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ABSTRACT

This thesis was undertaken to obtain a better understand-
ing of the mechanism of absorption with reversible chemical
reaction, with particular reference to the chlorine-water
system. Several lines of investigation were pursued: (1) a
study of the nature of the liquid-side resistance in the ab-
sence of c1-emical reaction; (2) a mathematical and experimen-
tal study of the effect of chemical reaction; (3) measurements
of diffusivities.

The film theory, embodying the assumption of a thin
stagnant liquid film adjacent to the interface in which steady-
state diffusion occurs, has long been open to question, par-
ticularly in packed columns.- Higbie's penetration theory*,
believed to be more reasonable, pictures the liquid flowing
over a piece of packing for a very short period of time before
being mixed as it flows to the next piece of packing. Absorp-
tion occurs during a series of brief contacts, and unsteady-
state mass transfer c6ndItions prevail in the liquid.

Short glass wetted-wall columns of length 1.9 to 4.3 cm.,
were constructed to simulate the assumptions of the penetra-
tion theory. Because of the short length, ripples were absent
at gas rates below Re = 2200. The desorption of carbon di-
oxide from water, of 9hlorine from dilute HCl (0.16-0.18 N) and
of chlorine from water were studied. The desorption rate of
carbon dioxide was unaffected gas velocity up to ReG = 2200 and
increased 1.1 per cent per *C. over the temperature range 22*
to 310 C. All the data on the C0 2 -H 2 0 and Cl-HCl-H2O systemo*,
at 25 0C. were correlated by the equation kL*V 'FD = 7.13 F
where ,kL* is the physical coefficient of desorption, h is
length, D is diffusivity, and P is liquid flow rate per unit

* Higbie, R., Trans. Am. Inst. Chem. Engrs. 31, 365-89 (1935)



perimeter (all quantities in g., cm., and sec.), with an
average deviation of 7.7%. A theoretical equation derived
from the penetration and streamline f ow theories,
kL* = w/D/(rrh) ' [(9/E) g r 2 6, agrees with the ex-
perimental equation within 30% at the lowest liquid rate
measured ( P = 7 g./(an.)(min.) and within 10% at the highest
liquid rate ( F= 90). For the desorption of chlorine from
waterat 25*C., the psuedo-coefficient, based on an unhydrolyzed
chlorine driving force, was found to be independent of con-
centration over the range 0.005 to 0.04 mole/l., and to
increase linearly with concentration over the range 0.04 to
0.07 mole/l. The normal coefficient, based on a total chlorine
driving force, was found to increase with concentration and,
at concentrations above about 0.06 mole/l., exceeded the
physical coefficient for dhlorine in water. These results
are in contradiction with the mathematical theory of absorp-
tion with reversible chemical reaction developed in this
thesis; the theory predicts that the pseudo-coefficient
should decrease with concentration and that the normal
coefficient cannot be greater than the physical coefficient.
No explanation for the anomaly could be found.

In addition, an experlmental program of measuring dif-
fusivities was carried out. Using a diaphragn cell, the
diffusivitLes of chlorine through dilute hydrochloric acid,
of chlorine through water, of sulfur dioxide through dilute
sulfuric acid, and of sulfur dioxide in water were measured.

wi iwiiw
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CHAPTER 1

SUMMARY

The only systematic study of the liquid-side re-

sistance to absorption or desorption in packed columns was

performed by Sherwood and Holloway (93), who found the

liquid-side coefficients to vary as the 0.75 power of the

liquor rate and the half power of the diffusivity. When

Vivian and Whitney (101) measured the absorption of chlorine

in water in a packed column, it was found to be liquid-side

controlled, but it did not fit the Sherwood and Holloway

correlation. The coefficients varied as the 0.6 power of

the liquor rate and fell 25 to 70 per cent lower than those

predicted by the correlation. Vivian and Whitney explained

the discrepancy as due to the reaction of chlorine with

water, but their explanation was only qualitative.

The thesis was undertaken to obtain a better under-

standing of the medhanism of absorption with reversible

chemical reaction, wita particular reference to the chlorine-

water system. To this end, several lines of investigation

were pursued: (1) a study of the nature of the liquid-side

resistance where no chemical reaction is present; (2) a

mathematical study and experimental study of the effect.of

the chemical reaction; (3) measurements of diffusivities.
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Two theories have been proposed for the mechanism of

the liquid-side resistance. The first is the film theory,

which assumes the existence of a thin stagnant liquid film

adjoining the interface while the rest of the liquid is

well mixed. The film is considered to be sufficiently thin

that steady-state mass transfer conditions exist within it.

These assumptions lead to the equation for the liquid-

side coefficient:

kL r.0

where kL* is the physical coefficient, obtained in the ab-

sence of chemical reaction. While two concepts of the two-

film theory, equilibrium at the interface, and additivity

of the resistances of the two phases, have proven very use-

ful in absorption work, the concept of the thin stagnant

liquid film adjacent to the interface with steady-state

diffusion has long been open to question, particularly in

packed columns.

Higbie (37), in 1935, proposed another theory of the

liquid-side resistance, which he called the penetration

theory. As the liquid flows over the packing, it is

pictured as flowing over each piece in laminar flow. It is

then partially or wholly mixed in going from one piece of

packing to the next. Absorption is considered to take place

during a series of brief contacts between the liquid and the

gas, in which the solute diffuses only a short distance into



the liquid before the liquid is mixed. Unsteady-state

mass transfer conditions prevail in the liquid. Since the

dissolved gas penetrates a short distance compared with the

total depth of the liquid during ordinary exposure times,

it makes little difference vhether it is assumed that the

depth of the liquid is the actual depth or that it is

infinite. To facilitate the mathematics, infinite depth is

assumed. The penetration theory then yields the equation for

the coefficient:

kL* = 2 D (1.2)
ViTt

where t is the time of exposure of the liquid to the gas

between mixings. The driving force for this coefficient is

the difference between the interfacial concentration and

the concentration in the liquid at the -beginning of the

short absorption period. Since the concentration change in

the liquid in each absorption period is small compared with

the overall change in a packed column, this coefficient is

practically equivalent to that based on the continuously

changing driving force used in the film theory.

While the assumptions of the penetration theory may

be an oversimplification of the conditions in a packed column,

they are certainly more reasonable than those of the film

theory. Furthermore, the conclusion of Sherwood and Holloway

that k *a varies as D to the half power is in agreement with
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the prediction of the peyr tration theory.

In studying the mechanism of the liquid-side resistance,

the packed column has the disadvantage of unknown inter-

facial area. The usual wetted-wall columns are not suitable,

either, because they are so long that the time of exposure

of the liquid to the gas is much greater than that on an

individual piece of packing. The result is that the solute

is able to penetrate well into the liquid layer and the

assumption of infinite depth of liquid is no longer valid.

By reducing the length of the wetted-wall column to the

order of 1/2 to 2 inches, times of exposure are obtained

which approximate those for the liquid on commercial pack-

ing. Under such conditions, the assumption of infinite

depth of liquid is justified. A further advantage of the

short wetted-wall column is the absence of ripples in the

falling layer which increase the interfacial area and bring

about mixing in the liquid, since in the ordinary wetted-wall

column ripples do not form until the layer has fallen several

inches from the top of the column.

Such a short wetted wall column was constructed. The

wetted-wall section was made of glass, while the tubes

leading the gas stream into and out of the column were made

of Teflon. By having the liquid enter and leave the column

through thin slots between the glass and Teflon which were

maintained completely full of liquid, end effects were avoided
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in the sense that the only contact between liquid and gas

was in the wetted-wall section itself. The diameter of the

column was one inch. Three different lengths were used,

roughly 5/8, 1-1/8 and 1-5/8 inches long. The width of the

entrance slot could be varied, and two types of entrance

slots were used, one in which the slot sloped upward, and

one in which it sloped downward.

The short column was used to study the desorption of

carbon dioxide from water by air, of chlorine from dilute

hydrochloric acid by air, and of chlorine from water by air.

In the first two systems, the equilibrium is such that

hydrolysis of the solutes was negligible, so that physical

coefficients were obtained. For the chlorine-water system,

in which desorption was accompanied by a reversible chemical

reaction, two types of coefficients were calculated. The

first, called normal, or "total", coefficient, kL, is based

on a driving force equal to the difference between the total

chlorine concentration which would be in equilibrium with

the gas and the total dlorine concentration in the inlet

liquid. The second type, called the psuedo-coefficient, kL 9

is based on a driving force equal to the difference between

the concentration of unreacted chlorine in equilibrium with

the gas at the interface and the concentration of unreacted

chlorine in the Inlet liquid.
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Using the carbon dioxide-water system, the effects of

liquid flow rate, temperature, gas rate, slot width, slot

type, and length of column were investigated. Gas rate was

found to have no significant effect up to a Reynolds

number in the gas stream of 2200. At higher gas rates

ripples were produced which caused an increase in the de-

sorption rate. Theabsence of an effect of gas rate below

ReG a 2200 showed that the gas-side resistance was negligi-

ble. Slot width and slot type were found to have no

significant effect. Over the range 220 to 310C., the

coefficient increased 1.1 per cent for each centigrade degree

rise in temperature. The coefficient was found to vary as

the 0.40 power of the liquid flow rate over the range 7

to 90 g./(cm.)(min.). Over the range of length of 1.88 to

4.25 cm., it was found to vary inversely as the square root

of the column length.

Using the chlorine-dilute hydrochloric acid system,

the effects of liquid rate and of chlorine concentration

were measured. The concentration of the hydrochloric acid

was between 0.16 and 0.18 normal. Over the range 0.011 to

0.040 moles/l., chlorine concentration was found to have

no significant effect. The coefficient varied as the

0.40 power of the water rate. Comparison with the carbon di-

oxide data for the same column length showed that the

coefficient varied as the square root of the diffusivity.

All of the carbon dioxide-water and chlorine-HC1 data were
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correlated by the equation

/L h Y7.3r0.4
k* - = 7.13F (1.)

D

where all quantities are expressed in g., cm., and sec. The

average deviation from the data was 7.7%.

A theoretical equation for the physical coefficient

was derived by combining the penetration theory with stream-

line flow theory:
1/6

kL* =2 7h ( (1.4)

Comparison with eq. (1.3) shows that the theory predicts

coefficients 30% too high at the lowest liquid flow rates,

and only 10% too high at the highest flow rate, The dis-

crepancy may be attributed to uncertainties in the liquid

flow pattern. The agreement is good, considering that the

mass transfer rate has been predicted solely from theoretical

considerations, using only such physical constants as dif-

fusivity, viscosity and density, without recourse to any

empirical quantities as film thickness or eddy diffusivity.

In the desorption of chlorine from water, the effects

of liquid rate and of chlorine concentration were studied.

At each liquid flow rate, the psuedo-coefficient was found to

be independent of concentration over the range 0.005 to

0.04 moles/l., and to vary linearly with concentration over

the range 0.04 to 0.07 moles/l. The data were correlated with
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an average deviation of 4.2% by two equations, one for each

of the two concentration ranges:

kLO = (kLO)' 05 < 0.040 (1.5)

0.40
kL9 = (kL0 )' + 2.9r (01-0.040) C' > 0.040 (1.6)

where (kLO)' is a function of the liquid rate. At the high

flow rates, it approaches the physical coefficient, cal-

culated by eq. (1.3), while at the low flow rates, the ratio

of (kL)' to kL* approaches a constant value, equal to 1.6.

The normal, or "total", coefficients were also calcu-

lated. For each liquid rate, it was found to increase with

concentration; at high concentrations (above about 0.06

moles/l.), they mere found to exceed the physical. coefficient

corresponding to that liquid rate. There appeared to be

no tendency of the "total" coefficients to level off with

increasing concentration.

These results are in direct contradiction with theoretic-

al results obtained by a mathematical study of absorption with

reversible chemical reaction. The theory predicts that the

pseudo-coefficient should decrease uniformly with concentra-

tion. Furthermore, the theory predicts, for infinite rate of

hydrolysis and infinite diffusivity of the HCl component in

the chlorine-water system, that the "total" coefficient should

equal the physical coefficient. For finite hydrolysis rate

and finite diffusivity of HCl, the "total" coefficient must
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be lower, so that the physical coefficient represents an

upper limit which theoretically cannot be exceeded. This is

reasonable from the physical point of view, for physically

it means that for a given concentration of chlorine in the

liquid, the rate of desorption would be greater if the

chlorine were uncombined with the water than if some of the

chlorine is combined with the water and has to undergo a

reaction of finite rate in order to be desorbed. No ex-

planation for this anomalous behavior of the chlorine-water

system can be offered at this time.

In addition, an experimental program of measuring dif-

fusivities was carried out. Using a diaphragn cell, the

diffusion of chlorine through dilute hydrochloric acid, of

chlorine through water, of sulfur dioxide through dilute

sulfuric acid, and of sulfur dioxide through water were

measured. The followirg diffusivities were calculated from

the results:

Unhydrolyzed chlorine in - a
water at 250. 1.48 x 10 cm. /sec.

Hypochlorous acid in water
at 25C0. 1,54

Unhydrolyzed sulfur dioxide
at 30C.

Concentration: 0.05 moles/l. 1.92
0.10 1.95
0.15 1.97
0.20 1.99
0.30 2.00
0.40 2.01
0.50 2.02

Hydrolyzed sulfur dioxide in
water at 300C. 1.99
Concentration 0.03 to 0.10 moles/1.
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The Stokes-Einstein relationship, that D is proportional

to T/4, was found to hold for chlorine in water over the

range 10 to 300C., and for sulfur dioxide in water over the

range 20 to 400c.

By comparing the data obtained on the short wetted-

wall column with data obtained by previous investigators on

packed columns, it was possible to calculate the effective

interfacial area in the packed column in several ways. For

one-inch Rasohig rings, it was found that the interfacial

area varies as the. liquor rate raised to a power between 0.4

and 0.6, and that it equals the total dry area of the pack-

ing at a liquor rate of 20,000 lb./(1r.)(ft. ), which is just

below the loading point.

It is concluded that the mechanism of the liquid-side

resistance in the short wetted-wall column is that of un-

steady-state diffusion as postulated by the penetration

theory. The short wetted-wall column was found to be well

suited for liquid-phase mass transfer studies, and it is

recommended that it be used as a tool for the study of liquid-

side resistance for other systems of absorption or desorption

with chemical reaction, because of the similarity of the

liquid flow conditions to those existing in a packed column.
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CHAPTER 2

INTRODUCTION

When a gas and a liquid are brought into contact, a

transfer of matter takes place between the two phases un-

til thermodynamic equilibrium is reached. While thermo-

dynamics will predict the direction of mass transfer, it

cannot supply any information about the rate. It is

necessary, therefore, to resort to experiment to discover

the laws governing the rate of mass transfer between gas and

liquid phases.

Early studies of the absorption of one component of

a gaseous mixture by water and of desorption of a gas from

water showed (16) that the rate of these processes is propor-

tional to the "distance from equilibrium." One group of

workers, including Coste (16), van Arsdel (4) and Donnan

and Masson (21), expressed the distance from equilibrium

as the difference between the concentration in equilibrium

with the bulk of the gas and the bulk concentration of the

liquid; while another group of viorkers, including Lewis (64),

used the difference between the partial pressure in the gas

of the component being absorbed and the partial presmre in

equilibrium with the bulk of the liquid. The former group

conceived the mass transfer process as a diffusion through

a stagnant liquid layer at the interface, while the latter
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looked on it as a diffusion through a stagnant gaseous layer

at the interface. It was realized (., 104) that though these

two views are equivalent when Henry's law is obeyed, since

the driving forces are then proportional, they conflict when

the equilibrium relationship is non-linear. Actually the

choice between the two was made by selecting the one which

gave the most consistent results.

That the resistance to mass transfer might be split into

a gas-film and a liquid-film resistance was first advanced

by Whitman and Keats (105), but it was not until two later

papers by Whitman (104) and Lewis and Whitman (65) that the

idea was proposed of also splitting the driving force into

two parts, the driving force across the gas film alone and

that across the liquid film alone. This was expressed

mathematically by

NA = kg (Pg-Pj) = kL(Ci-Co) (2.1)

where P is partial pressure in bulk of gas

Pi is partial pressure at the interface

Ci is concentration in liquid at the interface

C0 is concentration in bulk of liquid

kg is gas-film coefficient

kL is liquid film coefficient

Assuming equilibrium at the interface and the validity

of Henry' s law, we have
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Ci = HPI (2.2)

which may be combined with eq. (2.1) to give

NA (PgCO/H) = H 1 (HPg-Co) (2.3)

HkL kg kL

These equations show the very important role played by

solubility in determining the relative importance of the

two resistances. When the gas is very soluble, H is large,

and eq. (2.3) becomes

NA = k (P -CO/H) (2.4)

If the gas is slightly soluble, H is small, and eq. (2.3) be-

comes

NA = kL(HPg-Co) (2.5)

This thesis is concerned only with the liquid-side re-

sistance. In practically all the cases considered, the

solubility is sufficiently low that the gas-side resistance

is negligible compared with the liquid-side resistance.

Thus there is no appreciable partial pressure gradient in the

gas, so that Pg P . Eq. (2.5) becomes

NA = kL(HP i-0) (2.6)

which is applicable when Henry' s law is valid. In any event,

we may use
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NA = kL(Ci-Co) (2.7)

where 01, the interfacial concentration, is in equilibrium

with the gas. Eq. (2.7) may be regarded as the defining

equation for the liquid-side coefficient, kL*

The packed column has found wide application in the

chemical industry as a device for contacting a liquid and a

gas stream continuously. Its chief advantages are large

interfacial area per unit volume and comparatively low

pressure drop in the gas stream. But, because of uncertain-

ties in the interfacial area and in the flow pattern of the

liquid and the gas, little success has been achieved in pre-

dicting mass transfer rates. Coefficients obtained on one

type of packing are of little value in predicing coefficients

on a different type. However, for a given packing, it has

been possible to correlate different liquid-gas systems with

some success.

The only systematic investigation of liquid-side

coefficients in packed columns was performed by Sherwood and

Holloway (93). They studied the desorption from water of

the slightly soluble gases hydrogen, oxygen and water, using

air for the gas stream. The influence of temperature,

liquid rate and gas rate were examined. Data were obtained

on 0.5, 1.0, 1.5 and 2.0 inch Raschig rings, 0.5, 1.0 and

1.5 inch Berl saddles and 3 inch spiral tile. They

correlated their results with the equation



1-n 1-s
kLa L 1-M (-) (0-) (2.8)
D p. pD

The value of s was found to be 0.47 while the values of a

and n were found to be dependent on the packing. In

particular, n was found to be 0.25 for one-inch Raschig

rings. A critical review of Sherwood and Holloway's data

and of the conclusions which they drew is presented in

Chapter 12 in the APPENDIX.

When Vivian and Whitney (101) undertook the study of

absorption of chlorine in water in a column packed with

one-inch Raschig rings, they expected that the liquid-side

resistance would be controlling because of the comparatively

low solubility of chlorine in water, and hence that the

Sherwood and Holloway correlation would be applicable. The

absence of any appreciable effect of gas rate did indeed

show that the gas-side resistance was negligible, but the

coefficients obtained failed to agree with the Sherwood

and Holloway correlation. To make sure that the discrepancy

was not due to differences in equipment, Vivian and Whitney

also desorbed oxygen from water in their apparatus. The

oxygen coefficients agreed very well with those of Sherwood

and Holloway. The oxygen and chlorine coefficients are

shown in Fig. 2.1.

Also plotted in Fig. 2.1 is the line B-B representing

the predicted coefficients for chlorine. This line was cal-

15
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culated from the oxygen data by multiplying the square

root of the ratio of the diffusivity of chlorine in water

to the 'diffusivity of oxygen in water, using the best

available values of diffusivities at that time. Thus it can

be seen that the chlorine coefficients fall 20 to 50% below

the predicted values and, even more important, vary as the

0.6 power of the liquid rate while the predicted coeffi-

cients vary as the 0.75 power.

As pointed out by Vivian and Whitney, the explanation

for the discrepancy lies in the fact that chlorine reacts

with water, while the Sherwood and Holloway correlation was

made for gases which dissolve in water without reacting.

It had been assumed that the rate of hydrolysis of chlorine

is so rapid co-mpared to the rate of absorption that it would

have no appreciable effect on the absorption, but the

results of Vivian and Whitney indicated that this is not true.

Chlorine reacts with water according to the equation

Cl + H0 - H001 + H+ + Cl~ (2.9)

The dissociation constant of hypochlorous acid is of the

order of 10-6 or lw er (4, 81), so that it may be assumed

to be undissociated. Because the solution must always be

electrically neutral, the concentration of hydrogen ions

must everywhere equal that of chloride ions. Letting
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A = concentration of C2

E = concentration of HOC1

F = concentration of H+ and of Clf

the equilibrium relation is

Kc = EF /A (2.10)

At the interface, the gas is in equilibrium with the

unhydrolyzed, or molecular, chlorine.

Ai =HP (2.11)

If, during absorption, the hydrolysis reaction were

instantaneous, so that equilibrium existed everywhere in the

liquid, and if the diffusivities of each of the three compo-

nents Cl, HOC1 and H01 were equal, then, and only then,

would all the chlorine diffuse through the water as if it were

a single substance, and only then would the rate of absorption

be unaffected by the chemical reaction.

The customary analysis for chlorine in water determines

the total chlorine, which is the sum of molecular chlorine

plus hypochlorous acid. Let this total chlorine concentra-

tion be C.

C = A + E (2.12)

The coefficients first presented by Vivian and Whitney,

which they called the "normal" coefficient, and which are

plotted on Fig. 2.1, are calculated from the rate of absorp-

tion by the equation
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NA = kL (CiFo) (2.13)

In this thesis, the normal coefficient will be referred to as

the "total" coefficient, since it is based on a driving force

which is the difference between the total chlorine which

would be in equilibrium with the gas, and the total chlorine

which is in the bulk of the liquid.

To avoid confusion, it is necessary to distinguish be-

tween the coefficients obtained with and obtained without

chemical reaction. When absorption takes place without

chemical reaction, the coefficient obtained will be referred

to as the "physical" coefficient, kL*. Since A = C when there

is no reaction, the defining equation of kL* may be wt'itten

NA = kL* (Ci-C0 ) = kL* (Ai-Ao) (when A=0)
(2.14)

Then., under the conditions of infinite hydrolysis rate

and equal diffusivities discussed above, kL would be equal

to kL*. The fact that they are different indicates that

these conditions are not fulfilled.

There are two ways of determining the physical

coefficient for chlorine in water. One method is to use the

oxygen data and correct for the lower diffusivity of chlorine,

as discussed above. Another method is to suppress the

reaction between the chlorine and the water by absorbing the

chlorine in dilute hydrochloric acid. Craig (17) absorbed

chlorine in 0.2 normal HC1 in a column packed with one-inch

Raschig rings. His data are plotted in Fig. 12.3 in the
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APPENDIX, and the best line through his data is reproduced as

line C-C in Fig. 2.1. This line should, of course, coincide

with line B-B predicted from the oxygen data. Both lines have

a slope of 0.75, but Craig's line is about 17 percent lower.

As pointed out in Chapter 12 of the APPENDIX, this difference

might be explained by uncertainties in the values of diffusivi-

ties of oxygen and chlorine used to calculate B-B, and also

by some doubt as to the Sherwood and Holloway correlation

itself. It is believed that line C-C, representing Craig' s

data, is the more reliable. Hence line C-C will be taken as
*

the physical coefficient, kLa, for chlorine in water.

Comparing lines C-C and D-D in Fig. 2.1 still gives the

conclusion that kL is not equal to k* and that the conditions

of infinite hydrolysis rate and equal diffusivities are not

fulfilled. Fowever, the two lines do converge at the low

liquor rates, indicating that such a picture is not far from

wrong at those liquor rates.

If, on the other hand., the rate of hydrolysis were suf-

ficiently slow relative to the rate of diffusion, the molecu-

lar chlorine entering the liquid phase would have time to

diffuse into the bulk of the liquid before an appreciable

amount would have been hydrolyzed. Then, the proper driving

force would be the difference between the concentration of

molecular chlorine in equilibrium with the gas and the con-

centration of molecular chlorine actually present in the bulk

of the liquid. Thus,
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NA = kL (Ai-AO) (2.15)

0This equation defines k, which Vivian and Whitney called the

"pseudo-coefficient." They were the first to propose the

use of such a coefficient for absorption in which a reversi-

ble chemical reaction is taking place. (Ai-Ao) is sometimes

called the "pseudo-driving force."

Now, to use eq . (2.15), value s of Ai and AO must be

determined. Ai is calculated from P by eq. (2.11). A0 is

calculated from CO by assuming that equilibrium exists in the

bulk of the liquid. Since the hydrolysis reaction produces

equal amounts of hypochlorous and hydrochloric acids,

E0 = F0 , and eq. (2.10) may be written K = E3/Ao. (It must

be remembered that E is not equal to F everywhere in the

liquid, since the diff usivities of HOCl and HC1 are not the

same.) Since E0= CO-A0 , we have

Kc = (C -A ) /A0  (2.16)

which is used to calculate AO from Co. Values of K and H

at various temperatures were determined by Vivian and

Whitney (101) from their solubility data.

Now, if the hydrolysis reaction were very slow, then k

would be equal to k*. To test this hypothesis Vivian and

Whitney calculated the pseudo-coefficients for their data

and compared them with the Sherwood and Holloway correlation.

Unfortunately, they used a logarithmic mean "pseudo-driving
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force" which is not correct. These have been recalculated

using numerical integration (see Chapter 17 of the APPENDIX)

and are plotted on Fig. 2.2. For comparison lines B-B and

C-C from Fig. 2.1 are reproduced here.

The best line for the pseudo-coefficient, line A-A, has

a slope of 0.6. It crosses line B-B, and lies above line

C-C, converging to line C-C at the higher liquor rates. But

the pseudo -coefficient cannot be less than the physical

coefficient. This serves as another indication that line

C-C represents more reliable values of the physical coeffi-

cient than line B-B.

Since the pseudo-coefficient is, in general, not equal

to the physical coefficient, the picture of the hydrolysis

rate being slow compared to the diffusion rate is not

applicable, except at the higher liquor rates. Actually,

the true picture lies between the two extremes presented

above. The rate of reaction and the rates of diffusion are

of comparable magnitude and both must be taken into account.

The absorption of sulfur dioxide in water is another

case of absorption with reversible chemical reaction. Whitney

and Vivian (107) studied the absorption of sulfur dioxide in

water in a column packed with one-inch Raschig rings. Be-

cause of a higher solubility than chlorine, the gas-side

resistance was appreciable, amounting to as much as 50

percent of the total resistance. After subtracting the
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gas-side resistance, the liquid-side resistance was found to

be such that the pseudo-coefficient was equal to the physical

coefficient for all liquor rates measured. For this case,

then, the picture of the hydrolysis being slow compared to

the diffusion rate apparently is valid.

It is the purpose of this thesis to study the mechanism

of absorption with reversible chemical reaction from a more

fundamental and quantitative point of view with the object,

if possible, of being able to predict the rates of absorption

from equilibrium constants, rate constants and diffusivities,

as well as from the factors which determine the physical

coefficients. To this end several lines of investigation

have been pursued. A study has been made of liquid-side

resistance where no chemical reaction is present, and ex-

perimental absorption equipment was devised to simulate

liquid flow conditions in a packed column in order to study

the physical coefficients. Secondly, the coefficients for

the chlorine-water system were studied in this equipment.

Thirdly, a mathematical study was made of absorption with

chemical reaction in order to develop the theory sufficient-

ly to handle reversible reactions. Finally, the diffusivi-

ties of chlorine in water and of sulfur dioxide in water

were measured.

Before absorption with chemical reaction can be in-

vestigated, the mechanism of the liquid-side resistance in
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absorption without chemical reaction must be understood.

The mathematical model which has been in chief use to

describe the liquid-side resistance is the film theory. The

assumptions involved in this theory are: a) there exists a

stagnant liquid film next to the interface; b) the remainder

of the liquid is sufficiently well-mixed that the concentra-

tion gradient in the liquid is localized completely within

the stagnant film; c) the film is sufficiently thin that the

amount of solute contained in the film is negligible com-

pared with the amount of solute transferred through it; then

the rate of diffusion into the film is equal to the rate of

diffusion out of it, and steady state may be assumed. These

assumptions are stated mathematically by the differential

equation 2
d A

DA - = 0 (2.17)
dx2

with the boundary conditions

At x = o, A = A (2.18)

At x = xf, A = Ao (2.19)

These equations lead to the familiar expression

k DA f (2.20)

Now, the main contributions made by the Lewis and Whitman

two-film theory (65, .104) are the concepts of additivity of

gas-side and liquid-side resistances and of equilbrium at the

interface. These concepts have proved extremely valuable
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to the theory of absorption. The concept of the stagnant film,

which came before the two-film theory, has proved less use-

ful. There is no way of predicting the film thickness, xf,

or of even measuring it, so that it is a completely empirical

quantity. The film theory can predict only one thing, the

effect of liquid diffusivity on the physical coefficient.

Here it fails miserably, for while it predicts that the

coefficient varies as the first power of diffusivity, Sherwood

and Holloway (93) report that it varies as the 0.47 power

in a packed column.

It should not be surprising that the film theory does

not hold in a packed column. Considering the liquid flow

conditions existing on the packing, it is difficult to con-

ceive of the existence of a stagnant liquid film at the

interface. As the liquid flows over a piece of packing, the

stagnant portion of the liquid would be at the interface

between the solid packing and the liquid, while the liqi id

at the gas-liquid interface should be the most rapidly moving

portion.

At this point, it is necessary to make a distinction

between film and layer. Both the terms film and layer have

been applied both to the stagnant film at the interface re-

ferred to above and to the whole of the liquid layer running

down a surface (as, for example, "falling-film evaporator").

In order to avoid confusion, the term film should be reserved
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for the former, while the latter should be called a layer.

This nomenclature is used throughout this thesis.

While the f ilm theory might be applicable to some kinds

of equipment (as, perhaps, batch absorption in a beaker or

flask where both phases are stirred), it has been realized

for a long time by some workers that it is too simplified a

picture for a packed column. Higbie (37), in 1935, proposed

another theory of the liquid-side resistance, which he called

the penetration theory. As the liquid flows over the pack-

ing, he pictured it as flowing over each piece in laminar

flow. It is then partially or wholly mixed in going from

one piece of packing to the next. Absorption is considered

to take place during a series of brief contacts between the

liquid and the gas, in which the dissolved gas diffuses

(or "penetrates") only a short distance into the liquid be-

fore the liquid is mixed.

Since unsteady state conditions prevail in the liquid,

the equation used is

DA = (2.21)
Ax2 Ot

Since the dissolved gas penetrates only a short distance

compared with the total depth of the liquid layer, it

makes little difference to the shape of the concentration

vs. distance curve whether it is assumed that the depth of
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the liquid layer is the actual depth, or whether it is

assumed to be infinite. To facilitate the mathematics, it

is assumed that there is no relative motion of the liquid

and that the liquid layer is of infinite extent away from

the interface. As long as the relative motion with the

actual "penetration zone" is small, these assumptions are

satisfactory. Then, at the interface,

At x = o, t > O, A = Ai (2.22)

Just after each mixing, defining A0 as the average concen-

tration,

At t = o, x > 0, A = AO (2.23)

Finally, since infinitely far from the interface the con-

centration undergoes no change in a finite time,

At x =O, t 2 0, A = AO (2.24)

This mathematical problem is identical with that in-

volved in finding the temperature distribution of an

infinitely long insulated rod which is initially at a uniform

temperature where, at time t = 0, one end is suddenly raised

to another temperature and maintained at that temperature.

Integration of eq. (2.21) with the boundary conditions

(2.22)-(2.24) yields (for details see Sec. 8.13 in the

APPENDIX)

(A-Ao)/(Ai-4) = 1 - erf(x/25) (2.2(2.25)
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The instantaneous rate of absorption varies with time.

NA = -DA(cA/ x) (2.26)

Differentiating eq . (2.25) to obtain A/bx, setting x=o

and substituting into eq. (2.26) gives

NA = (A -A ) r1/, (2.27)

The total amount absorbed in each absorption period of time t is

NAdt = 2(Ai-Ao) /DA/Tht (2.28)

The coefficient measured in the packed column would be defined

by

NAdt = kt(Ai-Ao)t (2.29)

so that

k= 2 tDA/Tt (2.30)
L

Note that as k* is defined here, the driving force,

(A I-A), remains constant for each absorption period and then

changes to a new value for the next absorption period depend-

ing on the new value of Ao. (This assumes that the change

of Ai is very small during each absorption period) . Since

the change in (Ai-Ao) in each absorption period is small com-

pared with the overall change in a packed column, the

coefficient kt is equivalent to the k* defined on the basis of

the continuously changing driving force used in the film

theory.
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Now, it may be that the assumptions of the penetration

theory are also an oversimplification of the conditions

existing in a packed column. Nevertheless its assumptions

are certainly more reasonable than those of the film theory.

Furthermore, the conclusion of Sherwood and Holloway (93) that

k a varies as DA to the 0.47 power is in remarkable agreement

with the prediction of the penetration theory that it varies

as DA to the 0.5 power (see eq. (2.30)). Actually, Sherwood

and Holloway recommended that 0.5 be used as the exponent

on (pD) in eq. (2.8).

In making a fundamental study of the mechanism of the

liquid-side resistance to absorption, the packed column

suffers the severe disadvantage of unknown interfacial area.

Two types of equipment have chiefly been used in the labora-

tory for the fundamental study of absorption and their main

advantage has been that their interfacial area can be

measured; the first is batch absorption in a flask or beaker

where the two phases are stirred; the second is the wetted-

wall column. It is quite clear that the liquid flow condi-

tions in the batch absorption system bear no resemblance to

those in the packed column. That the liquid flow conditions

in the wetted-wall column are different from those in a

packed column is not so obvious. The usual wetted-wall

columns are of the order of a foot or so in length, with the

result that the time of exposure of the liquid to the gas is

much longer than is the case on an individual piece of packing,
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which may run in size from 1/2 to 2 or at most 4 inches. The

result is that in the wetted-wall column the solute is able

to penetrate well into the liquid layer and the concentration

at the wall itself is able to change an appreciable amount.

In this case the assumption of infinite depth of liquid made

in eq. (2.24) is no longer valid and eq. (2.30) can no

longer be expected to hold. Another disadvantage of the

usual wetted-wall column is the occurrence of ripples.

Thus the area for mass transfer, while assumed to be constant

and known, actually varies somewhat with the li-quid rate.

Also, the presence of ripples may either cause or be an

indication of some mixing in the liquid, which would cause

the mass transfer rate to be higher than it would be other-

wise.

These disadvantages of the wetted-wall column may be

overcome by reducing its length to the order of 1/2 to 2

inches. Observation of the longer wetted-wall columns shows

that the ripples do not form until several inches down from

the top. In a short wetted-wall column we should expect the

absence of ripples and hence be more confident that the area

for mass transfer is constant and known. Secondly, the time

of exposure in such a short wetted-wall column will be of

the same order of magnitude as that for the liquid on an

individual piece of packing, and this time of exposure will

be sufficiently short that the assumption of infinite depth

of liquid will be justified. Data obtained in such an
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apparatus should be valuable in understanding the liquid-side

resistance in a packed column.

The question arises of how to determine the time of ex-

posure, t. Since one is concerned with the time which an

element of the surface of the liquid is exposed to the gas,

a knowledge of the interfacial velocity of the liquid and of

the length of the column should supply this inf ormation. If

the interfacial velocity, vi, is uniform,

t = h/vt (2.31)

where h is the length of the column. If the liquid layer is

in streamline flow, theory (see Chapter 13 for derivation)

predicts that the interfacial velocity is

2 1/3

V= (I -E) (2.32)
8 lp

Combining eqs. (2.31) and (2.32) with (2.30) gives a

theoretical equation for the physical coefficient,
a 1/6

k* = 2 -- (2;33)
L 8h 8 PP

This equation may be tested by varying not only liquid rate,

but also column length and the solute gas. How well the

data for absorption or desorption without chemical reaction

in the short wetted-wall column fit the equation would be a

measure of the applicability of Higbie's penetration theory

in the case where the liquid flow conditions are similar to

those existing in a packed column.
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There is, however, some uncertainly concerning the

interfacial liquid velocity. Measurements in long wetted-

wall columns by Friedman and Miller (27) and by Grimley (_31)

indicate that the interfacial velocity of the liquid is

considerably greater than that predicted by eq. (2.32).

Furthermore, there is some question as to whether the

velocity of the liquid is constant with distance down the

column, or whe ther there Ls some acceleration of the liquid.

Consequently, there is a need for measuring the interfacial

velocity in the short wetted-wall column itself.

After measuring physical coefficients in the short wetted-

wall column, coefficients for the chlorine-water system

were determined. These coefficients may be compared with the

physical coefficients for the purpose of experimentally de-

termining the effect of the hydrolysis of the chlorine in a

system where the interfacial area is known. This information

should be valuable for interpreting the data of Vivian and

Whitney (101) in packed colunmns. Furthermore, the results

may be compared with the coefficients predicted by the

mathematical theory developed in this thesis.

In studying the mechanism of absorption of chlorine in

water and of sulfur dioxide in water, accurate values of

their diffusivities are necessary. No direct measurements of

the diffusivity of sulfur dioxide in water have been reported

at all. Only two measurements have been made on the diffusivi-



341

ty of chlorine in water, and these do not appear to be relia-

ble (see Sec. 11.5 in APPENDIX). Therefore, it uas decided

to measure the diffusivities of these two substances in water.

