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bstract

Numerical approach for analyzing absorption rate and understanding of the micro level interactions of various processes going inside the reactor
as proposed by developing a mathematical model. The usefulness of this approach is demonstrated by presenting the analysis of experimental data

or CO2 absorption into aqueous solutions of monoethanolamine. A continuous film contactor has been designed and developed for carrying out
he absorption studies experimentally. The model equations were solved using computer code in conjunction with a non-linear regression technique
o estimate a correlation, first of its kind, for physical gas-phase mass transfer coefficient. Proposed numerical scheme simulates the results based

n momentum, mass and heat balance at the gas–liquid interface to explain the absorption behaviour. Results showed a good agreement between
xperimental and model predictions, thereby suggesting the utility of the model in predicting the chemical gas-absorption performance of gas
iquid contactors.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Gas absorption using liquid absorbents is one of the common
ass-transfer operations widely used in industries for separat-

ng gases that are useful, toxic or environmentally unfavourable
pecies. Separating carbon dioxide (CO2) from flue gases
xhausted by fossil-fuel-fired power plants, pharmaceutical
ndustry, petroleum industry, etc., a potential measure to
itigate the human-originated greenhouse effect, requires the

se of a gas–liquid contact device that efficiently removes
O2 from a flue-gas flow at an enormously high rate without

mposing on the flow such a substantial pressure loss as to
ecessitate the addition of a flue-gas compression process. Thus
or treating huge amount of low-pressure (not much higher than
tmospheric pressure) gases of no further use, it is critically
mportant to devise gas–liquid contactors that allow effective

as absorption without pressurizing the gases to balance the
ydrodynamic pressure losses inside the contactors. Packed
olumns have been widely used in industries for separation
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E-mail address: kkpant@chemical.iitd.ac.in (K.K. Pant).

m
a
t
b
s
f
o

385-8947/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2007.02.001
nd purification processes involving gas and liquid contact
such as distillation and absorption) due to its high efficiency
nd high capacity but are not well suited for processing huge
mounts of industrial waste gases due to inevitable insufficient
ontact-area-to-volume ratios and large gas-side pressure losses
uring operation. Thus from all the available designs, continu-
us film contactors for processing flue gases or other industrial
aste gases are considered to be more advantageous. These

re vertical columns where liquid flows downward wetting
he wall while the gas flow counter currently contacting the
iquid.

Various technologies have been developed for CO2 and H2S
emoval from gas streams. These include absorption by chemi-
al and physical solvents, cryogenic separation and membrane
eparation. Gas absorption by chemical solvents such as aqueous
olution of alkanolamine is one of the most popular and effective
ethods compared to other methods. Absorption of gas using

lkanolamines has been practiced in industry for over half a cen-
ury; however, it is only recently that substantial progress has

een made in developing a fundamental understanding of these
eemingly simple processes. A number of mathematical models
or falling film reactors have been proposed [1–8] in the field
f absorption, however limited attempts have been to include
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Nomenclature

ac correction factor for the interfacial area, Rw(d −
2δ)/d

A gaseous reactant
b stoichiometric coefficient of B
B liquid reactant
c concentration of reactant gas (kg/m3)
CA concentration of dissolved gas A (kmol/m3)
CAG concentration of A in bulk gas (kmol/m3)
CB concentration of reactant B (kmol/m3)
Co

B inlet concentration of reactant B (kmol/m3)
cG molar heat capacity of gas (J/kmol K)
cpρ heat capacity of liquid (J/m3 K)
d inner diameter of the column (m)
DA diffusivity of A in liquid (m2/s)
DB diffusivity of B in liquid (m2/s)
DG diffusion coefficient of CO2 in gas (m2/s)
f friction coefficient
F dimensionless group containing flow rates and

fluid properties defined in Eq. (15)
g acceleration of gravity (m/s2)
hG heat transfer coefficient in gas phase (J/s m2 K)
Ho Henry’s constant (kmol/m3)gas/(kmol/m3)liquid
−�HR heat of reaction (J/kmol)
−�HS heat of solution (J/kmol)
k second order rate constant at a temperature Tr

