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IHTRODUCTION

The application of gas absorption accompanied by a chemical

reaction in the liquid phase is attracting more and more attention

today in chemical processes where higher purity of gas is demanded

and where the
,
aseous products aro to be recovered more completely.

However, there are no general equations that can be used to corre-

late the characteristics of the absorption equipment, the proper-

ties of the gas and liquid material and the hydrodynamic conditions

of the system for the purpose of design calculation.

The conventional design procedures for physical absorption

stem from the two-film theory and they are essentially short range

extrapolation of performance data obtained in the pilot plant

under similar operating conditions as those anticipated in the

full-scale installation. Hence each gas-liquid system and each

piece of equipment usually has its own correlation equations de-

scribing only the performance carried out under the highly speci-

fied conditions. When the additional complication of a chemical

reaction is involved, no correlation on the laboratory scale can

be extrapolated to the plant conditions except in a few special

cases.

The theoretical development on this subject has been diffi-

cult and slow and it still needs a great deal of experimental

support. In many cases the physical constants involved in a

theoretical equation are just as hard or even more difficult to

obtain than the design data themselves. The Penetration theories

proposed by Highie (l\.) and Danckwerts (2) demand such physical



constants as "the fractional rate of surface renewal*, "the tran-

sient absorption rate" and a 'oiowledge of the distribution of

local liquid film coefficient kL> otc» It is obviou3 that such

kind of treatment is still far fron the practical application.

The purpose of the present investigation is to find some

general, although empirical, correlation bot&een the purely

physical absorption and tho absorption processes followed by

ehemioal reaction* Only a few investigators have attempted this

problem, but all followed different approach and no previous work

has appeared in the literature that can be used for comparison.

Roper (10, 11) has cuide a study of the effect of the concentre*

tion of tho absorbent solution on the fractional increase of the

liquid film coefficient duo to ehemioal reaction* Data obtained

from the absorption of chlorine gas In olefins with dissolved

iodine as catalyst can be described by the equation

0.5
# -1 « V) f (C,c » 0*00005) CjB *l

Where ft « the ratio of the liquid film coefficients

wg* , primed value refers to the case when chem-

cal reaction is Involved.

Cc a Concentration of catalyst (Iodine) lb - mole/ft^

Cjj a Log-mean concentration of the liquid phase reactant

lb - mole/cu ft

G± a Concentration of dissolved, but unreacted, chlorine

at the gas-liquid interface lb - mole/cu ft



Stephens and JSorris (If?) also studied the effect of concentration

in the absorption of chlorine in aqueous solutions of ferrous

chloride and ferric chloride, Danckv/erts (2) attempted a theoreti-

cal treatment of the absorption process accompanied by an irrevers-

ible chemical reaction and it is from this theoretical analysis

that the ideas of the present experimental approach evolved.

It is deduced, qualitatively, that perhaps the ratio of the

absorption rate with chemical reaction to that without chemical

reaction could be correlated to the "types'* of column operating

under "similar" conditions. Stated in a different way, the imme-

diate problem is to obtain the necessary experimental data in

order to see whether or not the effect of chemical reaction on

absorption rate could be correlated between different typos of

columns and what would be the proper criterion for the "similar-

ity" of operating conditions.

To achieve this object, three types of columns: a wetted-

wall column, a di3C column and a packed column were used in the

present investigation. They constituted a series of flow patterns

of progressing complexity. The C0£ - H£0 and the C0£ - NaOH sys-

tems were chosen because of the rapid irrevcrible (pseudo first

order) reaction between C0£ and NaOH and because of the well-

established fact that the absorption rate is liquid-film control-

ling. In the experimental runs with either of the two systems,

all the variables except the liquid rate were maintained as nearly

constant as possible so that the effect of the chemical reaction

could be readily detected in the result.
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Equipment

Three types of columns were used In the present investigation.

They were a disc column, a wetted-wall column and a packed column.

A description of each is riven below under separate paragraphs.

The wetted-v/all column was designed and assembled by Lin (8).

The short height of the side wall was designed purposely to elimi-

nate the rippling effect. The Pyrex glass column was mounted be-

twoen stainless 3toel ond plates with Tygon sheot as gaskets,

The absorbing liquid was introduced through two small glass tubes

and it overflowed along the knife edge of the inner tube where

the absorption takes place. The close-up view of the column and

the detailed dimensions were shown in Fig, 1 and Fig, 2 in the

Appendix,

The disc column consisted of a 1-1/8 inch Pyrex glass tube

and 35 ceramic discs which were threaded on a fiberglass cord

hold in tension in the center of the tube. The discs were threaded

in such a way that the successive discs were at right angle to

each other.

The absorbing liquid was introduced at the top through a jet

and it flowed downward over the surfaces of the discs. The dis-

tance between the Jet and the first disc was 1 inch. The diameter

and thickness of the disc and other principal constants of the

column were given in the appendix and the general arrangement and

the accessorios were shown in Fig, 3 (Appendix),



The packed column was constructed with a 2-inch inside diam-

eter pyrex glass tube packed with 1/lj. inch glass Raschig rings.

