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Absorption of Carbon Dioxide in a Centrifugal Absorber by Mono-
and Diethanolamine Solutions”

By Mamoru MaTtsupa and Yoshio Fuiioka

(Received October 21, 1963)

The carbon dioxide concentration in a closed
circuit increases upon the respiration of the
inhabitants. The rate of carbon dioxide gene-
rated by an adult is almost 0.95 mol. per hour,
that is, about 251. at 30°C under atmospheric
pressure.?

The effects of the continuous exposure of
carbon dioxide on humans have been much
investigated. The results may be summarized
by saying that the activities of people are
considerably reduced when more than three
percent of carbon dioxide is present.® It is,
therefore, indispensable to install a carbon
dioxide removal plant and an oxygen generator
in a closed circuit when the duration of stay
is long.

Solutions of ethanolamines and potassium
carbonate are used as regenerative carbon di-
oxide absorbents, since they absorb carbon
dioxide at room temperature and expel the car-
bon dioxide at a high temperature of about
140°C.»

We have constructed new centrifugal absor-
bers for the removal of carbon dioxide in a
closed circuit, using regenerative ethanolamine
liquids as absorbents.

The present paper will report on the effects
of such variable conditions as the gas flow
rate, the liquid flow rate, the composition of
the liquid, rotor revolutions per minute, and
rotor design on the mass transfer coefficients
of the absorbers.

Experimental

Apparatus and Procedure. — On the carbon di-
oxide absorber, it is advisable to increase the fre-
quency of contacts between carbon dioxide and
the liquid. Therefore, a centrifugal-type absorber,
which has a large liquid surface,® was used with
some modifications.

1) A part of this report was presented at the Autumn
Meeting of the Chemical Society of Japan, 1962.

2) R. G. Oliver and F. C. Riesenfeld, Closed Circuit
Respiratory Systems Symposium, WADD Technical Report
60—574, 96 (1960).

3) Karl E, Shaefer, Aerospace Medicine, 32, 197 (1961).

4) A. L. Kohland F. C. Riesenfeld, * Gas Purification,”
McGraw-Hill, N. Y. (1960), p. 8.

5) T. Takamatsu, T. Takahashi, S. Shiga and H. Shoji,
Chemical Engineering of Japan (Kagaku Kogaku), 22, 561
(1958).

Fig. 1. Experimental arrangement of apparatus.

Figure 1 shows the arrangement of the experi-
mental apparatus. A closed chamber V¢, has a
volume of about 3.8 m% A motor M rotates a
perforated rotor of a centrifugal absorber A. The
rotating rotor tangentially sprays absorbing liquid,
which is introduced by a pump K from a tank J.
The liquid flow is controlled by a flowmeter L,
and valves, Vg and V;. When the carbon dioxide
concentration of the closed chamber becomes 1.5
to 3.0%, the gas is introduced to the liquid-spraying
space by a blower B. The gas flow rate and the
carbon dioxide concentration are controlled by
flowmeters D, E, G, and valves V,, V., V3, and Vs,
A cylinder F feeds in carbon dioxide. The gas
samples collected from the inlet S;, and the outlet
S; are analyzed for CO: by a CO: analyzer.

The Determination of the Carbon Dioxide Con-
tent in a Liquid.—Carbon dioxide in a liquid was
determined according to the method of Reed and
Wood,® which measures volumetrically the carbon
dioxide evolved on the addition of sulfuric acid
to the sample.

Results and Discussion

Part 1.—There exist a number of variables
which effect the over-all mass transfer coeffi-
cient, Kga, as defined by Eq. 1:

_ G“ Py dp
Koa=-2% f P 0

where

Gu=average rate of gas flow (l./sec.)
V=volume of absorbing space (1.)
P=total pressure of gas flow (atm.)