Since chlorine reacts with water, its diffusion involves

the diffusion not only of molecular chlorine but also of hypo-

chlorous and hydrochloric acids. Similarly the diffusion of

sulfur dioxide in water also involves the diffusion of sul-

furous acid. These complicating effects should be taken into

account in the experimental study.

Thus, the experimental program may be divided into four

parts: 1) measurement of physical coefficients in the short

wetted-wall column; 2) measurements on the chlorine-water

system in the short wetted-wall column; 3) a study of the

interfacial liquid velocity in the short wetted-wall column,

and 4) measurement of the diffusivity of chlorine and of

sulfur dioxide in water. The first two items constitute

the main line of investigation of this thesis, while the last

two items are to be regarded as supplementary. For this

reason the experimental studies in the short wetted-wall

column are treated fully in the main body of the thesis,

while the measurements of diffusivities and of interfacial

velocity are relegated completely to the APPENDIX, in

Chapters 11 and 13, respectively. Only the conclusions re-

garding diffusivities and interfacial velocity are presented

in the main body.
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In addition to these experimental studies, a mathematical

study of absorption with chemical reaction has been carried

out. The subject of absorption with chemical reaction is an

extremely important one industrially. Outside of the

petroleum industry there are relatively few absorptions being

carried out which do not involve chemical reaction. The

manufacture of nitric acid, the preparation of bleach solu-

tions in the pulp and paper industry, the lead chamber

process for sulfuric acid, the removal of carbon monoxide

from the feed gas to ammonia converters, and the Solvay

process are but a few examples where simultaneous absorption

and chemical reaction play a major part. The theory, however,

has lagged far behind practice. There are several reasons for

this: inadequate knowledge concerning the mechanism of the

liquid-side resistance even without chemical reaction;

inadequate knowledge concerning the mechanism of the chemical

reaction itself; even when the mechanism of the liquid-side

resistance and of the chemical reaction are known or assumed,

mathematical difficulties may prevent solving the problem,

particularly when the order of the chemical reaction is

higher than first order.

When this thesis was started, all the theory of absorp-

tion with chemical reaction found in the literature was

based on the film theory. This theory, which is very satis-

factorily reviewed by Sherwood (92), has been developed for



the cases where the chemical reaction is first order irreversi-

ble, and where the reaction is second order, irreversible and

instantaneous. No theory at all had been developed based on

the penetration theory, although during the course of the

thesis some work on this phase of the theory had been pub-

lished by Danckwerts (18, 19).

Practically all the experimental systems which have been

used to study absorption with chemical reaction have involved

irreversible reactions, that is, reactions in which the

reverse reaction does not exist or can be neglected. However,

the absorption of chlorine and of sulfur dioxide in water is

very different in that the reverse reaction must be taken

into account. No information was available in the literature

on the theory of absorption with reversible reaction.

The mathematical investigation was undertaken to extend

the theory to include, if possible, the assumptions of the

penetration theory, and to include the cases of reversible

reaction. The mathematical theory is developed in detail in

Chapter 8 in the APPENDIX; the theory is then applied to vari-

ous experimental systems in Chapter 9 in the APPENDIX. The

results of these mathematical studies are summarized and dis-

cussed in the main body of the thesis.

36
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CHAPTER 3

APPARATUS AND PROCEDURE

The long wetted-wall columns used by previous investigators

had appreciable end effects, since there was considerable area

of contact between liquid and gas phases at the entrance and exit

of the liquid to and from the column, apart from the area of contact

on the wetted wall itself. Such end effects have usually been

ignored. However, as the length of the column is reduced to the

dimensions used here, the end effects could easily outweigh the

mass transfer in the column itself. The primary requirement of

the design of a short wetted-wall column, then, is that the

liquid be brought into and out of the column without there being

any gas-liquid contact other than on the wetted wall, This was

done by having the liquid enter and leave through thin slots

maintained completely full of liquid. In addition, all chambers

and tubes through which the liquid passed in its journey to and

from the column were kept completely full of liquid.

The assembly of the column is shown in full scale in Figs.

3.1 and 3.2. The materials used were chosen primarily for their

corrosion resistance, in order to avoid attack by the chlorine

solutions. Glass was used for the wetted-wall section itself

because of the ease with which it is wet by water and because of

its transparency, which permitted visual observation of the opera-

tion of the column. Teflon was chosen for the gas inlet and outlet

tubes for its machineability and because it does not wet by water.
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Fig.. 3.,1
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Fig. 3.2

Assembly of Short Wetted-Wall Column
(Down-Flow Slot)



The latter property was valuable since it constrained the liquid

flowing through the slots to flow along the glass and not to

creep along the Teflon tubes. Micarta was used for the upper and

lower supporting plates because it is strong, inexpensive and

easy to machine.

Two different types of entrance slots were used: upflow and

downflow (compare Figs. 3,1 and 3.2.). The width of the entrance

and exit slots could be varied by turning the Teflon tubes, which

were threaded into the Micarta plates. The wetted-wall section

itself was the inner glass tube, approximately one-inch in diameter,

with the upper edge beveled, Three column lengths were used,

such that the straight sections of the inner glass tubes were

approximately 1/2, 1 and 1 1/2 inches long. Six glass sections

were made, both slot types being used for each length. These

columns were designated as follows:

Column Designation Slot Type Approximate Length

lD Downflow 1/2 inch
lU Upflow 1/2 inch
2D Downflow 1 inch
2U Upflow 1 inch
3D Downflow 1 1/2 inches
3U Upflow 1 1/2 inches

Rubber gaskets were used as seals. Brass plates and tie-rods

served to clamp the assembly together.

' The decision to study desorption rather than absorption was

based on the following factors" The physical coefficients should
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be the same, in view of the results of Carlson (10), who found

the coefficients of absorption and desorption to be the same for

oxygen and carbon dioxide in water in a stirred flask, and of Allen,

who found them to be the same for carbon dioxide in a packed column

(22).f Secondly, theory predicts (see Sees. 9.3 and 9.5 in the

APPENDIX) that the difference between the pseudo-coefficient for

chlorine in water and the physical coefficient is greater for

desorption than for absorption. Therefore, desorption should

provide a more severe test of the theory, Finally, desorption

uses up much less solute gas than absorption, unless the gas is

recirculated, which would add to the complication of the apparatus*"

Two systems were used to study the physical coefficients:

carbon dioxide-water and chlorine-dilute hydrochloric acid. They

have the advantages of ease of analysis and of having diffusivities

known with comparative accuracy. Furthermore. the chlorine-H0l

system provides physical coefficients which may be compared directly

with the chlorine-water data without a significant correction for

diffusivity. The experimental program thus may be divided into

three parts: desorption of carbon dioxide from water by air;

desorption of chlorine from dilute hydrochloric acid by air; and

desorption of chlorine from water by air. The auxiliary apparatus

used with the column differed somewhat for the three systems.

Lambe (6u), whose S.M. thesis consisted of building the

apparatus and of making most of the runs with carbon dioxide

reported in this thesis, described the procedure for the carbon
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dioxide runs. (Brackets indicate changes in the text made by the

author.)

"The liquid feed for the column came from a constant-
head tank where distilled water was [practically] saturated
with carbon dioxide by bubbling the gas [in considerable
excess through the liquid. A glass cooling coil in the
tank allowed the temperature of the water feed to be con-
trolled and maintained at a given value. From the glass
head-tank the liquid passed through a calibrated orifice
into the column. The temperature of the feed was indicated
by a thermometer in a "tee" connection in the feed line
just before it entered the column.

"The air was blown through a packed tower to saturate
it with water and control its temperature. A calibrated
orifice was used to meter the air before it entered the
calming section. A thermometer was placed inside the glass
tube which formed the calming section, and at the bottom,
to indicate the air temperature. Any liquid spill-over
from the column was caught in a trap just below the point
at which the air entered the calming section. The liquid
in this trap was maintained at a high pH with sodium hydroxide
to preventany carbon dioxide from entering the air stream.
This was necessary for it was assumed that the concentration
of carbon dioxide in the air was negligible when the ex-
pression for the theoretical coefficient was derived.

"Samples were taken of the inlet and outlet streams by
allowing a portion of the streams to pass continuously
through 25 ml. pipets; The rate was such that a volume
of liquid equal to six times the pipet volume passed through
the pipet per minute. [The sample in the pipet was added
to a known volume of standard barium hydroxide, and the
residual hydroxide was determined by a conductometric
technique.)

"When making a run, the air was saturated and brought
to within one degree centigrade of the liquid temperature
in order to minimize any mass transfer of water which would
affect the diffusion of carbon dioxide in the wetted-wall
column and thus give a false value for the measured coef-
ficient. After all the variables had been adjusted to their
desired values a minimum of five minutes was allowed for the
apparatus to reach steady-state conditions before the samples
were taken."

Several changes in the auxiliary apparatus were made when

the solute gas was changed to chlorine. For the chlorine-water

runs, two constant-head tanks were used. Chlorine gas was injected
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at a steady rate into distilled water flowing from the first

glass head-tank, the rate being adjusted to give a solution of

the desired concentration. This solution flowed into a second

glass head-tank, thence to a calibrated flowmeter and into the

column.

Instead of using a blower, the air was sucked through the

system. As before, the air flowed through a packed column and

through the calming section into the wetted-wall column. The

exit gas was bubbled through a solution of sodium hydroxide,

then passed through a calibrated flowmeter and finally into the

laboratory vacuum line.

Liquid-stream samples were taken by allowing a portion of

the liquid to flow directly into the titration flask, the volume

of sample being determined by weighing the flask before and after

sampling. Samples of the inlet liquid were taken for each run,

but only a few outlet liquid samples were taken, for the purpose

of checking a material balance, The exit gas stream was analyzed

by bubbling it for a definite length of time through sodium

hydroxide and measuring the amount of chlorine taken up.

For the chlorine-dilute hydrochloric acid runs the only ad-

ditional change made was in the inlet liquid system. In addition

to injecting the chlorine gas into the distilled water flowing

from the first head-tank, strong hydrochloric acid was added

continuously at a steady rate, such that the concentration of H01
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was between 0,215 and 0.2 normal. The resulting solution of

chlorine and hydrochloric acid then flowed into the second

glass head-tank, through the flowmeter and into the column.

The effects of the following variables were studied:

Carbon dioxide-water runs:
Temperature, liquid rate, gas rate, entrance slot
width, column length.

Chlorine-water runs:
Concentration, liquid rate.

Chlorine-hydrochloric acid runs:
Concentration (of Cl2), liquid rate.'

The following quantities were measured for all runs: liquid

rate, air rate, inlet liquid temperature, inlet air temperature,

entrance slot width, column length. In addition, the following

were measured.:

Carbon dioxide-water runs:
Inlet liquid concentration, outlet liquid concentration.

Chlorine-water runs:
Inlet liquid concentration, time of run, amount of
chlorine desorbed

Chlorine-hydrochloric acid runs:
Inlet liquid concentration, time of run, amount of
chlorine desorbed, concentration of H0l.

The apparatus, procedure and analytical methods are described

in detail in Chapter 10 in the APPENDIX.
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CHAPTER 4

RESULTS

4.1. Physical Coefficients in Short Wetted-Wall Column.

Data obtained on desorption without chemical reaction in the

short wetted-wall column are shown in Figs. 4.1 to 4.10.

The lines drawn in Figs. 4.1 to 4.4 are the best lines through

the data for each plot. The dashed lines drawn in Figs.

4.5 to 4.10 are the best lines through the data shown in each

of those figures. The solid lines in these figures are ob-

tained from thIe correlation of all the data shown in these

six figures (Eq. (5.4)).

The coefficients plotted in these figures are based

on a driving force equal to the initial concentration of

solute minus the interfacial concentration of solute. The

interfacial concentration is taken to be zero.

Desorption of

Fig. 4.1

Fig. 4.2

Fig. 4.3

Fig. 4.4

Fig. 4.5

Fig. 4.6

Fig. 4.7

Fig. 4.8

Fig. 4.9

Carbon Dioxide from Water

Effect of Temperature

Effect of Air Rate

Effect of Entrance Slot Width -- Upflow Slot

Effect of Entrance Slot Width -- Downflow Slot

Effect of Water Rate -- Column 3U

" "-- Column 3D

"" " -- Column 2U

" " . " -- Column 2D
" "S " " -- Column lU
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Fig. 4.1
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Figl_ 4,1

Desorption of Carbon Dioxide from Water
Effect of Water Rate
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T.Z: 4..7
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Fig. 4, 9

Desorption of Carbon Dioxide from Water
Effect of Water Rate
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Desorption of Chlorine from Dilute Hydrochloric Acid

Fig. 4.10 Effect of Water Rate -- Column 3D

4.2. Desorption of Chlorine from Water in Short Wetted-

Wall Column. The data on desorption of chlorine from water

in the short wetted-wall column are presented in terms of

the psuedo-coefficient in Figs. 4.11 and 4.12. This

coefficient is based on a driving force equal to the

initial concentration of unhydrolyzed chlorine minus the

interfacial concentration of unhydrolyzed chlorine. The

interfacial concentration is taken to be zero. The initial

concentration of unhydrolyzed chlorine is calculated from

the initial concentration of "total" chlorine using the

value of the equilibrium constant measured by Vivian and

Whitney (10).).

Fig. 4.11 shows the effect of concentration on the

psuedo-coefficient for nine values of the water rate.

The psuedo-coefficient is found to be independent of

concentration for C 1 below 0.040 moles/b. For this range

of concentrations, the psuedo- coefficients are plotted

against water rate in Fig. 4.12. The solid line repre-

sents the best curve through the points.

The lines in Fig. 4.11 represent an empirical correla-

tion of the data. This correlation may be expressed as
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Fig. 4.11 (contd. )

1.

0.02 0.04
C , mole/14

0.06

C)

0
8-4

c~4

0.08

1. 2
r 18. 3.(c (min.)

0 0.02 0,04 0.06 0.OE
01, mole/i.

23.6 g./(cm.).(min. )

~----1 -I- -i-------

0

0 0.02 0.04 OA6 0.08
) ,mole/i.

319. g. /(cml) (min. )

--_____- -.O4.. O 2
Q---

1.2

1'.0

0.8

0

C)

0

o,6

1.2

.8-I

C)

0

r~4

0.8

I-V. ~
0

3

O.E



54

Fig. 4.11 (contd.)
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Desorption of Chlorine from Water;
Effect of Water Rate
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ko a (k) I )7 *4
k a0 < .40

kO = (kL)' + 2.9r0 "*(C1 -o.040) C1'>O.O4O

where kL 0 is psuedo-coefficient, cm ./min.

(kL0 )' is co efficient given by the line in Fig. 4.12,
cm./min.

is water rate, g./(cm.)(min.)

C, is initial concentration of chlorine, moles/i.

4.3. Interfacial Velocity in Short Wetted-Wall Column.

It is concluded from a stroboscopic measurement of the

interfacial velocity that, under the conditions existing

during desorption runs in the short wetted-wall column, the

theoretical equation

(4.2)8 ( 2 1/
8 PP

is correct. See Chapter 13 in the APPENDIX for details.

4,4. Measurement of Diffusivities in Liquids. Using

the diaphragm cell method, the following diffusivities were

measured:

Unhydrolyzed chlorine in water at 25*0C. (l.48j0.0l)x10 5cm/sec.
(concn. 0.004 to 0.025 moles/l.)

Hypochlorous acid in water at 25*0C. (1.54+0.02)xO "5cm?
(concn. 0.006 to 0.012 moles/l.)_

The Stokes-Einstein relationship (i.e., diffusivity is

proportional to absolute temperature divided by viscosity)

/sec.

56

(4.1)
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was found to hold for chlorine in water over the range 100C.

to 3000.

Unhydrolyzed sulfur dioxide in water at 30*C.; the diffusivity

varies with concentration.

Concn., moles/l. D x 105, m./sec.

0.05 1.9.2 0.01
0.10 1.95 "
0.15 1.97 "
0.20 1.99 "
0.30 2.00 "
0.40 2.01 "
0.50 2.02 "

Hydrolyzed sulfur dioxide in water at 30C*C. (1.99+0.03)x10
(conen. 0.03 to 0.10 moles/l.) C .mn.a7sec.

The Stokes-Einstein relationship was found to hold for

sulfur dioxide in water over the range 200 C. to 4000.

See Chapter 11 in the APPENDIX for details.

4.5. Mathematical Theory of Absorption with Chemical

Reaction. A mathematical study of vari ous cases of ab-

sorption with chemical reaction was carried out. The deri-

vations are presented in detail in Chapters 8 and 9 of the

APPENDIX. In this section the main results obtained, and

the assumptions leading to them, are presented.

In applying the film theory to absorption with chemical

reaction, the assumption that chemical equilibrium exists

between the various components present in the main body of

the liquid was investigated by studying the case of ab-

sorption with first order irreversible reaction. The

--- dVAWW&WwAMMW 111 -
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validity of the assumption was found to depend upon the

holdup of liquid on the packing. For all practical cases en-

countered in a packed column, the assumption of equilibrium

in the main body of the liquid was found to be satisfactory

(See Sec. 8.11).

In applying the penetration theory to absorption with

chemical reaction in a packed column, the assumption that

chemical equilibrium exists between the various components

present in the liquid at the beginning of each absorption

period just after mixing has occurred at the end of the

previous absorption period was investigated by studying the

case of absorption with first order irreversible reaction.

The validity of the assumption was found to be dependent

upon the holdup, also, and for practical cases encountered

in a packed column, it was found to be satisfactorily valid

(see Sec. 8.16).

The cases of absorption with first order reversible

reaction were studied using both the film and penetration

theories. Suppose substance A in the gas is absorbed and

reacts in the liquid reversibly to form substance E.

A E (4.3)

Let K be the equilibrium constant for the reaction, k1 ,be

the rate constant for the forward reaction, k2 be the rate

constant for the reverse reaction, DA and .DE be the

respective diffusivities of A and E and, finally, let
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R + (4.4)
DA DE

In the introduction two types of coefficients were defined:

kL t he physical coefficient, obtained when no chemical re-

action is present, and k L0, the psuedo-coefficient,, obtained

for the case where chemical reaction is present and based

upon a driving force equal to Ai-A . A quantity 0 is defined

as the ratio kLo/kL*, which expressed the effect that the

chemical reaction has upon the rate of absorption. It is al-

ways greater than one.

For the film theory, the following equations express

mathematically the assumptions made for the case of first

order reversible reaction:

2 2
d A d E

DA -DE --- = kIA - k2E (4.5)
dx2  dx2

The boundary condit ions are

At x = 0, A = Ai, dE/dx = 0 (4.6)

At x = xf, A = A E = EO, K = EO/Ao (4.7)

The solution obtained (see Sees. 8.12 and 8.20) is

KDE

0 DA (4.8)
KDE tanh(Rxf)

DA Bxf

The film thickness, xf is an empirical quantity which may

be evaluated only by determining the physical coefficient, kL*-
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xf = DA/kL* (4.9)

It is preferable to express eq. (4.8) in terms of kL* rather

than xf. KDE

DA (4.10)
KDE tanh(RDA/kL')

1 + (RDA/kL*)

For the penetration theory, the assumptions made for

absorption with first order reversible reaction are ex-

pressed mathematically as:

a2A A E 2E
D - - = - - DE = k1 A-k2E (4.11)
A C)x2  )t At EX

The boundary conditions are

At x = 0, t > 0, A = A1, E/at = 0 (4.12)

At t 0, x > 0, A = A0 , E = Eo, K=EO/AO(4.13)

At x =c, t>! 0, A = A0 , E = EO (4.14)

It was not possible to obtain a solution for DA not

equal to DE. It was necessary to assume

DA = D = D (4.15)

The solution obtained (see Secs. 8.17 and 8.20) is

K exp (R2)(erf/ - erfl)
2v ~2 L ~K2_1

- K erf /RaDt + (K+l) (4,16)

In the packed column, the time of exposure, t, must be

evaluated from the physical coefficient, kL*e
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kL*

Then eq. (4.16) may be written in terms of kL* rather than t.

=T K+1 K2 4 (RD/kL*)a 2K(RD/kL*)
---- exp erf-

4 (RD/kL* ',VTW]Kj-1

-erf 2(RD/k L* J Kerf 2(RD/kL* + (K+l)

(4.18)

Thus the two theories give two methods of calculating

0 from kL*, K, ki, k2 and D (assuming DA=DB). The two equations

(4.10) and (4.18) have been compared by plotting versus

RD/kL* for various values of K (see Figs. 8.7 and 8.8). The

comparison shows that the penetration theory gives somewhat

higher values of 0; that the two sets of curves approach each

other asymptotically for small and large values of RD/kL*t

while the greatest difference occurs at a value of RD/kL* Of

about 1.5; that this difference increases for increasing

values of K, reachIng a maximum at K =0 (which corresponds to

irreversible reaction), for which case the maximum difference

is about 6%. It is concluded therefore that for first order

reaction, the film theory and the penetration theory give,

for practical purposes, the same answer in predicting 0 from

kL* and the constants of the reaction.



62

It has not been possible to obtain solutions for the

penetration theory for the cases of second order reactions.

It has been possible to obtain approximate solutions for 0

in terms of kL* and the constants of the reaction, using the

film theory. For second order reactions, then, it has been

necessary in the absence of a solution based on the penetra-

tion theory to assume that the use of the film theory to

predict 0 will give reasonable results, but the sole justifi-

cation for this assumption are the results of the analysis of

the first order case.

The case of absorption with second order irreversible

reaction was next considered. Substance A, in the gas, is

absorbed into a liquid containing B, and reacts with B ir-

reversibly.

A + B -- product (4.19)

The film theory yields the non-linear simultaneous differen-

tial equation

a a
d A d B

DA d DB -- = k IAB (4.20)
dxd

with the boundary conditions

At x = O, A Ai, dB/dx = 0 (4.21)

At x = xf, A 0, B a Bo (4.22)

where k, is the rate constant, Ai is the interfacial con-

centration of A, and Bo is the concentration of B in the main

body of the liquid. There is no known analytical solution
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to eq. (4.20). However, a certain amount of information

can be obtained from the first equality

a a

DA d = DB d (4.23)

Integrating this equation and substituting the boundary

conditions (see Sec. 8.25) gives a relationship between Pi

(the interfacial concentration of B) and 0:

B1 DAAj-- = 1 - (0-) (4.24)
Bo DBBO

It then remains to solve the equation
Z

d A
DA - = k1 AB (4.25)

Two approximate solutions were carried out. The first,

originally proposed by van Krevelen and Hoftijzer (60),

assumes that B is constant throughout the film at the value

of Bi given by eq. (4.24). This leads to the equation

(see Sec. 8.26)

V/M- El - q(g-l)]Z
4 anh __ _r(4.26)

where M -7 k1 BoXf /DA (4.27)

and q w (DAAi)/(DBBO) (4.28)

The quantity M may be expressed directly in terms of kL* by

substituting eq. (4.9) into eq. (4.27).

*2
M = kBODA/(kL* (4.29)
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Using eqs. (4.26), (4.28) and (4.29), 0 may be obtained from

kL* and the constants of the reaction by trial and error. It

can be shown that this method gives values of 0 lower than

the true value.

A second approximate solution of eq. (4.25) was ob-

tained by assuming B varias linearly with x in the film,

from Bi at x = 0 to B0 at x = x. This assumption converts

eq. (4.25) into a linear differential equation, which was

solved in terms of the Airy integral (see Sec. 8.27) to give

another, quite complicated., expression for 0 as a function

of M and q. It can be shown that this method must give a

value of 0 which is greater than the -true value.

Thus, the two approximations bracket the true solu-

tion between them. The two approximate solutions were com-

pared graphically (see Fig. 8.11), and were found to differ

by never more than 8%, though over most of the range the

difference is much smaller. It is concluded that eq.

(4.26) is slightly in error on the conservative side.

Next, three cases of absorption with second order

reversible reactions were studied. The first two cases were

absorption of chlorine in water, in which two mechanisms

for the reaction of chlorine with water were considered;

the third was absorption of sulfur dioxide in water. Three

main assumptions were made. First, it was assumed that the

film theory could be used to evaluate 0 from kL* and the
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constants of the reaction; second, that equilibrium exists

in the main body of the liquid; third, that the concentration

of hydrogen ions may be assumed constant throughout the film

at the interfacial value. The last assumption is analagous

to the assumption that B is constant at Bi for the second

order irreversible case discussed above, and was made in order

to linearize the differential equat ions so that they could be

solved.

There is some controversy as to whether chlorine

reacts with water according to the mechanism

Cla + OH~ 'z HOC1 + Cl (4.30)

or by the mechanism

C12 + H20 I HOC1+H+ +C 1- (4.31)

Accordingly, derivations have been made using both mechanisms

(see Sec. 9.1).

Using A for the concentration of unhydrolyzed

chlorine, B for the concentration of hydroxyl ion, E for the

concentration of hypochlorous acid and F for the concentra-

tion of hydrogen and chloride ions, the equilibrium for

the chlorine water system may be expressed by

K0 = EF /A (4.32)

Assuming that the reaction

HaO H+ + OHf (4.33)

is infinitely rapid,

B = Kw/F (4.34)
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where Kw is the dissociation constant for water.

Using mechanism (4.30) for the hydrolysis, the dif-

ferential equation is

DAd A/dx = -DE d E/dx - DF d F/dx kiAB - k2EF (4.35)

Substituting eq. (4.34), and setting F constant at Fi gives

DA d A/dx = kiKWA/Fi - k2EFi (4.36)

The boundary conditions are

At x = 0,

At x = xf,

A = A, dE/dx = dF/dx = 0

A = A0 , E = E0 , F = Fo, with Eo=F0
and KC=F3/A0

Solving the two equations

DAd A/dx + DE d E/dx = 0

and DAd A/dx + DF d F/dx = 0

in turn, and substituting the boundary conditions yields

relations
DE (Ei-Eo)A+ - A
DA (Ai-Ao)

DF (i~p

DA (Ai-AO)

Integration of eq. (4.36) yields the equation

KcDE tanh Uxf

FO2DA
F =(4.43)

(-- + KDE ta Uxf (1+ E) - (1- 1 )io f'ODA Uxf Fo DF cosh Uxf

(4.37)

(4.38)

(4.39)

(4.40)

the

(4.41)

(4.42)

0 - 1
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where
2 kixw k2F

U =---- + --- (4.44)
DAFI DE

Rearrangement of eq. (4.44) and substitution of eq. (4.9) yields

kaD o/DE F / +(KDE/AF 0 ( F /F i 2

k L* V/2AF VI*/+( (4.45)
Uxf

The system of equations (4.42), (4.4-3) and (4.45) constitutes

the solution to the problem, enabling one to calculate 0
It has not been

from Ai, kL* and CO (total chlorine concentration), possible
0 A

to rearrange the equations in any way as to reduce the

number of independent parameters.

Using the second mechanism (4.31) for the hydrolysis,

the differential equation is

DA d A/dx = - DE d E/dx - DF d F/dx 2mA-nEF (4.46)

where m and n are the forward and reverse rate constants for

this mechanism. The boundary conditions are the same as

(4.37) and (4.38). Assuming F is constant at Fi linearizes

eq. (4.46):

DA d A/dx = mA - nF1 E (4.47)

The solution was obtained in a manner similar to that for

the first mechanism, and a system of three equations was

obtained.

K DE tanh Ixf

F02DA IXf (4.48)
(-1= +KODE tanhIx + (1+ ) (1 - 1

Fo FO2DA IXf F0 DF cosh Ixf
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where 3

M nn
I a (4.49)

DA DE

Eq. (4.42) is still applicable.

1+ DF (F1-FO) (4.42)
DA (AI-AC)

Finally, rearrangement of eq. (4.49) gives

2 2 (oF)

k DA F0 /DE (Fj/F0 ) V+(KCDE/DAFo )(F/Fi))
LIXf

Eqs. (4.48), (4.42) and (4.50) constitute the solution.

The absorption of sulfur dioxide in water was treated

in the same manner (see Sec. 9.6). Letting A be the concen-

tration of unreacted SOz, B the concentration of hydroxyl

ion, and E the concentration, of hydrogen and bisulfite ions,

and assuming the mechanism of hydrolysis to be

S02 + OH HSO; (4.51)

the differential equation is

DA d A/dx = - DE d E/dx = kAB - k2E (4.52)

Assuming the water dissociation is infinitely rapid, so that

B = KI/E, and assuming that B is constant throughout the

film at its interfacial value, KI/Ei, eq. (4.52) becomes

DA d A/dx = (kK/Ei) A-k2E (4.53)
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with the boundary condi

At x = 0,

At x = xf,

A = Ai, dE/dx = 0

A = A0 , E = Eo, Ks = E IA

The solution was found to be

KSDE tanh Yxf
S(1 .-- )

EDA Yxf
Ei KsDE tanh Yxf

-- A+ + co
E 0 E ODA Yxf co

where

(4.54)

(4.55)

(4.56)
1

sh Yxf

Y ---- + ---
DAE, DE

Also

DE (Ei-E0 )

DA (Ai.-A 0 )

Rearrangement of eq. (4.57) yields

kDA2/DE i1 + (KsDE/EoDA)(Eo/Ei)

kL Yxf

(4.57)

(4.58)

(4.59)

The system of equations (4.56), (4.58) and (4.58) constitute

the solution whereby it is possible to calculate 0 from kL*2

Ai and Co. Again it has not been possible to reduce the

number of independent parameters.

Putting in the constants for the reaction for 70F .,

the equations for the three cases were solved by indirect

techniques and graphs were prepared showing 0 vs. k * for

various values of Ai and CO for chlorine (for both mechanisms)

and for sulfur dioxide. These graphs show that for all

three cases 0 decreases with increasing kL*, increasing Ai,

and increasing Co.
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Comparison of the two sets of graphs for the chlorine-

water system shows that the mechanism Cl + H2 0 N HOC1 + H +

Cl predicts a lower value of 0 than does the mechanism

Cl + OH HOC1 + Cl" at low values of Co; the first

mechanism predicts a slightly higher value of 0 than the

second at high values of Co. (See Fig. (9.7) ). Both indicate

that for the range of kL* encountered in a packed column, 0

is significantly greater than oe, and hence that the chlorine

water system is one in which the rate of reaction and the

rate of diffusion are of comparable magnitude so that both

must be taken into account in studying the absorption of

chlorine in water.

The graphs for the sulfur dioxide-water system, on the

other hand, show that for the range of kL* encountered in a

packed column, the values of 0 are much closer to one, being

less than 1.2 for extreme bases, and being less than 1.1 for

most cases encountered in the packed column. Thus, for

practical purposes, for the absorption of sulfur dioxide in

water, the psuedo-coefficienat may be taken as equal to the

physical coefficient.

Finally, a theoretical upper limit for 0 for the ab-

sorption or desorption of chlorine in water was derived

(see Sec. 9.11). By assuming that the rate of hydrolysis is in-

finite, that DF is infinite, and that DA= DE, it was shown,

using both the film and penetration theory without any further

assumptions that
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< cO/Ao (4.60)

For any Nfinite values of hydrolysis rate ard of DF, the

value of 0 must be lower than this upper limit.
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CHAPTER 5

DISCUSSION OF RESULTS

A. General Aspects of the Experimental Procedure

5.1. Effect of Air Rate. ,In calculating the coefficients

for all three systems investigated, namely COa-Ha0, 012-HC1-H20,

C12-H20, the assumption of zero interfacial concentration of

solute was made. Whether this assumption is true depends

on whether the concentration of solute in the gas is negligible

(relative to the concentration uaich would be in equilibrium

with the liquid) and on whether the gas-side resistance is

negligible relative to the liquid-side resistance. In order

to test the assumption of negligible interfacial concentra-

tion, then, it is sufficient to show experimentally the ab-

sence of an effect of gas rate, because both these conditions

must be satisfied in order for the effect of gas rate to be

negligible.

Fig. 4.2 shows that there is no significant effect of gas

rate on the desorption of carbon dioxide between a Reynolds

number in the gas of 0 and 2200. At higher values of the

Reynolds number, ripples were observed in the liquid layer.

These would increase the area fcr mass transfer over that used

for calculations, thus giving the apparently higher coef-

ficients observed at the higher gas rates. These same results

were noted by Hurlbur t (44), who desorbed COa from water in a
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long wetted-wall column and found no effect of gas rate up

to a Reynolds number of 3500 and an increase in coefficient

for further increase in gas rate, and by Sherwood and Holloway

(9) who desorbed C00 from water in a packed column, and found

the coefficient independent of gas rate up to about the load-

ing point.

The fact that the coefficient is unaffected by gas rate

down to zero gas rate may be explained by convection

currents set up in the gas by the moving liquid layer, which

sweep away the carbon dioxide from the gas-liquid interface.

Because of this, all but 19 of the first 78 carbon dioxide

desorption runs, which were made by Lambe, were taken with

zero gas rate in order to reduce the operating difficulties.

Before each run was started, the blower was turned on for a

short while to sweep out any accumulated carbon dioxide. For

these runs, it is not possible to calculate the interfacial

concentration of carbon dioxide and to show it to be negligi-

ble; it is necessary to rely on the experimental evidence.

For the remaining carbon dioxide runs, because of improve-

ments in the apparatus, it was not inconvenient tc blow air

through the column. For these runs, it is possible to cal-

culate the interfacial concentration. The inlet air came from

the atmosphere, in which the mole fraction of C02 is about

0.0003. The maximum mole fraction of C02 in the outlet gas

stream was 0.0047 obtained in Run No. 90. The inlet water was
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usually about 90% saturated with carbon dioxide at one atmos-

phere, and was never less than 74% saturated, so that the mole

fraction of carbon dioxide in equilibrium with the inlet water

was 0.74 or greater. Relative to this quantity, the maximum

mole fraction of CO in the gas is about 1/2%, a negligible

amount.

For the chlorine runs, the maximum ratio of gas outlet

concentration to water inlet concentration was obtained in

Run No. 193. The concentration of chlorine in the inlet

liquid was 0.074 moles/l., and the mole fraction in the

gas in equilibriumwith that is 0.78. The mole fraction

in the exit gas was 0.0073, uhich can be neglected.

The lowest gas rate used (other than zero) for the carbon

dioxide runs was ReG=870. Using the correlation presented

by Gilliland and Sherwood (28) for vaporization data in a

wetted-wall column, where the gas-side resistance is control-

ling, and the gas is in streamline flow, the gas-side

coefficient kG calculated for a length of 4.14 cm. is

6.5x10-5 moles/(cm.2)(atm.)(sec.). The overall coefficients

for carbon dioxide rarely exceeded 1 cm./min. which, when

converted to gas-phase units by multiplying by Henry's law

constant for carbon dioxide, gives an overall coefficient of

5.7 x 10-5 moles/(cm. )(atn.)(sec.). Thus the gas-side re-

sistance is less than a percent, and can be neglected.
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The lowest gas rate used for the chlorine runs was

ReGa 370. For this case, kG was calculated to be

3.2.x 10-5 moles/(cm.2)(atn.)(sec.). Pseudo-coefficients

for chlorine rarely exceeded 1.0 cm./min. which, when multi-

plied by Henry!s law constant for unhydrolyzed chlorine, gives

an "loverall pseudo-coefficient" of 1.04 x 10-6 moles/(cm.)

(atm.)(sec.). The gas-side resistance for this case, then,

is about 3% of the total. Since the scatter of the data is

greater than this, the gas-side resistance has been neglected

for the chlorine runs also.

A third way in which the gas rate might affect the

measured coefficient is by changing the interfacial velocity

of the liquid. This in turn would change the time of ex-

posure and hence the value of the coefficient. In Sec.

13.3, the drag effect of the gas on the liquid is calculated

and it is shown that for ReG below 2100, the error in the

Interfacial velocity of the liquId due to assuming the ab-

sence of the drag effect is less than one percent.

5.2. Material Balance. For the carbon dioxide runs,

because only the inlet liquid and outlet liquid streams were

analyzed, it was not possible to make .a material balance.

For the chlorine runs, in general, only the inlet

liquid and outlet gas streams were analyzed. In three runs,

however, the outlet liquid stream was also sampled in order to
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check the material balance. The error of closure, that is,

the difference between the chlorine entering the column and

the chlorine leaving the column divided by the chlorine

entering, was found to be 2.2%, 0.4% and 0.1% for Runs 110,

121 and 173, respectively. Run 110, however, was the first

run made with chlorine, and had to be rejected because of

poor control. The other two material balances are very good,

and indicate that the analytical procedure for the chlorine

runs was highly satisfactory.

5.3. Sampling Procedure. For the carbon dioxide runs,

the inlet and outlet liquid streams were sampled by allow-

ing a portion of these streams to pass continuously through

25 ml. pipettes at a rate between 100 and 200 ml./min. After

the apparatus had reached steady state, it was the practice

to wait at least five minutes before taking the samples,

though for low water rates twenty minutes was allowed.

It was not until after the completion of the carbon

dioxide runs that some experiments were made which showed

that volumetric pipettes are not very satisfactory devices

for sampling liquids containing slightly soluble gases.

When the liquid first enters the pipette, it comes in contact

with the air there and desorbs some of the gas. The liquid

first contained in the pipette, then, has a lower concentra-

tion of solute than the liquid being sampled. The subse-

quent portions of the liquid sample which flow through the
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pipette do not displace the liquid contained in the bulb

but, rather, flow in a jet through the middle of the bulb,

while the outside part of the bulb still contains the lean

liquid. The mixing between the two liquids is slow. The time

it takes for the pipette to be filled completely with liquid

of the concentration of the sample may be determined by a

simple experiment. First the pipette is filled with liquid

containing a dye, such as methyl orange. Then water l

passed through the pipette at the desired rate and the time

noted for the color of the dye to disappear from the bulb.