(m3/kmol s)
kG mass transfer coefficient (m/s)
kλ thermal conductivity of liquid (J/s m K)
L height of the column (m)
QG volumetric flow rate of gas (m3/s)
r rate of reaction (kmol/m3 s)
R gas constant (J/kmol K)
RA rate of gas absorption (kg/s)
ReG gas-phase Reynolds number, (d − 2δ)uGρG/μG
ReL liquid-phase Reynolds number, 4Γ/μL
RW ratio of the interfacial area in the presence of

waves to the plane interfacial area
ScG Schmidt number, μG/ρGDG
ShG Sherwood number, kGacd/DG
T liquid temperature (K)
TG gas-phase temperature (K)
To inlet liquid temperature (K)
TR temperature of cooling water (K)
uL axial velocity of liquid film (m/s)
uG velocity of gas film (m/s)
U overall heat transfer coefficient for cooling water

(J/s m2 K)
wG molar flow rate of gas per unit wetted perimeter

(kmol/(m s))
x radial coordinate (m)
z axial coordinate (m)

Greek letters
α thermal diffusivity (m2/s)
β function of liquid film Reynolds number, defined

in Eq. (16)
Γ volumetric liquid flow rate (m3/s)
δ liquid film thickness (m)
μ liquid viscosity (kg/m s)
ν kinematic viscosity of liquid (m2/s)
ρ liquid density (kg/m3)
τ shear stress (N/m2)

Subscripts
G gas phase
i interface
in inlet

r
r
p
t
(
A
t
r
i
(
i

c
k
c
(
m
d
u
o

2

2

i
m
t
c
t
f

1
l
i

L liquid phase
out outlet

ealistic fluid mechanics to model the liquid film flow. Several
esearchers [9–18] have illustrated the mass transfer studies, in
articular, for the chemical absorption of CO2 into aqueous solu-
ions of amines like monoethanolamine (MEA), diethanolamine
DEA) and methyl-diethanol amine (MDEA) and its mixtures.
mong them, the use of aqueous MEA solutions as absorbent

akes more share in the industrial processes of CO2 removal and
esearch concerned have been reported [14–16]. Recently, ster-
cally hindered amines such as 2-amine-2-methyl-1-propanol
AMP) have also found commercial application in gas treating
ndustries.

The present work is to develop a mathematical model that
an predict the non-isothermal absorption using observational
nowledge of configurations and motion of the film. An empiri-
al correlation for the dimensionless mass transfer coefficients,
ShG) in falling film reactor at low Reynolds numbers is deter-
ined based on the experimental investigations, which was used

irectly in the modeling equations. Experimental results were
tilized in estimating gas-absorption performance in a continu-
us film contactor.

. CO2 absorption experiments

.1. Apparatus and procedure

The schematic diagram of the experimental setup is shown
n Fig. 1. The setup consists of three major sections: (1) the

ain part of the unit or the reactor section consisting of jacketed
ubular falling liquid film column, (2) the liquid flow section
onsisting of the trough and peristaltic pump and (3) gas collec-
ion section consisting of gas sampler and a gas-chromatograph
or identifying the gaseous components.
The reactor was made of glass (inner diameter 0.014 m, length
m) and cooling water was circulated through the jacket. The

iquid was fed by peristaltic pump into the trough (holding capac-
ty ∼0.12 mL) of the liquid flow section from where it was made
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Table 1
Physical and chemical properties of CO2-MEA system, temperature 298 K and
a total pressure of 101.32 kPa

Absorbent 30 wt.% MEA solution

Density, ρL (kg/m3) 1010
Viscosity, μL (kg/m s) 2.41 × 10−3

Thermal conductivity, kλ (W/m K) 0.4837
Surface tension (N/m) 55.1 × 10−3

Liquid diffusivity of CO2, DA (m2/s) 1.42 × 10−9

MEA diffusivity DB (m2/s) 1.10 × 10−9

Diffusivity of CO2 in gas, DG (m2/s) 1.67 × 10−5

Density of gas mixture, ρG (kg/m3) 1.248
Viscosity of gas mixture, μG (kg/m s) 1.72 × 10−5

Henry constant, Ho (kmol/m3 kPa) 0.316 × 10−3

Heat of reaction (kJ/kmol) 65,000
Heat of solution (kJ/kmol) 19,500
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on the rate of absorption (Fig. 3). This contributes to enhanced
rate of mass transfer associated with the higher gas Reynolds
number due to the interfacial turbulence caused by large ampli-
Fig. 1. Experimental setup.

o flow downward wetting the walls of the reactor. Feed gas (a
ixture of CO2 and N2) was introduced from the bottom of the

eactor and flows upward in the main reaction section counter
urrent to the liquid phase.

