, the long enough times, for which (21) was derived,

a plot of ln(h – h)∞ versus t0 is expected to be linear21,47 and

from the slope 
c

2

–2(k L D)

L

+
 a first approximate value of kc

can be calculated from the known value of L and a literature

or theoretically calculated value of D21,47 (Fig. 3).
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h
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 h
)

∞

t  (min)0

Fig. 3. Example of plotting eqn. 23 for the diffusion of liquid vapor into

carrier gas at 313.15 K and 101.325 kPa. (ν = 1 cm3 sec-1)

This value of kc can now be used to plot small time data

according to (17) which is substituted now for c(l′, t0) in (5).

After rearrangement logarithms are taken and there results21,47:

1 2

c 02
c 01 1

02 2
0

4k cL L 1
ln h k t ln –

4D t
D2t

 
   
      

+ =      
           ν  π  

(24)

Now, a plot of the left hand side of this relation 
0

1

t
will

yield a first approximation of experimental value for D from

the slope 

2–L

4D
 of this new linear plot as shown in Fig. 4.

Preparation of the liquid for studying the effect of

surfactant towards the diffusion rates and coefficient rates

of the low molecular weight alcohol: The solutes used as

evaporating liquids (stationary phase) were Merck alcohol and

surfactant. The gases purchased from MOX (Malaysia)

comprised of the carrier gas which was nitrogen of 99.99 %
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1 2
c
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1 2 0

L
ln

h
k

t

2t












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
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0

1
(s )

t

Fig. 4. Example of data from evaporation liquid vapor into carrier gas at

313.15 k and 101.325 kPa. (ν = 1 cm3 sec-1), plotting according to

eqn. 24

purity as well as the fuel gases for flame ionization detector, FID

which were hydrogen of 99.99 % purity and compressed air.

Preparation of surfactant-alcohol solution: The Gibbs

adsorption equation for solutions of nonionic surfactants40

1

1
= –

1.303 RT log C

 ∂γ
Γ  

∂ 
(25)

is used to prepare the various surfactant-alcohol solutions in

order to determine the amount of surfactant per unit area. γ is

the surface tension in N m-1 initially and then converted to

J m-2. C1 is the molar concentration of the surfactant at the

experiment absolute temperature T = 298.15 K, R = 8.314

J mol-1 K-1 is ideal gas constant and 1
Γ is the surface excess

constant of the surfactant in mol m-2. The surface tension, γ is

plotted against the log of the concentration, C1 to determine

the surface area per molecule, α1
s as shown in Fig. 5.

S
u
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a
c
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io
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 (

J
 m

)
–
2
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1
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Fig. 5. Plot of the surface tension (γ/J m-2) against the log of C1, where is the

bulk phase concentration of the various aqueous solution of surfactant,

at 298.15 K. **CMC = Critical micelle concentration

Surface tension measurements were performed by using

Tensiometer K100 by Kruss. The surface excess concentration

of Tsurfactant, 
1

Γ  is calculated by using slope of the Fig. 5.

From the value 1
Γ obtained, specific surface area per molecule

at the interface is calculated as follow40:

20
s

1

A 1

10

N
α =

Γ
(26)

where NA is the Avogadro's number while
1

Γ is in mol m-2.

The values 1
Γ of and s

1α foundare then compared with the

values of the similar homologous head group of nonionic

surfactants given on the page in39 to ensure that the values are

at the same magnitude with the literature. Then, based on the

theoretical coverage of surfactant monolayer, 1 monolayer is

determine40 because the correlation of the surface area of the

bottle containing the evaporating liquid under study, aL as well

as the specific surface area per molecule at the interface, are

known. The additional monolayer is added on top of the previous

added monolayer carefully by using a micrometer syringe or

micropipette41 to make 2 × monolayer. The procedure is

repeated for the 3 × monolayer and 4 × monolayer.

