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GAS ABSORPTION WITH SECOND-ORDER CHEMICAL
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Absorption
of carbcn dioxide into aqueous solution of sodium hydroxide
was studied
in a packed
column under conditions
such that the accompanying reaction was of the second order. In this case
the average or volumetric reaction factor for the packed column, i.e. the ratio of the volumetric
coefficients
for absorption
with and without
chemical
reaction,
is complicated
by the non-uniform
contact-time
distribution.
However, the assumption of Porter's
"long, slow flow paths"
model for
the contact-time
distribution
led to a successful
correlation
for the average reaction factor.

Introduction
Gas absorption with chemical reation has been the
subject of a number of investigations,
theoretical
and
experimental.

The factors involved in the performance of equipment
for gas absorption with chemical reaction can be grouped
into two categories : physicochemical
properties,
such
as diffusivity
and reaction rate constants, and hydrody-

namic factors such as fluid velocity or gas-liquid contact

time. With equipment such as a packed column, in
which the local or point value of the mass transfer
coefficient such as &<? or Izl is not uniform, the value
of the volumetric coefficient of mass transfer such as
kGa or kLa should be affected
by the distribution
of
the local values of ka or kL. In the concept of the
effective inter facial areallll4|15) the situation is simplified
part of the interface
by assuming that the effective
has a uniform Izl or Jig value whereas the remainder
ineffective.
Although
this
of the interface
is totally
concept is practical,
it does not represent a real picture
of the problem. The distribution
of the local values
of kL could be regarded as the distribution
of the
*

Received

on July

17,

1969

** J. C. Merchuk was on leave from Departmento Ingenieria
Quimica, Universidad Nacional de La Plata, La Plata,
Arg enti na

gas-liquid contact times according to the penetration
theory. Thus a more rigorous approach to the problem
is to take into account the distribution of contact times

as a basis for calculating
the average value of kLa.
However, it is very difficult to determine directly
the
contact-time distribution,
although
some relationships
between contact time and liquid residence time have

been proposed5>16). A more realistic

approach would

be to assume arbitrarily
some form of contact-time
distribution
and compare experimental results with calculationo based on the assumed contact-time distribution.
The present work was undertaken along the latter
approach in an attempt to seek an appropriate model for

contact-time distribution

in the packed column. Experi-

ments were performed on pure physical absorption and
on absorption with second-order chemical reaction in a
packed column. The latter kind of absorption in the
packed column has been studied by very few previous

investigators. The total inter facial area was evaluated
from data on absorption with pseudo-first-order reaction.
Experimental

A schematic diagram of the experimental apparatus

for chemical absorption is shown in Fig. 1. The column
used, made of transparent acrylic resin, was 10 inches
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in diameter and was packed with one-inch carbon Raschig

rings to a depth of 33.5cm. Due caution was taken
in the design of the gas distributor
at the bottom and
the liquid distributor
at the top so that the end effects
due to splashing

and spraying

were minimized.

Both

gas and liquid were supplied to the top of the column,
i. e. the operation was cocurrent.

In the case of physical absorption tap water and pure

carbon dioxide, which was supplied from a cylinder,
were fed to the column directly.
The flow rate of
carbon dioxide was approximately 10 times the rate of
absorption. The water rate was 1 to 26mVm2hr.The
water temperature was 29 to 32°C., and the gas temperature
was 30 to 33°C.
In the case of absorption with chemical reaction an
aqueous solution of sodium hydroxide was supplied to
the column from a 1500-litre tank by a centrifugal pump
without recirculation, and the air-carbon dioxide mixture
wasrecirculated through the column by a centrifugal
blower. Carbon dioxide was supplied from a cylinder
to the gas duct continuously through an orifice so as

to keep the inlet gas composition constant. Four liquid
rates
from 3 to 10m3/m2-hr were used. The gasrates
were 2800 to 3000kg/m2'hr.
The runs with pseudo-first-order
formed

with

liquid

concentrations

reaction were peraround 1 N-NaOH

and gas compositions of 8 to 12% CO2 depending on
the liquid rates. In the runs with second-order reaction
the NaOHconcentration was 0.5 to 1 N, and the gas
composition was 12 to 90%CO2. Due to the heat of

reaction liquid and accordingly gas showed temperature
rises while they passed through the column. The maximumtemperature rise was 4°C. in the liquid and 0.2
°C. in the gas. The gas was cooled by means of a
copper coil inserted in the gas recirculating
duct.