From such experiments it was found that about ten minutes

were required to remove completely the original liquid.

Actually, for practically all runs, ten or fifteen

minutes, and often half an hour elapsed between the time the

pipettes were connected and the sample liquid started flow-

ing, and the time the samples were taken, since considerable

time was required to establish steady temperatures and satis-

factory flow conditions in the column, and then at least five

more minutes would be allowed. Whenever some spillover of

liquid into the gas inlet line occurred, it was the practice

to wait ten minutes more before taking the sample. This was

to allow enough time for the carbon dioxide in the spilled-

over liquid which adhered to the walls of the calming section

to desorb into the gas stream and pass through the column, so

that during the run itself, the inlet gas would not contain

any extra carbon dioxide.
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Thus, because ample time was allowed, the effect of the

jet flow through the pipette was probably not serious, but

it is not possible to evaluate the effect exactly. Since

both the inlet and outlet samples were subject to this same

error, there should be little effect on the average results,

though it would increase the scatter of the data.

For the chlorine runs, this trouble was avoided, for

the liquid samples were taken by allowing a portion of the

liquid to flow directly below the surface of the liquid

contained in a titration flask, and weighing the flask before

and after sampling to determine the sample weight. Such a

procedure is far superior to the use of pipettes, and is

strongly recommended for use whenever a liquid containing a

volatile solute is to be sampled. The one disadvantage

which ruled out this method for the carbon dioxide runs is

that a sample of predetermined volume cannot be taken. This

predetermined volume was necessary, for it was desired to

add the inlet sample to as slight an excess of barium

hydroxide as possible, in order that the conductometric

measurement of the residual hydroxide concentration be suf-

ficiently precise. (This point is discussed further in Sec.

10.4).

For further work on the carbon dioxide-water system,

more precise results could be obtained by changing the pro-

cedure. One method would be to study absorption, using pure
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carbon dioxide for the gas stream and distilled water for the

inlet liquid stream. It would be necessary to analyze only

the exit liquid stream, and this analysis could be satisfac-

torily performed by running some liquid into a flask contain-

ing a known about of Ba(OH) 2 , weighing the flask before and

after sampling, and titrating the residual hydroxide with

HCl. Another method would be to study desorption in a manner

similar to that used for the chlorine runs -- that is, to

determine the rate of desorption by analysis of the gas stream.

It would be necessary, then, to remove all the C0 2 from the

inlet air, or to analyze the inlet air and measure its rate

accurately.

5.4. Effect of Slot Width and Type. Before the start

of this work, it had been expected that the interfacial

velocity of the liquid would not be constant with distance

down the column but, rather, would increase from the velocity

at which the liquid entered the column through the inlet

slot to some final velocity -which would depend on the water

rate. Since the inlet velocity of the liquid would depend on

whether the inlet slot was upflow or downflow, and on the

width of the inlet slot, it was expected that these variables

would have an effect on the coefficients measured.

The results shown in Fig. 4.3 and 4.4 show that slot

width has no effect within the normal scatter of the data.,

Comparison of the two figures shows that the coefficient is

practically the same for both upflow and downflow slots.
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To check further the fact that the type of slot is

immaterial, runs were made to detennine the effect of water

rate using five columns, three of Miich were upflow and two

downflow. These runs will be discussed later, but it may be

pointed out here that the data for the two types of slots

fit equally well the correlation developed for these runs,

in spite of the fact that the correlation does not take

into account the entrance slot at all.

In view of these facts, it appears that acceleration

does not occur in the column, but rather that the inter-

facial velocity is uniform. This is further confirmed by

the fact that the correlation just mentioned is developed

on the assumption of uniform interfacial velocity. As

final supporting evidence may be cited the measurements of

interfacial velocity described in the APPENDIX in Chapter 13.

By using a stroboscopic technique, it was found that the

interfacial velocity is uniform and equal to that predicted

by streamline flow theory. Taken by itself, the method used

is not sufficiently reliable to be accepted as proof of

uniform velocity. Taking all three pieces of evidence together,

however, it must be concluded that the liquid interfacial

velocity is independent of distance, and depends only on the

water rate.



B. Physical Coefficients

5.5. Absence of Chemical Reaction. In the desorption

of carbon dioxide from water and of chlorine from dilute

hydrochloric acid, some hydrolysis of the solute occurs.

It is necessary, then, to show that the extent of this

hydrolysis is negligible in order that the coefficients ob-

tained can be interpreted as physical coefficients.

In the carbon dioxide-water system at equilibrium, the

percentage of solute which is hydrolyzed decreases as the

concentration increases. At the lowest inlet concentration

encountered, where the solution was 74% saturated, the

carbon dioxide was only 0.4% dissociated.

In the chlorine-dilute hydrochloric acid system at

equilibrium, the presence of the hydrochloric acid represses

the hydrolysis, so that the percentage of chlorine hydrolyzed

decreases as the HCl concentration is increased. In the

chlorine-HC1 runs, the concentration of HC1 varied somewhat

from run to run, but the lowest concentration was 0.157

moles/l. For this case, the chlorine was only 1.3% hydrolyzed.

Further evidence of the absence of chemical reaction

is the lack of any significant effect of concentration of

chlorine on the coefficients obtained, as can be seen on

Fig. 4.10, which shows the effect of water rate for several

different chlorine concentrations. The chlorine concentration
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was varied from 0.011 to 0.040 moles/l.

5.6. Effect of Temperature. In Fig. 4.1, the coef-

ficient for the desorption of carbon dioxide from water is

shown as a function of the water temperature. In making

these runs, the air was within one degree centigrade of

the water temperature in each case, and saturated with

water, so that the effects of any mass transfer of water

would be eliminated. The best line through the experimental

values on semilogarithmic coordinates gives a temperature

relationship of the form
wt

kL* =We (5.1)

where w = 0.011 and t is the liquid temperature, degree

centigrade. The coefficients measured for the other runs

have been corrected to a standard temperature of 25' 0 . by

the use of eq. (5.1). The significance of the value of

the temperature coefficient will be discussed in Sec. 5.12.

No attempt was made to determine experimentally the

effect of temperature on the chlorine coefficients.

Eq. (5.1), with w = 0.019, was used to correct the coefficients

for chlorine in dilute H0l to the standard temperature of

2500. The reason for using this value of w will be dis-

cussed in Sec. 5.14.

5.7. Effect of Water Rate. The variation of the

physical coefficient with water rate is shown in Figs. 4.5



to 4.10. Figures 4.5 to 4.9 show the data for desorption of

carbon dioxide from water in each of five columns. The

sixth column, about 5/8"1 long with downflow slot, was broken

before any data could be taken on it. Fig. 4.10 shows the

data for desorption of chlorine from dilute hydrochloric

acid, all of which were taken on one column.

The dashed line in each figure represents the best

line through the data shown in that figure. These lines may

be expressed by the equation

n
k* = b ' (5.2)

where b and n have the values shown in the f ollowing table.

The units of kL* and r to be used with these constants

are cm./min. and g./(cm.)(min.), respectively.

Fig. No. b n

4.5 0.150 0.45
4.6 0.167 0.42 Units
4.7 0.224 0.39
4.8 0.224 0.39 kL *, cm./min.
4.9 0.292 0.36
4.10 0.177 0.36 f, g./(cm.)(min.)

Although there appears to be a trend in the exponent,

it is not believed that this trend is significant, ex-

pecially since the data shown in Figs. 4.5 and 4.10 were

taken on the same column, though with different solutes. Con-

sidering the precision of the data, the second figure of the

exponent n cannot be considered significant. Consequently,
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it was decided to choose an average value for n of 0.40.

Using this exponent, eq. (5.2) becomes

0.4
kL*/ 0 = const. (5.3)

This quantity kL*/ 0.4 was evaluated for each run, and the

average value computed for each series of runs. These are

summarized in the following table

Fig. Number of Runs System Length, Average
No. cm . kL 0.4

4.5 43 003 -H Q 4.25 0.174
4.6 13 4.21 0.180
4.7 19 2.72 0.212
4.8 13 3.09 0.218
4.9 6 1.88 0.255
4.10 10 012-HC1-Ha0 4.14 0.155

Units

k L an./min.

p g./(am.)(min.)

5.8. Effect of Length of Column. In order to determine

the effect of length, the average values of kL */r04 pre-

sented in the above table are plotted versus length on log-

arithmic coordinates in Fig. 5.1. The circles represent the

carbon dioxide data, the square the chlorine runs. The best

line through the circles was calculated by the method of least

squares, where each circle was weighted by the number of

runs that it represents. This best line, shown as a dashed

line on the figure, has a slope of -0.46. Considering the
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Effect of Length on Physical Coefficient
in Short Wetted-Wall Column

System: CO2-water
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precision of the data, this is in excellent agreement with

the penetration theory. As can be seen from eq. (2.33) in

the Introduction,

1/6

kL* 2
Iih a lip

(2.33)

the theory predicts that kL* varies inversely as the square

root of the length, h. One of the chief assumptions in the

derivation of eq. (2.33) from the penetration theory is that

the interfacial velocity be constant with distance down the

column, and the agreement between experiment and theory con-

00

- - - Best Line

Eq. (5.4)
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cerning the effect of length is one more piece of evidence

to be added to those already presented in Sec. 5.4, that

acceleration of the liquid does not occur in the column.

5.9. Effect of Diffusivity. By comparing the data on

the desorption of chlorine from dilute hydrochloric acid

with the data on desorption of carbon dioxide from water at

the same column length, the effect of diffusivity can be

detenmined . For the chlorine runs, in which the length of
0.4

the column was 4.14 an., the average value of kL*/F is

0.155. From Fig. 5.1, for the length, the value of
0.4

kL*/ 0.4for carbon dioxide is 0.178. The ratio of kL*

for CO, to kL* for Cl2 , then, is 0.178/0.155 = 1.15.

The diffusivity of unhydrolyzed chlorine in water at

25 0C. is 1.48 x 10 cm. /sec. (see Sec. 4.4), while carbon

-5 2
dioxide has a diffusivity in water of 1.97 x 10 cm. /sec.

at 25 0C. (obtained from Fig. 11.10). The ratio of the dif-

fusivity of carbon dioxide to that of chlorine is 1.33.

The penetration theory predicts that kL* varies as the sqiare

root of the diffusivity. It predicts, then, that the ratio

of kL* for the two solutes is VT.33 = 1.15, in excellent

agreement with the experimentally determined ratio of 1.15.

If the ratios are evaluated to one more place, which cannot

be considered significant, they are, for the experimental,

1.148; for the theoretical, vfl.331 = 1.154. Theory and

experiment agree, then, to 1/2%.
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In order to confirm further this effect of dif-

fusivity, it is recommended that the desorption of hydrogen

from water be studied; since the diffusivity of hydrogen

is more than twice that of carbon dioxide. Because there is

considerable disagreement in the literature regarding the

value of the diffusivity of hydrogen in water, it would be

necessary also to supplement the desorption studies with

measurements of the diffusivity of hydrogen.

5.10. Correlation ,Using Penetration Theory. So far,

it has been shown that the physical coefficient varies as

the square root of the diffusivity and inversely as the

square root of length, in agreement with eq. (2.33). The

combination of the penetration and streamline flow theory

predicts that kL* varies as the 1/3 power of the water rate,

but it has been found that it actually varies as a higher

power. Consequently, to correlate all the data on a single

graph, kL* VyT7 is plotted versus r on logarithmic co-

ordinates in Fig. 5.2.

The best line through the data is expressed by the

equation 0.40

kL* = 7.13 r (at 25*C.) (5.4)

where all quantities are expressed in units of grams, centi-

meters and seconds. Since it is common to use minutes rather

than seconds for kL* and r in absorption work and in wetted-
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wall column work, it is convenient to rewrite eq. (5.4) as

0.40

k * = 83 .2 0 (at 25 00.) (5.4a)

where the units are: kL*, cm ./min.

F, g./(cm.)(min.)

h, cm .
2

D, cm. /sec.

Because of the great many points shown in Fig. 5.2,

it is dif ficult to see how well eq. (5.4) fits the data for

the separate columns. For this purpose, eq. (5.4) is

plotted on Figs. 4.5 to 4.10, and a comparison can be made

for each figure. In addition, eq. (5.4) is plotted on

Fig. 5.1, which shows the effect of length. In that figure,

of course, the line has a slope of -0.5, and the two points

on the right of the graph have the greatest influence on the

position of the line because they represent over half of the

runs.

The deviation of kL* v'h/D from the value given by

eq. (5.4) was calculated for each run, and the following

statistics were determined: the average deviation is 7.7%,

the standard deviation is 11.0%, 44% of the points lie

within 5% of the line, and 78% of the points lie within 10%

of the line.
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Eq. (2.33), which was derived fiom the penetration

and streamline flow theories, is also plotted on Fig. 5.2,

with the values for p and p at 25 0C. substituted. It can be

seen that the experimental line falls below the theoretical

line, the deviation being about 30% at the lowest flow rate

and about 10% at the highest flow rate.

One possible explanation for this discrepancy could

be the fact that in deriving eq. (2.33), it was assumed that

the dissolved gas penetrates such a short distance into

the liquid that, in the "zone of penetration", the velocity

of the liquid may be assumed uniform. Actually, there exist s

a parabolic velocity profile in the liquid, so that there is

some variation of velocity in this zone; the lower the flow

rate, the higher the diffusivity and the longer the column,

the less accurate this assumption will be. Johnstone and

Pigford (L3) solved the mathematical problem of diffusion into

a finite liquid layer with parabolic velocity gradient.

Assuming negligible diffusion in the vertical direction, and

constant interfacial and initial concentrations, the funda-

mental differential equation reduces to

C3 D 'C
( (5.5)

S y vi Zx2

They obtained the following solution:

CS-C = 0.7857 exp (-5.1213 9) + 0.1001 exp (-39.318 9)
Ci-Ci

+ 0.03599 exp (-105.64 G) + 0.01811 exp (-204.75 9)

+ . . .. . ... (5.6)
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where

- h (5.7)
S Vi

The thickness of the layer, i , and the interfacial velocity,

vi, are found from streamline flow theory (see Sec. 13.2 in

the APPENDIX). Substituting eqs. (13.7) and (13.8) into

eq. (5.7) gives

1/3
2Dh p5g

e - - ( ) (5.8)
3 3P

The largest deviation from the penetration theory will

occur for the largest values of D and h, and the lowest

value of r , i.e., for the largest value of 9. This most

extreme case occurs for D 1.97 x 10- an. 2 /sec. (for C0a in

water); h = 4.25 cm.; P = 7.4 g./(cm.)(min.). This gives

a maximum value of 9 of 0.030. Substitution into eq. (5.6)

gives (C2-0 )/(C1-Ci) = 0.706. Now, from the definition of

kL* and a material balance, we get

kL* (CI-Ci) = (C2-01) (5.9)
ph

or

kL* = (1- ) (5.10)
ph

Substitution gives kL* = 0.512 cm./min. The value found by

use of eq. (2.33), viich neglects the parabolic velocity

gradient, is also 0.512. Therefore, the error due to this

assumption of uniform velocity in the "penetration zone" is

negligible.
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A more likely explanation of the discrepancy between

theory and experiment lies in nature of the liquid flow. It

is difficult to conceive of the liquid entering through the

slot and immediately assuming the velocity as given by the

streamline flow theory. From physical considerations it is

clear that it must take a finite time for the liquid to

accelerate from the entrance velocity to the final velocity.

Earlier in this chapter, it was shown that the lack of an

effect of entrance slot width or type on the desorption

coefficients indicates that such an acceleration period is

absent. It may well be that there is some effect of slot

width or type which could not be detected because the experi-

mental procedure was not sufficiently precise. The presence

of an acceleration period would explain the low coefficients,

because then the time of exposure would be longer than that

calculated by assuming that the liquid interface is always

at its final value.

In any event, the 10 to 30% difference between the

theoretical and experimental coefficients should not be con-

sidered very serious. Actually, it is an achievement in

absorption work to be able to predict absolute values of

mass transfer rates solely from theoretical considerations,

using only such physical constants as diffusivity, viscosity,

and density with no recourse whatever to any empirical

quantities as film thickness or eddy diffusivity, vhich can
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be obtained only by studying some similar mass transfer

process. Considering the many assumptions made regarding the

desorption process and the nature of the flow of the liquid,

the agreement is considered quite good.

5.11. Attempted Correlation Using Film Theory.

In calculating the coefficients so far presented and dis-

cussed, the driving force used was the difference between

initial and interfacial concentration of solute.

NA = kL* (Co~Ci) (5.11)

since this is the proper driving force according to the

penetration theory. A material balance on the liquid layer

gives
rNA qM- - (C1 _-C ) (5.12)

ph

where C1 is the concentration of entering liquid and C is

the concentration of the exit liquid. CO then is identical

with C1 . Setting Ci 0, and combining eqs. (5.11) and (5.12),

we have
r C1-C2

k * "=106 (5.13)
L 0 1

If the film theory were to be used, eq. (5.11) could

still be used, but Co would have to be interpreted as the bulk

concentration of solute in the liquid at any time. The

material balance on the liquid would have to be written in

differential form:
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NAdh = - - dCo (5.14)

Combining eqs. (5.11) and (5.14), and setting C = 0, we have

dL = - .C(5.15)
p C 0

Integrating:
2

dCo C1
kL* h = C = ln

p C 0 p C2

or
SC,

kL* ln -C- (5.16)
ph C2

Eq. (5.16) is the proper formula to be used for calculating

kL* if it is to be examined from the point of view of the film

theory.

Now, (C1 -C2 )/C1 is always smaller than ln (C1/C2 ) for

C1 > C2, so that the coefficient calculated by eq. (5.13)

(penetration theory) is always smaller than that calculated

by eq. (5.16) (film theory). This is to be expected, since

the penetration theory bases the coefficient on the initial

driving force, while the film theory bases the coefficient

on a logarithmic mean driving force which is always less than

the initial driving force. The longer is the column, the

greater is the deviation between the two coefficients. It could

be argued by a proponent of the film theory that this is the

reason for the decrease in the coefficient, as calculated by

eq. (5.13), rather than the increase in the time of exposure.

Consequently, it is necessary to examine the physical



95

coefficients completely from the point of view of the film

theory.

First, the coefficients, which were obtained by use of

eq. (5.13), were multiplied by the quantity

ln (CW/C )
02 )/C1

in order to have them agree with eq. (5.16). Secondly, the

film theory predicts that the physical coefficient is

proportional to diffusivity and inversely proportional to

the film thickness.
D

k * - (2.20)
L Xf

The film thickness should be a function only of the liquid

rate and should be independent of solute or of length of

column. Consequently, the quantity kL*/D has been plotted

versus water rate in Fig. 5.3.

The best straight line through the C02 data on columns

3U and 3D is labeled 3; through the 00a data on columns 2U

and 2D is labeled 2,; through the 00a data on column 1U is

labeled 1; and through the Cla data on column 3D is labeled 4.

Comparison of lines 1, 2 and 3 shows that there is still a

very definite effect of length, while comparison of lines

3 and 4 shows a marked effect of diffusivity. These effects

of length and diffusivity on kL*/D are contrary to the pre-

dictions of the film theory, and show rather convincingly

that the film theory does not apply in the short wetted-wall

column.



Attempted Correlation, Using Film Theory, of Physical
Coefficients Obtained on Short Wetted-Wall Column

Temp. = 250 0.

1500

1000-

900

800

700

6oo

500

400

300
20 30 40 50 60 70 80 90 100

[ , g. / (cm, )(min.)

H

*0

TO

---- 0

0 _ _

Symbol Line System Column Len th.cm,
o 002~ 20 3U 4.25

S1 2 " " 2U 2.72

K> 1 " 1U 1.88
S.3 " 3D 4.21 0.09

V2 " " 2D 3-09 0.0?
4 012-HCl-H20 3D 4.14

7 8 9 10



97

5.12. Dimensionless Correlation. The equation which

has been developed to correlate the data on physical coeffi-

cients, eq. (5.4), is dimensional in form. It is desirable

for some purposes to express this equation in dimensionless

form. To develop a dimensionless equation, it is necessary to

list all the variables which are expected to affect kL*;

these are: diff usivity, D; length, h; liquid flow rate, r;

viscosity of liquid, p.; density of liquid, p; and accelera-

tion due to gravity, g. Dimensional analysis shows that these

variables can be arranged in four dimensionless groups,

which may be taken as

kL*h

D '

Comparison with eq. (5.4)

tion should take the form

a 3
p p gh

pD' p. p a

shows that the dimensionless equa-

kLh p)
D (--)

D pD

1/2 2 3 1/6
p gh

() 2

0.40

(- -) 
(

The Reynolds' number of the liquid layer is 4P/.. (See

eq. (13.10) in Sec. 13.2 in the APPENDIX). It is convenient

then, to use this quantity in the dimensionless equation.

Since eq. (5.4) applies at 2500., the values of p and p at

25*C. are substituted, as well as g, to give

kLh 1/2 z 1/6 0.40
p. hp agh3  4F'

= 0.433 (-) ( = ) (-) (5.18)
D pD

(5.17)
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With the use of eq. (5.18) it is possible to predict

kL* for systems where the viscosity and density are different

from those of water at 250. It should be remembered,

however, that eq. (5.18) predicts the effect of these variables

solely on the basis of dimensional analysis and that there

is no experimental evidence regarding these effects.

Therefore, it should be used for this purpose with caution.

The effect of temperature on the desorption of carbon

dioxide and of chlorine can be calculated by use of eq. (5.18).

Only the diffusivity and viscosity will change significantly

with temperature, so one may write from eq. (5.18):

dkL* 1 dD dpid = -- - 0.23 - (5.19)
kL*dt 2 Ddt ptdt

where t is temperature, OC. From a table of viscosity of

water at different temperatures, one can calculate the

temperature coefficient of viscosity, d / t dt, to be -0.023.

From Fig. 11.10, which is a plot of log D versus l/T for

carbon dioxide in water, the temperature coefficient of

diffusivity, dD/Ddt, for carbon dioxide in water is calculated

to be 0.022. Substituting into eq. (5.19) gives

dkL */kLdt = 0.5(0O.022)-0.23(-0.023) = 0.016 for the desorp-

tion of carbon dioxide in water. As pointed out in Sec. 5.6,

the temperature coefficient was found to be 0;011. The

range of temperatures over which measurements were made was

only nine degrees centigrade, so that the precision of the
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experimental value of the temperature coefficient is not very

good. As a matter of fact, a line of slope 0.016 could be

put through the data shown on Fig. 4.1 which mould differ

no more than 5% from the experimental points. This agreement

is better than the agreement between eq. (5.4) and all the

C02 data. Consequently, the data on temperature effect is

insufficient to permit a definite decision as to the

proper value of the temperature coefficient. Comparison of

the temperature effect with that obtained in long wetted-wall

columns and in packed columns is discussed further in Secs.

5.13 and 5.19.

Further study of physical coefficients in the short

wetted-wall column could well include a more extensive study

of the effect of temperature. A further study of the effect

of viscosity, for the purpose of checking eq. (5.19), could

be carried out by desorbing carbon dioxide from solutions

of glycerine, or by absorbing carbon dioxide in these solu-

tions. It would be necessary, of course, to supplement these

experiments by measurements of the diffusivity of carbon

dioxide in glycerine solutions of various concentrations,

since it is unadvisable to assume that diffusivity is inverse-

ly proportional to viscosity without experimental verification.

5.13. Comparison with Data on Long Wetted-Wall Columns.

In Fig. 5.4, physical coefficients calculated by eq. (5.4)

for the desorption of 002 from water are plotted for three
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lengths. Lines 1, 2 and 3 then, represent data obtained in

this thesis for three columns of length 1.88, 3.09 and 4.25

cm., respectively., These coefficients are based on the

initial driving force; since they are to be compared with

coefficients obtained on long wetted-wall columns which are

based on logarithmic mean driving forces, they should

properly be corrected for the difference in driving force,

but for these short columns the difference is only a few

per cent.

Hurlburt (44) studied the desorption of carbon dioxide

in water in a wetted-wall column 18 1/2 inches (47 cm.) long.

His coefficients, based upon a log mean driving force are

plotted as line 4 in Fig. 5.4. They fall somewhat below

the results obtained on the 4.25 cm. column, but more important

the slope of the line is only half that obtained for the

short columns. Hurlburt reports some data of Miller (73)

on absorption of oxygen in water. Miller used column lengths

of 46 inches and 28 1/4 inches, and found the coefficients

obtained differed by a factor equal to the square root of

the ratio of the lengths. Hurlburt corrected Miller's data

to the length he used, 18 1/2 inches, and the resulting

line is shown as line 5 on Fig. 5.4. Since the diffusivities

of oxygen and carbon dioxide are only about 10% different,

this line may be compared with the other lines, which are

for carbon dioxide. The very large effect of liquid rate

is in marked contrast to the effect obtained by Hurlburt



102

and in this the sis.

Grimley (31) obtained some data on the absorption of

carbon dioxide in water in a wetted-wall column. Unfortunate-

ly, Grimley did not describe the apparatus, so that the

length is not known, and his method of calculation is not

presented, so one cannot be sure that he used a log mean

driving force. He presented his results in the form of a

graph of HTU vs. Re, which has been recalculated by the

equati on

kL* = (5.26)
p (HTU)

and plotted as curve 6 in Fig. (5.4). At Reynolds number

below 200, he too gets the very large effect of water rate

obtained by Miller, but at higher rates of flow, the slope

becomes negative, an effect not obtained by any other in-

vestigator.

Johnstone and Pigford (_53) and Pigford (85) report

that Childress (12) obtained data for the absorption of

pure S0 2 , Cl, COa and 02 by water in a small glass wetted-

wall tower and found that the HTU based on an arithmetic

mean driving force is independent of water rate for values

of Re ranging from 100 to 500. From eq. (5.20), it can be

seen that this means that kL* varies directly as the first

power of the water rate for this range.

In order to compare these results with the experimental

results of this thesis, coefficients were calculated by means
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of eq. (5.4), using a length of 47 m., which is the length

used by Hurlburt. This is shown as line 7. These coefficients

are based on the initial driving force, and hence are not

directly comparable with Hurlburt's and Miller's data.

Consequently, from eq. (5.13), the quantity (CI-C)/Cl 1 was

calculated, then the ratio Cl/Cs computed and substituted

into eq. (5.16) to obtain a coefficient based on a log

mean driving force. These are plotted as curve 8 in Fig. 5.4.

This curve goes through a minimum because, at the lcwer liquid

rates, as the liquid rate decreases, the logarithmic mean

driving force decreases faster than the rate of transfer

decreases.

Finally, curve 9 is calculated using the theoretical

equation of Johnstone and Pigford (53) for diffusion into a

finite layer with a parabolic velocity gradient. In addition

to eq. (5.6), the coefficient was calculated by eq. (5.16)

in order to be based on a logarithmic mean driving force.

Comparison of lines 4, 5 and 6 shows, then, that there is

very serious disagreement concerning the absolute magnitudes

of the coefficients and the effect of water rate on the

coefficients. Furthermore, none of them show any agreement

with the theoretical curve 9. The reason probably lies in the

flow pattern of the liquid in long wetted-wall columns. At

very low flow rates, the flow of liquid is smooth; ripples

begin to occur at a Reynolds number of 25 (27), (3). Friedman

and Miller (27) found the interfacial velocity of the liquid
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to be abnormally high above Re = 25, while Grimley (31) found

it to be high above Re = 12. True turbulence sets in at

Re = 1500 to 2000. Friedman and Miller (27) proposed that the

region between Re = 25 and Re = 1500 be called the "pseudo-

streamline" region. Probably this region is characterized by

an instability in the flow and some turbulence in the outer

part of the liquid layer, mhich is manifested by the ripples.

This would account for the high coefficients (compared with

theory) obtained by Hurlburt and Miller, and in particular,

one could explain the high effect of water rate on the

coefficients obtained by some of the investigators as due to

the increasing intensity of rippling with liquid rate. Further

evidence for this hypothesis is supplied by van Krevelen and

Hoftijzer (61), who flowed liquid along a flat gutter placed

inside a sloping glass tube through mhich the gas flowed;

the coefficients they obtained for the absorption of carbon

dioxide into water and into mixtures of water and glycerol

agreed with theory as long as the Reynolds number was lower

than about 25; at higher Reynolds numbers, the coefficients

were greater than predicted from theory. Johnstone and

Pigford (53) studied distillation in a wetted-wall column.

They found the liquid phase resistance to be small compared

with the overall resistance, amounting to less than ten per cent,

but they wereable to show that this resistance was only

one-half to one-quarter as great as predicted by theory,

which they attributed to the effect of surface ripples.
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The occurrence of ripples can be used to explain the

difference in the effect of tenperature on the desorption of

carbon dioxide carried out in the two types of columns. As

pointed out in Sec. 5.12, the temperature coefficient for

kL* for desorption of 002 frm water in the short column was

found experimentally to be 0.011, while eq. (5.18) predicts

a value of 0.016. Hodson (39), using Hurlburt's wetted-wall

column, desorbed oxygen from water, and found the temperature

coefficient to be 0.023, which is significantly greater than

the effect found here for short wetted-wall columns. The

increase in effect may be explained by an increase in

intensity of rippling with temperature, due to the decrease in

viscosity which increases the Reynolds number.

The unstable flow could very easily be affected by

differences in the manner in which the liquid enters the column,

and perhaps by vibration in the column caused by pumps or

other moving equipment. This would account for the wide

differences between the coefficients measured by the various

investigators.

By operating with the short column, it appears that

many of these difficultie s can be eliminated. The absence of

ripples and the good agreement with theory indicate that

these results could be duplicated by other workers. These

provide more arguments for the use of the short wetted-wall

column instead of the long one, as a device for studying liquid-
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side controlled mass transfer.

C. Desorption of Chlorine from Water

5.14. Correction for Temperature. As stated in Sec. 5.6,

no experimental determination of the effect of tenperature

on the coefficient of desorption of chlorine was made. All

runs were made within the temperature range 24.7 to 26.4*C.,

so that only a small correction was required to bring the

coefficients to the standard temperature of 25 0C. The correc-

tion factor was calculated by eq. (5.19). As before,

d /tdt = -0.023. From Fig. 11.5, which is a plot of log D

versus l/T for chlorine in water, the temperature coefficient

of diffusivity for chlorine in water is calculated to be

0.028. Substituting into eq. (5.19) gives dkL*/kL* dt =

0.5 (0.028) - (0.23X-0.023) = 0.019. Thus all runs have been

corrected by multiplying the coefficient by a factor

e0.019(25 - t0 C)

The correction was never greater than 2.6%; for all but seven

of the 98 chlorine runs, the correction was less than 1%.

5.15. Method of Calculating Coefficients. In the

chlorine runs, the rate of desorption is measured directly

by collecting in an absorption train the chlorine desorbed

in a given length of time. By dividing by the interfacial

area, the rate of desorption per unit area, -NA, is determined.

The driving force for the normal, or "total" coefficient,

kL, is (C 0-Ci) where, since the penetration theory is considered
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valid, Co equals the inlet concentration, C1, and where the

interfacial concentration, Cj is maintained essentially equal

to zero. Then, from eq. (2.13),

kL = NA /C1 (5.21)

In calculating the pseudo-coefficient, the driving force

is Ao-A.* Just as Cj is zero, so also is Ai. A0 is the con-

centration of molecular chlorine present in the inlet liquid

stream, so that A0 = Ay. Then, from eq. (2.15),

kLo = -NA/A, (5.22)

kLo may be calculated from kL by the equation

kLo = kLC 1/A1  (5.23)

A1 is calculated from C1 by the use of the equilbirium rela-

tionship given by eq. (2.16):

K 0 r. -A1 (5.24)
C Al

The value of K at 250, measured by Vivian and Whitney (101)
-42

is 3.29 x 10 (g. moles/l.) . Both coefficients, kL and kLo0

were corrected for temperature as described in Sec. 5.14.

5.16. Empirical, Correlation of Pseudo-Coefficients.

Fig. 4.11 shows the effect of inlet concentration of chlorine

on the pseudo-coefficient for nine values of the water rate.

Of the 86 runs presented, all but 16 were taken at one of

these nine water rates. The remaining 16 runs are corrected

to the nearest of the niene values of ' by assuming the
0.2

pseudo-coefficient is proportional to jf' . The corrections
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are less than 35%. The justification for the exponent of 0.2

will be discussed below.

Over the range of 01 below 0.040 moles/l., the

pseudo-coefficient is found to be independent of the inlet

concentration. For this range of concentrations, the pseudo-

coefficients are plotted against water rate in Fig. 4.12.

For these runs, the value of 0 is calculated, using

the definition

0 kLo/kL* (5.25)

For each run, kL* is calculated from eq. (5.4) using the dif-

fusivity of molecular chlorine. 0 is plotted against water

rate in Fig. 5.5. A smooth curve is drawn through the data,

which tends to flatten out for low values of I', and which

approaches one as an asymptote for large values of r . Using

this smooth curve for 0, and the values of k L* from eq.

(5.4), the curve for k shown in Fig. 4.12 is caluclated.

If a straight line were put through the points of

Fig. 4.12, it would have a slope of approximately 0.2. Thus,

as pointed out at the begInning of this section, the pseudo-

coefficient was assumed to vary as P0.2 for the purpose of

correcting the pseudo-coefficient for water rate. Since the

corrections were so small, a more refined procedure would not

have been justified.

Examination of Fig. 4.11 shows that at constant

water rate, for 01 greater than 0.040 moles/l., the pseudo-

coefficient increases with increasing inlet concentration. As
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far as can be seen from these data, no tendency exists for

the pseudo-coefficient to level off at the high concentra-

tions. It was decided, quite arbitrarily, to represent

these data by two straight lines on the graph of pseudo-

coefficient versus inlet concentration, one horizontal and

one sl-oping. Because of the lack of sufficient data to

warrant a more complex correlation, it was decided, also

quite arbitrarily, to have the intersection of the two lines

be constant, independent of water rate. Finally, since

inspection of the graphs shows that the slope of the inclined

line should increase with increasing water rate, it was

decided to have the slope be a power function of r

It is quite clear that the ordinate of the

horizontal lines must be the value of the pseudo-coefficient

given by the smooth curve of Fig. 4.12. Let this value be

(k)' . which is a function only of r. Let the concentration

at which the lines intersect be C1 ' . Then, the empirical

correlation may be expressed in two parts:

kL0 = (kL) C1 < C1' (5.26)

k L = (k L)'+d(C 1-C 1 ) r C > C1 ' (5.27)
L L

It remains to evaluate the constants ', C1 ' and 1. Inspec-

tion of Fig. 4.11 shows that C1 ' will lie between 0.030

and 0.050 moles/I. Plots of EkL- (kLa)' /(C 1-C1 ') versus

were made on logarithmic coordinates for each of the values

of C1 of 0.030, 0.035, 0.040, 0.045 and 0.050 moles/l. The



least scatter was obtained for C1 = 0.040 . The best straight

line was diawn for this plot, with the most weight being

given to the runs made at concentrations above 0.060 moles/l.

The slope of this line gave )/ = 0.4, and the intercept gave

' = 2.9. The final form of the empirical correlation, valid

over the range 0.005 < 0 1 < 0.075 moles/l., is

kL (kL C <0.040 (5.

kL = (kL 0 )' + 2.9(01-0.040) r 02>0.040 (5.29)

where the coefficients are expressed in cm./min., and in

g./(cm.) (min.) .

Some statistics concerning the agreement of this cor-

relation with the data are as follows: The average deviation

is 4.2%; the standard deviation is 6.7%. Of the 86 runs made,

75% have deviations less than 5%. Runs No. 175 and 181 have

deviations of 22.5 and 36.6%, respectively. Since these are

more than four times the average deviation, they may be

rejected. If these two runs are excluded, the average devia-

tion is 3.6% and the standard deviation is 4.9%. Comparison

with similar statistics for the physical coefficients show

that the precision of the Cl-H2 0 coefficients is almost twice

as good as that of the physical coefficients, a reflection

of the superiority of the analytical procedure for the

chlorine runs to the procedure for the carbon dioxide runs.

5.17. Effect of Concentration on Total Coefficient.

Because the pseudo-coefficients were found to vary in a

simple manner with the concentration, compared with the manner

111

28)
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in which the "total" coefficient varies, the pseudo-

coefficients were presented in the Results Section, and were

discussed first. In Fig. 5.6, the "total" coefficient, kL

is plotted against inlet concentration of chlorine for each

of nine water rates. For the 16 runs which were taken at

other than these nine rates, the "total" coefficient was
0.2.

corrected by assuming it to be proportional to r , just as

for the pseudo-coefficient.

The curves in Fig. 5.6 are calculated from the em-

pirical correlation, eqs. (5.28) and (5.29). The values of

kL* calculated from these equations are multiplied by A1/01 to

obtain kL, as indicated by eq. (5.23). The agreement between

the curves and the points is naturally the same as that ob-

tained in Fig. 4.11 for the pseudo-coefficients.

On each graph in Fig. 5.6, a horizontal line repre-

senting the physical coefficient, calculated from eq. (5.4),

is drawn. The significance of the comparison of the normal

with the physical coefficient is discussed in the next section.