The total length of the column was 2l{. inches while the packed

portion was 6.5 inches in height, A perforated stainless steel

plate was v. sod to support the packings. In order to insure uni»

form distribution, the gas from the cylinder was split by a glas3

tee tube into two streams which were then introduced into the

column at two different points on the diameter of the column*

Also, the liquid was distributed over the packings by a Tygon dia«

tributor. A close-up view was given in Pig. 1}. (Appendix),

Procedure

Liquid Stream . Distilled water was stored in a $0 gallon

stainless tank and pumped to the top of each column by a l/30 hp

centrifugal pump. The flow rate was controlled and regulated by

a calibrated C -clamp rotameter. Care must be taken to insure

that no air bubbles were rising together. Entrained air bubbles

in the liquid line leading to the column inlet could usually be

eliminated by filling the pump with water before it was switched

on. Before each run the absorbing surfaces would be completely

wetted either by running the liquor through the column at its

maximum flow rate or by filling up the entire column and then

draining the liquor off. Incomplete wetting would cause serious

error in the results.

The outprxt of the centrifugal pump in the range of higher

flow rates required frequent adjustment of the needle valves to

keep the liquid flow rate constant.
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Gag Stream The CO2 gas was withdrawn from the gas cylinder

at a controlled rate and measured by a Brooks rotameter. Problems

of stoppage of flow due to expansion of CO2 gas in reducing valves

were readily overcome. Even minor fluctuations in gas flow rate

would not be serious, since it has been firmly established that

the CO2 - HgO system is liquid-film controlling so that variation

of gas flow rate over a moderate range would not have any effect

on the gas absorption rate.

Before entering the column the COg gas was saturated with

water by bubbling through two flasks in series. Two raonometers

connected to the inlet and outlet ends of the column were employed

to measure the pressure difference of the entering and exit gas

streams respectively.

Liquid Sampling . It took from 35 to k.0 minutes to ensure

that the steady state equilibrium conditions have been reached

for each run. Samples were then taken at 10 to 15 minutes inter-

vals until the last two samples gave identical chemical analyses.

Special techniques were developed for taking the liquid sam-

ples. The sampling device is shown in Plate I. It was necessary

that the liquid sample be trapped as soon as it left the column.

For the CO2 - H2O system, Ba (0H)2 was used as the trapping solu-

tion; for the NaOH - C02 system, BaCl2 was used. The tip of the

sampling tube was submerged in the excess Ba (011)2 solution in a

volumetric flask so that the liquid sample from the absorption

column would have no chance to come into contact with the atmos-

phere. Just a short time of contact with the atmosphere could



have resulted in a considerable loss of C02 from the sample* For

the NaOH - CO2 system, the sampling technique was not as critical

as in the case of CO2 - H2O system as the gas had been reacted

with NaOH solution to form Na^O-j,

Temperature , Barometric Pressure , etc . In addition to the

room temperature the inlet and outlet temperatures of the gas and

liquid streams were carefully measurod with mercury thermometers.

The location of the thermometers are indicated in the schematic

diagram, Plate III, Usually one barometric reading would be suf-

ficient for an operation of not more than five or six hours.

Chemical Analysis

For the COg - HgO system, the absorbed carbon dioxide was

precipitated as barium carbonate, then the excess barium hydroxide

was determined by back titration against hydrochloric acid using

phenolphthalein as indicator. For the CO2 - NaOH system, the

total amount of CO2 absorbed was determined by two titrations.

The liquid sample wa3 divided into two equal portions. The first

portion was titrated against sulfuric acid using methyl orange as

indicator while the second portion was titrated against the same

acid using phenolphethalein as indicator. The difference of the

amount of acid used in these two titrations determines the quan-

tity of CO2 absorbed.

The detailed procedures and principles of the chemical anal-

ysis are discussed in the appendix.
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RESULTS AND DISCUSSION

Summary of Experimental Data

C02 - H^O System * A total of 23 runs were carried out in

the three columns for the absorption of carbon dioxide in water*

Carbon dioxide gas from the gas cylinder was used without dilu-

tion. In all runs the flow rate of CO2 gas was fixed at 3*1 cu*

ft*/hr* (at standard conditions) while the liquid rate varied

from 2,0 lb*/hr. to 2l{..8 lb,/hr. During the months when these

experiments wore conducted, the room temperature ranged from 26°

C to 30° C* In most runs there was no detectable rise in the

liquid temperature as it passed through the column* In a few

runs* however, the temperature did register a difference of 0.5

to 0.8° C* The carbon dioxide content of the inlet liquid was

found negligible for all runs* The gas temperatures of all the

runs ranged from 2£° to 30° C. The absorption rates measured in

these runs are given in Table 5 in the appendix* From the rate

data the liquid film coefficient, kj,, was calculated for each run

according to the following equationi

kr
R

* cl*m

Gl.m « {<CeW iglaL; ;t°«>ln - G out;