At the start of a run the liquid rate was kept about
50%higher than the desired value for 5 to 10 minutes
and then at the desired

value

for 15 to 20 minutes.

Then, the gas flow was started. The liquid samples
were taken after repeated analyses of the inlet gas showed
a constant value.

Analysis
of the liquid samples in the physical absorption runs was done chemically using aqueous Ba(OH)2
solutions. In the runs with chemical reaction carbonate
in the liquid sample was precipitated with BaCUsolution

Fig.

absorption,

I

Experimental

apparatus

plug flow of liquid in the direction of the

column axis was assumed. The liLd values thus obtained
were corrected for temperature to give 25°C. values,
using the following relationship
proposed by Vivian
and King13).
Sa oc exp (0.0190
(1)
when other conditions

remain unchanged.

In dealing with the chemical absorption data the gas
phase resistance, estimated by use of the correlation of
Fellinger2),
was deducted from the overall resistance

to obtain the true liquid phase resistance.
the solubility

of carbon dioxide

In estimating

in the alkali

solutions

the method proposed by Van Krevelen and Hoftijzer12)
was adopted.

For the diffusivity

of carbon dioxide

in

the
alkali solutions the formula proposed by Nijsing et
al.6) was used. The reaction rate constant k for the

reaction between dissolved carbon dioxide and OH"ion

wasestimated by the equation proposed by Pinsent et
al.7).
In all calculations
the alkali concentration used
was the arithmetic mean of the concentrations at the
top and bottom of the column.
Results

and Discussions

Physical absorption data

The kta

data obtained

for

the physical absorption runs are plotted against the liquid
rate in Fig. 2, in which the line for the data of Sherwood
and Holloway10"1

is

also

shown.

Fair

agreement

is

and free hydroxide
was titrated
with standard hydrochloric acid. Carbon dioxide in the gas was analyzed
by means of an interference
gas analyzer for lower

seen between the two sets of data. Since the chemical

concentrations up to 20%. Gas samples containing over

comparison with the chemical absorption data.

50% CO2 were withdrawn with a syringe and were
analyzed by absorbing
CO2 into a known amount of

standard KOHsolution contained in an Erlenmeyer flask,
to which a toy balloon was attached to prevent escape
of the gas, the excess KOHbeing back-titrated.
This
method checked well with
apparat us.

analysis

using the

Orsat

absorption runs were carried out in the same column,
the present kLa correlation was used as the basis for

Confirmation of order of reaction
Most of the runs
for chemical absorption were carried out under such
conditions that the accompanying reaction was of the
second order, as aforementioned.
If absorption were
accompanied by "instantaneous",
or extremely rapid,
irreversible second-order reaction, the reaction factor i. e.
the relative increase in the absorption rate due to chemical
reaction, should be given by the following
equation

proposed by Hatta3)-kil_

Calculations

a

In the calculation
VOL.3

NO.1

based
1970

on the data

on physical
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the concentration
of dissolved
gas at the interface.
Fig. 3, in which kL'a values for the runs with fixed
values of liquid rates and Coh- are plotted against the
reciprocals
of Ca%, indicates
that in these runs the

accompanyin greaction was not of pseudo-first-order.

At

equal concentrations
of OH~, hi!a values are higher
for the runs at higher liquid rates, since kLa increases
with the liquid rate.
Fig. 4 is a log-log plot of (/3-l)
against CoH-/Cco2i
for all the chemical absorption
runs. Such plots were
used by Yoshida and Miura15) and other previous
investigators.
If the accompanying reaction were extremely rapid, such a plot should result in a straight
line with a slope of unity according
to Eq. (2). Although there exists no actual case where the slope is
unity, the faster the accompanying reaction, the closer
the slope to unity.
The slope of the line in Fig. 4 is

Fig.