5.18. Comparison of Experimental Results with Theory.

In the Results Section, it was pointed out that two sets of

equations have been derived for the absorption of chlorine

in water (these equations also apply to the desorption of

chlorine from water), whereby 4 can be calculated from kL*

00 and Ai. The assumptions leading to these equations were

also presented in the Results Section. One set of equations

assumes, among other things, that the mechanism of the

hydrolysis of chlorine is
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C12 + OH - H001 + 01 (4.30)

The other set of equations assumes that the mechanism is

Cl + H, 0 -2 HOCl + &+ 01 (4.31)

The available rate data on the hydrolysis of chlorine were

analyzed in terms of both mechanisms by Quincy (86), and rate

constants calculated. These along with the equilibrium constants

and the diffusivity were substituted into the derived equa-

tions to calculate 0 as a function of kL* for various values of

Co and Ai for both mechanisms. These calculations are de-

scribed more fully in Chapter 9 in the APPENDIX.

Since desorption of chlorine from water is under con-

sideration, Ai is equal to zero. For this value of Au, the

results of the calculations for the range of kL* encountered in

the wetted-wall column are plotted as dotted curves in Figs.

5.7 and 5.8 for various values of Co. The curves in Fig.

5.7 are based on mechanism (4.30), while those in Fig. 5.8 are

based on mechanism (4.31). Comparison of the two figures shows

that for the range of Co and kL* encountered in this ex-

perimental work, the two mechanisms give values of 0 within

about 10%.

On these two figures, solid curves are presented, which

represent the empirical correlation for desorption of chlorine

from water in the short wetted-wall column. 0 was obtained

by dividing the pseudo-coefficient calculated by eqs. (5.28)

and (5.29) by the value of kL* calculated from r by means of

eq. (5.4).
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Comparison of the solid and dotted curves in Figs.

5.8 and 5.9 show that the theory fails very badly in

predicting the experimental results. The most significant

aspect of the failure is that the theory predicts that 0

decreases with increasing concentration of chlorine, while

it was found experimentally that the pseudo-coefficient,

and hence 0, remains constant with concentration over the

range 0.005 to 0.040 moles/l., and then increases sharply

with concentration.

As pointed out in the Results Section, in deriving

the theoretical equations it was not possible to obtain a

solution based on the penetration theory. It was necessary

to assume, in calculating 0 from kL*s Co, Ai, and the con-

stants of the reaction, that both the film theory and

penetration theory give approximately the same answer.

Because the physical pictures represented by the two

theories are so different, there is no reason to expect

that they should give the same answer, yet this assumption

was shown (in Chapt. 8 in the APPENDIX) to be valid for

first order reversible reactions. Furthermore, although

one might expect this assumption to lead to an error

in the magnitude of 0, it is not unreasonable to suppose

that both the film and penetration theories should pre-

dict the same effect of concentration on 0.

In Sec. 9#.11 in the APPENDIX, it is shown that there

exists an upper limit on 0:

$ < Oo/Ao (4.60)
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This equation can be derived using either the film theory

or the penetration theory. The assumptions made are that

the hydrolysis reaction is infinitely rapid, that the

diffusivity of hydrochloric acid is infinitely rapid and

that the diffusivity of molecular chlorine, Cl2 , is equal

to the diffusivity of hypochlorous acid, H001. The last

assumption is not a serious one, since they actually differ

by only 5% (see Sec. 4.4). It is shown that for finite

values of the hydrolysis rate and of the diffusivity of

HCI, the value of 0 must be less than that given by

eq. (4.60).

From the definition of 0 (eq. (5.25) ) and from

eq. (5.23),

kL = kLO AI/C1 = kL* 0 A1/C.

Combining with eq. (4.60) gives an upper limit to kL

(noting that AO = A 1 , C 0 = C1 )

kL < kL* (5.30)

This is a conclusion that can be arrived at solely from

physical considerations. It should be expected that for a

given concentration of chlorine in the liquid, and zero

interfacial concentrations, the rate of desorption would

be greater if the chlorine were uncombined with the water

than if some of the chlorine is combined with the water

and, has to undergo a reaction of finite rate in order to be

desorbed. Although this conclusion has been shown mathe-

matically to be valid for the film -and penetration theories,
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it is reasonable to suppose that it could be proven mathe-

matically for any other mechanism of the liquid side resistance

that might be proposed.

Yet, the experimental results violate this conclusion.

Fig. 5.6, where kL is plotted versus C1, and where kL* is

presented for comparison, shows that at high values of 01

the "total" coefficient exceeds the physical coefficient.

There are sufficient data in the high concentration region to

prove definitely that the physical coefficient has been exceeded.

Furthermore, the data do not indicate any tendency of the "total"

coefficient to level off with increasing concentration, but,

rather, indicate that it will keep right on increasing for

higher values of C1 .

That this behavior is a property of the chlorine-

water system, and not of the apparatus is indicated by some ex-

periments of Kniel (56). He studied desorption in a batch

system, in which air was blown over a stirred water surface in

a flask. He measured rates of desorption for hydrogen sulfide

from water, carbon dioxide from water and chlorine from dilute

hydrochloric acid at different rates of stirring of the liquid.

The coefficients of desorption were found to be independent of

time, and hence independent of concentration, and therefore

were physical coefficients. They were found to vary as the

0.67 power of the stirring rate. In addition, one run on the

desorption of chlorine from water was made. The concentration

versus time data are shown on Fig. 5.9. The coefficient of

desorption, based on the total chlorine driving force, was found
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to vary with time and, bence, with concentration, as shown

in Fig. 5.10. On this figure is shown also the physical

coefficient for the desorption of chlorine from 0.2N hydro-

chloric acid at the same stirring rate. Here, again, the

"total" coefficient exceeds the physical coefficient at high

concentrations of chlorine, and increases rapidly with con-

centration, showing no tendency to level off at high concen-

trations.

There are, then, two major contradictions between experi-

ment and theory: the effect of concentration on kL0, and the

fact that at high concentrations kL exceeds kL*. Obviously,

one or more of the assumptions made in deriving the theoretical

relations must be invalid, particularly at high concentrations

of chlorine. It is easier to examine the second contradic-

tion since fewer assumptions are involved. Probably when it is

explained, the first contradiction will also be explained. In

deriving the upper limit for the coefficient, the assumptions

made include those involved in the film or penetration theory

itself, which were discussed in the Introduction. That the

penetration theory is valid in the short wetted-wall column has

been shown in the discussion of the physical coefficients. It is

further assumed that the hydrolysis reaction rate is infinite

and that the diffusivity of HCl is infinite. The fact that

they are finite has been shown to cause the rate of desorption

to be lower than this upper limit, and bience need not be dis-

cussed here. It is not necessary to make any assumption regard-

ing the mechanism of the reaction, since the assumption of
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infinite rate means that equilibrium exists throughout the

liquid. A very important assumption is the nature of the

equilibrium. It Is assumed that
2

EF
K 0=- (2.10)

A

where A is the concentration of molecular chlorine, E

the concentration of HOC1, and F the concentration of HCI.

Vivian and Whitney's (101) solubility data, from which K

was calculated assuming an equilibrium of this type, were ob-

tained up to one atmosphere partial pressure of chlorine, and

the data indicate no anomalous behavior at the high chlorine

concentrations. Judging from these data, there is no reason

to suspect the validity of this equilibrium relationship.

One possibility remains. What is taken for the physical

coefficient is perhaps not the physical coefficient at all.

Perhaps the solution of chlorine in hydrochloric acid contains

a hydrate of chlorine or some compound of chlorine and

hydrochloric acid. Sherrill and Izard (91) studied the solu-

bility of chlorine in solutions of hydrochloric acid and found

that the solubility of chlorine in water is decreased by small

additions of HCl, but Is increased by larger additions of acid.

The initial decrease in solubility is readily explained by the

depression of the hydrolysis of the chlorine by the added acid.

At higher concentrations of HC, however, where the percentage

hydrolysis is reduced to an extremely small value, the increased

solubility indicates the existence of a complex ion, probably

the trichloride ion. From their data, they computed the

equilibrium constant for the reaction
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Cl (g) + Cl7 I Ol~ (5.31)

and found it to be

[C 17J 
- 0.01 (5.32)

[1Cj PC1 2

at 2500. Substituting Henry' s law for molecular chlorine,

Cla A = HP (5.33)

into eq. (5.32) gives

[ClI / [l] = 0.01 [Cl] /H (5.34)

The highest concentration of HC1 used was 0.18 moles/l. H is

equal to 0.0625 g.moles/(l.)(atm.). The maximum percentage

of chlorine as trichloride, then, is 2.9% which may be neglected.

If chlorine did form some compound to an appreciable extent

in the dilute HC1 solution, desorption of chlorine from dilute

hydrochloric acid would then be accompanied by chemical re-

action, and the coefficient measured would be lower than the

true physical coefficient. That this is unlikely is indicated

by two facts. First, no significant effect of concentration

of chlorine was noted in studying the desorption of chlorine

from dilute H01, as can be seen from Fig. 4.10, over the

range of chlorine concentration from 0.011 to 0.040 moles/l.

Secondly, the coefficients obtained for the desorption of

chlorine from dilute H0l agreed very well with those obtained

for the desorpt ion of carbon dixoide from water, suitable cor-

rection being made for dif fusivity, and there is no reason to

doubt that the carbon dioxide coefficients are true physical
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coefficients.

Several possible explanations for these contradic-

tions between theory and experiment have been considered and

rejected. Thus far, it has not been possible to arrive at

any explanation of this very puzzling behavior of the

chlorine-water system.

An experimental program for solving this anomaly should

involve studying the chlorine-water system at still higher

concentrations, in order to see if there develop any serious

deviations in the various assumptions that are made in deriving

the upper limit for the desorption rate. The diffusivity of

chlorine in water should be studied at higher concentrations

than used in this thesis (reported in Chap. 11 in the APPENDIX)

and solubility data-should be taken at higher concentrations

than those used by Vivian and Whitney (101) to see if there

exist any peculiar behavior at the higher concentrations which

might give a clue as to what is happening here. Data on

desorption of chlorine from water should be taken at still

higher concentrations to see if k L* continues to increase with

C, or whether it eventually levels off. The data on desorp-

tion of chlorine from dilute hydrochloric acid should be

extended to higher concentrations of chlorine. All of these

experiments would involve working at superatmospheric pressure,

which would make the equipment required much more complicated

than has been necessary so far.
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D. Application of Results to the Study of Packed Columns

Although no data on packed columns were obtained in this

thesis, it is possible to combine some of the results obtained

on the short wetted-wall column with packed column data and

thereby gain some information concerning packed columns. It

should be recognized that the following discussion lies in

the realm of conjecture; the conclusions reached, while

interesting, should not be regarded as having as much signifi-

cance as more direct experimental evidence.

5.19. Effect of Temperature. For the desorption of

carbon dioxide in the short wetted-wall column, kL* was found

experimentally to vary as eO.Ollt, where t is in degrees

centigrade, while the dimensionless equation (5.18) led to the

relation that kL* is proportional to e 0.016 (Sec. 5.12).

Sherwood and Holloway (93) found for the desorption of carbon

dioxide in a packed column that kL*a varies as e0.023t

This may be written

d kL*a dkL* da
kL*a dt = kL*dt + a dt (5.35)

Using the figure for the temperature coefficient of kL* obtained

from the dimensionless correlation,, 0.016, we obtain

da = 0.023-0.016=0.007a dt

In Sec. 5.12, it was shown that d /tdt equals -0.023, whence

it is calculated that
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d ln a-, 0. = -0.3
d ln p. 0.023

That is, a varies inversely as the 0.3 power of viscosity.

Qualitatively, it is reasonable to expect that the wetting

of the packing should improve as the viscosity decreases. The

figure of 0.3 found here has little significance, because of the

poor precision of the data and of the calculations upon which

it is based. It would be possible to determine more pre-

cisely the variation of wetted area with viscosity by studying

the desorption of carbon dioxide from glycerine solutions of

various concentrations in both the short wetted-wall column

and the packed column.

5.20. Comparison of Physical Coefficients. Some in-

formation may be obtained by comparing the physical coefficients

obtained in a short wetted-wall column with physical

coefficients measured in a packed column. As pointed out in the

Introduction, Craig (17) absorbed chlorine in 0.2 normal HC1

in a column packed with one-inch Raschig rings. His data

are plotted in Fig. 12.3 in the APPENDIX, and as line C-C in

Fig. 2.1. The equation representing his data is

0 .075
k L*a = 0.082 L (5.36)

where kLa is expressed in reciprocal hours, and L in lbs./(hr.)

3 -5 2
(ft. ). For length of 1 inch, and D = 1.48 x 105 cM. /sec.

(the diffusivity of molecular chlorine ), eq. (5.4) becomes

0.40
k * = 0.202 r (5.37)
L

where kL* is expressed in cm./min., and F' in g./(cm.)(min.).
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Also, k L 0.227 . 0.40 
(5.38)

where kL* is expressed in ft./hr., and F in lb./(ft.)(hr.).

Consider a cube of packing, one foot on each edge.

L lb./hr. of liquid pass through this cube. The wetted area
2

in the cube is a ft. Assuming that the wetted perimeter is

constant at each cross-section, the wetted perimeter

available for flow is a ft. Then, the flow rate per unit

perimeter is r = L/a lb./(ft.)(hr.). Substituting into eq.

(5.38) gives
0.40

kL* = 0.227 (L/a) (5.59)

Eliminating kL* between eqs. (5.36) and (5.39) gives
0.40 0.75

0.227 a(L/a) = 0.082 L

or 0.60 0.35
a = 0.361L

Finally,

a = 0.184 L 0.58 (5.40)

Using this equation, the liquid rate at Ahich the pack-

ing becomes completely wet can be calculated. The dry surface

area of one-inch Raschig rings is given in a table in

Sherwood (22) as 58 ft. ft. Using this value for a gives

L = 20,000 lb./(1r.)(ft. ). This is in remarkable agreement

with the results of Sherwood and Holloway (93) who, in desorb-

ing oxygen from water in one-inch Raschig rings, found that

as the water rate was increased, kL*a increased, up to

L = 20,000 lb./(hr.)(ft. ), after which kL* leveled off and
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decreased for further increase in water rate. Quoting from

Sherwood and Holloway (j93):

"These results are typical of those obtained with other
packings ...... . Contrary to the first supposition
the point at which the data break away from the linear
relation is not the loading point, but corresponds to a
considerably smaller value of L than that at which loading
occurs. It is believed that at this "break-away" point
the liquid in the packing is beginning to bridge over
the free spaces formerly filled with air, and cause
much of the free space of the packing to be filled with
water. Such a phenomenon would cause a marked decrease
in the effective interfacial area, and account for the
abnormal changes in kLa and (H.TJ.U)L at high liquid
rates......

It would be expected that at this "break-away" point, the pack-

ing is completely wetted.

5.21. Comparison of Data on Chlorine-Water System.

Finally, by comparing the data on desorption of chlorine in the

short wetted-wall column with data on absorption of chlorine

in uater in a packed column, another estimate of the inter-

facial area in a packed column may be obtained.

Vivian and Whitney's (101) data on absorption of chlorine

in water in one-inch Raschig rings may be compared with

Craig's (17) data on absorption of chlorine in 0.2 N HCl in

one-inch Raschig rings to obtain average values of 0. Since,

at corresponding liquor rates, the value of a should be the

same in both experiments, we may write, from the definition

of 0,
kL0  kLOa

kL* kL~a

This ratio may be calculated from lines A-A and C-C drawn

in Fig. 2.2.
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Now, it was found experimentally in the short wetted-

wall column that for the range of concentration of chlorine in

the liquid below 0.040 moles/l., 0 is independent of concentra-

tion. Assuming that it is also independent of the interfacial

concentration, 0 is then a unique function of kL** In Figs.

5.7 and 5.8, line No. 1 gives this functional relationship

between 0 and kL*. In calculating a in the packed column,

the procedure is as follows: At each value of L, read off

the values of kL a and kL* a from Fig. 2.2 and divide to

obtain 0. Using this value of 0, using line 1 in Fig. 5.7,

kL* may be obtained. Finally, a is computed by dividing kL*a

by kL*. These calculations are summarized in Table 5.1.

The results are plotted as line No. 1 on Fig. 5.11.

For comparison, eq. (5.40), which was obtained by the compari-

son of physical coefficients, is shown as line No. 2.

De Nicolas (79) calculated values of a from Vivian and

Whitney's (101) data on absorption of chlorine in water in a

packed column, using theoretical values of 0 (see Sec. 9.3 in

the APPENDIX). His results are shown as line No. 3 on Fig.

5.11. Finally, a horizontal dotted line representing the total

dry area of the packing is shown.

Two of these methods of calculating a agree that the pack-

ing is completely wetted at a liquor rate of about 20,000

lb./(hr.)(ft.2), while the third method indicates that the

interfacial area at high values of L is even greater than the

dry surface area of the packing. Such an increase in inter-
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TABLE 5 .1

Calculation of Interfacial Area in Packed Column

kLOa

hr, .

29.7
35.4
45.5
54.0
61.7
69.0
82.4
94.8

121.2

0

1.51
1.45
1.38
1.314
1.268
1.232
1.184
1.155
1.097

k L* x 10,
zm.
sec.

6.99
7.57
8.27
9.00
9.54

10.04
10.8
11,35
12.5

a

-5t
ft.

24.3
27.4
33.8
38.8
43.3
47.2
54.5
61.3
75.0

Fig. 5.11

Effect of Liquor Rate on Interfacial Area
in a Packed Column

Raschig Rings

area of pack ng -

3

2

0
I a

2000 4000 6000

Temp. = 70 0 F.

Line Source Slope

1 Cl2 data 0.49
2 Eq. (5.40) 0.58
3 de Nicolas 0.44
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L

lb.
(hr.)(ft.')

1,500
2,000
3,000
4,000
5,000
6,000
8,000

10,000
15,000

kL*a

hr
1

19.7
24.4
33.0
41.1
48.7
56.0
69.5
82.0

110.5
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40
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facial area, if it actually exists, might be attributed to

splashing of the liquid between the packing.

From these results, it cannot be concluded definitely

what the effect of liquor rate on the interfacial area is, ex-

cept that it varies as L raised to a power between 0.4 and 0.6.

The lack of agreement between the three methods can be attribut-

ed to the many assumptions involved, the most serious of which

is that the time of exposure is uniform throughout the packing.

Several attempts to measure wetted area of tower packings

are described in the literature, but there have been no

previous'attempts to measure the effective interfacial area

under conditions where the liquid-side resistance is control-

ling, as was done here. Mayo, Hunter and Nash (72) used

1/2- and 1-inch paper Rashchig rings and dissolved dye in

the water. They found the wetted area proportional to L0.450

This method should be expected to give high results because

fluctuations in the liquid path would dye more area than that

wetted at any moment and because the interfacial area at

points of contact would be much smaller than the wetted

packing area (103). Grimley (31) measured wetted area of

3/8-inch stoneware ring packing by measuring its electrical

resistance. He found the percentage of area wetted to be

11% for L from 22 to 300; to increase proportional to LO.63

for L from 500 to 15,000, and thereafter to remain constant

at 103%. However, the electrical resistance does not correct-

ly average the stream cross-section but rather its reciprocal

(103). These two methods are attempts to measure wetted area
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directly, rather than effective interfacial area.

Van Krevelen, Hoftijzer and van Hooren (62), and Weisman

and Bonilla (103) have calculated the effective interfacial

area under conditions where the gas-side resistance is

controlling. Weisman and Bonilla (103) state that it

might be expected that the effective interfacial area for

the process in which liquid-side resistance is controlling

should be about the same as when gas-side resistance controls.

This is not necessarily the case, because of the presence of

stagnant portions of liquid and gas. Stagnant pockets of

gas would reduce the effective interfacial area when gas-side

resistance controls, but not when liquid-side resistance

controls; conversely, stagnant portions of liquid would

reduce the effective interfacial area when liquid-side

controls, but not when gas-side controls. Since the relative

amounts of stagnant gas and stagnant liquid would not be

expected to be the same, the effective interfacial areas

for the two processes should be different. Consequently,

the results presented here cannot properly be compared with

any.previous attempts in the literature to measure inter-

facial area.
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CHAPTER 6

CONCLUSIONS

From the results of this thesis, it is concluded that

in the short wetted-wall column:

1. The mechanism of the liquid-side resistance is that of

unsteady-state diffusion as postulated by the penetration theory.

2. For physical desorption, the penetration theory combined

with streamline flow theory predicts from physical constants

alone rates which are 30% too high at low liquid flow rates

( r = 7 g./(cm.)(min.) ), and only 10% too high at high liquid

flow rates ( ['= 90 g./(cm.)(min.) ).

3. The physical coefficient of desorption varies as the 0.40

power of the water rate over the range of water rate of

7 to 90 g./(cm.)(min.).

4. The physical coefficient of desorption varies inversely

as the square root of the le ngth of the column.

5. The physical coefficient varies as the square root of the

diffusivity.

6. The physical coefficient of desorption of carbon dioxide

from water increases 1.1 per cent for each centigrade degree

rise in temperature.
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7. There is no significant effect of gas flow rate on the

desorption rate up to a Reynolds number in the gas stream of

2200. At higher flow rates, ripples are produced which cause

an increase in the desorption rate.

8. In the desorption of carbon dioxide from water, the

interfacial concentration of carbon dioxide in the liquid

is negligible compared with the average concentration in the

liquid.

9. There is no significant effect of entrance slot width or

type on the desorption rate. From this and approximate

direct measurements it is concluded that the interfacial

velocity of the liquid is uniform with distance down the

column.

10. In the desorption of chlorine from dilute hydrochloric

acid solution, there is no significant effect of concentration

of chlorine on the physical desorption coefficient.

11. In the desorption of chlorine from water, the psuedo-

coefficient is independent of chlorine concentration over the

range of concentration of 0.005 to 0.04 moles/l. At higher

concentrations, the psuedo-coefficient increases linearly

with concentration up to the highest concentration used,

0.07 moles/l.



136

12. In the desorption of chlorine from water, the "total", or

normal, coefficient increases with concentration and, at high

concentrations (above about 0.06 moles/l.) it exceeds the

physical coefficient. There appears to be no tendency of

the "total" coefficient to level off with increasing concen-

tration.

13. From theoretical considerations, it can be shown that

the "total" coefficient cannot exceed the physical coefficient.

No explanation for this anomaly can be offered at this time.

It is further concluded, from a comparison of data

obtained on.the short wetted-wall column with data obtained

by other investigators on packed columns that in a column

packed with one-inch Rasdiig rings, when the liquid-side

resistance is controlling, the effective interfacial area

varies as the liquor rate raised to a power between 0.4 and

0.6, and that it equals the total dry surface area of the
p

packing at a liquor rate of about 20,000 lb./(hr.)(ft. )
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CHAPTER 7

RECOMMNDATIONS

On the basis of the results of this thesis, it is

recommended that:

1. The short wetted-wall column be used to study other

systems of absorption or desorption with chemical reaction.

2. A further study of physical coefficients in the short

wetted-wall column be made by

a) Absorbing or desorbing oxygen in or from water,

b) Absorbing or desorbing hydrogen in or from water,

c) Absorbing carbon dioxide in water using a pure C02

gas stream with pure water inlet, or desorbing carbon

dioxide from water and analyzing the gas stream. Either of

these methods should give better precision than that ob-

tained on carbon dioxide in this thesis.

d) Absorbing or desorbing carbon dioxide in or from

solutions of glycerol in order to determine the effect of

viscosity.

e) Absorb or desorb carbon dioxide in or from water over

a wider temperature range in order to determine the effect

of temperature with greater precision.

3. A further study of the chlorine-water system be made by
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studying absorption of chlorine in water at various concentra-

tions of chlorine in the gas and liquid. Higher concentrations

of chlorine than those used in this thesis should be investi-

gated.

4. The diffusivity of oxygen, hydrogen and carbon dioxide

in water and of carbon dioxide in glycerol solutions be studied.

The diffusivity of chlorine at higher concentrations than

those used in this thesis should also be measured.

5. The equilibrium of the chlorine-water system be studied

at partial pressures of chlorine above one atmosphere.

6. Whenever possible, samples of a liquid containing a

volatile solute be taken by introducing the liquid directly

below the surface of the liquid in a titration flask, the

size of the sample being determined by weighing the flask be-

fore and after sampling. The use of pipettes for sampling such

liquids is discouraged.
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A. INTRODUCTION

8.1 Pre liminary Remarks . The theory of absorption with
chemical reaction has not been developed sufficiently by previous
investigators to handle the cases of absorption of chlorine or
sulfur dioxide in water, and little work has been done in examining
absorption with chemical reaction from the point of view of the
penetration theory. Thus, it was felt necessary in this thesis
to make a further mathematical study of absorption with chemical
reaction. The results of this investigation are presented in
this chapter.

An examination of the literature on the mathematical theory
of absorption with chemical reaction is apt to prove confusing,
because the various authors approach the subject in different
manners, and because some authors have a tendency to make dis-
tinctions between the cases of slow reactions, moderately fast
reactions and very rapid reactions. They consider that these
cases have different mechanisms, when, in fact, they are merely
special cases of a more general picture.

In order to avoid this confusion, this chapter is written
with the object of presenting the theory as a unified and consistent
whole, with no regard for whether the material is original with
this investigation. Although a great portion of the theory
presented here is original, much of it has been developed by
previous workers, and some pf it has been derived independently
by both the author and other workers. The proper assignment of
credit will be made at the very end of this chapter.

8.2 Nomenclature. Consider a system in which a gas, containing
substance A, is in conact with a liquid which contains substance B.
A is absorbed into the liquid, and reacts reversibly with B to
form substances E and F according to the equation

A + B E + F (8.1)

Let A = concentration of A in the liquid at any pt,
moles/cm.3

B concentration of B

E = concentration of E

F = concentration of F

C = total concentration of absorbed substance; i.e., total
of reacted plus unreacted forms A-+ E

NA rate of absorption per unit area, moles/(cm2 )(sec).
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Reaction(8l) proceeds according to a rate equation

-dA/dt = -dB/dt - dE/dt = dF/dt = kl AB-k2 EF (8.2)

Thus, we let

ki= forward rate constant

k2 = reverse rate constant

and K equilibrium constant = kl/k2 -

There will exist concentration gradients of all the com-
ponents in the liquid bringing about transfer of these components
by diffusion. Throughout this work Fick's law is assumed. This
states that the rate of transfer of material across a plane by
diffusion is proportional to the concentration gradient. The
proportionality factor is the diffusivity, which is assumed to
be constant.

Let x = distance in the liquid from the interface, cm.

Nx A = rate of transfer of A across a plane parallel to the
interface, and at a distance x from it, moles/(cm 2 )(sec).

Nx,BP- rate of trarisfer of B across the same plane

Nx,E and NxF are similarly defined.

DA, DB, DEs, DF =diffusivities of A, B, E and F, respectively,
cm /sec.

Since there is no bulk motion of the fluid perpendicular
to the interface (with one exception. See Sec. 8.8), material will
be transferred across a plane parallel to. the interface solely by
diffusion. Thus,

Nx,A = -DA( A/.ax) (.3)

N XB= -DB( aB/ ax) (8.4)

Nx,E -DE( E/ 3x) (8.5)

NX,y = -DF ( a F/ X) (8.6)
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8.3 Procedure. The theory of absorption vith chemical
reaction vill be developed from tvo viewpoints, the film theory
and the penetration theory. First, the fundamental assumptions
of the two theories will be presented, and the basic differential
equations vill be derived. The differential equations vill be
solved for various cases, starting first with the simplest case
of physical absorption or desorption (i.e., vith no chemical
reaction), and considering in turn the various chemical reactions
in order of complexity until the type represented by eq. (8.1) is-
reached. The several types of chemical reaction are listed belov,
together vith the appropriate reaction rate equation.

First order irreeraible

A - product (8-
-dA/dt = klA (8.8)

First order reversible

A - E (8.9)
-dA/dt - dE/dt = klA-k2E (8.10)

Second order irreversible

A + B -*product 8.11
-dA/dt =dB/dt = klAB (8.12

Second order reversible

A + B E + F 8.1
-dA/dt 7dB/dt - dE/dt =d/dtklAB-k2EF 8.2

In analyzing the simpler cases of absorption with chemical reaction,
certain approximations vill be demonstrated to be valid. These
approximations vill then be used as additional assumptions for
the more complex cases vhiah, follov.

B The Basic Differential Equations

8.4 Assumptions of the Film Thory. The film theory postu-
lates:

1) the existence of a thin stagnant film oP liquid
next to the gas-liquid interface.

2) that all the resistance to miaps transfer which
resides in the liquid phase is confined to the
film. This is equivalent to saying that the-bulk
of the fluid is vell mixed.
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3) that the film is sufficiently thin that the amount
of material which is being transferred that can reside
within the film is negligible compared with the total
amount of material which is transferred. This is equivalent
to the statement that accumulation or depletion within
the film is negligible, so that steady state may be as-
sumed.

4) that the gas and liquid are in equilibrium at the gas-
liquid interface .

8.5. Basic Equations of the Film Theory. Consider a film
of th ckness xf, in w HiH components A, B, E and F are present,
as shown in Fig. 8.1. The region to the left of x = 0 represents
the gas, so that the line x = 0 corresponds to the gas-liquid
interface. Ai is the concentration of unreacted A in the liquid
in equilibrium with the gas at the nterface. The region to the
right of x = xf corresponds to the bulk of the liquid, in which
all concentrations are constant at A0 , Bo, Eo and F . Consider
a slab of infinitesimal thickness parallel to the interface, with

A
Concen-
trat ions

E
A, B, E, F

B E- 0

-A0

1 FO

x x+dx Xf
x

Fig. 8.1
Sketch of Concentration Gradients in a Film
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faces at x and x + dx. The rate of transfer of component A from
left to right across the plane at x is as follows:

dA
NxA A dx (8013)

(Since steady state exists, concentrations are independent of
time and are functions only of x, so that total derivatives may
be used). The rate of transfer of component A from left to right
across the plane at x + dx is given by

2
Nx + dxA = -D (A + dx) (8.14)A dx dx2

Since we are considering unit area, the volume of the slab is dx.
Rate equation (8.2) gives the rate of disappearance of A in a
unit volume, moles/(cm 3 )(sec.), so that the rate at which A is
disappearing in the slab is given by (k 1 AB - k2 EF)dx. Nov, the
amount of A diffusing into the slab from the left is equal to
the amount of A leaving the slab by diffusion to the right, plus
the amount of A that disappears within the slab because of the
reaction. Thus,

-D A= dAd A
-DA dA~UA x dx)+(klAB-k2EF)dx (8.15)

This simplifies to

DA- k AB - k2EF (8.16)A dx2 1 AD 2E

By precisely the same considerations, we may arrive at a similar
equation for component B.

~dB
DB ~- = k 1 AB - k2 EF (8.17)

dx2

Similar considerations hold for components E and F, except that
it must be remembered that eq. (8.2) gives kjAB- k2 EF as the
rates of appearance of E and F in the unit volume, so that the rates
of disappearance of E and F in the slab would be given by (k2EF-klAB)dy
Then D d2 Ek (8018)

D E - k2EF - klAB (8.19)

d2F
DF == k2EF - k1AB (8.19)
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Eqs. (8.16) - (8.19) may be combined to form the basic differential
equation for the film theory:

d2A d2B d2E d2F
DA- =D =-D d--D -kAB k2 EF (8.20)

The boundary conditions for these equations are as follows:

At x = 0, A Ai

dB -dE dF= 0 (8.21)
dx dx dx

The last set of equations follows from the assumption
(which was not previously stated, but was implied by the fact
that we confine our attention to transfer only of A across the
interface) that components B, E and F are non-volatile, so that
there is no diffusion of these components across the interface:

At x = xf, A=Ao, B Bo, E - Eo, F Fo (8.22)

8.6. Assumptions of the Penetration Theory. The postulates
of the penetration theory are-

1) There is no relative motion within the fluid (with
one exception, See Sec. 8.8)

2) Unsteady state prevails in the liquid.

3) At the beginning of the period of exposure of the liquid
to the gas, the liquid is well mixed, and the concentra-
tions are uniform.

4) At any time during the exposure period, the maximum
depth of liquid at which any appreciable concentration
changes have occurred in small compared with the total
depth of liquid. Thus, it makes little difference in
determining the shape of the concentration-distance
curves whether we assume that the depth of the liquid
is the actual depth or assume that it is infinite.
To facilitate the mathematics, then, we shall assume
that the liquid is of infinite extent away from the
interface. (The one exception to this assumption will
be during the discussion of the effect of holdup in
Sec. 8.16).

5) The gas and liquid are in equilibrium at the mas-liquid
interface.



148

8.7. Basic Equations of tke Penetratio& Theory. Consider a
body of liquid of infinite depth in which components A, B, E and F
are present, as shovn in Fig. 8.2. The region to the left of x = 0
represents the gas, so that the line x = 0 corresponds to the
gas-liquid interface. Ai is the concentration of unreacted A in
the liquid in equilibrium with the gas at the interface. At time

Concen-
trations

A, B, E, F

0

B

E

0 x x+dx
x

Fig. 8.2.
Sketch of Gradients in an Infinite Body of Liquid at Time t

t = 0, the concentrations are all uniform at the values Ao, Bo, Eo
and Fo, respectively. Consider a slab of infinitesimal thickness
parallel to the interface, vith faces at x and x + dx. At time
t, the rate of transfer of component A from left to right across
the plane at x is

(8.23)Nx,A =-DA

That across the plane at x +- dx is

AN D a+ Ax +- dxA A ax X (8.24)
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Again, the rate at vhich A is disappearing in the slab is given by
(k 1 AB-k 2EF)dx. Further, there is an accumulation of A in the slab.
Since the volume of the slab (for unit area) is dx, the amount of
A present in the slab is A dx. The rate at which A accumulates
in the slab is 2) (A dx)/a t or ( DA/' t)dx. Nov, the rate at
which A diffuses into the slab from the left is equal to the rate
at which A leaves the slab by diffusion to the right plus the rate
at which A disappears within the slab because of the chemical
reaction plus the rate at which A accumulates within the slab. Thus,

-DA -DA (A 2A dx) + (k 1 AB-k2 EF )dx + ) dx (8.25)

This simplifies to

DA A = klAB - k2EF (8.26)

Similarly,

DB B = kAB - k2EF (8.27)

And since the rate of disappearance, due to chemical reaction,
of E and F are given by k2EF lAB)dx, we obtain

DE k)-2EF - kAB (8.28)

2 F a
D - =t k2EF - kiAB (8.29)

Eqs. (8.26) - (8.29) may be combined to form the basic differential
equation for the penetration theory:

D 2 A 6A D 2B B a 3E a2E
Aax 2 t dx 2 t at Ex

2
D F klAB - k2EF (8.30)

at F ax

The boundary conditions for these equations are as follows:

At x = 0, t > 0, A = Ai. - (8.31)rx ax ax
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As in eq. (8.21), the last set of equations follows from the as-
sumption that B, E and F are non-volatile.

At t = 0, x > 0,

At x =00 t 0,

A Ao, B = Bo, E. E0, F - F0

A Ao, B B0 , E Eo, F = F0

The last set of equations represents the condition that there
be no change of concentration at a distance infinitely far from the
interface in any finite time t.

It will be noted that the extreme right-hand side of eqs. (8.20)
and (8.30) are identical with the right-hand side of rate eq. (8.2).
It should be clear that for the simpler types of chemical reaction,
these right-hand sides should be replaced by the right-hand side of
the appropriate rate equation for that type, either eq. (8,8),
(8.10 or (8.12).

8.8. Effect of Acceleration of the Liquid on the Basic
Differential Equation of the Penetration Theory. When a layer of
fluid flovs down a all,~TE= may unde g3an acceleration for the
first few inches of travel. During the period of acceleration
the layer becomes thinner, so that each element of fluid must be
distorted, becoming thinner in the direction perpendicular to
the interface and longer in the direction parallel to the interface.

Interface

4-- Wall

Sketch of Streamlines
Fig. 8.3.

in Liquid Flowing Dovn a Wall

(8.32)

(8.33)
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Fig. 8,3 illustrates 'what the streamlines of flow might
look like. Let x be the distance from the interface in a direction
perpendicular to the interface, y be the distance down from the
top of the wall and v be the downward velocity of an element of
fluid. If we consider that the depth of penetration (i.e., the
depth of the region in which any appreciable concentration change
occurs) is small compared with the total depth, then over this
region we may assume that v is independent of x, but is a function
only of y.

0

0i dy0
Idx /

I /

dy

Fig. 8.4.
Distortion of an Element of Fluid During Acceleration of Fluid

Fig. 8.4 shows a plot of y vs. x. Consider an element of
fluid having the shape of a rectangular parallelopiped with unit
length in direction perpendicular to the x- and y- axes, and
originally having depth dxo, and length dyo. Also, the element
has an original downward velocity vo0 At any time, the element
will have dimensions dx and dy, and a velocity v. The element
will flow between the streamlines shown by the dotted lines, and
its volume will remain unchanged during flow, having- the value
dx dy = dxOdyo. Since v is assumed independent of x, the element
will remain a rectangular .parallelopiped.

The rate of transfer of component A into the element from
the left is 3A dy.

-DA C dx

The rate of transfer of A out of the element to the right is

-DA ( + 2 dx) dy. The rate of disappearance of A due to chemical

reaction is (kjAB - k2EF) dxdy. The rate of accumulation of A in
the element is dxdy.

dxdyt
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Then,

bA aA A oA-DA dy =-DA R + dx)d~y + (kAB-k2EF)dxdy + - dxdy (8.34)

This reduces to

a2 A )A
DA a7 - O = kjAB k2EF (8.35)

This equation is ideatical with eq. (8.26). The same result
would be obtained with all the other components.