^ (Ce )out -
gfli

(Ce) ln - C out

H

(Ce) out - lout
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Where R - Absorption rate lb/(hr.)(ft.2 )

kL - Liquid film coefficient lb/(hr.)(ft.2 ) (lb/ft.3)

AC 1#XU s Log mean concentration drivinc force lb/ft.3

(Ce)out s Liquid concentration in equilibrium with the out-

going gas stream esprccsed lb ./ft .3

(Cejjjj z Liquid concentration in equilibrium with the in-

coming ga3 stream lb ./ft .3

cout a Outlet liqtiid concentration obtained from chemical

analysis

C ^n e Inlet liquid concentration obtained from cheiuical

analysis (zero In the present case)

?in a Partial pressure of inlet COg atm

?outs Partial pressure of outlet COg atm

H m Henry 1 8 Law constant (available in Perry 1 s Hand-

book), atm

The values of the calculated kj, range from 0.l6 to 1.01 and they

are given in the appendix.

CO2 - NaOH System. A total of 27 runs were carried out under

the same operating conditions as the CO2 - H2C system except that

the distilled water in the previous absorption system was replaced

by 0.92 II NaOH solution. The absorption was studied at seven dif-

ferent liquid rates corresponding to those conducted in the CO2 -

H2O system. The method of calculation was the same as for the

CO2 - H2O system. It was assumed that the solution exerted no

back pressure and the concentrations of CO2 in the solution were

zero at both ends of the column. In other words Cin and C out

were both zero.
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The heat of reaction between NaOH and CO2 caused the outlet

liquid temperature to Increase by 2° to 6° C above the Inlet

temperature depending on the typo of column* The liquid tempera-

tures ranged from 27° C to 31° C for the wetted-wall column, from

26,7° C to 34«6° C from the disc column. The CO2 content of the

inlet NaOH solution was again found to be negligible.

Absorption rates measured in these runs are also given in the

appendix.

Discussion of Experimental Results

Corrol.-tion of absorption rate with chemical reaction la the

liquid phase from the rate of physical absorption.

In Plato IIX| k£, represents a correlation of the measured

absorption rates of CO2 in water and CO2 in NaOH, respectively#

in different columns. This graph was constructed from the experi-

mental data for the disc and the wetted-wall columns as follows:

In Tables 11 and 13 in the appendix, for each value of k^, read

off the corresponding value of liquid flow rate V and physical

absorption rate R. Then in Tables 8 and 10 in the appendix, locate

the identical flow rate f and read off the nh—1fltl absorption

rate R*. The ratios between R* and R thus obtained at the same

flow rate are gj In Table 1 ar.d plotted versus k$ in Plate IV.

The value of kj, in the wetted-wall column VftngBf from 0.17i|.

to 0.660 lb./(hr.)(ft.2 ) (lb./ft.3) corresponding to liquid rates

from 2.0 to 21}..8 lb./hr. The kj, values In the disc column are

from 0.562 to 1.01 over the saac range of liquid rates as above.
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The two sets of data give rise to two smooth curves which overlap

each other in the interval of Iq, values between 0*562 and 0,66*

However, upon closer inspection it is seen that the data for the

two different columns can be represented by a singl* curve as

described by the equation:

oL m liMI kL - O.697 (1)

Where ^ * tr-# ratio of absorption rate with chemical

reaction to that without chemical reaction

(or to the physical absorption rate)

kj, s Liquid film transfer coefficient for the

physical absorption,

and the numerical coefficients were determined by the method of

least squares. The complete data and the method of calculation

are tabulated in the appendix.

This result is interpreted to mean that irrespective of the

type of column in which the absorption is taking place, as long

as the flow rates and other operating conditions are such that

the value of kj, is the same, the effect of the chemical reaction

on the absorption rate can be found either directly from the

curve on Plate IV or by calculation with the empirical equation (1).

The proof of the independence ox the effect of cucmical reac-

tion on the absorption rate with regard to the types of column in

which the absorption process occurs would be stronger if the over-

lapping portion of the iii. versus kL were wider than the present
R

results, however, in view of the coinciuence of the general

tendency of the curves and the actual overlapping of the
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experimental data, It Is believed that the results obtained in

this Investigation at least provide an indication that o( (which

is the rntio of the absorption rates) is independent of the two

types of column used. For further study it is suggested that,

at least two more columns of larger dimensions be constructed and

higher liquid rates, i.e. higher k^ values, be employed.

A plot of o( versus kofi . A similar plot with o< versus k^a

for the packed column is also presented in Plate V for comparison.