All the experiments were conducted at 298 K temperature and
atm pressure. CO2 gas was diluted to the desired concentration
ith nitrogen before entering the reactor. The absorbent (30%

queous MEA) selectively absorbs the CO2 gas from the feed gas
ixture and reacts simultaneously to form a stable carbamate

n the reactor section. The gas samples were analysed using
gas chromatograph with Chromosorb 104 packed column in

onjunction with a Model WinAcds 6.2 (Aimil Ltd.). The inlet
nd outlet gas-phase composition was determined using thermal
onductivity detector with helium used as carrier gas (flow rate
f 25 cm3/min). Oven, injector and detector temperatures were
ept at 363 K, 383 K and 373 K respectively. Knowing the inlet
nd exit gas (CO2) composition, the mass rate of absorption was
alculated.

The properties of the absorbent i.e., 30 wt.% aqueous MEA
olution, and of the CO2–absorbent system are summarized in
able 1. The gas and liquid flow rates used were 1.67 × 10−5

o 5.0 × 10−5 m3/s and 1.04 × 10−7 to 4.72 × 10−7 m3/s respec-
ively. The higher velocity of the MEA solution was determined
o as to maximize the flow while the lower one was set close to
he lower border of the stable film flow.

.2. Results and discussion

For evaluating the effectiveness of CO2 transfer, rate of
bsorption (mass based), RA defined as
A = QGcout − QGcin (1)

as used, where c denotes the mass of CO2 transferred from
unit volume of the gaseous mixture, and subscripts “in” and

out” indicate the gas mixture sampled before and after the liquid
F
t

ig. 2. Effect of CO2 concentration on rate of absorption, uG = 0.3236 m/s,

L = 0.0412 m/s, MEA concentration = 30 wt.%.

owing down the test column. The effect of operating parameters
n CO2 absorption was studied by conducting series of experi-
ents by varying CO2 partial pressure, amine concentration and

as–liquid flow rates. It was observed that with increase in CO2
artial pressure, the rate of absorption increases (Fig. 2). This is
ecause; higher CO2 mole fraction enhances the rate of interfa-
ial transfer by lowering the gas side mass transfer resistance.
he increase in gas velocity also exhibited similar behaviour
ig. 3. Effect of gas velocity on rate of absorption for different CO2 concentra-
ions, uL = 0.0412 m/s, MEA concentration = 30 wt.%.
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ig. 4. Effect of liquid velocity on rate of absorption for different CO2 concen-
rations, uG = 0.3467 m/s, MEA concentration = 30 wt.%.

ude waves. The effect of changing liquid flow was studied and
ound that higher liquid flow rate presumably increases the rate
f absorption (Fig. 4). This effect is surmised to occur due to
he increase in film thickness, which leads to larger concen-
ration gradient thereby increasing RA. The rate of absorption
as found to increase with the increase in MEA concentration

Fig. 5). Use of higher liquid composition results in more reac-
ion due to more film thickness. Moreover, the higher viscosity

ay cause the liquid to flow down the reactor more slowly, yield-
ng a longer residence time in the test column for a fixed liquid
elocity.

.3. Mass transfer correlation

A differential mass balance over the gas phase for the
bsorbed component results in the following equation for mass
ransfer coefficient (kG):

G = QG

π(d − 2δ)RwL
ln

(
CAGin

CAGout

)
(2)

here Rw is the ratio of the interfacial area in the presence of
aves to the plane interfacial area. Its value is equal to 1 for
lane liquid films and is >1 for wavy films of very high flow
ates. Since the liquid film is not plane, a correction factor, ac,
s to be introduced and defined as [19],
c =
(

d − 2δ

d

)
Rw (3)

ig. 5. Effect of MEA composition on rate of absorption for uG = 0.3467 m/s,

L = 0.0412m/s, CO2 concentration = 30 mol%.
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ig. 6. Experimental gas-phase mass transfer coefficient data (symbols) com-
ared with fitted correlation, Eq. (5) (solid line).

q. (2) is rewritten by the use of Eq. (3) and the following
orresponding expression is obtained:

QG

πd
ln

(
CAGin

CAGout

)
= kGacL (4)

ll the uncertainities concerning the interfacial area are lumped
nto the final data and expressed as kGac.