The conclusion may then be made that the differential equations
for the penetration theory remain unchanged by the fact that the
liquid may be undergoing distortion due to acceleration as it flov
down a vall. Furthermore, an examination of the boundary conditions
shows that they will not be affected either. Thus, the mathematical
problem remains the same as for the simpler case in which the fluid
flows downward with uniform velocity.

C. The Film Theory of Absorption with
First-order Chemical Reaction

8.9. Physical Absorption or Desorption (No Chemical Reactiofi).
For the simple case where there is nochemical reaction, eq.(8.20)
reduces to

DA  - 0 (8.36)

with the boundary conditions

At x = 0, A - Ai (8.37)

At x = xf, A - Ao (8.38)

The solution of (8.36) is

A : Clx + C2  (8.39)

Substituting B.O. (8.37) yields

C2 = A

A = Clx + Ai
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Substituting B.C. (8.38) gives

Ao = Clxf+ Ai

Ao-Ai
Cl -

whence A =(AO-Ai) - + Ai (8.40)

Differentiating once,

dA A-A (8.41)

Since NA = - DA()x = o then

NA DA -A8 x

8.10. First Order Irreversible Reaction. For this case, eq,
(8,20) reduces to

DkA A (8.43)

with the boundary conditions

at x =0, A ' Ai (8.44)

X= Xf A = Ao (8,45)

Two ide endent solutions of eq. (8.43) are sinh (Ik/D x) nd
sinh ( Ck 1DA [x-x[) . Thus, the general solution f Sq0 (9 43)
may be vritten

A = Csinh j x t C2 sinh k (xf-x) (8,46)
FDA A

Substituting B.C. (8.44) yields

=1 Ai
sinh k xf)C 2
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Substituting B.C. (8.45) gives

Ao

sinh ( Ikj7DAx)

Le t R = kl/DA

Then A sinh Rx - Ai sinh R (xf-x)
A =s inh R x(4

Differentiating once,
Ao sh Rx -Ai cosh R (xf-x)

dA WR [A0  sik (8,,48)
s inh R xf

Substituting x = 0 gives (since cosh 0 1)

(dA) = R [ _Ag - A. (8.49)
dx x = 0 sinh Rxf tanh Rxf

Now , - dA
NA -DA (Ex)x = 0

Ai Ao
NA RDA *tani.xf a f (8-50)

tanh Rxf -sinh Rxf]

8.11. The Effect of Holdup. The m'agritude of Ao may be ob-
tained in terms of other variables by writing a material balance
on the bulk of the fluid. Let be the thickness of the liquid
layer, which is equal to the volume of holdup per unit interfacial
area. Then, the volume of the bulk of the fluid corresponding
to unit area of interface is E -xf. The rate of transfer of A
into this volume of the bulk of the fluid by diTfusion is

dA
-DA (d)x = f

The rate at which A disappears by chemical reaction in this
volume is

(klAo )( -Xf )
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Since no A leaves the bulk of the fluid by diffusion, we have

dA
-D A (dylx = x f

M klAo ( E -xf)

Substituting x = xf into eq. (8.48) gives

R A Ai Xftanh R xf -sinhiR xf

Combining with eq. (8-51) gives

RDA -i = kAo ( -Xf)
linh nf tanh 

Solving for A0 ,

R(C -xf)sinh -Rxf + cosh Rxf

Substituting for A. in eq. (8-50) yields

NA RD Ai

"A~ RAi
tanh Rxf

N R
A tanh Rxf

Ai

R(9-xr)sinh 2Rxf + sinh Rxf cosh Rxf

tanh Rx}
R -xf)sfinh2Rx+ siinh Rxfcosh Rxf

( -1)Rxfsinh Rxfcosh Rxf +cosh 2lRxf
(8.54)

If the holdup is infinite, the term in the brackets becomes
unity and

NA =R DAAi
tanh Rxf

(8.55)

The term in the brackets may be regarded as a correction factor
to allow for -the finite holdup. This correction factor has been
plotted as a function of Rxf for various values of 9/ xf in Fig. 8.5.

dA
aX = X

(8-51)

(8.52)

(8.53)
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If we reconsider one of the fundamental assumptios of the
fila theory, that the film is sufficiently thin that accumulation
in it may be'neglected, then clearly any-Values of /kflower
than 10 or 20 vould be in contradiction vith that assumption.
Therefore', as long as ve consider the aubject off absorption-vith
chemical reaction from the point of viev of the film theory, ~ye
tay consider that S /xf is greater than 10 or 20. The question of
the actual 'values of E that might be expected~ in a packed tover
or other equipmewt vill be deferred until the dis-cussion of the
case of first order irreversible reaction from the point of viev
of the penetration theory (see Sec. 8.16).

From Fig. 8059 it can be seen that for S /xf - 20 and Rxf 0o5
the correction factor is 00855, and that the correction factor rapidly
increases to unity as /xf or Rxf is increased. The question
arises as to vhat happens as Rx' decreases. To investigate this,
consider the ratio obtained by dividing eq. (8o52) by eq. (8.49).
This ratio becomes

(dA)
TX = x Ao cosh Rxf- Ai 8.56)

()= 0 A A cosh Rxf

This ratio is that fraction of A entering- the film at the interface
vhich diffuses through the film unreacted, enters the bulk of the
fluid and reacts there. Substituting /xf = 20 and Rxf - 0.5 into
eq. (8-53), ve find Ao 0.165 Ai. Substituting this relationship,

plus Rxf = 0.5 into eq. (8,56) yields the ratio 0.845 as the fraction
of A which diffuses through the film unreacted. The calculations
vere repeated for lover values of Rxf at the same value of S/xf,
and the results are tabulated in Table 8.L.

TABLE 8.1

Fraction of Material Diffusing through Film
Unreacted for First Order Irreversible Reaction

C/xf w 20

Rxf (dA/dx)x = xf/(dA/dx)x - 0

0.1 0094t
0.2 0.933
0.3 0.912
0.4 o.88o
0,,5 o.845
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Thus,9 for lower values of Rxf, even more of the material diffuses
through the film unreacted. Physically, the reason vhy this fraction
is so close to unity is that for a low reaction rate constant or
for small thickness of film, there is not much opportunity for
reaction to take place within the film.

The conclusions to be drawn from the above discu ssion are
that for values of Rxf below 0.5, the process of absorptionof A
is essentially a diffusion of A through the film folioved by
reaction within the bulk of the fluid, while for values of Rxf
greater than 0-5, where simultameous diffusion and chemical reaction
take place within the film (which is the case, after all~,'for
which the theory of absorption 'with chemical reaction needs to be
developed), the holdup may be considered sufficiently large
that the correction factor of eq. (8-54) is near to unity. Eq. (8.55)
is then valid for the latter case0

The purpose of the above has been to justify a further as-
sumption for the film theory that will be used for the more complex
cases of absorption with chemical reaction. This assumption may
be stated in either of two ways. either the holdup is infinite,
or equilibrium exists in the bulk of the fluid. Infinite holdup
does imply equilibrium in the bulk of the fluid.

If the assumption of equilibrium had been made at the beginning
of this section, the boundary condition at x - xf would have become
Ao - 0, since the reaction is assumed irreversible. Then, instead
of eq. (50). eq. (55) would have been obtained directly.

8.12. First Order Reversible Reaction. For this case the
appropriate differential equation is

d2A d2E
DA 2 _DE ~2E 0 klA - k2E (8.57)Adx2 dx2

with the boundary oonditions

at x = 0,
dE

A Ai, = 0 (8.58)

at x xf A= A0 , E =E0 K ~ (8.59)
A0

The last equation follows from the assumption of equilibrium
in the bulk of the fluid. Since K k /k2, and since klA - k2 E 0
at equilibrium, it follows that K = Eo/Ao.
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Eq. (8.57) may be rewritten
d2(Am.A,) -d? a(E-E.) kB i k B

DA X2- dx- Mj kq(A-Ao)-kj(B-Bj)+kjj-k2Bo (8.60)
Cx dX2

But kA. = k BO since AO and B0
other. Eq* 8090) becomes

are in equilibrium with each

= kl(A-Ao) - k (B-*B )

The first part of eq. (8,61) may be rewritten

d2 (AAO)
DA -M2UMOM

d2 (E-E)
+ DE - - = 

MO

Integrating eq. (8.62) once,

DA
dx

At x= 0 NA A

dE
and

dx

(8.63)+ DE 01
dx

dA d(A-AO)
DA =-DA

d(E-EO)
==0

whence a, = -NA

Substituting for c in eq. (8,'63) and integrating once more,

DA (AkA) + DE (E-EO) = -N4x + c 2

Substituting B.C. (8.59) gives

0 = NA xf + c0, or c= NA xf

DA (A-Ao) + DE (E-Eo) = NA (xf.-x)

Substituting for (E-Eo) in eq. (8.61) gives

DA , (A-Ao) -( k (xf-x) - P (A-AoJ

(8.64)

(8.65)

(8.66)

(8.61)

0 (8.62)

DA - = am DE
2xp



Rearranging:

.2
d (A-A) ke

7 DA

L et R + .

ka
+ -) (A-A0 ) -

DE

NAk 2

DADE

(This is equivalent to letting R =

for the irreversible case, In that case, k2 = 0). Two inde-
pendent homogeneous solutions of eq. (8.67) are cosh Rx and
cosh R(xf-i). By inspection, it can be seen that one particular
solution isA.

(A-A4) =(xN-x)
R2DADE

Then the complete general solution of (8.67) is

cosh Rx + c cosh R(xf-x) + R(X-x) (8.68)

From B.C. (8.59),

0 = ca cosh Rxf + a4 (8.69)

Differentiating eq0 (8o68) once,
d(A- = _ 3-- du

From B.C. at x = 0,
NA

- R

Whence

Then

a=

R sinh Rx - c 4 R sinh R(xf-x) -
R. DADE

NAka
nRxf R D

Nk

0 
_- DA

R sinh Rxf

NA k
DA RD

R sinh Rxf cosh Rxf
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(867)

(8.70)

(8.71)..........



Combining eqs. (8.68), (8.70) and (8.71),
x = 0, A Aj gives

NA ka k2) kwe I - ( )=
(A -Ao) =

RsinhRxfco shRxf R tanh Rxf

and substituting

NAk2 xf

R2DADE

Now

tanh Rxf

Then

1

sinh Rxf cc'.h Rxf

* N r __

(Aj-AO) J( 1 - )
RA A L - )E

(Aj.-A,) NAf[
DA R2DE

= tanh Rxf (coth aRx-csch Rxf)=tanh Rxf

tanh Rx + Tia
+ k

Now
R2 M +j

k 2

R2DE

DA 1

KDE+DA 1+KDE/DA

1 K DA
R2DE 1+KDE/DA

(A1 -Ao) = NAxf KDE/DA tanh Rxf + 1
(-L+1+KDE/DA

- DA(A Ao)
(8.72)

1+ D tanh Rx
DA Rxlf

An examination of certain limiting forms of eg. (8.72) will be
instructive.

(1) K -- Co

161

NA

t anh RI fta
Rxf
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Rearrange eq. (8.72) tol
DA

NA= DA(kAO) WE +1

AE + tanh RxM
YDE Rxf

DA(A-AO) i
lim NA IMMa

Since AO -- s o, this eq. is identical with eq, (8.55).

(2) RBx --3 0

Noting that UM =Mn ix
Rxf->o

eq. (8.72) becomes

DA(Av-Ao)
NA =

which is identical with eq. (8.42)

()Rxf- 0

Note that lim tanh Rxf = 1, and hence,

lm tanh = 0, eq. (8.72)becomes
Rxt -+ C

NA D (Ai-Ao) (1 + )
Xf DA

If we let Ci = total concentration of A + E in equilibrium
with the gas at the interface, and 0 = total concentration
of A + E in the bulk of the liq, we have

j= Aj + AiK= Aj(l+K)

0= A0 + BO = Ao + AOK = Ao(l+K)
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Then, if DA =DE

NA (8.73)
NA X

Thus, if the diffusivities are equal, and the reaction is in-
finitely rapid, a Ototaln driving force, (Cj-00 ), may be used
Such a driving force is very commonly used in the treatment of
absorption with chemical reaction, but the assumptions inherent
in its use, namely infinitely rapid reaction and equal diffusivities,
are not so commonly recognized,

D, The Penetration Theory of Absorption
with First Order Chemical Reaction,

8013.. Physical Absorption or Desorption (No Chemical Reaction),
For the case where there is no reaction, eq. (8.30) reduces to

DA I = 0 (8o74)

with the boundary conditions

At x =09  t > 0, A = Ai
t =0, x > A = AO (8.75)
x _M, t 0, A= AO

Make the substitution CX = -

Then, the differential equation and the boundary conditions
become

32
DA - =R- = 0 (8.76)

At x= 0, t> 0, a= 1
t =09 x > 0, cx = 0 (8.77)
x=9, 0, a = 0

The solution of linear partial differential equations with
initial time conditions are most easily carried out by Laplace
transforms, A brief review of the subject of Laplace transforms
and of some properties most useful in solving these equations will
be presented here. For a more complete presentation of the sub-
ject, the reader is referred to Hildebrand (38) and to Marshall
and Pigford (7).
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The Laplace traneform of a will be represented by either of
two symbols, V(a) or a, and is defined as

0t

(aO) = = eam a dt (8.78)

Multiplying a by e~Pt and integrating with respect to t from zero
to infinity is a linear operation which transforms a from a function
of x and t to a function of x and p. Some properties of interest
are

eX ax C)x

) =p i --(a)
20t t=O

t o
L adt

p

The procedure in solving a partial differential equation
is to operate on both the differential equation and the boundary
conditions with the Laplace transform. This reduces the equations
to a differential equation in which p may be regarded as constant.
Thus, the equations involve only total derivatives of i with respect
to x,' These equations are then integrated, using the transformed
boundary conditions, to yield It as a function of x and p. By using
tables of inverse transforms, the function may then be transformed
back to give a as a function of x and t. The inverse operation
will be designated by the iymbal rl~. Thus f-(u) = a. Perhaps
the most extensive tables of inverse transforms are those of
Campbell and Foster (7).

In this work we desire not to know a as a function of x and t,
but rather to find (ca/X) , which is used to obtain the rate

of absorption. Therefore. rather than find M as a function of x
and p, we shall usually find (d-a/dx)x=o as a function of p, the

inverse transform of which is the desired (a/ax)x-o as a function

of t,

Operating on2 eq. (8,76) yields

DA dd- (pd - 0) = 0 (8.79)
dx

------------ -- - --



The boundary conditions become

At x = 0, "a
At x =eo, M=

Note that the initial condition, t = 0, L =
used in obtaining ea. (8.79).

0, has been

The general solution of eq. (8.79) is

al exp ( x) + ca exp (- x)

Using B.C. (8,81) gives al = 0.
Then

. = 1/p exp (- x)

B.C. (8.80) yields e2 = 1/P.

'---- exp (-

JWAi

F x)
~DA

Using pair 522, page 50 of Campbell and Foster (7), 3)gx.. =0

NA "A (

NA= e(tA-Ao)

-DA (A--Ao)( )X =0

(8.83)

This gives the instantaneous rate of absorption at any time t.
For the case where there is no acceleration of the fluid, the total
amount absorbed in time t will be given by

NAdt =

t
DA414000 (Ai-A-0)
IRFRT*-k 

i

DAt= 2 a (A1 -AO)

165

(8.80)
(8.81)

(8.82)

Now,

Then

1

dF

dC[
(n) X=30

( 8.84)
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It will be of interest to determine the concentration as a function
of distance and time. This may be found by obtaining the inverse
transform of eq. (8.82). Usin pair 805.3, page 92 of Campbell
and Foster, wherev x/ 4DA , and y= 0,

1/2 erf c (.a- -.-1) + erfe (
A 2\/.UA 2J%

erfo (

A-A2 I
A-k x

1 - erf (8.85)
A--A0 2 JDjt

8.14 The Effect of Vertical Diffusion. At this point
it is advisable to consider the effect of vertical diffusion,
Actually, the differential eq' (8.7 4) should be

, 2A D-A A
DA .. A. + D .. 0 (8*86)

'x2 2

where y is.-the vertical distance through which a iquid layer
has fallsn. It is necessary to show that DAD 2 A/d y2 is small com-

pared with e A/ 2)t, or, alternatively, that DA ( 2A/ a y 2 ) divided

by )A/ t is small compared to unity.

Now,

A at A_ A

P-A 1 2A t 1 )A v
0"_ - O 4w "w -A&. Ow

1. (a/2 . A L

V2 t 2 at 2 t
~2 A/ y2 D DA A_ j
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If we assume for the moment that a2A/Cy2 = 0, we have
from eq, (8.85) that

A = A + (Ai-Ao) (1 - erf )
2 J-T&A

Differentiating once, and then again with respect to time gives:

_A (_o x X2
0 (_0" exp (- )

2t iDjAt 4 DAt

2  xX X 2 3
-(Aj-AO) eXP .. "

b t2  2t IDAt 4DA t 4DAt 2t

Z A/ tZ 4A 2 2L4D t 216

DA 2 A/a Y2  a -

A NA/ a t V2 4DAt2  2t ay_

Now, we run into trouble at the point t = 0 (or y = 0) and pre-
sumably it would then be necessary to take the vertical diffusion
into account. However, let us neglect the region within 0.01 cm.
of the origin, since a very small percentage of the total absorption
occurs there, and concern ourselves with the region y = 0.01 cm.

Then, recognizing that for small y, v = vo, the initial velocity,
and y vot,

D EDA DA )v
DA

If we arbitrarily define the depth of penetration as that

region in which concentration change is greater than 1$, the
depth of penetration is given by

1 - erf( ) 0=.01

whence x 1,821

2DAt
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X2 13.27 DAt

__2 3.320DA

4y2 yvo

DA = 1.820 - -- 4 V

JA/ ) t v0 y vo y

The maximum value that r/ y can have is when acceleration
of the fluid is a maximum, and this acceleration could not con-
ceivably exceed the acceleration due to gravity,

ry= rt = __"0

2 2
D = 1.820 --- - 07

?A/a t Voy vo

The lowest values of v. encountered in the short we ted-wall
columns were about 0.9 cm./sec. Using DA = 2 x 10* cm/sec,
y = 0.01 cm., the first term is

1.820 2x 10-5  l-3

(0.9)(0.01)

The second term is

-= 0 27 x 10-2
(0.9)3

Both terms may be considered small compared with 1. Usually
v0 runs considerably higher, so that the magnitude of the second
term would generally be much lower, Thus, it may be concluded
that the effect of vertical diffusion is negligible, except at
very low liquor rates, in which case the effect is still a small
one,

8.15 First Order Irreversible Reaction. For this case,
eq. (6.3O) reduces to

a2A aA
DA ---- - O-.= kiA (8.87)

x at
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with the boundary conditions

At x = 0, t>0, A = A
t = 0, x>0, A = Ao (8.88)
x =O, t 0, A = A6exp (-klt)

The last boundary condition follows from the fact that at
a distance infinitely far from the interface, the concentration
will change with time. The change results, however, not from
diffusion, but from the chemical reaction. In this region,
differential eq, (8.8) will hold:

d qA
- L =k1 A (8.8)

Integrating

A t
dA
0- kj dt

ln A- = -kit
AO

A = AO exp (-klt)

Taking the transform of eqs. (8.87), (8.88) and (8.8), we have

DA --x - (pA - AO) kjA (8.89)

&t X = 0, & =-(8,90) p

x =9 , (8.91)

Rearranging (8.89)

d2- (p+ki) A
..-- -A = Z -

dX2 DA DA

The homogeneous solution is

=c, exp( X) + A exp

AO
A particular solution is A =

p+kl
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The complete solution is

p+ki p+kl Ao
A = a, exp.:( x) + ca exp (X) + ----

D DA p+k

Substituting B.C. (8.91) gives ci = 0. Substituting B.C. (8.90)
gives

p p+kl

e, = I-
p p+kI

=( exp (. X) + (8.92)

P p+ A A~k

dA A A- A0 +

dx x=0 DA p A

d7A 1 74 (p+, )+Aop

= 4 J 1 A ; ; - ( 8 .9 3 )

Pair 526, page 53, of Campbell and Foster (7) gives

-1 1 exp ( -k1t) (8,94)

Pair 546, page 57, of Campbell and Foster gives

erf (8.95)
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Then

(A)a x X
- .. tL- exp (-.klt) -& lerfr --

NA =.DA ( )

NA exp (-kIt) + Ai erf

To find the total absorbed in time t, write

NAd = A

t

( c) Adt
f Cx -

From eq.1 (8.93), we obtain

t A 1 AO-A4
p( (..va) ) M= W-,- ---I -

0o0 x= '1A P 5+k

Now, Pi ( )-I cannot be
p p+kl

Aik]

p p
(8.97)

found in Campbell and Foster.

Onp way to proceed is to consider eq. (8.95). Multiplying the
right hand function by (-.t) is equivalent to differentiating the
left hand function of p with respect to p. (For proof, see
Hildebrand (38), page 62.) Then

f( -erfJ ) = - () = 2 + /2dp pfpk p fp~Ti 2p(p+lta)3k2

From pair 565.4 page 61 of Campbell and Foster, we have

p(p+ 2 13 err -
3/2mrfexp (-klt) (8.98)

Thus

1 +w erf - err t +xp -k t

p2p'k1 [kl~ 2k13/2 (8 -97)

ft

0

(8.96)
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Taking the inverse transform of eq. (8.97), using eqs. (8.95) and
we get

t

(AA) = ~erf fklt Ait i erf ]kt
I DAL

+ erf klt - A gexp (-1tj

Finally,

t DA 1 A.C .................
NAdt = + kit)erf kjt + exp (-k t)(8.100)

0

8.16, The Effect of Holdup, The question of the value of
A/Ai now arises.I In the case of a short wetted-wall column, the
liquid will obviously enter with all its components in equilibrium
which, in this case, implies that Ao=0. In the case of a packed
column, where the liquid becomes mixed as it flows from one piece
of packing to another and undergoes a short period of exposure
to the gas between mixings, A. will be a function of the holdup.
If the holdup is infinite, at the end of a finite absorption time,
the concentration change will be zero throughout practically all
the liquid, and will be appreciable only in a small zone near
the interfa .&. The volume of the upenetration zoneu will be
infinitesimal compared to the total volume of the liquid. Hence,
after mixing, A0 for the following period of absorption will still
be zero,

For a finite holdup, however, Ao will be greater than zero.
After the liquic has flowed down over several pieces of packing,
a sort of steady state will be reached, in which Ao will remain
constant, that is, the concentration after mixing will not change.
(This arguimrient assumes constant A1 , of course). Then, the amount
of absorption that occurs in. one period of absorption will be
equal to the amount of A which reacts in that same period:

t tS

NAdt = k1 A dx dt

o o o

At any time t there will be an average concentration:

Aav Adx
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Then

0

t

NAdt = k

0

Aav dt

A fair--approximation is that Aav is constant over t. Since at
t=0, Aav = A,, and at the end of the absorption period Aav A0 ,
we have

NAdt kI A~t

Then t
- NA d (8,101)

Substituting eq. (8.101) into eq.

fNAdt+. erfam
0f Ekl't ki

t

N Adt =

A L

- - -

0

J-t NAdt=AR

+ k-4)erf

(8.100) and rearranging:

I (-+kit)erf k -t xp( -kt

+ k1 t exp (--kit)

(8.102)

The quantity

may be regarded as a correction factor to allow for the finite
holdup. This quantity, which may be written

1 + =Dt er f kt
C(kit)3

(8.103)
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has been plotted as a function of 4'1, for various values of S/I Di
in Fig. 8.6. Note the remarkable similarity between Figs. 8.5 and
8,60

In order to determine whether the effect of holdup may be
disregarded, it is necessary to determine the lowest values of

/ Q which might be expected in a packed column The lowest

value would occur at the lowest flow rate, The lowest flow rate
used by Vivian and Whitney (1o) was 900 lb./(hr.)(ft 2 ), Perhaps
the most comprehensive data on holdup in packed columns were
obtained by Jesser and Elgin (52). At 900 lb./(hr.) ft2 ) th y found
that 1/2-inch Raschig rings had a holdup of 0.029 ft per ft of
packing. They also presented a correlation of holdup vs packing
size which indicated that 1-inch Raschi rings should have a holdup
82% that of 1/2-inch rings, or 0.024 ft5/ft 3 , The work of deNicolas,
which is described in Sec. 9,3', indicates that at this flow rate,
the effective wetted area of the packing is a = 0,48 cm /cm3
(see Fig. 93), E will then be 0,024 0.48 = 0.05 cm. For oxygen
the diffusivity is about 2 x lo-5 cm2/see. The time of exposure
in flowing one inch is about 0.1 sec, or less. Then

f'/J Dat = xi.0/1 = 35

Fig. 8.6 shows that at J-j above 0.5, for values of 1/D~t
above 35, the correction factor is 0.85 or greater

At low values of , the reaction is sufficiently slow that,
aside from the effect on A, the reaction will have little effect
on the shape of the concentration-distance curve, and hence
little effect on the rate of absorption. To show that this is
true, we proceed as follows. Rewrite eq. (8.102)

-1 ( + kt)erf J~kt + exp(-kit) 0fNAdt L2 (8.0T

(k1t) 3/2

Rewrite eq. (8.101)

f t
A o Ndt (8105)

A k1 t Aij



176

Rewrite eq. (8.84)

1NAd 2 AO
-- ( 1 - -- ) (8.106)

Aj DAt F A

At / =It 35, substitute various values of kit into eq. (8.104).
The result ka substituted into eq. (8.105) t?,give Ao/Ai Thie
value of Ao/Ai is then substituted into eq. .106) o obtain the
value of ; NAdt/(A DA't) which would be obtained if the value of
k were the same, but there was no chemical reaction. The calculations
are summarized in Table 8,2 The last column is the ratio of the
rpult from eq. (8.106) divided by the result obtained from eq.
(8.104),

TABLE 8.2

Comparison of Eqs.(8.102) and(8.104)

F /J At= 35

f
~t 2/A --A dRatio eq,(8 106)

A, D t eq.(8.104)

From eq. (8.105) From eq. (8.104) From eg.
(8.196)

0.1 0.768 0,2689 0,2615 0,972
0.2 0,455 0.637 0.615 0.967
0. 0,274 0,862 0,820 0.950
0;4 0.178 0.996 0.928 0.931
0.5 0,125 10090 0.988 0.906

What has been done was to calculate the value of A/ which
would actually exist using eqs. (8.101) and (8.102) Eq. t8.104)
allows one to calculate the actual rate of absorption. Eq. (8.106)
tells the rate of absorption if the same value of Ao/Ai existed$
but if there were no chemical reaction. The last coluln in Table 8.2,
then, gives the ratio of the rate of absorption without chemical
reaction to the rate of absorption with chemical-reaction, Ao/Aj
being the same for both' We see then that at 4kjt = 0.5, the
error of neglecting the chemical reaction during the diffusion
process is onl - , and decreases for lower values of ~II. Larger
values of S/ k.,t would also decrease this error. Physi ally,
the reason for 1he small difference is that the reaction is so
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slow that very little of it occurs during the diffusion process,
but rather takes place after the fluid is mixed at the end of the
absorption period.

To summarize, in the region kEt <0.5, the absorption process
may be regarded as straight physical diffusion followed by chemical
reaction after mixing with little error, while for RTf0.5,
where chemical reaction is occurring simultaneously wtth the dif-
fusion, the holdup may be considered sufficiently large that the
error of assuming infinite holdup is small.

Thus, for the case of first order irreversible reaction in
packed columns, we have justified the assumption of infinite
holdup or, equivalently, equilibrium in the fluid at the beginning
of the short absorption period (i.e., just after mixing). Of course,
in the experiments on short wetted-wall columns, such an assumption
is obviously justified, In further work on the more complicated
cases of absorption with chemical reaction, we shall, therefore,
make the assumption that at t = 0, the concentrations of the
various components in the liquid, in addition to being uniform,
are at equilibrium.

With that assumption, since A. = 0 at equilibrium, eq. (8.96)
becomes

NA = AFj exp (-klt) + fl erf jkt (8.107)

and eq. (8.100) becomes

NA i_'= A ( + k1t)erf Fklt + e.p (-kit) (8,108)

8.1L. First Order Reversible Reaction. For this case the
differential equation is

32A A E )2 E
DA---2 - - = - - DE - k1A-k 2E (8.109)

ax t 3t 2

with the boundary conditions

E
At x = 0, t >0, A = Ai, -= 0

Att=0, x 0, A = Ao, E = Eo, K = (8,110)

At x=, t , A = Ao, E = Eo
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In addition, we have

E= k= (8.111)

Equation (8.109) may be rewritten

2 2
2 (A-A 0 ) *(A-Ao) 2(E-Eo) 2 (E-Eo)

D- - DE
c )x2 a U t 4t

=ki (A-A 0 ) - k2(E-Eo) + klA0 - k2 EO

From eq, (8,111), kiA -k2E= 0, so the last two terms of eq.
(8.112) may be cancelied out."

Unfortunately, it has not been possible to solve this problem
for the ease of unequal diffusivities. It is necessary to assume

DA =DB = D

Again, let a = a--
Aj-

Let E-E0

With these substitutions, eq.
become

2 -
4)x X2 C)t -at 2

At x = 0, t >I0,

At t = 0, x 0,

At x = , t 0,

(8.112) and the boundary conditions

kia = ka 6

a =1,a-- = 0

a= 0,

a= 0,

We ,take the Laplace transforms of eqs. (8,114) and (8.115).

2.-
da- _ di e

D - pM = p6 -D -- = kj ox - k 2 6
dx2 dx2

(8.116)

(8.112)

(8.113)

(8.114)

(8.115)
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At x = 0, 1/P, = 0 (8,117)

At x =w, V=0, = 0 (8,118)

The first equation of (8.116) may be rewritten

d D42+1*)C = 0 (8.119)

The complete general solution of eq. (8.119) is

(I + o exp. ( x) + c exp (J x) (8.120)

From B.C. (8.118), we have c, = 0. Differentiate eq. (8.120)
once with respect to x.

+ 9 I- exp x)
r+ (

drrY
Using B.C. (8.117) and defining Q = (-) , we have

dx x=0

Q = or cv =

Substituting into eq. (8,120), and solving for -

a + Q exp - X)

This result is then substituted into eq. (8,116):

d2F
D -- p M = kind + k 2(IM + - exp (--x)

dx2  p

Rearranging:
d =a (lk ) a + - exp (- Wx) (8.121)

D "JD

As in the case for the film theory, we let

R = k -u
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To facilitate the manipulations which follow, we define

S kI+k 2 PJ

Then eq. (8.121) beoomes

8 6 k~ g ep (Tx)(8.122)
D T

The homogeneous solution of eq (8.122) is

c exp (Sx) + c exp (-x)

A particular solution is Obtained by the method of undetermined
coefficients. Let = Cs exp (-Tx) where cs is the undetermined
coefficient, Substituting into eq. (8.122) gives

T2 c. exp ) = s2c exp (-Tx) + e xp (-Tx)

whence k2Q k2Q
c =-

DT(T2 -82 ) DTR2

The complete general solution of eq. (8.122) is then

ai = cs exp (Sx) + c4 exp (-Sx) - exp (-Tx) (8.123)
DTR2

Using B.C. (8.118) once again, we have c3  0.

Differentiating eq. (8.123) once, we have

- Sc4 exp(-Sx) + " exp (-Tx)

Using the definition of Q:

Q=-c 4 +

O4 = (D -



Substituting into eq. (8,123) gives

Q - (A k2 1 exp (-Sx)
S DR2

Using B.C. (8.117), we have

-am exp (-Tx)
DTR2

DTR',

Since DR 2

k2

DR2

DR2

= I + k2

kl+k2

1

.+1
k2

1
-a.;-

1 -1+=
K+1 K+1

Then 9(--L)- (-L)
p S K+1 T K+1

pQ

Q = a
K+1----01

1

(K + )
S T

1

p K

K+1

1

R2 D + p

K p+ JRD+p

Multiply numerator and denomenator by KJp - ]R 2 D + p

K+1 1 Kp IRD + p- (R2D + p)

-D 4p K2p - (R2D + p)

P DR2

(8.124)



1 K RD7 +

F L(K2-1)p-RD qV 2(K2-P

R2D
Q KFP + R2D R2 D

r= RKD R2D
,D(K-l) - (

(8,125)

Using pairs 549, 542 and 541 on pages 57, 55 and 55, respectively,
of Campbell and Foster ( ), we have

fFR2 2 D ~ 2 2 R2DtJ

-K mexp(-R2Dt)+ R2D exp( )erf R Dt+
I K-1) K2-1 K2.1 K2-l

- R2 D 1 exp (4 ) erf T21

L J

+ FR-D RDt R DtI exp( m) e rf -
4KK2 - 2 .) JK2-. J

1 m - -exp(-R 2Dt) +K exp R -)erf

,r(K-1) K2-1 K2.1 K2--1

K2I

'K2-).

R2 Dt R2Dt 1
exp (a--( er --- -

K2.-1 K2- 1 Ji~t

J1K. FKexcP (-R2Dt) -).I(K-1) LT~

K2 )2 er K2R2Dt R2Dt
- exp (2..)( er 2- er .

TK=1 K2-1. K2-) K21

182

R2DJ

-1() = -

+

R2D +, p



Now, NA = -DA

(A -Ao) J-57
NA K-

-- A (A-Ao)( ) _

= -DA (A!-A0 ) 1()

Kexp(-R2Dt)-l
I T -n

K2
+ exp

R2 Dt
(.mm-u---)(erf

K2 -1

K 2 R2 Dt

K2-1

When K = 1, this formula is indeterminate. For this special
case, we go back to eq. (8.124). This becomes

2
Q = - -

Rh2-S

p+ /RDp

Multiply numerator and denomenator by r -

2 1 D + p - (R2D+ )

7 k p (RD + p)

Q 2jp +R D Th J (8.127)
R2D rDi rP p

Using pairs 506, 522 and '03, pages 49, 50 and 49, respectively,
of Campbell and Foster (Z), we have

R D F
This rearranges to:

1 (Q) 2

Then

NA = (A-Ao)

exp (- R2Dt) 2D
2t1 t 

7

+

+ gy(..2Dt)-l
R2Dt

2 + !R-2)- (8.128)

Now, we shall investigate various limiting forms of the instan-
taneous rate of absorption"

183

f - ) (8.26)



(1) R2 Dt -+ 0

As the argument becomes smaller, exp(-R2Dt) approaches unity,
and the error function vanishes.' The second term in the bracket
of eq. (8.126) vanishes, and eq. (8.126) becomes

(Ag -Ao)FD K-1 D
liM NA K-1 oh/ a KMJ = (AD-Ao)

R2Dt -+ 0 TNT [- A -~

This equation is the same as eq. (8.83).

(2) R2 Dt -

The error function may be represented by the following series
(Pierce (8), page2O).

exp(-.x) 1 1.3 1.3.5
erf (x) = 1 -+ 1 ++ +

X 4WT 2x? (2x~ (2c)~

Hence, for large values of x, we may replace

erf(x) by 1 - e 2() Then eq. (8126) becomes

(A%-Ao) 1 K2  exp
K-1 0 + exp ( )

K 2Dt
e xp (-

K"FR DtTT jK;js
exp( 

2 Dt
+ "OW+

Upon rearrangement, this becomes

lim NA
R2 Dt -*D

(A1-Ao) D --1 z( exp(-R Dt)

K-i 4Tt LK

(A-AO) FD

K-1 1t

EK2.11

(At-Ao) (K + )
1-rt

lim NA
R2-Dt-OW

(8.129)

184



185

(3) K 0

For values of K less than one, t he values of the arguments
of the error function in eq.i (8.126) are imaginary. However, when
the argument goes to zero, the error function will still vanish
as can be seen by recourse to its definition. Thus, eq, (8*1261
will become

(Aj-Ao) JD [
lim NA
K+0

(Ai-AID)
- t (8.130)

It now is necessary to evaluate the total amount absorbed during
the absorption period,.

t

NAdt =-D C
0

t
-D (Ai-A 0 )

0

- ~D(Ai~A 0 )ft.l(Q= -D(A 1 -AO) f

= -D(Ai-Ao) )

Thus, it is necessary to find
of it. Equation (8,125) beco

SK p + RD

P IP ((- RONM"

(8.131)

Q/p and obtain the inverse transform
mes:

R2 D

K 2 .1 K2 -

Using the method of partial fractions, the first two fractions in
the brackets may be further separated.4

F(K-1)

K(K 2 -1) K(K2 -. )

D R R2D p

_(K
2-1) (K 2 .-1) 1

r PR 2 D p p ( R2 D)

t

0

p

A)
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Some simplification may be accomplished:

=1 .
p vM(K-1) L K(K2-)

R2D

------- + 2D , K2
I+ R2-D p + RD

p - JP )

K200

Using pairs 549, 549, 542 and 520, pages
and Foster (2), we have

- (-)

K(K 2 ex R2 Dt)
RD' F

erf (R2D + )t-

- K2  exp (2)
K2

K -
K2-1

erf

579 57, 55 and 50, Campbell

2 
2RD+r exp

- erf 1RD)

R2(R)t

j~t + L(:2L~
./ K.1 F I

This reduces to

7 exp( )erf -
p I(-l Rb K .1 r

. jDerf R2Dt

K24 exp (t) erf
RDK2-1

;v-l ctK+1J 3) ~ = am -
p RD

- - +2(K2-l) 

K2-1 iI

F K (DI)( K R DtLvimm exp R21(r Z. -ef

. K erf R2JDtJ

exp R2Dt )

Dt
_1=

+ 2(K+l) torT
F-777-

P
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Substituting into eq. ( 8 ,'1 3 1 ), we have

NA dt = (Aj-Ao) K+l
0n R

- K erf R2Dt +

Again, the special case of
Equation (8.127) becomes

p

R2-Dt
exp (erf

[K2-1 K2-).