The general trend of the resultant curve is nearly the same as

tho plot for the disc and the wetted-wall columns. However

,

since the data here were obtaiucd from a single packed column the

results are not conclusive by themselves. Moreover, the absorp-

tion process in a packed tov/er is further complicated due to the

fact that ko and "a" (interfacial area per unit volume of packing)

are both varying with the liquid rate. There is no way, so far,

to prodict the individual contribution of kj, and "a" to the com-

bined effect observed In the laboratory. An attempt has been

made bo detect tho change of "a" in the packed column due to the

change in the liquid rate. By assuming that ki, could be predicted

with tho correlation developed for the disc colur^n it was found

that tho absorption area (per unit packing volume) increased

appreciably as the liquid rate became higher. A plot of the cal-

culated "a" versus liquid rate is presented in Plate VI. The ex-

planation of this phenomenon is that at lower liquid rates the

packing surfaces might not have been completely v/otted and were

ineffective for absorption.
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The Effect c£ Liquid Rate on the Ratio of Liquid Film Coef-

ficient . To show the effect of liquid rate, #, the ratio of the

liquid film coefficient with chemical reaction to that without,

is plotted against the liquid r?ts for each column as shown in

Plates VII, VIII, and IX. The complete data for these plots are

given in Tables 2, 3* and 1} in appendix, respectively. All three

curves show a negative slope, which can be interpreted to mean

that the film coefficient of physical absorption Is increasing

faster with the liquid rate than that of the chemical absorption.

Furthermore, the viscosity of 0.92N ftaOH solution at the average

operating temperature was 1.2 t5mes e.s much as thet of water.

Therefore in the chemical absorption case where NaOH solution is

used instead of water, the liquid film thickness, hence the

observed coefficient Iq, should be evon less sensitive to any

change in liquid rate.

Another significant feature of Plates VII, VIII, and IX Is

that the value of ( , fr ) varies from column to column depending

on Its type. In the wotted -wall oolum, the valu6 of k*L (film

coefficient with chemical reaction) is on the average about 30

times greater than that of kj, (film coefficient of physical

absorption); in the dj^c column, the ratio cf k' L to kL la about

11 j while In the packed column, about 10.

Note that the wetted»wall column, the disc column and the

packed column all together constitute a series of flow patterns

of progressing complexity. For a given liquid rate, the ratio of

the two coefficients (ff) is much higher In the wetted-wall column
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than In the other two. The corresponding values of in the disc

ana the packed columns are approximately the sane, which is also

to he expected because of thy ir resemblance in flow pattern.

For the range of the liquid rate studied, k^ value varies

from 0.l6 to 0,66 in the wetted-wall column and from 0.56 to 1.01

in the disc column. The lower value of k^ in the wetted-wall col-

umn would account for the higher ratio of L'j, to kj,.

The quantity L " kL was used by Roper (10, 11) to represent
kL

the fractional increase in the liquid film cowfficient due to

chemical reaction* as the kj, value is continuously increasing

with the liquid rate, the effect oi cheoical reaction, unacr the

same operating conditions as that of the physical absorption,

would become less important and finally as a limiting case at

extremely high liquid rate, the value of k'j, (absorption with

chemical reaction) would practically be the same as Iq, (physical

absorption). Then the fractional increase would become zero. On

che other hand, if the kj^ value for Uhe physical absorption or

the solubility of the solute gas in the absorbent liquid is so

small that only a trace of the solute gas could be absorbed into

the liquid, then the chemical reaction would bear a much more

pronounced effect on the liquid film coefficient, i'he absorption

process carried out in the v/etted-wall column provides a direct

experimental proof of the above statement because, again using

Roper's terminology, the "fractional increase" in this case is

expected to be a large number.
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Effect of Liquid on kj, in the Disc Column* The present

data of the absorption of CO2 in water can be correlated by the

mothod of least squares as follows:

k m 0,123 r °*37 for 16 Z V ^L 73 ef/hr. ft.

k 8 0.0386r
0, ^ for 73^ r < 200 lb/hr. ft,

A plot of kx, versus f is shown in Plate IX.
7

Only a limited amount of data in the literature is available

for comparison. These are plotted also in Plate IX. It shows

that the present data are comparable to those obtained by Taylor

and Robert (16) which are represented by the equations

(i) k s 0.12)4. r °4 forrVl55 lb/hr. ft.

(ii) k a 0.0056 r Ml forr>l55 lb/hr. ft.

Note that the break point on the curve occurs at a different

liquid rate. This also agrees with Taylor and Robert's own

observation that this critical flow rate where the break in the

curve occurs varies with the dimensions of the discs used in each

particular column.

The data of Stephens and Morris (15) are represented by the

equation

k § O.Oij.8 r °*7

Again the apparent discrepancy may be attributed to the difference

in the dimensions and the wetting properties of the discs used.

When the column used in the present study was first construc-

ted by Hwu ( 6 ), it was tested at a higher liquid rate range.