Other experiment considering gas-liquid interface by

RF-GC: The interface of the gas-liquid contributes to the gaseous

pollutant(s) between the atmospheric and water environment23.

Since the phenomena employs a great significance towards

the environment chemistry42, the researchers must be defined

about the research that they want to explore whether to study

the solubilities of air pollutant in water or the ability of the

liquid pollutant to migrate from water to environment. For

example, dimethyl sulfide contributes as a major source of

sulfur in troposphere since the pollutant is emitted by oceanic

phytoplankton43. The following physiochemical quantities can

be calculated when ones considered the mechanism involving

in the above phenomena43: (i) Diffusion coefficient of the

pollutant in the carrier gas (Dz, cm2/sec), (ii) Diffusion coeffi-

cient of the pollutant in the water (DL, cm2/sec), (iii) Partition

coefficient of the pollutant between the water at the interface

and the carrier gas (K, dimensionless), (iv) Partition coefficient

of the pollutant between the bulk water and the carrier gas

(K', dimensionless), (v) Partition coefficient of the pollutant

between the water at the interface and the bulk (K'', dimen-

sionless), (vi) Henry's law constant for the dissolution of the

pollutant in the water (H+, atm), (vii) Overall mass transfer

coefficients of the gas in the carrier gas (KG, cm/sec) and in

the liquid water (KL, cm/sec), (viii) Gas (kG, cm/sec) and the

liquid (kL, cm/sec) film transfer coefficients, (ix) Gas (rG, sec/

cm) and liquid (rL, sec/cm) phase resistances for the transfer

of the pollutant to the water, (x) Thickness of the stagnant

film in the liquid phase (zL, cm).

The setup for the experiment which is used for the above-

mentioned parameters is described. The only difference is an

additional gas injector installed at the gas-liquid interface

(Fig. 6). The procedure of the experiment is also identical from

the previous.

Conclusion

The limitation of RF-GC methodologies is that the

substance that being use must be volatile so that a finite fraction

of its distribution in the gaseous phase can be observed. Thus

for the liquid under study especially organic, volatility is rarely

adequate if the molecular weight of the compound exceeds

500 g/mol. Even though by increasing the temperature up to

300 °C can improve the vitality of the liquid, but the acts may

leads on decomposition of the matter. It is believed that in

Vol. 26, No. 23 (2014) Transport Phenomena and Evaporation on Interface of Gas-Liquid: A Review  7875



Detector Sampling column
Inlet of
carrier
gas (N )2

Diffusion column

Gas injector/injector of the 
pollutant

Quiescent liquid

x =  + ′ ll x = ′l x
x = 0

l l

D1

z = 0

z

L CZ

z = L /y = 01

y = L2

D2

Fig. 6. Apparatus of the reversed-flow gas chromatography technique, for

measuring the flux of gases across the air-water interface

case of the monolayer formation on the gas-liquid interface,

there is need a further investigation on the pattern of distri-

bution of surfactants on the surface of liquid by using BAM

imager44 in order to evaluate the distribution of monolayer on

the liquid-gas interface. Furthermore, there is also needed of

this method to be extended so that it can be applied to the

environment analysis rather than become a dry subject by only

collecting the data in the laboratory without any application

to the environment. Since most of the cases the RF-GC deals

with the pure liquids without any application of real world

samples. The authors suggest that the set up for the RF-GC

should be stretched forward so that the methodology can handle

several samples at the same times. Plus, the researchers in this

area should come out with solution on how to shorten the

analysis time of this method since it requires at least 5 h and

40 min even though the sample peaks will become constant at

130-190 min after the first reversal. Since the FSG only appli-

cable to linear molecules, the authors hope that in future this

methodology could cater branched molecules, double bond

and triple bond as well as aromatic compounds. Due to insu-

fficient available experiment data, FSG could not offer the

special atomic diffusion volumes for F, Br and I thus this will

open the door for the new research in this particular area45.
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