K2 R2Dt - e r 2Dt
K2 .1 K 2 .1

2 Dt
TT J (8.132)

K = 1 must be solved separately.

2 P+R2D R2D

R2 Dr p p 7

Using pairs 549, 520 and 522, pages 57, 50 and 50 of Campbell
and Foster, we get

;oa.1(q,/P)
2 D F

e + FRED erf4R2Dt

2 2 11

Substituting into eq. (8.131):

t r=Dt
fNdt = 2 (Ai -Ao) j2 --- +D j~ei

0f L T R Dt

Again, we shall investigate the limiting
absorbed&

(1) R2 Dt - 0

forms of the total amount

Since, for small values of x, erf (x) may be
2x/FTJ, eq. (8.132) may be written

2lim NAdt = (A-Ao) ialE
B- Dt-- KF+00

2 K/ +2~00~ ~ *MMfRD+ R2Dt]

(8,133)

replaced by

'I-

Dt

=-1.1

OW



R2 Dt0*

p ~tK 2  K-1iNAdt =(Ai-Ao) 24 (K+1) L

= 2(Ai-Ao)J

This equation is identical with eq. (8.84).

(2) R2Dt --- 00

Proceeding the same way as for the corresponding limit of the

instantaneous coefficient, eq. (8,,132) becomes

K +1
Um J NAdt = (A1-AO)

R2 Dt a

R2Dt
exp(- R-t)

RDt

K -1

lim LNAdt = (A1-Ao)

R t - *-

K+1WaNO

ex wKZR 2 Dt

JExp(.E 
tK2

K2 .1

2

) -K+ 2 - I

S K Dt

F 

+ 1

limdt = -Ao) (K+) + 2

=2 (A .-AO) (K+1)

188

I Dt

(8.134)

O- 1 +
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As with the corresponding case for the film theory, we may write
Ci = Ai + K4 = Ai (K+1), and CO = Ai + Eo = Ai(K+l). Then

1rn NAdt = 2(0i-co) (8.135)
R2 Dt .. G FV

(3) K- 0

Eq;" (8.132)becomes

lim NAdt = (Ai-Ao)(1/R 2

= 2(Ai-Ao) (8.136)

8418 First Order, Infinitely Rapid, "Reversible Reaction,
For this case of reversible reaction, it is possible to solve the
problem when the diffusivities are not equal. Eq. (8.109) may be
written

DA + D=0 (80137)

At any point within the liquid, equilibrium exists between A and E.
Thus, E = KA at any x and .! If this is true, however, since the
slope of A is finite at x =. 0, it must follow that the slope of
E is also finite there, in contradiction with the boundary condition
(a E/3x) = 0, which comesefrom the assumption that E is non-

volatile.) The paradox is resolved by realizing that at the interface
there exists an infinitesimal zone in which a finite amount of
reaction is taking place* As A dissolves into the liquid at the
interface, it undergoes instantaneous reaction in this infinitesimal
reaction zone to form the equilibrium quantity of E.' This quantity
of E must then diffuse from the reaction zone into the body of
the liquid, so that the gradient of E must be greater than zero
in all parts of the liquid, including the region adjacent to the
interface.

The boundary conditions, then, are

x = 0, t > 0, A= Ai, E = KAi (8,138)
t = 0, x > 0, A =A, E = EO = KAO
x =O%, > O, A =Ao, E = E = KAO
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Eq. (8.137) may be rewritten

a 2A c)A
(DA + KDE) $M-- - (K + 1) .0M = 0 (8,139)

The Laplace transform of eq. (8.139) is

(DA+ KDE) 2- (K + 1 )(pA-Ao) = 0 (8.140)

The transformed boundary conditions are

x=0, A = A/p (8.141)

x =O, A = Ao/p (8.142)

Let J (8.143)
DA+KD&

Eq. (8.140) becomes

2

-- Jp=-JA0  (8.144)

dx2

The complete general solution is

AO
l= c exp (fJp'x) + ca exp (-,*'/px) + -

p

B.C. (8,142) gives cl = 0. B.C. (8.141) gives

=

Whence
_ At..AO AO
A =.. exp(- f'px) +--

p p

-. exp (- r. x)
dx ) = A-

M~) = c(Ai-AO) (8,145)
ax -O ]
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Taking the inverse transform, we get

(L) - (A=-Ao)aoxX-.0 F
(8.146)

Because of the instantaneous reaction occurring at the inter-
face, the rate of absorption is given not be. the rate of diffusion
of A from the interface into the body of th& liquid, but rather by
the rates of diffusion of both A and E from the interface into
the body of the liquid, Thus

NA = -DA -0

N -D < )
A A =0
NA A 'DA)

-D )x=O

-KDE ( A)
Ex X=O

NA = -(DA + KE x=O

Substituting eq. (8.146) and eq. (8.143)

NA = (Ai-AO)(DA + KDE)
K+l

Tt(DA+KDE)

NA = (Ai-AO) K+1) (1+ KDE/DA)

To obtain the total amount absorbed we integrate NA*

f NA dt = -(DA +KDE)

0

From eq. (8.t45), we obtain

(i)t= dt = -(Ai-Ao)
La x X=O I1

Lf x x=0
0

p32
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The inverse transformation yields

I )= dt =-2(Ai-A )
x=O 0 I

Then

NA dt = 2(Ai-AO)(DA + KDE)

t D IJ N 
d t =A t

N dt = 2(A -A0) T (K+l) (l+KDE/DA (8148)
0 A A)c

E. COMPARISON OF THE FILM AND PENETRATION THEORIES FOR
ABSORPTION WITH FIRST ORDER CHEMICAL REACTION.

8,.9 Definition of Absorption Coefficients, It is customary
in absorption work to express the rate of absorption as a product
of an absorption coefficient and a driving force. For the liquid
side of a gas-liquid system, a "totalw coefficient, kL, may be de-
fined on the basis of a "total0 driving force:

NA - kL (C1~.0 ) (8.149)

where 0 is the total concentration of the material being absorbed
in equilibrium with the gas at the interface and 0 is the total
concentration in the bulk of the liquid.

For the case where chemical reaction is present, Vivian and
Whitney (101) introduced the concept of a psuedo-coefficient (k 0)
which they based on a "psuedo-driving force." This psuedo-drivng
force is the difference between the concentration of the unreacted
species of the substance being absorbed which would be in equili-
brium with the gas at the interface and the concentration of the
unreacted spevies of the substance being absorbed which is present
in the bulk of the liquid.

NA = kLO(AV-Ao) (8.150)

Where there is no chemioal reaction, one may define the ratio
of the rate of absorption to the driving force as the "physical"
coefficient, kL*, Then, since A = 0,

NA = kL* (0i-0 0 ) = kL* (Ai-Ao) (8.151)

The above discussion has been presented from the point of
view of the film theory. The same driving forces may be used for
the penetration theory, provided that the subscript o refers to
the concentration at the beginning of the absorption period. However,
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there are two types of rates involved. One may base the coefficients
on the instantaneous rate of absorption, leading to the following
types of coefficients:

Instantaneous "totalu coefficient

N A =k Lint 0 -"0) (8 152)

Instantaneous pseude-coefficient

NA = kLinst(A-Ao) (8.153)

Instantaneous physical coefficient (in absence of
chemical reaction)

NA = L ist 0i") kL inst (Ai-Ao) (8.154)

One may likewise base the coefficients on the average rate of
absorption, the average being taken over the whole period of
absorption

Average ttotal" coefficient

NAdt kL av (Ci~C0 ) (8.155)

t

Average pseudo-coefficient

t

= kO La (A -Ao) (8,156)4 ~ kL av ( Ac

t

Average physical coefficient (in absence of chemical reaction)

St = kL*av (OiCO) = kL*av (Ai-Ao) (8.157)

Since average rates of absorption are obtained in any
type of absorption experiment so far performed, the data are
reported in terms of average coefficients. It will be convenient,
then, to omit the subscript av, and to recognize when the
penetration theory is being used, that kL, kL and kL* are the

average coefficients.
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8.20, The Definition of %. In practically all the cases of
absorption with chemical reaction so far considered, rate of ab-
sorption is equal to the psuedo-driving force multiplied by a term
which is completely independent of concentration. In only two
cases so far considered has any other driving force been encountered.
Eqs.- (8.73) and (8.135) show that a total driving force may be
used for the special case of first order infinitely rapid reaction
with equal diffusivities. The utility of the pseudoecoefficient
concept in the field of absorption with chemical reaction should
be readily apparent.

It is convenient to express the effect of the chemical reaction
upon the rate of absorption in terms of a quantity $, defined as
the ratio of the pseudo-coefficient to the physical coefficient4
Thus,

46 (8.158)
kL

0 may also be defined, more clumsily perhaps, as the ratio of the rate
of absorption with chemical reaction to the rate of absorption
if chemical reaction were absent but if the same pseudo-driving
force existed,

For the case of the film theory, we may rewrite eq. (8.42):

DL* = (8*159)

Then 6 1 f 
(8.16o)

DA ( AD-A 
(DA

For the penetration theory, eq. (8.84) may be rewritten:

N t

Then f t (8.T62)W0O 2 ID - ~ (8.162)
2 DA 2 Fi-AO) DAt

Eq. (8.162) defines an average value for 0. One may also obtain
an instantaneous value of J from eq. (8.83).

k * t (8.163)L ins t

ins" LA to (8.164)

-- , -1. 1 1 --- --.- - -- -1- 1 -- ---- -- - I - -1-- 1 -- Aj
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With the aid of eqg. (8.160), (8.162) and (8.164), we shall now
write the equations for $ for each of the cases of absorption with
chemical reaction so far investigated. Note that in every case
$ is independent of concentration.

Film Theory. First Order Chemical Rea

Irreversible Reaction (from eq. (8.55))

RX-P =(8.165)

Reversible Reaction (from eq. (8.72))

=1- (8.166)

LA Rx

The limiting forms for $ are

lim Rx (identical with eq. (8.165))
K-+ C tanh Rxf

lim$= 1 (8.167)
Rxf- 0

li =1+ Ea k8.168)
Rxf+Cv DA

Penetration Theory. First Order Chemical Reaction.

Irreversible Reaction (from eqs. (8.107) and (8.108)).

0inst = exp(-R 2 Dt) + FiR2Dt erf R2Dt (8.169)

(mn."1 - M+ JR2Dt) erf R7t +(1/2 xp(-R2Dt)(8.l?0)2 1 f=iR7~

Reversible Reaction (from eqs. (8.126) and (8.132)).

1inst = [K exp(-RIDt) - 1

R 2Dt K2  t R1Dt
K 2 F texp( R-)(erf [ - erf )

(8.171)



tT- K+ K2 R Dt ' t"" xM!M""WMOO 2 exp (L .t)(erf - erf -)2j n Kf - K2 1 K2 .1 4 K2.1

- K erf +RK 2D +1

For the special case of K = 1 (from eqs. (8.128) and (8.133)

P 

= 2+ R2Dtl 

in st R2Dt

S 2exp(- 2 Dt) erf FR2Dt

R2Dt -24D

The limiting forms for 0 are?

lim 0inst 1
R2 Dt --"0

lim 0 =1
R2Dt-+ 0

lim n = K
R2Dt - K 1

+ 1

lim 0 = K + 1
R2 D t -* co

limrn =1

lim =
K-30

(from eq.

(from e q.

(from eq.

(from eq.

For the limit K-"O: , eqs. (8.169) and (8.170) are applicable.

For the case of infinitely rapid, reversible reaction with

unequal diffusivities, eqs. (8.147) and (8.148) lead to

(8.181)0 in~t = (K+1)(1+KDE/DA)

196

(8*172)

(8,173)

(8.174)

(8.175)

(8.176)

(8.177)(8.129)

(8.134)

(8.130)

(8.136)

(8.178)

(8.179)

(8.180)
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8.21., The Scheme for Coparing the Film and Penetration
Theories, In the application of the film theory to the packed
column, it has never been possible to measure directly the film
thickness, xf. Similarly, in applying the penetration theory to
the packed column, it has not been possible to assign a definite
value to the time of exposure of the liquid to the gas between
mixings. Even with the short wetted-wall column, there is some
uncertainty as to the time of exposure. If the area for mass
transfer is known, however, it is possible to estimate these
quantities by measuring rates of absorption in the absence of
chemical reaction and calculating from them the physical coef-
ficients. Then, if the film theory were to be used, one could
evaluate the film thickness by recourse to eq. (8.159).

x =-A(8.182)
kL

If the penetration theory were to be used, the time of exposure
could be obtained from the instantaneous physical coefficient
at the end of the absorption period by using eq. (8.163).

it ,fD /Tr(8.183)

kL inst.

It is more likely that the average physical coefficient would be
determined from experiment, in which case eq. (8.162) could be
used,

Ft = 2 DA (8.184)
kL*

It is now possible to calculate 0, as well as the pseudo-
coefficient kL* = 0 kL*, for the cases of absorption accompanied by

first-order chemical reaction, given only the physical coefficient
and certain constants of the system (i.e., diffusivities, reaction
rate constants, equilibrium constants). Such a calculation may be
performed using either the film or penetration theory, and permits
us to compare the two theories'. It should be borne in mind that
we will not compare the abilities of the two theories to predict
the physical coefficients. Rather, given the physical coefficient
and the constants of the system, we shall compare the abilities
of the two theories to predict the effect of the chemical reaction
on the pseudo-coefficient.

A glance at eqs. (8.165)-(8.168) will show that, for the
film theory of absorption with first-order chemical reaction,
9 is a function of two dimensionless.parameters, KDE/DA and Rxf.

The latter parameter may be expressed in terms of kL* by use of
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eq. (8.182) to give

RD _DA kt1 +Ik2
Rx- - + -O (8.185)

kL* kL* DA DE

Likewise, eqs. (8.169) - (8,180) show that for the penetration
theory of absorption with first-order r on 0 is a function
of the dimensionless quantities K and ,R.Dt. The latter may be ex-
pressed in terms of either the instantaneous or average physical
coefficient by means of eq. (8.183) or (8.184). Thus

F2Dt = I- RD - k '+k 3 )D (8.186)
T kL'inat Lns

... .2. =' (8.187)
FIT kL * 6L kL*

For the purposes of the comparison, we shall calculate
as a function of K and RD/kL*, assuming that DA = DE.

In calculating 0 for the penetration theory, values of the
error function are obtained from page 116 of Pierce (84). However,
when K lies between 0 and L the arguments of the error function
become imaginary (see eqs. (8,171) and (8.172)), and the table in
Pierce cannot be used. For an imaginary argument we may write,
from the definItion of erf x,

ix
erf(ix) = '-- exp(-u2 )du

Substituting u = iz gives

xa
erf(ix) =S- exp(z2)dz

The integralf exp (z2 ) dz is tabulated on page 32 of Jahnke and

0

Emde (48). A more extensive tabulation is presented by Terill and
Sweeney(2).
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8.22, Calculated Values of The results of the calculations
of 0 for various values of K and RD/kL*, using eqs. (8.165)-(8.180),

are presented in Table 8.3. Round numbers were used for RD/kL* for the

film theory; the values of RD/kL* used for the penetration theory were
chosen so that the values of the arguments of the exponential and
error functions which appear in eqs. (8.171) and (8.172) would be
round numbers, in order to facilitate looking up these numbers
in the tables.

The results have been plotted in Figs. 8.7 and 8.8, The values
for K 0.5, 2 and 10 have been placed on Fig. 8.7, while those
for K = 1, 5 and wP were put on Fig. 8.8. Two separate graphs
were used to avoid too much overlapping of curves.

823. Significance of the Comparison. Figs. 8.7 and 8.8 show
that the difference between the values of 0 predicted by the film
theory and by the penetration theory using average coefficients
is never greater than 6%; that this difference increases with
increasing K, becoming a maximum for infinite K; and that the
difference is a maximum for values of RD/kL* about 1.5, decreasing
for smaller and larger values of RD/kL*. T 1e value for the penetra-
tion theory is always larger than that for the film theory.

The curves also show that the deviations between the value

of j nst predicted by the penetration theory and of 9 predicted
by the film theory show no such neat behavior, varying quite widely,
and being as much as 17%.

Thus, it has been demonstrated that for absorption with
first-order chemical reaction, one may use the film theory to
calculate 9 (average value) from RD/kL* and K with an error of

not more than 6%. -Since the film theory always gives somewhat
lower values of 0, Its use in design would be conservative practice,
affording a small margin of safetyo

In later sections of t.s chapter, it will be shown that it
has not been possible to use the penetration theory to any appreciable
extent for absorption with second-order chemicalreactions. It has
been possible, however, to arrive at solutions for the second-
order cases from the point of view of the film theory. It is
proposed, then, in view of the agreement between the film and
penetration theories for the first-order cases, that the film
theory will provide a good approximate method for calculating 0
from kL* and the physical constants of the system for the second-

order cases as well.
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TABLE 8.,3

Calculation of $ for Absorption with First-Order Chemical Reaction

Film Theory Penetration Theory
(Instantaneous Coeffs,0)

Penetration Theory
(Average Coefficients)

RD/kt ins t

K = 0

0 -00

K W 0.5

0"0000
0.1842
0,3684
0,5526
0.9210
1.2280
1,7806
2.671
3.53
4,45
5.37
7.09
8.86

12.41
17.73

00

K w 1

0.0000
0.3545
0.5317
0.7090
0.8662
1.2407
1.7725
2.659
3.545
4.431
5.317
7,090
8.862

12.407
17.725

co

RD/kS 0.

0 -00

Oinst

1.000

RD/k $

1.000 0 - 00 1.000

0.0
0.2
0.3
0.4
0.5
0.7
1.0
1.5
2.0
2.5
3,0
4.0
5.0
7.0

10.0
00

1000
1.005
1.010
1.017
1.030
1048
1.086
1.152
1.209
1.253

10334

1.364
1,400
1.429
1,,500

1.000
1.004
1.014
1.031
1.081
1.134
1.235
1.364
1.431
1.463

1.487
1.492
1.496
1.498
1.500

0.0000
0.0921
0.1842
0.2763
0.4605
o.6140
0.8903
1.335
1.765
2.226
2.686
3.545
4.431
6.204
8.862

00

1.000
1.001
1.005
1.011
1.028
1.048
1.090
1.162
1.220
1.267
1.302
1.346
1.375
1.409
1.435
1.500

0.0
0.2
0.3
0.4
0.5
0.7
1.0
1.5
2.0
2.5
3.0
4.0
5.0
7.0

10.0
00

1.000
1.007
1 015
1,026
1.039
1.073
1,135
1.247
1.350
1.434
1.502
1.600
1.667
1.750
1.818
2.000

1.000
1.020
1.o44
1 076

1,115
1.209
1.368
1.602
1.755
1.840
1.889
1.938
1.960
1.980
1.990
2.000

0.0000
0.1772
0.2659
0.3545
o.4431
0.6204
0.8862
1.3293
1.772
2.216
2.659
3.545
4.431
6.204
.8.862

CD

1.000
1.007
1.015
1.026
1.040
1.074
1.139
1.256
1.363
1.451
1.520
1.619
1.686
1.67
1.833
2.000
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TABLE 8 .3 (donta)

Film Theory

RD/kf

Penetration Theory
(Isitaneous Coeffs.)

$ RD/kt inst Iinst

Penetration Theory
(Average Coeffs.)

RD/kt :0

K = 2

0"0
0,2
0.3
0.4
0.5
0.7
1"0
1.5
2.0
2.5
3.0
4.0
5,0
7.0

10"0
00

1.000
1.009
1.020
1.035
1.053
1.100
1,189
1.359
1.528
1.677
1.804
2.001
2.143
2.333
2.500
3.000

0.0000
0.1842
0.3070
o . 614o
0.9210
1.2280
10 8420
2.763
3.684
4.605
6.140

10.745
15.35

o

1.000
1.007
1.020
1.077
1.167
1.282
1.548
1.933
2.222
2.420
2.621
2,853
2.924
3.000

0.000
0.0921
0.1535
0.3070
0.4605
o.614o
0.9210
1.3815
10.8420
2.3025
3.070
5.373
7.675

OD

1.000
1.003
1.007
1.026
10058
1.099
1.203
1.384
1.560
1.713
1.918
2.280
2.465
3.000

K = 5

0.0
0.2
0.3
0.4
0.5
0.7
1.0
1.5
2.0
2.5
3.0
4.0
5.0
7.0

10.00
00

1.000
1.011
1.025
1.044
1.067
1.129
1.248
1.494
1.760
2.018
2.257
2.668
3.000
3.500
4.000
6.000

0.0000
0.3473
0.5210
0.6947
0.8683
1.3025
1.7366
2.605
3.473
4.342
5.210
6.947
8.683

13.025
17.366

OD

1.000
1.032
1.071
1.124
1.190
1,402
1.658
2.213
2.726
3.160
3.524
4.084
4.487
5.093
5.408
6.000

0.0000
0.1737
0.2605
0.3473
0.4342
0.6512
0.8683
1.3025
1.7366
2.171
2.605
3.473
4.342
6.512
8.683

OD

1.000
1.005
1.027
1.043
1.065
1.125
1.237
1.470
1.722
1.966
2.196
2.603
2.941
3.569
3.994
6.000
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TABLE 8.3 (Contd)

Film Theory Penetration Theory
(Insntntaneous Coefffs.)

Penetration Theory
tAverage Coeffs. )

RD/k*
L inst

RD/k*
L

0.0
0.2
0.3
0.4
0.5
007
1.0
1.5
2.0
2.5 P
3.0
4.0
5.0
7,0

10.0
000

0.0
0.2
0.3
0.4
0.5
0.7
1.0
1.5
2.0
2.5
3.0
4.0
5.0
7.0

10.0

0.0000
0.3527
0.5291
0.7054
0.8818
1.2345
1.7636
2.6454
3.527
4,409
5.291
7.054
8.818

1.2345
1,7.6,4

0.0000
0 .354;5,
Oo5317
0.7090
o.8862
1.2407
2.7725

3. r-45
4.431

7.090
8.862

12.407
17-725

10 000
1.012
1. 027

1.074

1.277
1.564
1.890
2. 224
2.548
3.145
3.667
4.529
5.500

11.000

1.000

1030
1.053
1.082
1,158
1.313
1 -657
2 -0 75

4,,003
5.001 
7.000

10.000

Oinst

1.000
1.040
1;080
1.140
1.215
10403
1.754
2.420
3.077
3.681
4,229
5.173
5.952
7.139
8.310

11.000

1.000
1.040
1.089
1.156
1.240
10454
1.862
2.674
3 547
4.431
5.317
7.090
8.862

12.407
17.725

RD/k*L

0.000
0.1764
0.2645
0.3527
0.4409
0.6172
o.8818
1.3227
1.7636
2.2045
2.6454
3.527
4.409
6.172
8.818

OD

0.0000
0.1772
0.2659
0.3545
0.4431
0.6204
0.8862
1.3293
1.7725
2.216
2.659
3.545
4.431
6.204
8.862

$

1.000
1.011
1.028
1.045
1.072
1.139
1.270
1.541
1.843
2.150
2.454
3.019
3.530
4.402
5.413

11.000

1.000
1.013
1.030
1.053
1.081
1.156
1.304
1.622
1.994
2.393
2.806
3.656
4,520
6.267
8.907
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Fig. 8.8. Theoretical Values of 0 for
Absorption with First Order Chemical Reaction
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8 24A The Effect of Une ual Diffusivities So far, the film
and penetyation theories have been nompared for the cases where the
diffusivities of A and E were assumed equal. While the assumption
of equal diffusivities was not necessary in using the film theory,it could be avoided in using the penetration theory only for the
case of infinitely rapid reaction. To compare the two theories
while taking into account the effect of unequal diffusivities,
we must, therefore, restrict ourselves to infinitely rapid
reaction,

For the film theory, eq. (8.168) applies:

= + KDE/DA (8 168)

For the penetration theory, eq. (8.181) applies:

0 = Oinat = (K+l)(l+KDE/DA) (8.181)

It should be noted that film thickness or time of exposure
are not involved in thece, expressions, so that the two theories
may be compared directly. It is quite clear that they do not
give the same values of $ when the ratio of diffusivities differs
appreciably from one.

It turns out that eq. (8.181) may be approximated by

= inst 1+ K DE /DA (8*188)

To show that this is true Fi. 8.9 shows a plot of
S(K+l)(T+KDE A)- vs. K 4E/UA for the ratios of diffusivities

DE/DA = 1/4, 1/2, 2 and 4. On this plot a line for a given ratio
of DE/DA zoincides with a line for the reciprocal ratio. It can
be seen that the approximation represented by eq. (8.188) is good
to 2% for DE/DA = 1/2 or 2, and good to 7% for DE/ DA = 1/4 or 4.
Diffusivities in liquids do not vary over a wide range. For
example, a table of represent&tive liquid diffusivities presented
by Sherwood (2.) lists twenty systems and the diffusivities
in all but three lie within a four-fold range; in half of the systems
they lie within a two-fold range. In general, then, eq. (8.188)
represents a good approximation.
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For the film theory of absorption with first-order reversible
reaction, it was shown that only two dimensionless parameters
were needed, and that these were KDE/DA and RDA/kL*, For the
penetration theory, for equal diffusivities, K and RDAL* were
shown to be sufficient parameters to determine 0. A comparison
of eqS. (8.168) and (8.188) suggests that the parameter associated
with the equilibrium constant and the ratio of diffusivities
for the penetration theory might well be K D7g /DA* The parameter
involving the rate constant and the physical coefficient may well
be RDA/kL*, just as for the film theory, These ideas are only
conjecture, it is realized, but they do suggest, for the purposes
of using the film theory to predict 0 from kL* and the constants
of the system even where the assumptions of the penetration theory
are believed valid, that wherever the quantity KDE/DA appears,
it should be replaced by K / DE/DA.

F, The Film Theory of Absorption with
Second-Order Irreversible Reaction

8.25. Introduction, For this case, eq. (8.20) becomes

d 2A -d 2 B
DA = DB = k1ABdx2 dx2

(8.189)

Fig. 8.9. Comparison of Eq. (8.181) with Eq.
(8.168)

DE/1A7l/' ~2
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with the boundary conditions

At x = 0,

At x = x,

dB
A =A , x= 0

A =0, B= B

The statement that A = 0 at x - xf results fro the
assumption of equilibrium in the bulk of the fluid.

The first part of eq." (8,189) may be rewritten

2
(DAA - DEB) = 0

dx2

Integrating once gives

d
n (DAA - DBB) =

(8.1904

(8.192)

Noting that at x = 0,20 = -=*, we have ol= -NA
dx dx DA

Integrating once again gives

DAA - DBB = -NA X + Ca

Substituting B.C. (8.191) yields

c2 = -DBBo + NAxf

Then
DAA - DB(B - BO) = NA (xt-x)

If we let Bi = concentration of B at the interface, and
substitute x = 0, A = Ai, we obtain

DAAI - DB(Bi-BO) = NAIf

8 8.119 3)
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Now, since

k NA/Al x
-

.(8.194) kL* DA/xf DAAi

we obtain

DE B1-BO

3A Aj

Let q DBB (8.195)
DBBO

Then

.1= -. q(0 - 1) (8*196)
BO

Eq.(8.196) gives us a relationship between Bi/Bo and # in terms
of the dimensionless parameter q, but as yet we cannot determine
either Bj/Bo or $ explicit1y2

Letting R2 = k1 /DA, eq.' (8.189) may now be written

A R2AB (8.197)
dx2

Eq. (8. 193) gives B as a function of A and x. This function
could be substituted in eq.1 (84197) giving a non-linear differential
equation in A, for which no known analytical solution exists. In

the next two sections approximations are made which convert eq,"

(8.197) into linear equations which can be solved
1

8.26. First Approximate Solution. The first approximation,
first used by van Krevelen and Hoftijzer (60), consists of assuming
that B is constant throughout the film at Bi, which is related to

# by eq.! (8 196). Then eq. (8.197) becomes

d A 2 (8198)

A complete general solution of eq. (8.198) is

A = el sinh( R x) + ca sinh('i R Ixf - I)
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Substituting B.C. (8,191) gives ci = 0. Substituting B.C. (8.190)
gives

cAA
= hh(_ -iRx)

whence

A = _R Ix--x.)
sinth( Rxt)

Differentiating once,

0= - jR Aj .O.h. B R xI'-xJ (8.199)
dx ainh({i Rxf)

Now, at x = 0, using eq.a (8194),

dx DA Xf

Then, letting x = 0, eq. (8,199) becomes

0 = ( R 8.200)
tanh ( [BjpRxg)

Substituting eq. (8.196) into eq. (8,200), we have

BoR2 ( 1)]21)
(8 21

t anh BO R x -[1 q(0-1)]

It is convenient to define a new dimensionless parameter

M = B0R2xf 2 = k1BOx2/DA (8.202)

Then eq. (8.201) becomes

FM (8.203)
tanhj T-(-~
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Van Krevelen and Hoftijzer (60) presented an *ideal concen-
tration diagram" which embodies the assumption that B is constant
at Bi, and they presented a plot of 0 vs. 4"Yfor various values
of q, based on their version of eq. (8.203). It should be noted
that their nomenclature is considerably different from the one
used here. They expressed their constants in terms of the limiting
rates of absorption which arise under various limiting conditions.,
This nomenclature seems to be a very confusing one, Furthermore,
Van Krevelen and Hoftijzer never actually presented eq. (8.203)
or any rearrangement of it, but rather presented an equation
which is the equivalent of,(8.203) with the right-hand side
multiplied by a correction factor to allow for the fact that
A is not equal to zero in the bulk of the liquid, Then they
stated the assumption that (in their terminology) R2/M-1 > Rl>Mi
which is equivalent to the assumption that the holdup of the
liquid in the column is very large,, Apparently they set the
correction factor equal to unity when they constructed the plot
of 0 vs. IM, though they never said so explicitly. It is believed
that the derivation of eq,' (8,203) presented here is considerably
easier to understand than that of Van Krevelen and Hoftijzer
and, furthermore, that the assumptions involved are stated more
explicitly here.

The various limiting forms of eq. (8.203) are of interest.

(1) M ->0

Since lim nl =

lim # 1
M-+0

(2) M -+> 0 0

Noting that U1M tanh x =1, eq. (8.203) becomes

92 M l-q(0-1)] (8. 204)

Now, 0 cannot become infinite; in fact, it has a definite upper
limit. From eq. (8.196), we get

1 +(l/q)(1
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from which we see that the smaller Bi/Bo becomes; the larger
is $. However, it is physically absurd for B /B. to become negative
so that the largest value 0 can have is 1 + 17. Going back
to eq.' (8 '2}4) since $2 cannot become infinte, then 1 q(0-1) must
become zero'l *hence

lim = + 1/q (8.205)

(3) q= 0

Eq. (8,203) becomes

lim 0 = (8.206)

q+0

This equation is similar to eq. (8.165), which was derived
for the first order irreversible case. Eq. (8.165) may be rewritten

$ kl/DA xf

tanh(JIj/Dj Xf)

Eq. (8,206) may be written

tanh(FIBo/DA If)

The significance of this similarity is that for small values

of the ratio Ai/B., the concentration of B throughout the film

is practically constant, so that the reaction becomes first-order.

8.27* Second Aproximot:e Solution Instead of assuming that
B is constant throughout the film, one may linearize eq. (8.197)
by assuming that B varies linearly with x, going from B B (which

again is related to 0 by eq, (8.196)) at x = 0 to B = B a x = !
Then

B =Bj + (B0-Bj) M (8207)
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Eq. (8.197) then becomes

= R2 + (B-B1 ) JA (8.208)

If we let

BO

and define new variables

A

k [b + (1-b) --
Xf

where k is a constant t o be determined later, we have

d) k(1-bl

I_ we define

k R= 2I 2 B0  M(2-b ) - e--

eq. (8.,209) becomes

--a! = A R (8.210)i=2
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This equation has undergone considerable investigation in
the past by Airy and others. Two independent solutions, Ai(> )
and Bi(\), known as the Airy integrals, have been tabulated. The
most recent and complete tabulation was brought out by Miller (u).
He tabulates Ai(X ), Bi( X), their first derivatives Ail (A ).
Bi'(A ), as well as various combinations, such as Al (X )/Ai(A ),
Ai(;k )/Bi(?A), and log Ai(X).

The solution of eq.- (80210) is then

a = clAi( X) + c2 Bi( A) (8.211)

The boundary conditions associated with eq. (8.210) derived
from eqs, (8.190) and (8.191), are

At A= kb, a=1 (8.212)

At1 k, 0 (8.213)

Substituting these boundary conditions into eq.F (8.211) gives,
respectively,

1 = c Ai(kb) + c2 Bi(kb)

0 = ci Ai(k) + ca Bi(k)

Then

02 -'01 ik

Bi(k)

At (kb) -=A k Bi(kb)
B31(k)

Differentiating eq. (8.211) once, we get

dX-c, Ail 1 + caBit A

At x =0, (or X= kb),

da da dA dx 1 NA k(- k
WAWO"MO -;-V=.=w ONO ) k-1b k~-

d>. dA dx d)X Ai DAkl.bkl-b
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Ai(k )
Then Ai' (kb) - Bi(k) Bi' (kb)

k(T-b) Bi(k)A(kb) - Bi(kb)
Bi(k)

For convenience in using Miller's tables, this equation is
rearranged.

Ai(k) Bit (kb) Ail' (kb) Ai(kb)

0 Bi(k) Bi(kb) Ai(kb) Bi(kb) (8.214)
1-b Ai(kb) A k

Bi(kb) Bi(k)

Eq. (8.214), combined with

k = / (8.215)
(1-b) 2/13

and

b = 1 - q(O - 1) (8.216)

constitutes a system of equations which approximates the solution
to the problem,giving 0 as a function of the dimensionless
parameters q and M.

8.28 . 0oparison of the Two Approximate Solutions. Referring
back to eq. T8 .189), since A and B are both positive quantities,
d2B/dx2 is positive. Therefore the plot of B vs. x must be concave
upward. Since the slope of B vs. x is zero at x=O, the slope must
always be greater than zero at any point x>0. Thus Fig. 8.10 shows
a typical plot of B vs. x. The first approximation uses the assump-
tion that B is constant as shown by the dashed line; the second

approximation uses the assump-
tion that B varies linearly
with x, as shown by the dotted
lines. Thus, the first ap-
proximation assumes a value
of B which is always too low,
while the second one assumes

Bo a value which is always too
high. Physically, one can

B ,see 
that assuming too low a

value for B would lead to too

B - small. a rate of absorption,
while too high a value should
predict too high a rate.

0
0 x

X

Fig. 8.10. Sketch of Concentration
of B in Film for Second Order
Reaction.
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Therefore, we should expect that the values of 0 obtained from the
first approximation will be too low; those obtained from the second
will be too high. The true value of 0 must be in between.

Values of 0 calculated by the first approximation are tabulated
in Table 8.4. These values were calculated from eq. (8.203) for each
value of q and VIF~ by trial and error.

Values of 0 calculated from eqs. (8.214)-(8.216) are tabulated
in Table 8.5. An indirect graphical technique was used to obtain 0
as a function of q and M. A graph was constructed with k as the
abscissa, and the right-hand side of eq. (8.214) as the ordinate, for
the value of b = 0, 0.1, 0.2, 0.3, ...... 0.8. Then for each value
of q and b, 0 was calculated by means of eq. (8.216). 0/(1-b) was
then computed and, referring to the graph, using the line correspond-
ing to the value of b in question, the value of k was obtained. Then
M was calculated from eq. (8.215).

From the physical situation, one may expect that, for infinite
reaction rate, B is zero at the interface; thus b = 0 when M--0.
One would also expect that b would be greater than zero for any finite
value of M. This condition is met by the first approximation. The
second approximation, however, gives a finite value to M for b = 0, as
seen from Table 8.5, and the corresponding value of 0 is the maximum
valde that 0 can have for a particular value of q (i.e., 0 = 1 + 1/q).
For larger values of M, we may say that the second approximation
predicts that 0 is constant at 0 = 1 + 1/q, and still satisfy the re-
quirement that the second approximation predict a value of 0 larger
than the true value.

The two approximations are compared graphically in Fig. 8.11.
The solid lines represents the first approximation, while the
dashed lines represent the second approximation. The agreement be-
tween the two is quite remarkable. The largest difference is about
8%, occurring at q = 1, and decreases as q decreases. Since they
bracket the true solution, we may say that both approximations are
correct to within 8% at low values of q, and become more correct as
q decreases.

For subsequent use it is preferable to employ the first
approximate method because it is simpler to derive and to calculate,
and because it gives a slightly conservative value of 0 for use in
design.
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G. The Penetration Theory of Absorption with Second-Order
Irreversible Reaction.

8.29 The General Case. Eq. (8.30) becomes

DA A A ) = B - -k AB (8.217)

with the boundary conditions

3B
At x = 0, t>O, A = Ai, . = 0

At t = 0, x>0, A = 0 , B = B (8.218)

At x -at00, t>, A = 0, B = B

The conditions that A = 0 for t = 0 and x =C follow from the assump-
tion of equilibrium at those boundaries.

Even with the assumption of equal diffusivities, this case
cannot be solved because eq. (8.217) is non-linear.