The modified gas-phase mass transfer coefficient, kGac, was
alculated from Eq. (4) at different gas and liquid flow rates. The
ther terms of the equations were determined experimentally.
xperimental data and the fitted correlation, given by Eq. (5),
ere compared in Fig. 6, in which ShG/Sc0.5

G is plotted against
eG for five different values of ReL. All these dimensionless
umbers are defined in nomenclature. The correlation is based
n 55 data points and predicts the experimental data with a mean
eviation of 3.9%

hG = 0.0387Re0.66
G Re0.115

L Sc0.5
G (5)

he coefficients of Eq. (5) are estimated using non-linear least-
quare regression by fitting the expression to the experimental
ata. The correlation is valid for ReG ∈ [115; 350] and ReL ∈ [4;
2] at 298 K. The dependency of ReL is probably due to
hanges in the interfacial area and increased turbulence of the
uid phases. It was not possible to find any suitable corre-

ations in the literature for comparison with Eq. (5) because
arlier investigations were conducted at higher Reynolds
umber.

. Modeling of chemical gas-absorption

A numerical model has been developed for predicting the rate
f absorption of any species initially mixed in a gas phase by
chemically reactive liquid flowing down a reactor wall. It has
een modified according to the CO2-MEA system with CO2 as
as species and MEA as liquid for better comparison and for val-
dating with the experimental results described in the preceding
ection.
.1. Basic assumptions

The basic assumptions considered for the CO2 absorption by
EA solution in a falling film flow are listed below:
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. The physical properties of the liquid are held constant over
the entire gas–liquid contact section irrespective of the spe-
cial variation in the concentration of the liquid due to its
absorption of CO2.

. The film thickness is small compared to the column diameter.

. The liquid film is symmetric with respect to the reactor axis.

. The CO2 solubility in the liquid reactant and in the reaction
products is in accordance with the Henry’s law.

. The liquid reactant is assumed to be non-volatile at working
temperatures.

ssumption (1) is surmised to be reasonably accurate because
he axial change in liquid composition in the gas–liquid con-
act section is expected to be insignificant. It should be noted
hat since the film thickness is very small compared to the col-
mn radius, and since the flow is symmetric in vertical annular
ow, the flow is formulated as two-dimensional, and a Cartesian
oordinate system is used instead of cylindrical coordinates, thus
implifying the model.

.2. Formulation

.2.1. CO2-MEA reaction
The overall reaction occurring in the liquid phase may be

xpressed as

O2 + 2RNH2 → RNH+
3 + RNHCOO− (6)

here R indicates HCOH2CH2. This overall reaction is second
rder, i.e., first order with respect to CO2 and MEA separately
20], and thus the reaction rate r, being defined as the molar
ate of loss of CO2 per unit volume, is expressed in terms of a
eaction rate constant k and molar concentrations of CO2 and

EA, CA and CB, as follows:

= kCACB (7)

here k can be calculated, using the empirical correlation given
y Hikita et al. [20].

.2.2. Model equations
The modeling includes all the three transfer processes i.e.,

ass, momentum and heat to study the coupled effect of temper-
ture and concentration on the rate of absorption. The developed
quations include both ordinary differential equations (ODE’s)
nd partial differential equations (PDE’s) of non-linear nature.
he flow model is described in Fig. 7.

The coupled partial differential equations representing the
ass and heat balances for reaction

(G) + bB(L) → Product (8)

an be written as follows.
.2.2.1. Liquid phase.

i) Momentum balance
Fig. 7. Flow model of the film reactor.

The governing differential equation describing the
momentum balance is given as:

dτxz

dx
= ρg (9)

Applying the following boundary conditions gives velocity
distribution as given by Eq. (11), where

• Boundary conditions

At x = 0, interface, τxz = τi = −τG,

At x = δ, wall, uL = 0 (10)

• Velocity distribution

uL = ρLg

2μL
δ2

[
1 −

(x

δ

)2
]

− τGδ

μL

[
1 −

(x

δ

)]
(11)

Film thickness, δ is calculated from the volumetric rate
of liquid obtained by the integration of the velocity
distribution (Eq. (11)) and is given as

Γ = ρg

3μ
δ3 − τGδ2

2μ
(12)

where

τG = fρGu2
G (13)

The friction factor, f was evaluated using the rela-
tions proposed by Henstock and Hanratty [21], which
accounts for the irregularities at the surface of the liquid
layer and is given by