The equation k • 0.0075 T °*^7 was tentatively proposed. The ex-

perimental points are also plotted in Plate XI.
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Plato X is a plot of C, the concentration of CO2 in the exit

liquid sample, versus the liquid rate, Hwu (6) explained that

two opposing factors controlled the C0£ concentration in the exit

liquid: One is the residence time or time of contact between the

liquid and gas; the other is the degree of turbulence in the

liquid stream* The plot in Plate X is consistent with this expla-

nation. At the lower liquid rate3, apparently the first factor

predominates. Therefore the concentration first decreases, be-

cause of the shortened time of contact, as the liquid rate in-

creases. At the higher liquid rate range, the second factor be-

comes more important. Therefore, then, as the liquid rate in-

creases further, the concentration begins to level off as the

effect of increased turbulence begins to compensate and may even-

tually overtake the effect of shortened contact time,

CONCLUSIONS

The findings of this investigation are summarized as follows:

The effect of chemical reaction on the absorption rate was

studied and found amenable to correlation of the following form

tt • a(lq,)b
K

where R' a Absorption rate per unit area when the liquid contains

reagent which reacts with the solute.

R a Absorption rate per unit area when the liquid contains

no active reagent,

kj, a Liquid film absorption coefficient when the liquid con-

tains no active reagent,

a, b a Empirical constants.
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For the absorption of COg in NaOH solutions at room temperature,

it was found that a ]4.23 and b -0.697. Furthermore, these

same constants apply to both the short wetted column and the disc

column within the entire flow range studied from 2 lb/hr. to 2lj..8

lb/hr. It is recommended that kj, for the physical absorption be

used as the correlating variable, In preference to the modified

Reynolds* number or the liquid flow rate itself. As long as the

operating conditions (flow rates, physical properties, etc.) are

such that ki, values In the two different types of columns are the

same, the ratio R»/R in the two columns would be the same also.

Upon further varifIcation and modification, this method of corre-

lation should be able to fascilitate the design procedure involv-

ing new chemical reactions as follows:

(1) Determine the constants a and b with any convenient lab-

oratory column such as the present disc column.

(2) Estimate kj, and R for the specified equipment and oper-

ating conditions by means of the existing design equations for

physical absorption.

(3) Find the rate of chemical absorption in question:

R» a (R) a (k^.

The limitation of the proposed correlation is that it only

accounts for the effect of chemical reaction. The present packed

column data can not be correlated by the same constants as for

the other two columns, although the form of the equation is still

the same. In packed columns, in addition to the chemical effect,

any change in the effective absorption area due to change in flow



2k

conditions must also be accounted for. This, apart from the

chemical reaction effect, has been the topic of a great deal of

study in the past by various workers without much promise of suc-

cess. This limitation imposes a restriction on the choice of

laboratory column in step (l) of the design procedure above. It

would be necessary to choose one for which the correlation of

physical absorption is well known*

fSt the ratio of the liquid film coefficient for the absorp-

tion accompanied by chemical reaction, k'j,, to that of physical

absorption, k^, was found to vary from column to column depending

on the characteristics of each individual piece of equipment.

The fractional increase of the liquid film coefficient, - 1 -

k*L - kL# was found to be higher in a column where the kr. value
&L

range was lower. In other words, the effect of chemical reaction

on the liquid film coefficient is more pronounced in a column of

lower ki, value than those of higher values of k^.

The measurement of the liquid film coefficient for the ab-

sorption of carbon dioxide in water in the disc column has been

extended. They are consistent with those reported in the litera-

ture. Two empirical equations were proposed!

kL n 0.123 r °*37 for l6 < \~ < 73 lb/hr. ft.

kL 0.0386 r °»^k for 73 < f< 200 lb/hr. ft.
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Chemical Analysis:

CO2 - HgO System

The amount of the absorbed CO2 precipitated as barium car-

bonate in the barium hydroxide solution was determined by back-

titration of barium hydroxide against hydrochloric acid.

The method is based on the reaction:

H2CO3 Ba(0H)2 *> BaCC>3|* 2H2O Ba(0H>2
in excess remaining

portion

the remaining portion of Ba(0H)2 was then titrated against HC1

(0.1N) using phenolphthalcin as indicator* The results of this

back titration method were generally leas than $ per cent in

error.

The amount of CO2 absorbed was calculated by the following

formula

CO2 absorbed gr/c.c.

C(Y-X) x 0.022
Sample taken (0 »c .7

where Y s HC1 (number of c.c.) required to neutralize the trap-

ping solution Ba(0H)2

X - HC1 (number of c.c.) required in the back titration

C - Concentration (number of normality of HC1 used)

0.022 Equivalent quantity of CO2 (gram) for every c.c. of IN

HC1 solution consumed in titration

All titrations were carried out in an Erlenmeyer flask free

from carbon dioxide. A standard solution was prepared for the

comparison of the color of the end point of titration.



A

C02 - NaOH System

In the present case, the sample liquid was a mixture of

Na2CC>3, NaHC03 tNaOH, and H^K), The chemical reactions upon which

the method of titration was based were listed as follows:

(A) Na2CC>3 * H^O^ ^ Na^Oij. H2O * CO2

2NaHC03 H^OJ^ *• NaSOj^ 2H2 * CO2

2NaOH H^O^ > NagSOlj, 2H2

Methyl orange indicator

(B) Na2C03 BaCl2 *• BaC03 2NaCl

2NaOH H2S0^ ^ Na^O^ «• 2S.^

phenolphthalein indicator

To determine the total sodium ion concentration methyl

orange was used as indicator as shown by the equations in group

(A) # To another portion of the same sample, 9xcess BaCl2 was

adied for the precipitation of BaC03 then the excess NaOH in the

sample solution was back titrated against H^SO^ using phenolphtha-

lein as indication shown by the equations in group (B). This

would determine the ionic strength of the remaining NaOH after a

portion of it being reacted with the absorbed C02#

The amount of C02 absorbed was then calculated by the follow-

ing formula.