2

kz,cr for physical

0. 88, indicating that the accompanying reaction was fairly

absorption

but not extremely rapid.
In the figure several datum
points considerably
below the line are for runs with
high OH~ concentrations.
This seems to imply that
those runs represent the intermediate
case between
pseudo-first-order
and second-order reactions.
Correlation based on Porter's mode!
The theoretical
relationship
between /3 and T is usually represented by

a family of curves with a parameter /3co, i. e. the upper
limit of ft set by diffusion of some species in the liquid

to the reaction site.
Porter8} proposed the following
empirical approximation
for the relationship
between /3
and T, which covers both the pseudo-first-order
and
second-order regimes.

pr = 1 - exp(-7r)
Fig.

3

PlotofkL'avs.

where

l/Ccoaf

and

a -

(4)

03-~X)
vpco
(7*"l)

r _

(x\
iy
,~\

Porter has shown that Eq. (4) compares well with the
numerical solution
of Brian et al.°
for the entire
second-order
regime.
Application
of Eq. (4) to the

prediction of the rate of gas absorption with second-order
reaction in packed columns is complicated by the local
variation of kL due to the distribution
of gas-liquid

contact times d. To avoid this complication Porter has

derived
reaction
terface.

the following
ralationship
factor, /3, i. e. ft averaged

kL a
kLa

for the volumetric
over the entire in-

kL
kL

=l+ O»--l){l-FGr)«p[-Qg^ir]}
Fig.

U

Plotof

(j8-l)

vs. Coh7CCo2*

On the other hand, if the reaction
order, /3 should be practically
equal
where T is greater than 5 15), i. e.

where

were pseudo-firstto T, for the range

Jp/(0)r°-5
F(a)

exp(-a0o-5

64

case,

fi or kL' should

be independent

of

[jp/(0)^o-5J0]

/

=
J

In this

(7)

/(<?)<ro-5</0

Ca%,

(8)
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longer ; and that the liquid surface velocity is inversely

in which

proportional

a = Jfi^W

and f{fi)

(9)

is denned by
a=f

lf(6)d0

. (10)

to the length

of flow path between the

mixing points at junctions of packing pieces. From
this assumption Porter has derived the following relationship

for the contact-time distribution.
w=i?
for °>0>4d

(ll)

F(fit) depends only on a and the contact-time distribution

function 'f(jf).
For a given contact-time
distribution
under fixed hydrodynamic
conditions;
F(a)
can be
correlated
by an experimental
plot against a, which
involves physico-chemical
constants,
k, Cb, and Da.
Thus, for given equipment and given hydrodynamic

conditions,
once an experimental plot of F(jx) vs. a has
been established
for one system, the rate of absorption
with second-order reaction may be predicted
for any
other system by calculating
the value of a for that
system.
In the absence of experimental
information
on the
contact-time distribution,
Porter8) assumed four hypothetical
models of contact-time distribution,
obtained
four expressions for da/dO as function 6, and thence

the relationships between F(/x) and a for the four cases.
Unfortunately, no experimental data for packed columns
were available

to him to test the validity

of his models.

What he did was only to test Eq. (4) using the literature
data for uniform contact-time equipment
wetted-wall column.
The present data on absorption
with

such as the

second-order

reaction were comparedwith the calculations based on
the four models proposed by Porter. To do this, the
total gas-liquid inter facial area a must be known, since
'kz obtained by dividing £l<2 by a is required to evaluate

f determined
and a. Fig.by 5 the
shows
the total inter facial area,
method of Yoshida and Miura15)
using the pseudo-first-order

reaction

between

where 0 is the mean Higbie
defined by
7T_ k^a _JDa
a

With

the assumption

\

contact
7T /

of the

time

which

is

6

"long,

slow flow paths"

model, he obtained from Eq. (8).