8.30 The Case of Infinitely Rapid Reaction. When the reaction
rate is infinite, A and B cannot exist together at finite concentra-
tions. Since A is present in finite quantity at the interface at the
value Ai, the concentration of B at the interface must be zero. For
this case, a solution may be obtained by the use of Laplace transforms,
provided the assumption of equal diffusivities is made,

The Laplace transform of the first part of eq. (8.217) is:

D -- - pA = D -, - (pB - BO) (8.219)
dx dx0

The transform of the boundary conditions are:

dB
At x = 0, M A /p, =0, = 0 (8.220)

dx

x MD$0, = B 0/p (8.221)

Eq. (8.219) may be rearranged.

D (I-'3) = p ( -) + B0 (8.222)
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The complete general solution of eq. (8.222) is

-:B) c exp (Vp/D x) + c2 exp (-Vp T x

Using B.C. (8.221) gives

Bo Bo- 0 = c, exp (Co) -B
p p

Whence c, 0. B.C. (8.220) gives

A1  B0

p p

Whence c2 = (Ai + Bo)/p

A'j+Bo ,BO
A-B -exp (- /p/D x) --

p p

Differentiating once, we obtain

p
exp (-/p/DW x)

B. C. (8.220) leads to

(-) . F- 
dx D~ p

A+BO --1

V D V P-
(8 .223)

Taking the inverse transform,

x=o v/F

NA U - D (-) = (A +Bo)

Substituting into eq. (8.164), noting A0 s 0, gives

inst =1+ 0 = 1 +1Ai qi
(8.224)

dA dBip
-ar - - z -5

dx dx r
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To get the average value we first divide eq. (8.223) by p.

(A ) A +Bo 1
bat I 3

The inverse transform is

DA
(I-) dt =

NA dt D

Jo

Ai+B 2/t

jFD

( A ) dt = 2(A+B )

Substituting into eq. (8.162) gives

= 1 + B0  1 + q
As q

(8.225)

Note that eqs. (8.224) and (8.225) are identical with eq. (8.205),
which was obtained for the film theory for the limit M+0v(i.e.,
infinitely rapid reaction). Thus, for this case, the film and pene-
tration theories agree exactly.

8.31 The Effect of Unequal Diffusivities. An exact solution
for the case of infinitely rapid reaction with unequal diffusivities
has been performed by Danckwerts (19), who arrived at a general
method of solution for this class of problems which involve unsteady-
state diffusion or heat conduction with a moving boundary. In this
case the moving boundary is the boundary between the region contain-
ing A and that containing B. He showed that

t

NAdt

0

2 Ai

erf (cQ)/V)

where L is defined by the equation

fOt

T"t

0

DAt
-t (8.226)

t
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Ai B0  2a-

exp erfc exp (-) erf (-) (8.227)
VDBDB VD DA VD

Eq. (8.226) may be combined with eq. (8.162) to give

1
no (8,228)

erf (L/ vrD )

According to another article by Danckwerts (18)

A D

erf ( W/VN) 'rtn

(where W) is again defined by eq. (8.227), so that

0 inst = (8.229)
erf (u/v'/D-

Some idea of the significance of eqs. (8.227)-(8.229) may be
obtained by considering sma11 value s of 62-( i .e ., &/ ,/<Q 1) . The n
exp ( t 2 /D ) = exp (CO /DA) 1, erf ( /I ) = 2C DA , and
erfc (u/ DB) = 1 2 W/ -DB. Eq. (8.227 then becomes

Ai DA 2 _/ /nDA

B0  DB 1-2 C/ -fDB

Multiply both sides by VDA/DB

Ai DA 2 / TDB

B0 DB 1-2 W/ V

Taking the reciprocal of each side and rearranging,

1 Bo DB
=1+

2ct/ v'g Ai DA
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Multiply both sides by v/Da7DB'

1 DA Bo DB
- ~ +

2W/ rrDA DB Ai DA

Since we are considering the case of small to), this quantity
is large compared with one. It may be approximated by

B0 B
11 + B- DB (8.230)

Co/ Ai DA

with an error of 1 -VDA/DB . Since values of DA/DB will very sel-
dom exceed four, this error will be less than one.

Substitution of eq. (8.230) into eqs. (8.228) and (8.229)
yields

0inst. 1+ (8.231)
Ai DA

Bo B

To test this equation at higher values of 4, which
corresponds to higher values of (Ai/B ) vDjA/DBP 0 has been c alculate4
using eqs. (8.227) and (8.228), and piotted in Fig. 8.12 as a
function of (A/B ) D DB for various values of DA/DB. The line
for D=D coincides with eq. (8.231). One can see from the graph
that if had been plotted as a function of Ai/Bo, or as a function
of AiDA /BoDB, that the lines would be spread apart much more than
they are on this plot. Thus, the error of assuming that 0 is a
unique function of Ai/Bos or of AiDA/BoDB is much greater than if it
is assumed to be a unique function of (Ai/B0 ) IDADB . From the

graph, we see that the letter assumption leads to an error which is
less than 10% for values of (Ai/Bo) VDA/DB less than 0.1 when
DA/DB = 4, and that the error decreases for decreasing values of
Ai/Bo, and for decreasing values of DA/DB. In practice, values of
Ai/Bo generally do run below 0.1, so that eq. (8.231) is a good
approximation to use.

For the film theory of the case of infinitely rapid reaction,
eq. (8.205) applies:

+ Ai D+ (8.205)
Ai DA



Fig. 8.12

Comparison of Eqs. (8.227) and (8.228) with Eq. (8.231)

20

m.06 0.1 0.2

Ai DA
Bo DB

0.3 0.4 o.6

Eq. (8.231)

- - - -- -

N
N

co

..0

10

8

6

4

3

2

1 2

N)



224

The comparison of eq. (8.205) with eq. (8.231) suggests the
same idea that arose in connection with unequal diffusivities in
first order reve;sible reaction. When the film theory is used to
predict 0 from k and the constants of the system even where the
assumptions of tke penetration theory are believed valid, it is sug-
gested that wherever the ratio q = AiDA/BODB arises, it be replaced
by the quantity (Ai/Bo) VDA/DB -

H. The Film Theory of Absorption with Second-Order
Reversible Reaction.

8.32 General Solution. Eq. (8,20) is applicable.

d2 A daB d2 E d2F

DA g = DB 2 - DE U = - DF d = kiAB-kaEF (8.20)

The boundary conditions are
dB dE dF

At x = O, A = Ai, dB=== E (8.21)

At x = xf, A = Ao, B=Bo, E=EO, F=F0  (8,22)

The assumption of equilibrium in the bulk of the liquid gives

k., EOFO
K = - = (8.232)

0 0

From eq. (8.20) we have

DA = DB MOA

dxa D

Integrating once:

dA d
DA = DB o+ 

Using N A = -D A(dA/dx)x__, and (dB/dx) = 0, we get

* -NA
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Integrating once more:

DAA = DBB -NAx + cs

Letting the concentration of B at the interface be Bj, and using
B.C. (8.21) we get

c2 & DAAi- DBBi

Then

DA(A-At) = DB(B-B ) - NA x

Substituting B.C. (8.22) gives

DA(A0-A i) = DB (B0 -B) - NA xf

or
NA Xf 1 (Bi-BO )

DA(Ai-Ao) DA (Ai-AO)

Substituting eq. (8.160) gives

DB (B1-B0 ) (8 .233)
DA (Aj'A0 )

From eq. (8.20), we have

U, (DA A+ DE E) =.0

The complete general solution is

DA A + DE E = c x + 03

From B.C. (8.21), c,2 DA Ai + DE Ei. From B.C. (8.22),

DAAO + DEEO = C, xf + DA Ai+ DE EI

DA (AO-A1) + DE (E0-Ei)

Then

DAA+DEE = [DA(Ao-A)+DE(Eo-Ei)] - + DAAI+DEEi (8.234)
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Differentiating once

dA dE (AO-Ai) + DE (E EQ)

DA " + DE0

Substituting NA - DA(dA/dx), and (dE/dx) = 0, we get

DA(A0 -A) + DE(E0-Ei)
-NA x

Substituting eq. (8.160) gives

. DE (El - EO) (8235)

DA (Al - Ao)

The expression for F1 will be exactly analogous to that for El:

+ (F - (8.236)
DA (A- AO)

Eqs. (8.233), (8.235) and (8.236) relate the interfacial concentra-
tions of B, E and F to 0.

Now consider the following part of eq. (8.20):

dA
DA k AB - k2 EF (8.237)

Eq. (8,237) is non-linear, and cannot be solved analytically. An
approximate solution may be obtained by linearizing it, just as we
did for the second-order irreversible case. We shall employ here
the same procedure used in the first approximate solution for the
irreversible case, and assume that some of the concentrations are
constant at their interfacial values.

Assume that B is constant throughout the film at Bj, which
is related to 0 by eq. (8.233), and that F is constant throughout
the film at Fi, which is related to 0 by eq. (8.236). Then
eq. (8.237) becomes

d2A
DA dx (k2'8i) A -(k2Fi)E (8,238)
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We may solve eq. (8.234) for E and substitute into eq. (8.238).

dA2 k-i
DA dA--f (I 1Bi)A(k2Fi){[ D (o-j + (Eo-Ej)J X

+ DAi + E - A (8.239)

To facilitate the algebra, we make the following substitutions. Let

DA

U2W = k2 Fi

U2Z = k2Fi

(8.240)
DE

AO-Ai+ E-E
DE DA

(--- + -L)
DE DA

(8.241)

(8.242)

Then eq. (8.239) may be rearranged to give

d2A 2 2 2
- U A - U Wx/x -U Z (8.243)

The general homogeneous solution of eq. (8.243) is

A = cl sinh Ux + c2 sinh U (xr-x)

A particular solution is

A = Wx/x + Z

The complete general solution is the sum of the homogeneous and
particular solutions, or

A = ci sinh Ux+c2 sirh U(xf-x) + Wx/xf+Z (8.,244)



Using B.C. (8.21),

Ai = c sinh Uxf + Z

C 3 = Ai - z

sinh Uxf

From B.C. (8.22),

Ao  Ci sinh Uxf + W + Z

- AO - W - Z

sinh Uxf

Differentiating eq. (8.244) once:

S= cU cosh Ux - cU cosh U(xf-x) + W/x

Substituting for c, and c2, and setting x=o gives

NA (Ao-W-Z)U-(Ai.-Z)U cosh Uxi

sinh Uxf
1*

Noting that NA/DA = % (Ai-A0 )/xf, we get

0(Ao-Aj)

Ux

(A-W7-.Z) (1/cosh Uxf)-(Ai-Z)

tanh Uxf

Now, let us go back to eqs. (8.240)-(8.242).
be rearranged to give

2 k2Fi k Bi DE X BiDE
U =-- (1 + - -) FiD

DE k2 Fi IDA DE FiA

Eq. (8.240) may

(8.246)

Substituting eq. (8.246) into eq. (8.241) and rearranging gives

k2Fj. KBjDE--- (1 + ) W =
DE F DA

k2 Fi (A0-A1 ) +DE EO-Ei1D+ A -Ai1L DA Ae-A1

228

W
xf

W
(8.245)

DA
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This may be combined with eq. (8.235), and rearranged:

(AO - Aj)
W = A (8.247)

FiDA

Adding eq. (8.241) to (8.242) gives

U2 (W+Z) = k2Fj ( . )
DE DA

Substituting eq. (8.246):

(1 + -.. ) (W+Z) = (AO+EODE/DA)
DE FiDA FE

Note that EO KAoBo/FO

Then AO (1 + K BoDE

W+Z= olA (8.248)
K BiDE

FiDA

whence
KAODE Bi _ Bo

A -W-Z (8.249)
KBiDE

1+ Fi DA

Subtracting eq. (8.247) from eq. (8.248):
K -AB DE

A -AO0 + Ai0 + -- rgQ--
K BiDE

1 + Fi DA

Then (AO-Aj)(6-1) + DE (.7

i -K BiDE
1+ FiDA
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KAODE Bi BO K Bi DE
(Ao-Aj) (0-1)+ --- "( . - --) - (AO-Aj.)DA Fi FO FI DA

K BiDE

1+ iDA

(8.250)

Substituting eqs. (8.247), (8.249) and (8.250) into eq. (8.245), and
multiplying through by Ktanh Uxf gives

(1+F )tahUx iv

0(A0 -A1 ) K BIDE tanh Uxf
(1+ .~i)tnhU

Uxf Fi DA

K AoDE
- (A0-A )(0--1) -

DA

KAODE (Bi

DA Fi

Bi

Fi

BO

F0

- -)(-.)
F0  cosh Uxf

K Bi DE

F1 DA

+ 0 -tanh Uxf
Uxf

Rearrangement yields

tanh Uxg KBiDE
;: m ) = + -
Uxg FIDA

Ao
+ --

KDE Bi

DA F1

B0
- -)(1 - ---
F0 coshbcg

(8.251)

Eq. (8.251),
stitutes the

combined with eqs. (8.233), (8.236), and (8.240) con-
solution.

8,33. The Case of Second-Order Forward, First-Order Reverse
Reaction. For the use of the reaction of the type

A + B - E (8.252)

the form of eq. (8.20) which applies is

Ai-Z =

KBIDE

F IDA
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d2A d 2B d2E
DA 0~ -= DB "~= ~w~D - ki AB - k2E (8.253)

dx2  dx2  dx

The boundary conditions are

dB dE
At x = 0, A = Al, -- = --0- = 0 (8.254)

dx dx

At x = x, A = A 0 , B = Bo, E = E0  (8.255)

The assumpt ion of equilibrium in the bulk of the liquid gives

K - -- (8.256)
k2  AOBO

The following results obtained previously will still apply:

=9- (Bj -BO) (8.233)DA (A1-Ao )

0= + F (E -E0 ) (8.235)DA (Aj-A0 )

The derivation proceeds in the same way as for the case where
both the forward and reverse reactions are second order.
Eq. (8.253) is written

D d k. AB-k2E (8.257)
A T-

This equation is linearized by assuming that B is constant at its
interfacial value Bi. If we define

2 k1B1  k2
Y = --- MM + -me"(8.258)

DA DE

by looking at eq. (8.251) and recognizing that the F terms will dis-
appear, we obtain

KBiDE tanh Yx = KBiDE Ao KDE 1
0(1+--)1+ -- A --- --- (Bi-B 0 ) (1-)DA Yxf DA A-A0DA cosh Yxf

(8.259)

Eq. (8.259), combined with eqs. (8.233) and (8.258) constitutes the
solution.
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I, Citations

8.34 As pointed out at the beginning of this chapter, not
all of the material presented in this chapter is original with this
investigation. In this section, the various derivations will be
considered with the object of pointing out the previous and
contemporary literature where similar derivations have been found.

The basic differential equations, being quite straightforward,
have been presented by many authors in many different forms.
Juttner (54) presented an unusually complete collection of these
equations for both the steady-state and unsteady state cases, in-
cluding the cases where the molecules react in other than one-to-
one ratios.

The film theory of absorption with first order irreversible
reaction was derived by Hatta, and an excellent review of this
subject is presented by Sherwood (92), who also takes into account
the gas-side resistance.

The film theory of second-order infinitely rapid irreversible
reaction was derived here as a limiting case of the second-order
reaction, but it has been considered in the literature chiefly from
the point of view of the so-called double liquid film concept.
Sherwood (92) has also reviewed this case in considerable detail.

Jenny (51) considered the film theory of second-order
irreversible reaction with finite rate, but could not solve the
differential equation by straightforward methods. Van Krevelan and
Hofttzer (60) derived an approximate solution to this problem,
which was presented in the treatment here.

Chou (13) considered the film theory for reversible, first
order forward, third order backward, reaction with particular
reference to the chlorine-water system. He obtained a series
solution to the differential equation which, while rigorous, is ex-
tremely difficult and tedious to use.

All of the work on the penetration theory of absorption
with chemical reaction presented here was derived without recourse
to the literature, with the exception of the second order,
infinitely rapid, irreversible case. This case was studied by
Adair (2) who presented the results in a form not convenient for
calculation of rates of absorption. Danckwerts (19) derived a
general solution to the problem of unsteady-state diffusion with
a moving boundary, and presented as a specific example the solution
for this case. His result was in a more convenient form than
Adair's, and has been included in this chapter. The rest of the
development is the author's, but a considerable portion of it has
later been found to duplicate work done about the same time by some
other investigators. Danckwerts (18) derived the penetration
theory of first-order irreversible reaction. The author had the
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opportunity to read the manuscript of the chapter on "Absorption
with Chemical Reaction" which will appear in the forthcoming
edition of "Absorption and Extraction" by Sherwood and Pigford.
This manuscript shows that R. L. Pigford has derived the penetration
theory for first order, both reversible and irreversible reactions.

Contributions which are claimed to be new are as follows:

Consideration of the effect of holdup and the justification
of the assumption of equilibrium in the bulk of the liquid (or at
the beginning of the time of exposure) for the film and penetration
theories; the effect of acceleration of the liquid and of vertical
diffusion on the penetration theory; the penetration theory of first
order infinitely rapid reversible reaction with unequal diffusivi-
ties; the comparison of the film and penetration theories for first
order chemical reaction; the film theory of absorption with second
order irreversible reaction, using the Airy integral (also showing
the accuracy of van Krevelen's approximation for this cases; and
the film theory of absorption with second order reversible reaction.
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A. Absorption of Chlorine in Water

9.1. Development of Theory

The assumptions made are:

1. The water is originally pure before any
chlorine is dissolved in it.

2. Hypochlorous acid does not dissociate.

3. The reaction H 3O H+ + OH is instan-
taneous.

4. Diffusivities are independent of con-
centrati on.

5. HOCI and HCl are non-volatile.

6. The film theory may be used to cal-
culate 0 from k * and the constants of
the reaction.

It is first desired to prove that at every point
in the liquid, the approximation

OH = - _(9.1)

is valid. Since, because of assumptions 1 and 2, the only ions
present are OH , H+, and C1F, and since electrical neutrality
must exist every where,

[oH~ + rc~] (9.2)

Because of assumption 3, water dissociation equilibrium exists
every where

FH+] OHiJ Kw (9.3)

-. The validity of eq. (9.1) depends on vether
[OHJ] is negligible compared with [HJ . Since [H decreases
with decreasing chlorine concentration, the test should be
made at the lowest concentration of chlorine encountered.
Assume that the chlorine concentration is 0.01% of saturation,
i.e., C = 9 x 10~6 moles/l. At this low concentration, the
chlorine would be practically completely dissociated at
equilibrium. Even if conditions in the liquid were such that
the hydrolysis reaction had time to proceed only 10% toward
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equilibrium, [H+] woul equal x 10 mole 1. Then, from
eq. (9.3), VOH~ J 10 4/910 = 1.1 x 10~ , which is only 1%
of [H+] . Thus, for this very extreme case, eq. (9.1) is good
to 1%; for higher concentrations or closer approach to
equilibrium the accuracy is much greater.

Thus, we may adopt the following nomenclature:

A [CJ=13i

B [OH] = Kw/F

E = [HOo2

F = [H] 0

DA= diffusivity of C12

DE= diffusivity of HOCl

DF= diffusivity of HCl

Two expressions for the rate of hydrolysis of
chlorine have been proposed in the literature. Shilov and
Solodushenkov (95) examined their rate data on the basis of the
mechanism

C12 + H 2 0 H0C1 + H+ C1 (9.4)

while Morris (76) proposed that the mechanism of the hydrolysis
is

Cl2 + OH HOC1 + Cl (9.5)

The theory will now be drived assuming first the second
mechanism and then the first.

Assuming the mechanism of eq. (9.5), i.e., second
order forward and second order reverse, the appropriate
differential equation is

d2 A daB d2E dSP'
DA d = DB - a -DE = -DF k k1AB-k2EF

(9.6)

which was treated in Sec. 8.32. The solution was found to be

KB DE tanh Uxf KBIDE Ao KDE BI B1
F(1+----- ) I a - - - - - ( - ) -- (1 I-)

Uxf FiDA Aj-AO DA Fj FO cosh Uxt

(8.251)
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together with
DB (Bi-_Bo)(823
DA (AI-A )

= 1+ DF (Fj-F) (8.236)
DA (A -A0 )

2 kB- ksF7
U DA DE (8.240)

DA DE

Note that

K = kj/ka EOF/AOBO (8.232)

Usually the equilibrium of the chlorine-water system is ex-
pressed in terms of reaction (9.4). Thus,

K0 M E0F0 /AO (9.7)

From eq. (9.3) we have

B = KW/F (9.8)

The two equilibrium constants, K and K,, then, are related by

K = KC/KW (9.9)

In eq. (8.235) K occur several times multiplied by
Bi or B0 . Since K B= K K,/Fi =KC/F1

and

K B= KO/F0

eq. (8.251) becomes

KODE tanh Uxf KODE A0  KeDE FO 1
(+ -) = 1 -+ + ----- ---- ("--- - 1)(1 -

Fi DA Uxf Fi DA Ai-AO Fo2A F1  cosh Uxf

(9.10)
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term
Included in the right-hand side of eq. (9.10) is the

2
Ao FO

A-AO Fi

This may be rearranged, and eq. (8.236) substituted.

A0 (F's-Fj2 ) A(F+F) (FQ-F ) A0 (F0 +F) DA

(Ai-AO) Fi2 DF

Sibstituting into eq. (9.10) .

K DE tanh Uxf K0DE KC
0(1+ = 1+ -

F ADDA Ux

D1 A0 (F0 +Fj)

F DA F 2 D F 20 F i

Noting that K A /F = EC and tha t EO
both sides the quantity

cosh Ux

(9.11)

= F0 , and subtracting from

+ KODE tanh Uxf

Fi 2DA Uxf

K DE tanh Ux,
-) ( + - - E)

F iDA Ux

K DE tanh Uxf

F 2 DA Uxf

DEFO(F +F)

DF F cosh Uxf

This rearranges to

K D
0 E tanh Ux-

F= 2DA ___

( )+ eD .tanh U +(1 1
F0  FO DA Uxf F0  DF cosh Uxf

(9.12)
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Eq. (8.236) becomes

"gap + a 0:- 1) (9.13)
FO DF F0

Eq. (8.240) becomes

a k2K+ k2F k2Fi KODE
U =-- +--=-- -(1+---)

DAFi DE DE DAFia

Noting that kL* DA/xf, this rearranges to

SkaDA F KODE
U x I=(* +

kL aDE DAFiz

Solving for k L

k VZ- -o1 + (KcDE/DAFo )(Fo/Fi)
Lix f (9.14)

Eqs. (9.12), (9.13) and (9.14) constitute a system
of equations whereby, by eliminating Fi/F and Uxf, one could
obtain 0 as a function of kL*, DA, DE, DFO K0 , A0 , Ai, F0 and k2 .
For a given temperature, DA, DE, DF, K. and k2 are fixed, and
Ao and F0 can be calculated from Co, so that 0 then is a
function of kL*, Ai and 00.

The special case of Co = 0 must be considered

separatel. Then A0 F0  = 0. Multiplying eq. (9.12) through

bE (- _ tanh Uxf)

0 - 1 1 AUX
KCDE tanh Uxf

1 + Fi2 DA UXf

or KODE
1 + Fi DA

K CDE t anh Uxf
1 + -F-a7DA UXf
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with k *2DA2F /DE 1 + KCDE/DAF12

L Uxf

and DAAj

DF

If the mechanism of eq. (9.4) is assumed, i.e.,
first order forward and third order reverse, the appropriate
differential equation is

a a a
d A d E d F 2

DA DE .ViE a - DF '-- = mA - nEF (9.15)
dx dx dx

where m is the forward rate constant for this mechanism, and
n is the reverse rate constant.

This type of chemical reaction is not treated in
Chapter 8, but the method of integrating it is very similar to
that used for the second order forward, second order reverse
mechanism. The following derivation was first made by Quincy
(86); the nomenclature used here is somewhat different, however.

Going back to Chapter 8, eqs. (8.234)-(8.236) are
still applicable. Thus,

DA A + DEE = LDAEX(AO-A) + DE(EO-Ei)J -L + DAA + DEEi (8.234)

DE (Ei-EO)
i + -(8.235)

DA (A i-'A)

DE (Fi-F0 )
+ 

0 1 + -(8.236)

DA (Ai -A0 )

Eq. (9.15) may be written
2

d A 2
DA ---v a mA -nEF (9.16)

dx

In order to obtain an approximate solution, this equation is
linearized by assuming F is constant at its interfacial value
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gives
3

d A 21D
DA. = mA-.ifA (A0-Ai)+(Eo-Ei)j

dx flDE xf

To simplify the algebra, let
Sm

I 
DDA D

2 Ao-A Eo-E
I W' nF ( +

DE DA

I Z nF1  (- + i)
D E DA

Then eq. (9.17) becomes

d2A 2 2
w I A - IW' x/x -I z

dx2

which is analogous to eq. (8.245). The integration
that between eqs. (8.243) and (8.245) to give

parallels

0(Ao-Ai)

Ixf

(Ao-W-Z)(1/cosh Ix)-(AI-Zx)

tanh Ixf
+--- (9.22)

Ixf

Noting that

K 0 m/n,

eq. (9.18) becomes

SnFi K CDEI 3 a (-
DE FjjDA

(9.23)

(9.24)

This is analogous to eq. (8.246), there kaF i/DE corresponds to
nF i3/DE and KBiDE/FiDA corresponds to K cDE/F i2DA. Actually,
since KBi = Kc/Fi (from eqs. (9.8) and (9.9) ), KB1 DE/FiDA is

DA D (.7+ D AE+E - U A (9.7)
DE DE

(9,.18)

(9.19)

(9.20)

(9.21)
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equal to KODE/FiaDA. The remainder of the derivation is similar
to that leading to eq. (9.12), and by analogy, we may write

(1D - tanh Ixf

FOD1 Ixf (9.25)

+ + )FO F DA F0  DF cosh Ixf

From eq. (9.24),

2 F 2E - F iF0) 1 + (KODE/DAP'0 2 )(Fo/Fi) 2

L 9.)Ix

Finally, we have

a 1 + D (A1 (-3
F0  DF Fo

Eqs. (9.25), (9.26) and (9.13) constitute the solution.
As before, for a given temperature, 0 is a function of k *,
Ai and Co. L

9.2. Procedure for Calculating 0 - Plots. Rather than
solve the three simultaneous equations for each case of
interest, it is more convenient to construct plots of 0 vs. k *
at constant values of Aj and C In constructing these L
plots, the equations may be solved by an indirect graphical
procedure which avoids trial and error. This procedure will now
be described, using eqs. (9.12), (9.13) and (9.14).

After picking values for Ko, DA, DE, DF and k 2 ,
curves were made of 0-1 vs. Fi/F at constant values of Ux
(values of Ux used were 0.2, O.S, 0.5, 0.8, 1.25, 2.0, 3.6,
5.0, 8.0, 12.9) for each value of Co, using eq. (9.12). Also
for each value of C0 , straight lines of 0-1 vs. Fi/Fo as given
by eq. (9.13) were plotted for each value of Ai. From the
intersection of the lines with the curves, values of Fi/F0 and

0-1 were obtained for each combination of Uxf and Ai. From
eq. (9.14), it was then possible to calculate k *.
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9.3. Application of Theory to Data on Absorption of
Chlorine in Water in a Packed Column. Plots of 0

vs. kL were constructed for the chlorine-water system at

70*F. based on the second-order forward, second-order reverse
mechanism for the hydrolysis, using eqs. (9.12), (9.13) and
(9.14). These plots are shown in Fig. 9.1.

The decision to use the second-order forward,
second-order reverse mechanism was based on the work of Morris
(76), who demonstrated that the rate data of Shilov and -
Solodushenkov (95) was better correlated by that mechanism
than by the first-order forward, third-order reverse mechanism.
The constants for the chlorine-wat r system useg to calculate
the 0-plots were: Kc = 2.88 x 10 (g.mole/l.) obtained by
interpolation between value1 4detennined by Vivian and
Whitney (101); k, 1  5 x 10 1./(mole)(min.) calculated by
Morris (76, wh galso found k. to be independent of temperature;
K = 0.75 x 10 , obtained by interpolation between values
given by Harned and Geary (33); ka k, KW/K 0  217 1./(mole)(sec.);

-5 2
DA I 1.31 x 10 an. /sec. and DE = 1.37 x 10 cm.'/sec. ob-
tained in this thesis. (These values of diffusivities are about
2% lower than those given In Chapt. 11 because they were based
on preliminary calculations; it was not considered worthwhile
to revise the piots for the correct values of DA and DE);
DF = 2.85 x 10 cm.2/sec. obtained by interpolation to a
concentration of 0.005 moles/lband a temperature of 70*F. from
the data on hydrodhlor.c acid of James and Gordon (49).

Examination of Fig. 9.1 shows that 0 is a monotonic
function of kL*, Ai and Co, decreasing for increasing values

of kL*, Ai and Co.

In applying Uhe plots to data on the absorption of
chlorine in water in a packed column, it is necessary to take
into account the variation of A and C with height, which
causes a variation of 0 with height. Prom a material balance
and the concentrations of the inlet and outlet streams, one
can relate Ai ( a HP) to CO. The differential rate equation
for the packed column is

dCO = kLO a (Ai-Ao)dz (9.27)

Since 0 * kLo/kL*, we may write

- dCO a k *a (Ai-Ao)dz (9.28)
P 0

Since kL*a is constant with he ight, this may be integrated to
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L rdO
kL a L -_ _(9.29)

pz J(Aj-AO)

If the values of kL* were known in advance for each run, one
could obtain 0 as well as A1 as a function of 0 gthrough the
column and integrate eq. (9.29) graphically. This is not
the case, however. From the data of Craig (17) on the
desorption of chlorine from dilute hydrochloric acid in a
packed column, one can obtain the value of k *a for the run.
A trial and error solution can be made to de~ermine the
value of kL* for each run by carrying out the integration of

eq. (9.29) for various trial values of kL* until the known
value of kL*a is obtained,

Thus, for each run of Vivian and Whitney (101)
on the absorption of chlorine in water in a packed column
at 70*F., it is possible to calculate kL ' By dividing
k *a by this value of kt*, one can calculate the value of a
fkr each run. This provides a novel method of calculating
the interfacial area in a packed column.

These calculations were carried out by deNicolas
(79) on the data of Vivian and Whitney using the O-plots
of Fig. 9.1 in an S.M. thesis associated with this thesis.
Not all of the runs of Vivian and Whitney were used, but
only those in which exit liquor samples were taken just be-
low the base-plate rather than those in which the samples
were taken at the trap, since the latter samples include the
bottom end effect. It is true, that Vivian and Whitney made
a corremtion for this end effect, but it was not felt by
deNicolas that this procedure was sufficiently accurate for
this type of calculation. The results of the calculations
of deNicolas are shown In Figs. 9.2 and 9.3.

.The dry surface area of one-inch Rascgig rings is
given in a table in Sherwood (92) as 58 ft.2/ft. , or
0.19 cm.2 /cm. 3 . It can be seen that the wetted area as
given by this calculation is equal to the total dry surface
area of the packing at 20,000 lbs./(hr.)(ft*A), The loading
point for this packing is approximately equal to this liquor
rate, so that one may conclude that the packing is complete-
ly wet at the loading point. Below the loading point, the
interfacial area was found to vary as the 0.44 power of the
liquor rate.
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Fig. 9.2

Effect of Liquor Rate on Physical Coefficient, kL*'
for Absortion of Chlorine in a Packed Column
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9.4. Application of Theory to Data on Desorption of
Chlorine from Water in a Packed Column. Using the

same column and packing as did Craig (1), Voorhees (102
studied the desorption of chlorine from water. Because of
an error in his choice of Henry' s law constant, H, the
pseudo-coefficients which Voorhees calculated from his data
were incorrect, and the conclusions which he drew from them
were erroneous. Miller (74), in another S.M. thesis
associated with this the sis, recalculated the coefficients
from Voorhees$ data and obtained the total coefficients and
pseudo-coefficients shown in Fig. 9.4. For comparison the
physical coefficients of Craig are also plotted. The results
are similar to those obtained by Vivian and Whitney (101) for
absorption of chlorine In water in a packed column (see
Figs. 2.1 and 2.2). The difference between the pseudo and
physical coefficient for desorption is less than for absorp-
tion, which would be expected because the values of C 0 for
the desorption runs are much higher than for the absorption
runs, and the 0-plots (Fig. 9.1) show that 0 is much closer
to unity for high values of C0 .

Miller (74) calculated kL*a by means of eq. (9.29).

L dCO
k *a = --on=(9.29)
L pzj O(A -A 0)

using the data of Voorhees and the results of deNicolas (79).
For each run, he determined the value of kL* from L, using
Fig. 9.2. From the original data of Voorhees on the concen-
trations of the entering and leaving streams and a material
balance, he calculated A as a function of Co, and from the
0-plots (Fig. 9.1) calculated 0 as a function of 0 0 for each
run. Graphical integration then yielded k *a. The results
are plotted on Fig. 9.5. For comparison tIe data of Craig
for kL*a are also plotted.

The agreement is fair. Miller found the average
deviation of his calculated values of kL*a from Craigs
values were 7.6%. The deviations are probably due to three
factors: the scatter of the original data, which may be
estimated by the failure of closure of material balances,
which averaged 5.6%; the range of temperatures of the runs,
which was 69 to 87*F; the values of 0 used in the graphical
integration were assumed to be independent of temperature,
and the resulting values of k *a were corrected to 70*F. by
the Sherwood-Holloway () reiation that kL*a is proportional
to exp (0.023 tOC); some of the deviation must be a result
of the many assumptions used to derive the 0-plots.,
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9.5. A Study of the Effect of Certain Variables on the
Theoretical Values of 0. There are several un-

certainties in the calculation of theoretical values of 0,
even after assuming that the film theory may be used to
calculate 0. In the first place, there exists a controversy
over the mechanism of the hydrolysis of chlorine; secondly,
there is some disagreement over the value of the equilibrium
constant K 0 ; finally there is some uncertainty regarding the
effect of temperature. Quincy (.8), in a. third S.M. cal-
culational thesis associated with this thesis, examined the
controversial issues and studied the effect of reaction
mechanism, equilibrium constant and temperature on the
theoretical values of 0. The remainder of this section is
either quoted directly or paraphrased from Quindy0 s thesis.

The hydrolysis of chlorine is an-extremely rapid
reaction and requires special techniques to determine the
reaction rate constant. In 1936, Shilov and Solodushenkov (95)
published some experimental results on the rate of the
chlorine hydrolysis. The reaction rate was determined by a
stream dilution technique. The concentrations were determined
by measuring the electrical conductivity of the solution.
The rate constants reported by Shilov and Solodushenkov were
far from constant and in 1946, Morris (76) proposed an alter-
nate mechanism for the hydrolysis of chlorine, one which in-
volved the reaction of the hydroxyl ion instead of the water
molecule. The rate constants calculated by Morris assuming
the proposed mechanism, were more constant than those cal-
culated by Shilov and Solodushenkov, but the constants still
varied considerably.

Shilov and Solodushenkov (95) assumed that the
hydrolysis proceeded according to the following equations:

Cl2 + H20O H0C 1+ + 01 (9.4)

The rate expression for this reaction would then be written as

dG
-d M13 In.]C -'n HOC1] [e+ el- (9.30)

The values of m varied about 100% during the run. Only three
runs were reported at that time. In 1945, Shilov and
Solodushenkov (94) reported more data on the hydrolysis reac-
tion. The values of m reported in the later article were more
constant than those reported in 1936.

In an attempt to explain the varying rate constants
reported by Shilov and Solodushenkov in 1936, Morris (76)
proposed an alternate mechanism which was as follows:
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Cla + OH 4wHOC1 + Cl (9.5)

The rate equation would then be written as

d[C] = k, ClJ[ OH-] - k. LHo01 [Clj (9.31)
dG

Morris recalculated the data of Shilov and Solodushenkov and
determined the constant k1 . The k, value were more constant,
varying about 10 to 30% during the run.

Quincy studied the new data of Shilov and Solodushen-
kov from MorrisO point of view and calculated values of k1 .
In addition, he made an attempt to fit the new data to a first
order equation, assuming that a hydrate was formed according
to the following reaction:

Cl + x Ha0 :Cla * x H 20--HOC1 + H+ + Cl + (r-1) H 20 (9.32)

If the formation of the hydrate was the controlling factor,
then the equilibrium between the hydrate and the hydrolyzed
chlorine could be assumed to ex-ist at all times.

On the basis of the new rate data of Shilov and
Solodushenkov (94), Quincy found the first-order forward,
third-order reverse mechanism of eq. (9.4) to be the most reason-
able of the various mechanisms proposed. The values of m
varied less than 5% during the run, while the values of k.
fluctuated as much as 40%. Furthermore, Quincy found that plot-
ting the logarithm of the rate constant against the reciprocal
of the temperature gave consistent results for m, but wide
scatter for kj. The attempt to fit the rate data to a first
order equation gave chaotic results which seemed to have no
relation to temperature.

Considering only the earlier rate data that were
published by Shilov and Solodushenkov (95), the interpretation
given them by Morris seemed valid. However, the data published
later (94) seem to contradict the mechanism proposed by Morris
and indicate that the mechanism of the reaction is as shown
in reaction (9.4). All the data obtained by Shilov and
Solodushenkov were not reported, only those data which they
considered most reliable. Obviously, one of the criteria used
to deternmine the reliability of the data was the constancy of
the reaction rate constant m. It may be that all the data
considered together would support the argument of Morris.
Until more data are available, however, it seems as if the
mechanism proposed by Shilov and Solodushenkov will have to be
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assumed correct. More data on the reaction rate is definitely
needed before the reaction mechanism can be fully understood.