Gram C02 absorbed « C(A "
Si

x °* ^3 * I4J4.

10o#l

where A H^O^ used in the first titration (group (A).

B x H^O^ used in the second titration (group B) #

C concentration of H2S0i|. in normality.
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In both of the titrations, magnetic stirrer was used to keep

the solution being titreted well mixed at all times. Sufficient

stirring was extremely important in the titration of the B part

since the accumulation of acid at the dead corner of the titration

flask could cause reaction with the precipitated BaCOo.

Sample Calculation

Run No. 6BX

(1) Observed data:

Liquid rate lj.,2 lb/hr

Gas rate 3»093 su ft/hr

Liquid inlet temp. 29.9° C

Liquid outlet temp. 29.2° C

Gas inlet temp. 28.9° C

Gas outlet temp. 29.9° C

Gas inlet manometer pressure 2.72 mmHg

Gas outlet manometer pressure 0.59 mmHg

Henry's Lav/ constant E±n (Ferry's Handbook) I86I4.

Henry's Law constant Hout (Perry's Handbook) 1330

Temperature correction coefficient, A f of barometric
reading (Perry's Handbook) 0.12826

Barometric pressure 7*4-2.6 mmHg

Room temperature 29 .If C

Vapor pressure at 28.9° C - - - « 29.87 mmHg

Vapor pressure at 29.9° C - - - - 31.6ij. mmHg

Exit concentration of sample C out 1.02 x 10*^ lb/lb or
0.063i}- lb/ft-3
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(2) Calculation:

Corrected barometric pressure at 0° C ia obtained by the fol-

lowing equation:

Ht 8 Ht t -c((t» - t) where H^ is the height at the
standard temperature

H»t s the observed height at the temperature t f

t • 0° C

t* a the room temperature

H s 7^2.6 - 0.1283 (29k- - 0) s 738.8 mmHg

(PCOpl S (738.8 t 2.72) - 29.87 a 711.6 muEg

(PC0p) = (738.8 0.59) - 31.&4. 707.8 mmHg

Ce4v, (PCOp) s 707.8/760 kk , , . .ein --3™ ~i5o^ IE " 62 *2 » °«°76o lb/ft3

CA . (PC02 ) m 711.6/760 1^ . o
©out - .

g
i - »g ^ x 62.2 - 0.0781 lb/ft-*

AC,
Trt 8

*Ce) out * C ln " (
Ce>ln * Co^ Q,o6gg _lrfU m (C e )

put
- tfS "iTolt 2

TcTT^ - c out

O.036 lb/ft

3

Absorption rate R lb/hr ft2 was obtained as follows:

r . if.2 x (1.02 x 10^)
s 1#9i^5 x 10

.2

C * 0.036 - U°4

k was corrected to 20° C by the following equation:

e0.023 x 20
( i£L)20° C" ( kL>t° C

e0.023t

e0.023
'

e
(= °A

ft
6.623 x 29.^5

s °^3
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Eopirical Equation by Least Square Method

Data from Tables 5 to l6 show a straight line relationship

on a full log scale.

It suggests that the empirical equation takes the form

o( Z **\ or

log o< s log a * b log ki,

The least square method requires that the sum of the squares

of the difference of the observed values o^ • and calculated val-

ues o(, (whor* o{ « a k"i,) be minimum.

The empirical constants a and b are obtained by solving the

following two equations simultaneously

log >( s n log a f b V_ log k (l)

Zlog*< log k - a £logk*b £ (log k) 2 (2)

where n - the number of points taken into calculation

log log k log log k (log k2)2

35.129 -7.355 -iojj.56 2.82^,9

substituting in (1) and (2) and solve for a and b

a s. |fe«U

b s -O.697

Therefore, the empirical equation is cK ft 1^«23 kr
°'
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Table 11. Liquid film coefficient; for the absorption of CO?
M in water in the disc column.