F(a) = [1 - exp(- 2a)]/(2a)
(13)
For the F(a) vs. a relationships
based on other models
reference should be made to the original paper by Porter8).
In Fig. 7 the average values of fir i. e. (/3-l)/(/3oo
-1), calculated
from the present data, are plotted
against fr I e. (f-l)/(/3oo-l).
All of the datum
points fall below the solid curve representing Eq. (4).
This could be explained in a simple intuitive
way.
Suppose that the gas-liquid
interface
consists of two

regions, one with a high surface liquid velocity,
contact-time,
kL value, and accordingly
and the other with a lower surface

short

low T value,
liquid
velocity,

long
contact-time, low kL value and accordingly high T
value. The two regions should both lie on the curve,
considerably

apart

from

each

other,

their

locations

depending on T values. The point representing an average value of /3 should lie on the chord joining the two
points, the location of the point depending on the relative
magnitudes of the areas of the two regions.
It
evident that even if the variation of local kL values

is
is

dissolved

CO2 and NaOH, as a function of the liquid rate.
Fig.

6,

in which

F(a)

values

calculated

from the

present data are plotted against a, also shows the curves
representing

the four

models as indicated.

It is seen

thatdata thebest."long,Curves
slow representing
flow paths" model
fits the present
other models proposed
by Porter are also shown in the figure for comparison.
The "long, slow flow paths" model assumes that the

liquid over a piece of packing flows most rapidly down
the shortest flow path and less rapidly at the edges of
the actively wetted surface, where the flow path is

Fig. 6
Experimental
with calculations

VOL.3
NO.1

values

of F(a)

Fig. 5 Total inter facial area vs. liquid rate

compared
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1970

Fig.

continuous, the point for the average p value will be
somewhere on the chord, i. e. below the curve represen-

ting Eq. (4). For details of this discussion see reference95.
The liquid rate does not seem to affect the contact time
distribution, since no trend with the liquid rate is seen
in Fig.

6.

From Eqs. (4), (6), (7), (9), and (13) one can obtain
the following equation
:
1-exp(-2a)1
/
1
\
.
[

/Jr=1-

[

Ya

jexp^^^-j

.

(14)

where
a=Tr+-5

The broken

line

poo-I

Fig. 7, which

r

(14a)

represents

Eq. (14),

fits

the experimental datum points fairly well, as is expected.
Conclusions

Experimental data on the rate of gas absorption with
second-order reaction

in a packed

column have shown

that the volumetric reaction factor /3, defined as feW
kza, can be predicted by Eq. (14), which was derived
from Eq. (7) proposed by Porter and one of his assump-

tions about the contact-time distribution,
slow flow paths" model.

i. e. the "long,
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Nomenclature
a - total gas-liquid interfacial area per unit of packed
volume
[mVm3]
C = molar concentration in the liquid
[kg-mole/m3]
D = diffusivity
in liquid phase
[m2/hr]
F{a) = correlating
function defined by Eq. (8)
f{0) - contact-time distribution
function described by Eq. (10)

k - second-order reaction velocity constant [m3/kg-moleà"hr]
kG - gas phase coefficient of mass transfer, local value
kLa = volumetric coefficient
66

[kg-mole/m2 à" hr à" atm]
of mass transfer without chemical

7

Plot

of ftr vs. Tr

reaction

[hr

l]

kL = liquidchemical
phase reaction,
coefficientlocal of value
mass transfer without [m/hr]
ki! = liquid
phase local
coefficient
of mass transfer with chemical
reaction,
value
[m/hr]
kL'a = volumetric coefficient,
of liquid
with chemical reaction
t
-temperature
a
=7/(/Soo-l)

/3 = reaction factor, i. e. relative
due to chemical reaction

phase mass transfer

[hr"1]
[°C]

increase in absorption rate

/3oo - upper
limit of /3 set by diffusion of some species in
liquid
r
Tr

- (kCBDA)°s/kL
- (r-D/(/3co-D

6 = contact time
[hr]
0 = mean Higbie contact time defined by Eq. (12) [hr]