6) R. M. Reed and W. R. Wood, Trans. Am. Inst. Chem.
Engrs., 37, 363 (1941).
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TABLE I. CENTRIFUGAL CARBON DIOXIDE ABSORBER
Cross sec-
Type Dia. of Dia. of tional area Iéﬁgg;gi;’; Zglgftﬁngf Characteristics Number of
stator rotor of asbps;gebmg space space of openings cylinder
D, Dg, cm. Dg, cm. Sa, cm? cm. vV, L
I 18 10 176 7 1.232 dia. 0.8 mm. 1
Nj, 128
I1 18 10 176 7.5 1.320 dia. 0.8 mm. 1
Ny, 960
I ca. 28 Dpg, 18 1023.4 9.5 9.722 dia. 0.8 mm. 2
Dgs 10 Ny, 3840
v 55 Dg, 40 2110 30 63.300 #1. Slit 2
Dgs 18 #2. Screen Packed
#3. Conical perforated Packed
plates
v 55 Dy, 43 2190 57 124.800 perforated 4
Dy 33 aluminum plate
Drgy 23 dia. 0.5 mm.
Dgy 10 Ny, 90/cm? plate
p=partial pressure of CO; in
absorbing space (atm.)
pi1=partial pressure of CO: in .
influent-gas flow (atm.) E
p:=npartial pressure of CO; in it
effluent-gas flow (atm.) =
p*=partial pressure of CO; in E
equilibrium with an amine o)
solution™ (atm.) ©
For this report the effects of the following &
factors on the transfer coefficient were investi-
gated : —
g
Absorbent : monoethanolamine (MEA) v ok
and Diethanolamine (DEA) (A)
Solvent : water and glycerol (S) | ] ! ] | | ] |

Concentration of absorbent (N, mol./1.)
Concentration of carbon dioxide in

the liquid (M, mol. CO./mol. amine)
Liquid flow rate (L, 1./sec.)
Initial concentration of carbon

dioxide in gas stream (P, atm.)
Revolution rate of rotor (R, r.p.m.)
Gas flow rate (G, 1./sec.)
Number of openings of the rotor (N, —)
Type of rotor (D, —)

Table I shows the dimensions of the rotors.
Tables II and III show the experimental con-
ditions and results.

The E ffect of Revolution.— The relation be-
tween the number of revolutions per minute
of a rotor and the transfer coefficients, Kaa,
calculated according to Eg. 1, were studied in
runs No. 1 to 6. The transfer coefficient de-
pendence on the gas velocity is shown in Fig. 2.

The transfer coefficient, Kga, increases with
the number of revolutions per minutes. When
the number of revolutions is less than 1x10°
r.p.m., the increase in gas velocity hardly

7) J. W. Mason and B. F. Dodge, ibid., 32, 27—48 (1936).

26 27 28 29 30 31 32 3.3

Logarithm of the number of revolution
per minute, log R,

Fig. 2. Relation between coefficient and log R,.

Gas velocity: @ 4.6, [] 7.0, A 9.5, ® 18.5,
O 38.0cm./sec.

changes the transfer coefficient, or even de-
creases it. The decrease may be explained as
occuring because the gas stream goes unreacted
through the absorbing space near the stator as
a result of the insufficient density of liquid,
as the revolution rate is small. When the’
number of revolutions is more than 1Xx10°
r.p.m., the transfer coefficient rises with the
gas velocity.

The Concentration of DEA.—Run No. 10 was
carried out under the same conditions as No.
7 except for the normality.

Comparing the transfer coefficients with the
normality (N) and kinematic viscosity (g),
we obtained :

N
5 (2)

Kgaoc—
Ry?
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The Number of Openings.—In run No. 7 a
type II absorber was used, which had 960
openings, while type I had 128 while it had
960 in run No. 10 and 448 in No. 12.

Figure 3 compares the coefficients of No. 7 and
No. 1, and No. 10 and No. 12. If the variation
in Kga with normality is taken into account,
it may be concluded that the increase in the
openings does not necessarily increase the
transfer coefficient.

Kca, kg.-mol. COz/m3-hr. atm.

Gas velocity, cm./sec.

Fig. 3. Relation between gas velocity and
coefficient.

The Type of Rotor.—Run No. 14 was taken
in order to determine the increase in the cen-
trifugal force on a liquid. When it is com-
pared with No. 13 (Fig. 3), the favorable effect
-of the 50-mesh stainless screen can be observed.

In the runs Nos. 15, 16 and 17, MEA liquid
was used. The liquid flow rate effected the
transfer coefficient.

The small effect of the gas velocity on the
coefficient, Kga}/Sa/G, as shown in Fig. 4,
indicates that the rate-determining step is sub-

<
— 120
BI E a _ e 17
@0 o} “ﬂ‘—"’—-‘-‘—-——___'a,_.T_.
—— a 16
= E sl ‘0__’_3_“——@-—-—0_.15
2=

gl ok

w = ©0
..-\4: E

| 10}~

<
sl L

2

—

s ] | 1 1 [ |
1 10 20 3 40 50 60

Gas velocity, cm./sec.