I R : kL :

l Liquid Piln 1

(kL ) 20 C°
: Absorption 1 Liquid Film

Run Ho J Rate l

1 lb/ft3

: Coefficient t Coefficient
lb/(hr ft2 )

(lb/ft3)
t lb/hr ft2

I
J lb/(hr ft2 ) ;

: t (lb/ft3) t

5B2 0.0278 O.Olj.80 0.579 0.472

SBij. 0.03(4 0.0419 0.725 0.582
5Bn; O.O30IJ. 0.0438 O.69I1 0.562
6B1 0.0195 0.0360 0.540 0.430
6b2 0.0193 0.0356 0.5144. 0.434
6B3 0.0195 0.0347 0.562 0.448

*H O.O367 0.0if86 0.755 0.618

7B2 0.0384 0.014.86 0.790 0.650
8B1 0.0465 0.0526 0.884 0.739

8B2 O.Oi^.73 0.0522 O.906 0.758

8B3 O.Oii-71 0.0522 0.902 0.754

9BX 0.0588 0.0559 1.052 0.905
»

9B2 0.0589 0.0555 1.06l 0.912
9B3 0.0602 0.0553 I.O89 0.935

lOBj. 0.0682 0.0580 1.176 1.023
10B2 0.0684 0.0618 1.107 0.955
IOB3 0.0681 0.0581 1.172 1.011
11B! 0.0792 0.0594 1.332 1.151
11B2 0.0816 0.0578 1.412 1.213
IIB3 0.0789 0.0581 1.359 1.170
12BX 0.0102 O.0289 0.353 0.282
12B2 0.00986 0.0286 0.345 0.276

•

12B3 O.OO996 0.0263 0.379 0.304
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Table 12. Liquid film soeff icient; for the absorption of COg in
water in the packed column.

I ft J t kt* 1 (kra) 20° C

|
Absorption : t Liquid Film s Liquid Film

Run No : Rate : UG)-, r #
1 Coefficient j Coefficient

: lb/hr ft2 t

JL #1-1

lb/ft3 j lb/(hr ft2 ) t lb/(hr ft2 )
•
• 1 I (lb/ft3) j (lb/ft3)

13Bi 0.805 0.0532 15.32 12.9
13B2 0.815 0.0528 I5.ll.36 13.0
13B3 0.790 0.0537 14.711 12.39

13% 0.792 0.0527 15.028 12.5

Ul»3 0.572 0.0500 11.440 9.4
iM% 0.576 O.Olj.98 11 .566 9.5

1^5 0.565 0.05045 11.192 9.21
V&6 0.570 0.0501 11.377 9.35
15B

3 O.360 0.0515 6.990 5.93
15B4 O.360 0.0510 7.059 5.99

- 15B5 0.372 0.0501 7.425 6.25
1^B6 0.371*. O.Oij.96 7.5^0 6.25

. 16B
7 0.195 O.oii-53 4.305 3.62

i6b8 0.202 0.0406 4.975 4.18
17B2 1.030 0.05647 18.240 15.69
17B3 1.050 0.0556 18.885 16.20
17B4 1.050 0.05575 18.82 16.18
17B6 1.030 0.05621}. 18.35 16.78
UB| 1.330 0.0596 22.3 20.2
18B2 1.300 0.0601 21.3 19.38
18B3 1.320 0.06151 21.45 19.40

.
19BX I.630 0.0620 26.3 23.8
19B2 1.600 0.0626 25.6 23.2
20B! 1.920 0.0627 30.65 28.1

-

20B2 1.920 0.0627 30.65 27.65
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Table 13

a

Liquid film coefficient for the absorpti on of COp
in NaOH solution in the wetted-wall column.

I
Rt | t 3J t

(k» L ) 20° C

t Absorption 1

t
lb/ft3

j Liquid Film •
• Liquid Film

Run Kf » Rate < 1 Coefficient
: lb/(hr ft2 )

j (lb/ft3)

: Coefficient
j Ib/hr ftd 1 s lb/(hl> ft*)
t t (lb/ft3)

60BX 1,260 0,0831 11+.75 12,3

6ob2 I.061 0.0831 12.79 10.7

6lBi 1,111 0,0819 13.55 11.3

62BX O.992 0,0813 12.21 10.0

63BX 1.028 0,0798 12.88 9.9

63B2 1.082 0.0798 13.58 10.9

-

40} MM 0. 071+2 11.39 9.16

m
6I4JB2 0.8^2 G.071+2 II.I4-8 9.26

65BX 0.358 0.0820 1+.25 3.6

66BX 0.686 0.0810 8.1+5 6.9

67B1 0.762 0,0780 9.78 7.7

. 68Bi 0.81+7 0.0780 10.86 6,56

»

69B1 1.001 O.O79I+ 12.62 10.1

>
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Table 14. Liquid film coefficient for the absorption of CO2 in
NaOH solution in the disc column.

:

:

Run No :

i

j

R» j

Absorption ;

Rate : (AC) 1#m#
lb/hr f

t

2
, lb/f

t

3
!