0i, 6S = limits of hypothetical
contact-time distribution
of Eq.
(10)
Subscripts
A - absorbed gas, i.e. CO2
B = reactant,
i.e. NaOH or OH~
=
interface
Superscripts
= average value over the total inter facial area based on distribution of contact times
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EFFECTIVENESS FACTOR AND TEMPERATURE PROFILE
OF A SINGLE SPHERICAL CATALYST PELLET WITH
SURFACE TEMPERATURE DISTRIBUTION'
HYDROGENATION OF ETHYLENE
SH1GEO GOTO AND NORIYOSHI

Dept. of Chemical Engineering,
University,

MORITA

Nagoya

Nagoya

Hydrogenation
of ethylene on a single spherical
catalyst
in a tubular
reactor was carried out at
ambient temperature of 35~75°C and with volumetric velocity of reactive gases of lO'-'AOcm3 (l8
°C, Iatm)/sec.
The conversion at the outlet and the temperatures at the center and at various
azimuthal
angular positions to the stream on the outer surface of the catalyst were measured.

The method of Bischoff to evaluate effectiveness factor for catalyst particle with non-uniform surface

temperature was extended to include transport effects of fluid film, applying
the method presented
previously
by the present authors.
Numerical values of the effectiveness
factor obtained
by various
methods are compared and discussed.

Experimental

Introduction
Many analytical

studies have been made of the effec-

tiveness factor of isothermal and nonisothermal catalysts,
but

few were done experimentally".

work involves manydifficulties,

Experimental

e. g., accurate estimation

The experimental

apparatus

is the

same as used

previously45,
except for the reactor. Details of the reactor
are shown in Figs, la, b, and c. The catalyst pellet
is supported by pivots made of thin glass rod as shown

of the effective diffusivity
and the thermal conductivity
are required ; the remarkable influences of the external

in Fig. la.

heat and mass transfer must be taken into consideration.

couple wires and also serve to minimize thermal conduction through the glass rod. The rod is fixed to the
cap of the reactor by epoxy resin. The thermocouple
wires are arranged to the cap as shown in Fig. lb.

Moreover, the environment around the catalyst particle
may not be uniform and there may be temperature
and concentration distributions
on the external surface
of the catalyst.
In a previous paper3}, we presented a method to
calculate effectiveness
factor in view of external and
internal transport effects and compared results with

published
experimental data. Recently, BischofPshowed
how the temperature profile and the effectiveness factor
of a spherical catalyst pellet could be obtained when a
temperature distribution
existed on the external surface
of the catalyst.
In this paper, a single spherical
catalyst pellet was

used for the hydrogenation of ethylene, and temperature
distribution and effectiveness factor were measured. The
method of Bischoff was applied to our method to evaluate
effectiveness
results.
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factor,

and compared with

experimental

The pivots
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the

catalyst

to rotate

easily around the horizontal axis by handling the thermo-

The inner glass tube holds the wires fixed by epoxy resin

and can moveup and down in the outer glass and
polyethylene tube. The movment is made smooth and
gas tight by silicone grease.
The catalyst
has a hole

smaller

than

lmm dia.

through the center, as shown in Fig. 1c. TwoAlumel
vs. Chromel thermocouples of 0.1mm dia. are inserted
in the hole, one being fixed at the junction at the center
and the other at the external surface. The hole is then
filled with fire-clay binder. The catalyst is supported
by the pivots perpendicularly to the hole, so the catalyst
can rotate around the axis by handling the thermocouple
wires. Thus, the temperature can be measured at any
azimuthal
angular position to the fluid stream between
10° and 170°.
The spherical
Harshaw nickel

on June

allow

catalyst
catalyst,

was prepared as follows:
Ni-OIOIT
(l/8"
cylindrical,

44% Ni present as hydrate mounted on Kieselguhr)
was
pulverized and mixed with Kieselguhr as diluent
and a binder (magnesium stearate : sodium carbox67