⎧⎪⎪⎪⎪⎪⎪⎨
8

ReG
ReG < 2000

0.33
f

2
= ⎪⎪⎪⎪⎪⎪⎩

ReG

3050
2000 < ReG < 4000

0.04

Re0.25
G

ReG > 4000

(14)
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be read as CAG,z=L and CAG,z=0 respectively. The results thus
obtained are exemplified in Figs. 8–11 together with corre-
sponding experimental results. The goodness of fit between
34 Akanksha et al. / Chemical Engi

To account for the two-phase flow nature, the friction
factor for ReG > 4000 given by Eq. (14) should be multi-
plied by a term (1 + 1400F) where for the laminar liquid
film,

F = β(ReL)

ReG
0.9

νL

νG

ρL

ρG

[
1 − exp

(
− τG

ρLgδ

)]
(15)

in which

β = [(0.707Re
1/2
L )

2.5 + (0.0379Re0.9
L )

2.5
]
0.4

(16)

(ii) Mass balance
• For component A:

uL
∂CA

∂z
= ∂

∂x

[
DA

∂CA

∂x

]
− kCACB (17)

• For component B:

uL
∂CB

∂z
= ∂

∂x

[
DB

∂CB

∂x

]
− kbCACB (18)

(iii) Heat balance

uL
∂T

∂z
= ∂

∂x

[
α

∂T

∂x

]
+

(
�HR

ρcp

)
kCACB (19)

• Boundary equations:
For x = δ at the wall

∂CA

∂x
= 0,

∂CB

∂x
= 0,

− kλ

∂T

∂x
= U(Tx=0 − TR) (20)

For x = 0 at the interface

kG(CAG − CAHo) = −DA
∂CA

∂x
,

∂CB

∂x
= 0,

hG(T − TG) − kλ

∂T

∂x
= (−�Hs)

[
DA

∂CA

∂x

]
(21)

At z = 0,

CA = 0, CB = Co
B, T = To (22)

.2.2.2. Gas phase.

(i) Mass balance

dwGCAG

dz
= kG(CAG − HoCA) (23)

ii) Heat balance

d(wGcGTG)

dz
= hG(Tx=0 − TG) (24)

.3. Numerical solution procedure
The mathematical relations were incorporated into an itera-
ive solution procedure to elucidate the rate of CO2 absorption
hanges with respect to the fall distance of the MEA solution.
he algorithm for the numerical model is given in Appendix

F
(

ig. 9. Comparison of predicted RA with corresponding experimental data
effect of changing gas flow rate).

. The complexity of the model can be seen from the
ounter current flow direction of the two phases resulting
nto two iterative loops, whereas all the mathematical mod-
ls reported in the past [1–8] are for co-current flow thus
implifying the numerical procedure. These coupled PDE’s
ere solved using backward implicit finite difference numer-

cal scheme. Implicit trapezoidal scheme was used to solve
he gas-phase heat and mass transport equations. The tridiag-
nal matrix obtained from the discretization of highly coupled
artial differential equation was solved using a subroutine
herein the M × M matrix was modified into M × 3 matrix

hereby reducing the computer storage space and processing
peed [22].

By specifying the experimental conditions and physical
roperties of the MEA solution and of the CO2/MEA binary
ystem, CAG(z) was computed and subsequently RA, the rate
f absorption defined by Eq. (1) in which cin and cout should
ig. 10. Comparison of predicted RA with corresponding experimental data
effect of changing liquid flow rate).
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Fig. 11. Parity plot of experimental and predicted values.
redicted and experimental data indicates the practical utility
f the chemical absorption model described above in pre-
icting actual gas-absorption performance of a falling film
eactor.
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. Conclusion

CO2 absorption by MEA in a continuous film contactor has
een experimentally analyzed and found better than other con-
entional processes. The proposed numerical scheme simulating
he results based on momentum, mass and heat balance provides
mechanistic interpretation of the experimental results, and a
eans to predict the gas-absorption performance at arbitrary

djustments of operational parameters such as reactants (gas
nd liquid) concentration, flow rate of the absorbent, and flow
ate of the gas mixture. The gas-phase mass transfer coefficient
as also measured for laminar range of gas and liquid-phase
eynolds numbers. Reasonably good agreement between the

odel predictions and corresponding experimental results sup-

orts the general validity of the physical view underlying the
odel. The effect of gas and liquid temperature on the rate of

bsorption will be the next phase of this study.
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ppendix A. Algorithm for the numerical model
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