:
k, L J

: Liquid Film j

t Coefficient j

: lb/(hr ft 2 ) :

1 (lb/ft3) ,

(k» L ) 20° C

Liquid Film
Coefficient
lb/(hr ft2 )

(lb/ft3)

k&Z 0.^75 0.0789 7.30 5.7?

hJtot 0.524 0.0794 6.61 5.23

Mi| 0.69!). O.0776 8.93 6.93

l*5Bl 0.959 0.07)1-0 12.95 10.00

M* 0.704 0.0768 9.16 7.09

Uig 0.917 0.078? 11.65 9.20

-
MJBj. 1.110 0.0798 li^.32 11.45

'

•
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Table 15. Liquid film coefficient for the absorption of C02 in
NaOH solution in the packed column*

Run No

: R« :

: Absorption :

: Rate :

: lb/hr ft3 s

: :

<^Oi.m.
Ib/ft3

: k»La :

: Liquid Film t

: Coefficient j

: lb/(hr ft3) :

t (lb/ft3) j

(k» La) 20° C

Liquid Film
Coefficient
lb/(hr.ft3)
(lb/ft3 )

km 9.69 O.O796 121.9 97.5

lj-9B2 9.*>9 0.0794 122.1 97.6

5lBx 7.23 0.0771 93.9 7^.0

$2BX 11.6 0.0802 li^.9 116.5

52B2 10.62 0.0789 131+.9 109

53Bi 16.6 0.0329 200.5 162

53B2 16.38 0.0796 205.9 166

nw 20.00 0.0798 250.5 200

51j£2 20.19 0.0798 253.0 202

55BX 2I4..OI O.O876 2511..2 219

55b2 23.79 O.O876 271.0 217
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Table l6 # Liquid filn 1coefficient for the absorption of C02 in
water in the wetted-wall column.

1 R 1 1 kL :
(Iq,) 20° C

fc

: Absorption :
• Liquid Film : Liquid Film

Run No : Rate : (acK-, 1 Coefficient t

lb/(hr ft2 ) t

(lb/ft3 :

Coefficient
lb/(hr ft2 )

(lb/ft3)
1

lb/hr ft2 J

:

J. • " I #

ib/ft3 :

21BX 0.0258 0.06668 0.387 0.311

21B2 0.0246 0.06620 0.372 0.2955
22B

3 0.01395 0.06589 0.212 0.173

22B5 O.Olij.0 o.06488 0.216 0.175

22B6 0.01393 O.06I4.74 0.2155 0.174

23B2 0.0300 O.O0969 0.431 0.34S

23B3 0.0296 0.0702 0.i|22 0.3415
23B6 0.0307 0.06932 0.443 0.358

21^! 0.0370 0.07352 0.504 0.414
2i|B2 0.0359 0.07353 0.1^87 0.400

^3 0.0354 0.07075 0.500 0.417
25B

3 0.0589 0.0711-78 0.787 0.664

2^ 0.0567 0.07262 0.730 0.656

26Bx 0.0419 O.07677 0.545 0.547
26b2 O.OlJ.82 0.07487 0.645 0.504
26B3 0.0407 0,08059 0.505 0.429

atm 0.0462 0.07742 0.598 0.504

27Bi 0.0525 0.0788 0.666 0.565
27B2 0.0514 0.0773 0.666 0.565
27B3 0.0531 O.0768 0.690 0.585
28B2 0.0606 0.0732 0.830 0.704
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*

Principal Constants of Disc Column

Number of discs 35
*

Diameter of the disc 1.5 cm (0,59^ inches)

Thickness of the disc 0.k8 cm (0.188 inches)

Diameter of the Pyrex column 1 l/8 inches

Mean perimeter for liquid flow 0.127 ft.

Equivalent diameter for gas flow 0.059 ft.

Absorption surface (dry) 0.22 sq. ft.

Constants of Wetted-wall Column

Liquid inlet opening gas « l/l6n

Liquid outlet opening gas s 7/6ij."

m Absorption area (dry) - 0.05if sq« ft.

*

*
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The application of gas absorption accompanied by a chemical

reaction in the liquid phase is attracting more and more atten-

tion today in chemical processes where higher purity of gas is

demanded and where the gaseous products are to be recovered more

completely. However, there are no general equations that can be

used to correlate the characteristics of the absorption equip-

ment, the properties of the liquid and gas material, and the

hydrodynamic condition of the system for the purpose of design

calculations.

The purpose of the present investigation is to find some

empirical correlation between the purely physical absorption and

the absorption processes accompanied by a chemical reaction in

different types of absorption equipment. Three columns: a

wetted-wall column, a disc column and a packed column, which con-

stitute a series of flow pattern of progressing complexity, were

used and the COg - HjjO and CO2 - NaOH systems were chosen for the

study because of the rapid irreversible reaction between CO2 and

NaOH and because of the well-established fact that the absorption

rate is liquid-film controlling.

An empirical equation for the correlation of the effect of

chemical reaction on absorption rate was developed In the follow-

ing form:

|1 = 11^.23 V0,697

It is recommended that kj, for the physical absorption be used as

the correlating variable in reference to the Reynold's number or

the liquid flow rate. The equation is applicable to both wetted-



wall and disc columns used in this study and is independent of

the individual characteristics of each column. This equation can

be used for design calculations of absorption towers where a

chemical reaction is involved provided that the lq, and R values

for physical absorption are known.

The experimental results are also interpreted as indicating

that the effect of chemical reaction on the film coefficient is

more pronounced in an absorption where the range of k^ value is

lower. In other words the ratio of k»L (film coefficient with

chemical reaction) to k^ Is higher in a column of lower kj, value.