Fig. 4. Relation between KgaV’'Sa/G and

coefficient.

Absorption of Carbon Dioxide by Mono- and Diethanolamine Solution 875

stantially the diffusion of carbon dioxide in
the gas stream.

Concentration of MEA. — In runs No. 182 to
No. 186, a closed chamber was used. Assuming
that the efficiency, E, of the absorber remains
constant and that the mixing in the chamber
is perfect, the following differential equation
can be derived by considering the mass valance
in the system:

gadt—GEpdt=Vcdp 3)

When p=p, at t=0, and p=p;, at t=t, the
solution of Eq. 3 is:

GE
Pr=poexp | — Ve t

ga GE
+GE {l exp( Ve t]} (4)
E=(pi—p:)/;

where p, is the initial partial pressure (atm.)
of carbon dioxide in the closed chamber; p;
is the partial pressure (atm.) of carbon dioxide
in the closed chamber at time ¢ (sec.); p: is
the partial pressure of carbon dioxide at the
outlet of the absorber; V¢ is the volume of
the closed chamber (l.); ga is the rate at
which carbon dioxide is added to the closed
chamber (l./sec.), and G is the rate of gas
flow (l./sec.).

The concentrations of the MEA liquids ap-
plied were 9.8, 8.3, 6.2, 4.1 and 0.45 normal.
The variation in the carbon dioxide concen-
tration in the chamber with the time is given

2.303 log py

Time, min.

Fig. 5. Variation of CO; concentration with
time in the closed chamber.
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Kga, kg.-mol. CO;/m? hr. atm.
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2 4 6 8 10 12 14

Concentration, mol./l.
Fig. 6. Relation between liquid concentration
and coefficient.
O Nos. 182—186, MEA

T
O Part2, MEA @ Part 2, DEA

! !

in Fig. 5. From Eq. 4, where g. is zero, the
efficiencies of the absorber, E, and the transfer
coefficients, Kqa, were calculated.

Figure 6 shows that the transfer coefficient
increases linearly with the concentration of the
MEA solution.

Goodridge® described a similar relation be-
tween the absorption rate and the concentration.

From the lines of Fig. 5, the efficiency of
the absorber can be seen to be independent of
the concentration of carbon dioxide in the
gas stream. The assumption for Eq. 3 was,
therefore, sound.

The Concentration of Carbon Dioxide in a
Liquid.—In runs No. 187 to No. 192, the closed
chamber was used again. The concentrations
of carbon dioxide in the liquid were 0.095,
0.197, 0.279, 0.330, 0.375 and 0.425 mol. CO./
mol. MEA.

Figure 7 shows the relation of the carbon
dioxide concentration in the chamber to the
time. The efficiencies of the absorber and
the transfer coefficients were calculated ac-
cording to Eq. 4. In Fig. 8 the effect of the
carbon dioxide concentration in a liquid on the
transfer coefficient is plotted. From the slope,
the following equation has been obtained :

Kgaoce = 8-56X (5)

Part 2. —In Part 1, carbon dioxide absorp-
tion behavior was studied with a small cen-

8) F. Goodrige, Trans. Faraday Soc., 51, 1703 (1955).

[Vol. 38, No. 6

2.3023Yog p;

Il 1 " L L

-l
10 20 30 40 50 60 70

Time, min.

Fig. 7. Variation of CO; concentration with
time in a closed chamber.

£
‘c-l: 200
- 150
L]
= 1w
E
3
S m 50
MO
O %
S n
g
B0 10 I | 1 ] J
-4 0.1 0z 0.3 04 0.5

CO; concentration in liquid,
mol. CO;/mol. MEA

Fig. 8. Relation between CO: concentration im
liguid and coefficient.

O No. 187—No. 192 @® No. 200
trifugal absorber (rotor dimensions: ca. 10cm.
in diameterx7.5cm.). These investigations

into the process of absorption with a chemical
reaction have distinguished the effects of
several factors on the transfer coefficient.
However, effects of these factors on the trans-
fer coefficient were deduced from experiments
in which a certain factor was varied while the
others were kept constant. We have thus
manufactured a centrifugal absorber of a large
scale (rotor dimensions: ca. 55 cm. in diameter
X 30—57 cm.; Table I, types IV and V).

The experimental design of the orthogonal
table® is shown in Table III, where settled

9) G. Taguchi, *‘Method of Experimental
Maruzen Book Co., Tokyo (1962).

Design,"”
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levels are in parentheses, along with the ex-
perimental values and the results. The other
experimental procedures were the same as in
Part 1.

It was possible to adjust the actual levels
of the factors to the settled levels within 5%
deviation. The main effects of each factor are
calculated and plotted according to the usual
method®? in Figs. 9 to 12. The arrows shows
the range of experimental error.

The dependence of the transfer coefficient on
the concentration of the MEA solution is
shown in Fig. 6, indicating the same tendency
as in Part 1.

Figure 6 shows also the relation between
the concentration of DEA and the transfer
coefficient.

In both liquids, MEA and DEA, the transfer
coefficients show substantially the same magni-
tude up to a concentration of about four
normal. When the normality increases more
than 4n, the transfer coefficient of DEA de-
creases because the viscosity influences the
coefficient, as was stated in Part 1.

Equation 2 is verified by the fact that the
Kgap®5/N for 3, 4, 5 and 6 N DEA solutions
with kinematic viscosities of 3.5, 5.6, 10 and
20c.s., are 31.8, 38.5, 30.0 and 36.0 respectively.

Certainly, the influence of viscosity depends
upon the centrifugal force produced by the
revolution. The transfer coefficients are plotted
against the gas flow rate in Fig. 9. The coeffi-
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Fig. 9. Relation between gas velocity and
coefficient.
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cient increases with the gas flow rate in the
MEA system, indicating that the rate-control-
ling step is still in the gas film, while it
changed little in the DEA system, indicating
that the step there has been shifted to that in
the liquid film.

In Fig. 10 the transfer coefficient increases
considerably with the MEA liquid flow rate,
but only slightly with the DEA liquid flow
rate. Figure 11 shows the effects of the
differences of rotors on the transfer coefficient.
Generally, it is advantageous to choose a
packed rotor when the absorbing liquid is
viscous and the liquid flow rate is small.

Figure 12 shows the dependence of the
transfer coefficient on the solvent, the revolu-
tion rate of the rotor, and the initial con-
centration of carbon dioxide in the gas stream.

The differences between water and glycerol
have hardly any effect on the transfer coeffi-
cient. As for the revolution rate and the
carbon dioxide concentration, tendencies
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similar to those in Part 1 were observed.

Additionally, the concentration of carbon di-
oxide in MEA glycerol solutions affected the
transfer coefficient in the same manner as in
Part 1 (Fig. 8, Table III, No. 200).

Runs No. 501 to 503 in Table III were ob-
tained with a large, modified centrifugal ab-
sorber which had a rotor (55cm. in diameter
X 57 cm.) comprised of four perforated alumi-
num cylinders.

The length of the absorbing space, the num-
ber of cylinders, and especially the number
of openings were increased. From a comparison
between No. 501 and Nos. 5 and 16, between
No. 502 and Nos. 7 and 17, and between No.
503 and Nos. 8 and 9, it may be concluded
that the increase in the number of both open-
ings and cylinders has little effect on the mass
transfer coefficient.

Summary

After a description of a centrifugal carbon
dioxide absorber, the effects of variables on the
mass transfer coefficient of the absorber have
been reported. For the experimental con-
ditions examined, the following conclusions
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may be arrived at:

(1) When the rate-determining step is gas
diffusion, the MEA and DEA liquid of the
same concentration have the same mass trans-
fer coefficient as long as the effect of viscosity
is negligible.

(2) The transfer coefficient increases linearly
as the concentration of an MEA aqueous solu-
tion increases.

(3) The relation between the coefficient
and the concentration of a viscous DEA aque-
ous solution is given as:

Kga oc N/p°-3

(4) The relation between the coefficient
and the concentration of carbon dioxide in a
MEA liguid is given as:

K.;a oo e-a.sax

(5) So long as the gas diffusion is the rate-
determining step, the coefficients for two sol-
vents, water and glycerol, differ little.

(6) The coefficient for MEA increases
greatly with the liquid flow rate; however,
the coefficient for DEA increases only a little.

(7) The coefficient is initially in direct
proportion to the square root of the gas flow
rate.

(8) The efficiency of the centrifugal ab-
sorber remains constant even if the carbon
dioxide concentration in the gas stream
changes from 3 to 0.2%.

(9) The coefficient is in direct proportion
to the logarithm of the rotor revolutions per
minute.

(10) Slight modifications, except for packing
on the rotor, with the aim of increasing the
surface area of a liquid do scarcely anything
to improve the absorber.
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