Just as the reaction mechanism is in doubt, so is
the value of the equilibrium constant, K0. In 1900, Yakovkin
(109) reported values for the equilibrium constant, determined
by measuring the electrical conductivity of the solution and
calculating the concentrations of the separate components,
knowing the total concentration of chlorine in the solution.
The equilibrium constant was expressed as follows:

HOCIL H+'1~
KI (9.33)

which may be written
EF2

K A- (9.34)

From previous measurements on conductivity of hydrochloric
acid solutions, F was calculated from the conductivity of the
chlorine solutions, and the other concentrations were cal-
culated by E = F and A = 0 - F.

K0 = (9.35)
C F

In 1945, Shilov and Solodushenkov (94) reported values for K
determined from conductivity measurements which agreed with c
those reported by Yakorkin. The values of Shilov and
Solodushenkov and of Yakovkin are plotted in Fig. 9.6, the line
through the points being labeled "Conductivity Method."

In 1945, Vivian (99) determined the equilibrium
constant for the hydrolysis by measuring the pressure of
chlorine above the water solution and by determining the total
concentration of chlorine in the solution. Equilibrium was
approached from both directions and the results checked. The
total chlorine concentration may be expressed as follows:

C = A + E

Since E = F, from eq. (9.34) we have

K0  E /A

The n,

C A + (K0A)l/3 (9.36)
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Fig. 9.6
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Since A HP,

C = HP + (KcHP)l/3 (9.37)

or

C/P HP + (KeH)1/3 (9.38)

Thus, by plotting C/Pl/3 vs. P2/3, Vivian was able to determine
the equilibrium constant. The vapor pressure data plotted as
straigtt lines on this ty lot, the slopes being equal to H
and the intercept to (KH/. Vivian's values for Ke are
plotted in Fig. 9.6, the line through the points being labeled
"Vapor Pressure Method."

An examination of Fig. 9.6 shows that the vapor
pressure method yields values approximately 50% lower than
the conductivity method. One reason for the discrepancy might
be that concentrations were used instead of activities in
the expressions for the equilibrium constant. The activity
coefficients might have some effect upon the relative values
of the equilibrium constants since the constants were ob-
tained by two very different methods. Quincy studied the
effect of variation of activity coefficients, assuming that
the activity coefficient for the hydrogen ion and for the
chloride ion are the same, and the activity coefficient for
the chlorine and hypochlorous acid are the same. For both
types of experiments he derived an expression relating the
equilibrium constant based on activities to the two activity
coefficients and to the equilibrium constant based on concen-
trations. He found, however, that there were no reasonable
choice of activity coefficients which would mke the
equilibrium constants based on activities the same for the two
methods.

Quincy also analyzed the precision of the experi-
mental methods and concluded that the discrepancy between the
constants could not be accounted for by inaccuracies in the
methods of determining the constants. Other factors must be
responsible for the discrepancy, but no explanation of it
can be offered at this time.

Quincy then made some calculations to determine
the effect of choice of mechanism and of equilibrium constant
on 0. These calculatio-ns are summarized in Fig. 9.7. The
curves for the reaction mechanism

Cl + OH HOC1 + Cl (9.5)

were computed by using equ. (9.12), (9.13) and (9.14), while
the curves for the reaction mechanism
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Cla + H20 EHOC 1+ H+ + Cf1 (9.4)

were obtained by the use of eqs. (9.25), (9.26) and (9.13).
Simultaneous solution of these equations were carried out by
the indirect graphical method described in Sec. 9.2. .he
values used for the diffusivities were DA = 1.48 x 10~
cm.2/sec., DE = 1.55 x 10' cm.2/sec., DF = 3.12 x 10
cm./sec. at 2500. These were corrected to 800F. by the Stokes-
Einstein relationship. The values of the rate constants were
obtained from the study of the rate data of Sh lov and
Solodushenkov (94). At 80F., Kc = 5.17 x 10 (g.4moles/l.)2

from the conductivity method, while Kc = 3.67 x 10 (g. moles/l.)
from the vapor pressure method. The two extremes of concen-
tration are shown.

An examination of Fig. 9.7 will show that the
value of the equilibrium constant has relatively little
effect upon 0, but the reaction mechanism has a very large
effect. Because of the negligible effect of equilibrium
constant, it makes little difference which one is chosen, so
it was decided to use those based on the vapor pressure method
of Vivian in subsequent calculations by Quincy. The choice
of reaction mechanism is important, however, and because
(uincy concluded that the first-order forward, third-order
reverse mechanism was the more reasonable one, he used
eqs. (9.25), (9.26) and (9.13) with the rate constants of
Shilov and Solodushenkov (94) for the subsequent calculations
on the effect of temperature.

Quincy has tabulated $ vs. k * for various values
of A and C at the four temperatures 60*F., 700F., 80*F.,
and ;4*F. he values for 70"F., are listed .in Table 9.1.
The temperature relation was expressed as the ratio of 0 at
the temperature in question to 0 at a reference temperature.
The ratio of 0 to 0 was found to be a function of Ai,
Go, kL*, and temper~ee. A few examples are plotted in
Figs. 9.8 and 9.9 to show trends. The reference temperature
was taken at 700F.

A comparison of Figs. 9.8 and 9.9 will show that
the temperature correction is most important at low values
of Co, Ai, and kL*. The temperature correction is due
mostly to the change in the reaction rate constant, n, and
the diffusivity DA, with temperature.

It is concluded that the 0-plots are signifi-
cantly affected by the temperature, particularly when 0
is large compared with unity.

- - liiiiiiiiiiiiiiiiiiiligillilililiki" 111 - - -
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Effect of Temperature on the 0-Plots
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B. Absorption of Sulfur Dioxide in Water

It is the purpose of this section to derive theoretical-
ly the experimental conclusion of Whitney and Vivian (107)
that for the liquid-side resistance in the absorption of
sulfur dioxide in water, the pseudo-coefficient may be taken
as equal to the physical coefficient. For this purpose,
it is necessary to show that (0-1) is small compared to unity.

9.6. Development of Theory. In the case of the
chlorine-water system, it was shown that for the two mechan-
isms chosen, the magnitudes of (0-1) were within 50% of
each other. Thus, for the purpose of calculating the order
of magnitude of (0-1) for the sulfur dioxide-water system,
it should not make much difference what mechanism is chosen,
provided that the reaction rate data are analyzed in terms
of that mechanism.

The picture that is chosen here is that sulfur dioxide
reacts with hydroxyl ion to form bisulfite ion. The assump-
tions made are:

1. The water is originally pure before any sulfur
dioxide -is dissolved in it.

2. Sulfurous acid, H2 S03 is not present.

3. The second ionization, HSO3 H + SO3 is
negligible.

4. The reaction H2 O H+ + OH is instantaneous.

5. Diffusivities are independent of concentrdaion.

6. HSO~ is non-volatile.

7. The film theory may be used to calculate 0
from kL *, and the constants of the reaction.

8. The reaction rate is

- d k? [01 OH- k2 HS03 (9.39)
at

Let A = S02

B = [0H~H

E = [Hso]

DA diffusivity of S02

DE diffusivity of le + HSO3
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The appropriate differential equation is

d2A d2 E kA- 9
DA d2= - DE dx= k AB-kE (9.40)

which was treated in Sec. 9.33. Assuming B is constant
at Bi, the solution was found there to be

KBiDE tanh Yxf KBiDE A0  KDE0(1+ )=L+ + - (Bi-Bc) (1-Y
DA Yxf DA Ai-Ao DA cosh Yxf

(8.259)

together with
2 k1Bj k2

Y = --- + -- (8.258)
DA DE

= DE jEj-E) (8.235)

As in the chlorine-water system, UOH~J is assumed
negligible compared with [HPJ so that

B = Kw/E (9.41)

In addition, the equilibrium for the SO2-H,0 system is
generally expressed by

K = [H) HSOs J/[SO.l (9.42)

sometimes referred to as the apparent equilibrium constant.
Since

K [HSOJ / [SO] [OHJ, K 8  KKw. Then KB = K5/E.

Eq. (8.259) becomes

KBDE tanh Yxf K 5 DE A 0  KBDE
0(1+ )=l+ ---- + --- ------ (E0 -Ei)(1- cosh

EiDA Yxf EDA Ai-A 0 EjEODA

(9.43)

Substituting eq. (8.235), noting that K.A0/E0 0 Eo, and sub-

tracting from both sides the quantity
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KDE tanh Yxf

EiDA IXf

KsDE tanh Yxf KODE tanh Yxf E
(0-1) (1+ ---G")= ---- (1- )---.# 1 1

EIDA Yxf Ei DA Yxf E1  cosh Yxf

(9.44)

This rearranges to
KSDE tanh Yx

0-1 Xf (9,45)
E KSDE tanh Yxf 1

a+ 1 -
E0 EODA Yxf co sh Yxf

From eq. (8.235)

a =- 1 + D .. 2(0-1) (9.46)
EO DE Eo

Eq. (8.258) may be rewritten

2 k2 KSDE
Y = -- (1 + -- ) (9.47)

DE EiDA

From kL* = DA/xf, we obtain

V A/ /E 1i( + (KBDE/EoDA)(Eo/EJ )
k * =,.(9.48)

L Yxf

The system of eqs. (9.45), (9.46) and (9.48) constitute the
solution.

9.7. The Rate of Hydrolysis of Sulfur Dioxide.
The only data available on the rate of hydrolysis cf sulfur
dioxide was obtained in an S.B. thesis by Phipps (3.). The
rate turned out to be higher than he had expected, so that
his apparatus was too limited to follow the reaction at
room temperature; it was necessary for him to run at lower
temperatures in order to measure the rate. Two runs were
made, at 12.50C. and 11.2*0. The procedure consisted of
mixing a sulfur dioxide solution with water rapidly,
allowing the resulting mixture to flow through a tube, and
measuring the conductivity of the solution at various
points along the tube.

4
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Phipps analyzed his data in terms of the reac-
tion mechanism

SO, + H 30 H+ + HS03  (9.49)

Furthermore, he used wrong values of the equilibrium con-
stant Ks. In order to use the derivation in See. 9.6,
Phipps' data are recalculated in terms of the mechanism

S02 + OH --. HSO3  (9.50)

The rate expression is

-dA/dt = k1AB - k2E (9.51)

Since B = Kw/[ H+J = KIE,

-dA/dt = 1iKw A/E - k2E (9.52)

Now kj/k2 = K./KW, so that

-dA/dt = kiKw ( E (9.53)

A E
A -A = kiK J (f )dt (9.54)

The first run was at 12.5*0C. Before dilution,
C 0.242 moles/l., after dilution C = 0 .0540 . Thus,
the original S0,8 solution was diluted to 0.242/0.0540 a 4.49
times its volume. By interpolation between values of K
measured by Campbell and Maas3 (8), K5 a 0.0234. By uss
of the equation Ks o E2/A = E / -E), we get E = 0.0645 be-
fore dilution, E = 0.0645/4.49 = 0.0144 just after dilution.
Corresponding to the concentration C after dilution, the
equilibrium concentration of E is 0.0257. During the runs,
the concentrations E were obtained from the conductivity.
The graphical integration indicated by eq. (9.55) is then
carried out, and kiKw calculated. By interpolation of the
values of Harned and Geary (), thelialues of Kw at{ .5
and 11.2 are respectively 0.37 x 10 and 0.33 x 10
Thus, the values of k2 may be calculated. The data and
calculations are summarized in Table 9.2.

The result is that k, a 6 x 1012 moles/ (1.)(sec.)
This compares with Morris' value (76) for k, for the reaction

Cla + OH~ 1 H001 + Cl (9.5)
12

of 8.3 x 10 , which he found to be invariant with tempera-
ture. Because of the similarity between the two reactions,
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Table 9.2

Rate of Hydrolysis of Sulfur Dioxide (Data of Phipps (83) )

Run I temp. = 12.5*0., Ks = 0.0234

0 E A tA E -32
A -At-A f( yt kiKw k-xlO

Before
dilution 0.242

After
di lution
time, sec.

0 0.0540
0.179 "
0.394 "
0.609 "

tO"

Run II

0.0645 0.1775

0.0144
0.0200
0.0230 -
0.0240
0.0257

0.0396
0.0340
0.0310
0.0300
0.0283

2.135 0
0.845 0.0056
0.366 0.0086
0.223 0.0096
0

0
0.253
0.372
0.434

0.0221
0.0232
0.0221

temp. = 11.20., Ks = 0.0243

C E A A A A , kAK

6.0
6.3
6.0

-12
k~xlO

Before
dilution 0.111 0.0412 0.0698

After
diluti on
time, see.

0.0279 0.01036
to 0.0135
t 0.0145
"f 0.0155
I 0.0166

0.01754
0.0144
0.0134
0.0124
0.0113

1.266 0 0
0.512 0.00314 0.133
0.329 0.00414 0.207
0.162 0.00514 0.251
0

0
0.179
0.356
0.536

0.0236
0.0200
0.0204

7.2
6.1
6.2
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it is assumed here that k- for the S0s hydrolysis is also
invariant with temperature.

9.8. Calculation of . The results of Chapter 11
show that the ratio of the diffusivity of ionized sulfurous
acid to that of unionized sulfur dioxide is 1.03. That is,
DE/DA = 1.03. At 70 0F., the values of the following constants
are obtained:

Ke = 0.01915 from Campbell and Maass (8)

Kw = 0.76 xlO1 from Harned and Geary (33)

ka = kiKw/Ks = (6xl012 )(0.76x10 4)/(0.01915)

= 2.38 sec. 1

H = Ai/P = 0.0885 lb. moles/(ft.3)(atm.)
= 1.418 g. moles/(l.)(atm.) from Whitney (106

-5DA = 1.95 x 10 cm* 2 /sec. at 30*C. from Fig. 11.6.
= 1.55 x 10-5 an. /sec. at 700 F. using Stokes-

Einstein equation.

kaDA /DE = (2.38)(l.55xl0-)/(l.03) 6.OxlO cm./sec.

KSDE/DA = 0.01915 (1.03) = 0.0197 g. mole/l.

Some $-plots were constructed, using a procedure
similar to that used for the chlorine-water system. For
each value of CO, plots of (0-1) vs. Ei/EO was constructed
for various values of Yx (0.2, 0.3, 0.5, 0.8, 1.25, 2.0)

f
using eq. (9.44); on the same graph for each value of A1 ,
(0_ iwas plotted vs. EI/Eo , using eq. (9.46). From tfe
intersections were obtained values of (0-1) and Ei/E0 for
each combination of Co and Ai. Then eq. (9.48) was used to
calculate kL*. The results are shown in Fig. 9.10.

9.9. Application to Packed Column Data. Compari-
son of Fig. 9.10 with Fig. 9.1 shows that the values of 0
for the sulfur dioxide-water system lie much closer to -
unity than for the chlorine-water system, in spite of the
fact that the forward hydrolysis rate constants are almost
the same for the two systems. The reason lies in the
fact that at equilibrium, hydrolysis is less complete for
sulfur dioxide than for chlorine. For example, in a solu-
tion saturated with chlorine at 0.1 atm., the dissolved
chlorine is 64% hydrolyzed, while in a solution saturated



Fig. 9.10

- Plots for Sulfur Dioxide-Water System at 70 F
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with sulfur dioxide at 0.1 atm., the dissolved sulfur di-
oxide is only 27% hydrolyzed. Thus, the sulfur dioxide-
water system behaves more like a physical system, and
the pseudo-coefficients are closer to the physical
coefficients, than is true for the chlorine-water system.

The lowest liquor rate used by Whitney and Vivian
(107) in their study of the absorption of sulfur dioxide
in water in a packed column was 910 lbs./(hr.)(ft. ). From
Fig. 9.2, the corresponding value of kL* is 7.9 x 10-
cm./sec. From Fig. 9.10, it can be seen that for this value
of kL*, 0 is less than 1.20, and for most of the concentra-
tions encountered in the packed column study, and particular-
ly for the higher liquor rate,; will be less than 1.10.
Thus, it can be predicted that the pseudo-coefficients
measured by Whitney and Vivian would be equal to the
physical coefficient within 10%. This prediction was borne
out, for within the scatter of the data, which was greater
than 10%, the two coefficients were concluded to be the
same.

Unfortunately, the method of calculation of the
pseudo-coefficients that Whitney and Vivian used was not
completely logical. They first analyzed the data using an
overall "total" liquid-side coefficient, that is, one based
on a driving force equal to the difference between the
total 302 concentration in equilibrium with the gas minus
the total S02 concentration in the bulk of the liquid. By
the application of the Wilson plot, they separated the over-
all resistance into a gas-side and a 1.iquid-side resistance.
However, the liquid-side resistance, being based on a total
S0 driving force, must be a function of the concentration
of S02 in the liquid, and hence must vary with height in
any one run. The gas-side resistance obtained by this
technique must be in error. In evaluating the pseudo-
coefficient, Whitney (106) used an overall pseudo-driving
force, that is,' the difference between the unhydrolyzed
302 in equilibrium with the gas minus the unhydrolyzed S0
in equilibrium with the bulk of the liquid. From the
reciprocal of the overall liquid-side coefficient, Whitney
then subtracted the gas-side resistance, multiplied by H
(equal to Ai/P), the remainder being the reciprocal of
the pseudo-coefficient. Such a procedure would have been
correct if the gas-side resistance were evaluated correctly.
Where the gas-side resistance is small compared with the
overall resistance, the error would be unimportant. Indeed,
for the lower gas velocities, where the gas-side resistance
was the most important, the pseudo-coefficient found by
Whitney scattered more widely than for the higher gas
velocitie s.

The correct procedure to use for analysis of
data and for design purposes, when the pseudo-coefficient
equals the physical coefficient, is to use an overall gas-
side coefficient, since it can be expected to be constant
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with height during any one run, as shown by the following
derivation.

NAa = kGa (P - Pi) kL*a 0 (Ai-A0 ). (9.55)

Since 0 1, Ai = HPi, and P* A/H,

NAa kGa (P P1 ) = H kL*a (Pi-P*) (9.56)

Eliminating Pi gives

P -P*
NAa 1 (9.57)

L a

Since the overall gas-side coefficient is defined by

NAa = K 0a(P P*), we have

1 1 1+ -(9.58.)
KGa H kL*a k Ga

Since kL*a and k.a are constant during any one run, and H

is constant, KGa must be constant.

A similar derivation for the overall liquid-side
coefficient would be:

NAa R kGa (P - Pj) = kLa ( 0C- 0 ) (9.59)

Whitney and Vivian (107) observed that for calculating the
overall liquid-side coefficient, the equilibrium curve can
be approximated by a straight line not passing through the
origin. The slope of this line was called H1 , so that
Ci-C = HO (P-P*) Then one obtains

1 1 H'-- M= - - (9.60)

KLa kLa kGa

Since kLa is not constant in a given run, but varies with

concentration in the liquid, then KLa must also vary.

Thus, it is concluded that an overall gas-side
coefficient should be used, whenever the pseudo-coefficient
equals the physical coefficient. Even when the gas-side
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resistance is negligible, the overall gas-side coefficient
can be employed. Furthermore, its use has the advantage
of avoiding the necessity of constructing a pseudo-
operating line.

C. Absorption of Carbon Dioxide in Sodium Hydroxide
Solution

9.10. Because of the lack of agreement between
the thebretical and experimental coefficients obtained in
this thesis for the desorption of chlorine in water in
the short wetted-wall column, it was decided that a
simpler case of absorption with chemical reaction should be
studied in this column. Accordingly, in an S.M. thesis
associated with this thesis, Abbanat and Lobo (1) investi-
gated the absorption of carbon dioxide in sodium hydroxide
solutions, using the same short wetted-wall column used
for the desorption of carbon dioxide and of chlorine from
water.

The auxiliary apparatus was greatly modified in
order to carry out absorption, rather than desorption.
Pure carbon dioxide gas was used, being first saturated
with water and brought to the temperature of the run. A
solution of sodium hydroxide was fed into the column at
the temperature of the run, and the concentration of carbon
dioxide, present as carbonate, was determined for both
inlet and outlet liquid streams. For all runs, the
temperature was 25 + 10., while the gas rate was maintained
at a constant Reynolds number of 800,

The experimental coefficient was calculated by
the equation

kL m Ca-91(9.61)
dAi

where V is the volumetric flow rate, C2-C1 is the change
in carbonate concentration, ais the interfacial area, and
Ai is the concentration of carbon dioxide in the liquid
at the interface. The concentration of carbon dioxide in
the entering liquid is zero, so that the driving force is
A -0. Hence, eq. (9.61) defines a pseudo-coefficient,
since the difference in concentrations of unreacted car-
bon dioxide is used for the driving force. The "total"
driving force is meaningless for absorption with
irreversible chemical reaction, since the concentration
of reacted carbon dioxide in equilibrium with the gas
at the interface is infinite. The use of a pseudo-
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coefficient is natural for this case, and has always
been used, although it has never been given that name.

The value of Al is calculated from the solubility
of carbon dioxide in pure water, which must be corrected
for a salting-out effect. The presence of salts in a
solution of a gas in water reduces the solubility of the
gas because some of the water which might be used to dis-
solve the gas is used fox, the hydration of the salt.
Similarly, the presence of sodium hydroxide decreases the
solubility of the carbon dioxide, completely apart from
the reaction between the two.

Van Krevelen and Hoftijzer (59) have presented
the empirical relation

Ai HPi exp (-0.202 ' ) (9.62)

where H is the Henry's law constant for the pure solution,
and p' is the ionic strength of the solution. Van Krevelen
and Hoftijzer did not present the actual value of the
constant 0.202; they did, however, present some tables
of data and calculations, from which Abbanat and Lobo were
able to calculate the constant.

The chemical reactions taking place are believed
to be

CO + OH -HCO;A (9.63)

HEO3 + OH +CO 3 + H2 0 (9.64)

The second reaction is considered to be very rapid compared
with the first, so that the first reaction is the rate
controlling step. The rate data of Brinkhan et al (6) and
Saal (88) were considered by Abbanat and Lobo to be the
most reliable.

If A is the concentration of carbon dioxide, and
B is the concentration of sodium hydroxide, then, using
the film theory, a material balance on a differential slice
of the film (in the manner used in Sec. 8.5) yields the
di fferential equat ion

DA d = DB kAB (9.65)

The factor 1/2 arises from the fact that for each molecule
of 00 which reacts in the differential slice, there must
be a net diffusion of one molecule of CO3 into the slice,
but a net diffusion of two molecules of NaOH. This is, true
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because each molecule of C02 reacts with two molecules of
NaOH according to eqs. (9.63) and (9.64).

As pointed out in Chap . 8, no solution has been
found for the case of absorption with second order
irreversible chemical reaction, using the penetration theory.
Hence, it is assumed thnat the film theory may be used to
calculate 0 from kL*, k1 , DA and D One of the chief
purposes of these experiments was o test this assumption
under conditions where the penetration theory is known to
be val id.

Eq. (9.65) is somewhat different from eq. (8.189),
so that the solution given in Sec. 8.26 must be modified
for the factor of 1/2 appearing in eq. (9.65). Comparing
these two equations shows that the sole difference is
that DB is divided by 2 so that the solution may be ob-
tained from eqs. (8.1951, (8.201) and (8.202)

(8.203)
tanh vm-q-)

M k1 B 0  x /DA (8.202)

q DAA (8.195)
DBB0

It is necessary only to cbange the definition of q.
2 DAA.

q' 2 D (9.66)
DBBO

and rewrite eq. (8.203)

0 a-t T (9.67)

Substituting kL* f DA/Jf, eq. (8.202) becomes

k B(9.68)
L

Eqs. (9.66), (9.67) and (9.68) constitute the solution.
Eq. (8.203) has been plotted on Fig. 8.11; the same plot
may, of course, be used for eq. (9.67).
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Since k L = kL$, a theoretical value of the pseudo-

coefficient may be obtaitned by evaluating first the physical
coefficient and then 0, and by multiplying the two together.
kL was calculated from eq. (5.18), the actual viscosity and

density of the sodium hydroxide solution being used. DA was
obtained from the diffusivity of carbon dioxide in pure water
multiplied by the ratio of the viscosity of water to the
viscosity of the sodium hydroxide solution. Using this value
of kL*> M could be calculated. DB was calculated from the
available data on diffusivity of sodium hydroxide in the
International Critical Tables (46), and corrected for
temperature and viscosity by the Stokes-Einstein equation.
q' was then calculated, 0 read off from Fig. 8.11, and the
product kL* 0 obtained.

Abbanat and Lobo made two series of runs, one at
constant hydroxide concentration and various liquor rates,
and one at constant liquor rate and various hydroxide con-
centrations. The first series, at Bo a 0.3 moles/l., is
shown as circles in Fig. 9.11. Abbanat and Lobo drew line
No. 2 as the best line through the data, giving more weight
to points at higher flow rates. Line No. 1 represents
values of kL* obtained from eq. (5.18). Line No* 3 represents
predicted values of the coefficients, i.e., kL* 0. While the
experimental line lies about 15% below the theoretical line,
they are both of the same slope, within experimental error,
and significantly different from the slope of the line for
the physical coefficient. The difference between the abso-
lute values may be explained by uncertainties in the values
of diffusivities and rate constant used.

The second series of runs, carried out at a liquor
rate, r, of 19.5 g./(cm.)(min.), is plotted on Fig. 9.12.
Line No. 2 represents the best curve through the data.
Line No. 1 is kL*. The decrease in kL* at the higher con-
centrations is the result of increased viscosity of the
solution, which both increases the time of exposure of the
liquid to the gas, and decreases the diffusivity of carbon
dioxide. Line No. 3 represents, again, the predicted
coefficient, kL* 5. The agreement is excellent at 0.1
N NaOH. The experimental coefficient then lies about 30%
below theoretical at 1 N NaOH, and continues to increase
rapidly with concentration while the theoretical coefficient
levels off. The leveling off of the theoretical coefficient
is due to the dropping off of kL* at high concentrations;
apparently the increase in viscosity does not affect the
measured coefficients as much as had been expected. The
failure of the theory to predict the behavior of the ex-
perimental curve at the high concentration of hydroxide is
not surprising, in viIew af the many assumptions concerning
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Fig. 9.11

Absorption of Carbon Dioxide in Sodium Hydroxide
Solution in a Short Wetted-Wall Column
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Fig. 9,12

Absorption of Carbon Dioxide in Sodium Hydroxide
Solution in a Short Wetted-Wall Column

Effect of Hydroxide Concentration
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the effect of viscosity on kL*, DA, and DB, which are very

uncertain at the higher con entrations. Furthermore, no
correction was made to the reaction rate constant for the
effect of concentration, since the effect is unknown.

For comparison, two limiting cases are considered.
If the reaction rate were infinite, M would be infinite,
and eq. (8.189-) would be valid:

0 = 1 + I/ql (9.69)

Then the theoretical coefficient would be

kL* k k * (1 + 1/q') (9.70)

This is plotted on Figs. 9.11 and 9.12 as line No. 4.

A second limiting case occurs if the reaction is
considered to be first order, that is, if the concentra-
tion of sodium hydroxide is assumed to be constant
throughout the film at the value B0 . This is equivalent
to assuming q = 0, whereupon eq. (9.67) becomes

v .M/tanh V (9.71)

The values of OF encountered here all lie above 8, so that
tanhVI~ may be taken as unity, and

0 = O/ (9.72)

Combining (9.68) and (9.72), we have for the theoretical
coefficient

kL A7O A (9,73)

This is plotted on Figs. 9.11 and 9.12 as line No. 5.

It is quite clear, from comparison of the data with
line No. 5, that the system does not behave as if the
concentration of hydroxide were constant throughout the
film; there must indeed be a sharp gradient of hydroxide in
the liquid.

Comparison of the data with line No. 4 in Fig.
9.11 indicates that the reaction rate is not infinite; if
anything, the data indicate that the reaction rate is
lower than that used to calculate the theoretical
coefficients. In Fig. 9.12, however, the shape of the ex-
perimental line is remarkably similar to line No. 4, and
neither line shows the tendency to level off at the high
hydroxide concentration that the theoretical line has.
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This might be explained by an increase in the reaction rate
constant with hydroxide concentration, or it might be ex-
plained, as was suggested above, by the failure to correct
the diffusivities and kL* properly for viscosity in deriv-
ing the theoretical line.

It may be concluded that the short wetted-wall
column may be used to study absorption with chemical reac-
tion for the cases where theory cannot be applied. Because
of the failure of the experimental coefficients to agree
exactly with the predicted coefficients, however, the
data cannot be used either to justify the assumption that
the film theory may be used instead of the penetration
theory to calculate 0 from kL* and the constants of the
reaction. Because of the uncertainties in the constants
used, the data cannot be used to disprove that assumption,
either.

D. Theoretical_ Upper Limit for Absorption
of Chlorine in Water

9.11. In connection with the experimental results
obtained on desorption of chlorine from water in the short
wetted-wall column, it is necessary to derive a theoretical
upper limit for 0 for the chlorine-water system. From the
results obtained earlier, it could be seen that, for a
given kL* and K, the value of 0 increases with increasing
reaction rate, so that an upper limit should be obtained
for infinite reaction rate. Secondly, the existence of a
concentration gradient of hydrochloric acid in the liquid
results in lowering the value of 0. In absorption, the
concentration of H01 at the interface is higher than in
the bulk of the liquid; this shifts the equilibrium

Cl2 + H20 HOC1 + g, + ClO (9.74)

to the left, thus reducing the extent of the chemical
reaction in the region near the interface,. and thereby
reducing the rate of absorption. In desorption, the
reverse is true. The concentration of HCl at the interface
is lower than in the bulk of the liquid; the equilibrium
is shifted to the right, while the reaction itself is.
proceeding to the left. Again the extent of the chemical
reaction in the region near. the interface is reduced, and
the rate of desorption is lower. Thus, to obtain an upper
limit, the ulffusivity of H1 should be assumed to be
infinite.

Finally, it may be assumed, to simplify the problem,
that the diffusivities of Cla and of HOC1 are equal.
Actually, they differ by only 5%.

DA = DE = D (9.75)
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Because of the assumption of infinite reaction rate,
equilibrium exists everywhere in the liquid.

K (9.76)

Because of the assumption of infinite diff usivity of HCl, the
concentration of F is uniform, and equal to the bulk concen-
tration (for film theory) or initial concentration (for
penetration theory). Then

E = A (K0/Fj) (9.77)

This equation is true everywhere in the liquid.

Using the film theory, the diffferential equation is

D = -D M (9.78)
dx' dta

with the boundary condi tions

At x = 0, A A, E = Ei = Ai(K/Fo)

At x = xf, A = Ao, E = Eo = AO (Kc/F0 )

(9.79)

Differentiating eq. (9.77) twice gives
a 2

d E d A
--- = (K 0/F 0

3 )
dx2  &

whence eq. (9.78) becomes

2
d A d A 2

D -- = -D y (Ke/Fo)
dx dx

or

D dA 0 (9.80)
dx2

Integration and substitution of the boundary conditions
(exactly as in Sec. 8.9) gives

A = (AO-Ai) + Ai (9.81)
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Differentiating once gives

dIA A-A 
(9.82)

dx Xf

Now, the rate of absorption is given, not by the gradient of
A, but by the combined gradient of A ard E, because the
gradient of E is not zero at the interface. This point is
discussed in Sec. 8.18 more completely.

NA =~-DdA
N() - D(2) (9;83)

Differentiating eq. (9.77) once gives
dE dA I9

a.(K C/F, ) (9.84)dx dx

Substituting into eq. (9.83),

NA = -D(1+Kc/Fo )(dA/dx) (9.85)

Substituting eq. (9.82) yields

NAD (A-A)(1+Ke/F0 2 ) (9.86)

But, from eq. (8.160),

0 NA (9.87)
(Ai-A 0 )D

whence

0 = 1 + Ke,/Fo' (9.88)

The identical result may be obtained from eqs.
(9.12), (9.13) and (9.25). From eq. (9.13), me get
Fi/FO = 1. For infinite reaction rate, U and I become infinite,
whence both eqs. (9.12) and (9.25) become

0-1 KODE

which is the same as eq. (9.88) for DA = DE = D.

From eq. (9.77)

E0/A0 = K a

M'. --- - - - - -- I - 11.11, 11-- - - iiaw

(9089)



so that

0 a 1 + EO/AO = CO/Ao (9.90)

Using the penetration theory, the differential
equation is

A ~A 2D --- 4 BWD
()x a t )t 2x

(9.91)

with the boundary conditions

At t = 0,

At x = 0,

At x 8ao,

A A,

A Ai,

A =A0 ,

Differentiating eq. (9.77)

E )A K/F
Cx 2x

b2E 2ACmamop a 1 c0/F.0
4 x 2 x

-- (KO/F )

Substituting eqs. (9.94)

D --- (1+K/F2 )
1

E E = AO(Ke/F0

E = E1 * A,(K,/F 0 ) (9.92)

E a Eo

gives

(9.93)

(9.94)

(9.95)

and (9.95) into eq. (9.91) gives

AF 0
= -(1+KC/FO

or

(9.96)L A AD --- - --t
ga2h

This equation with the same boundary conditions was solved
in Sec. 8.13 to give

a
(x -)

1
.L/Dflt

(9.97)

where a = (A -Ao)/(Ai-AO)
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Then

(-) A-A (9.98)
aK x 9 v/rt

Now, N = -D (-) -D( m) (9.99)
A x XUO x X=O

Combining eqs . (9.93), (9.98) and (9.99) gives

NA= (A-A) (1 + Ke/F 02) (9.100)

Eq. (8.164) gives

NA i2
N I-- - T (8.164)

inst A -A, D

whence

0inst =1 + KO/F (9.101)

Integrating eq. (9.100) gives

NAdt =2 (Ai-Ao)(1+K/F2) (9.102)

0

From eq. (8.162)
tD

0 = (8.162)
2 (Ai-Aa) Dt

whe nce

0 1 + KO/FO

Substituting eq. (9.89) then gives, for both instantaneous
and average values

0 = 1 + Eo/A 0 = C6/A0  (9.103)

This is identical with the solution obtained by use of the
film theory.
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CHAPTER 10

Details of Apparatus and Procedure -

Short Wetted-Wall Column

In this chapter details of the short vetted-vall column,
the auxiliary equipment, the procedure and of the analytical
methods are presented. In connection with the description of
apparatus and procedures for the carbon dioxide runs, the author
has borrowed freely from the S.M. thesis of Lambe (63), vho
constructed the apparatus and made the first 78 of the 99
carbon dioxide runs.

10.1 Construction of Column Assembl A photograph of
the ved alc liouMn asembly is shion Fig. 10-.1. The
glass sections, tvo of vhich are shovn in Fig. 10.2, vere
made by the glass bloving firm of Ryan, Velluto and Anderson.
Six glass sections were made, one vith an upflow slot and
one with a downflov slot for each of the three vetted-wall
lengths, 1/2 in., 1 in0 and 1 1/2 in. The upper and lover
edges of the outer glass cylinder vere ground flat to form
a seal against the rubber gaskets set in the Micarta plates.
These vere machined from a one-inch slab of Micarta (Grade
No. 273), a laminated phenolic plastic manufactured by Westing-
house. A nipple, also machined from Micarta, was threaded
into the lover plate to form an exit tube. Two machined
brass plates with brass tie-rods connecting them served to
clamp the assembly firmly together.

The top of the vetted-vall sectipon itself, the inner
glass cylinder, was ground to a 450 bevel, either up or down,
as the case may be, by first grinding the surface plane vith
the base, and then grinding on the bevel. Three brass tools vere
machined for this purpose, one flat, one with a cone-shaped
hollow, and one cone-shaped. The tools could be inserted into
a chuck on a drill press, rotated at lov speed, and, with a
mixture of emery povder and kerosene as the grinding agent,
accomplished the vork quite rapidly.

The gas entrance and exit tubes vere machined from Teflon
(polytetrafluoroethylene resin, manufactured by the duPont
Plastics Division) tubes. They were threaded with twenty
threads per inch so that the slot vidths could be easily
adjusted. Two exit tubes were made, one with a bevel for the
upflov slot and one vith a bevel for the dovnflov slot. The
inside of the inlet tube was recessed at the bottom to fit
the one-inch glass tubing which formed the calming section.

The water layer formed a very smooth cylinder inside the
column with no distortion at the ends. The actual length
of the layer was determined by inserting a depth gage down
from the top of the column. When the dovnflov slot vas used,
the length was taken as the distance from the lowest extremity
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Fig. 10.1

Assembly of Short
Wetted-Wall Column

Fig. 10.3

Cell Used to Measure
Liquid Diffusivities

(See Chapter 11)

Fig. 10.2

Glass Sections Used in Short
Wetted-Wall Columns
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of the upper teflon tube to the highest extremity of the lower
teflon tube. When the upflov slot was used, it was found that
the top of the water layer was always 0.14 cm. above the top
extremity of the inner glass cylinder, independent of slot
vidth and of liquid rate. Then the length of the air-water
interface was taken as the distance from the top of inner
glass cylinder to the top of the lover teflon tube plus 0.14 cm.

It vas found that the water vetted the glass more easily
if the glass section were boiled in a soap or detergent solu-
tion before being used. Chromic acid cleaning solution left
a surface that was more difficult to vet than that left by
the detergent solution.

When water was first put through the column to start a
series of runs, bubbles of air would usually collect at the
top of the entrance chamber just below the teflon tube. These
could be removed by unscrewing the upper teflon piece so that
the entrance slot was about /4 inch and inserting a thin
glass tube, bent 1350, through the slot and applying suction
to the other end of the tube.

10.2 Auxiliary Apparatus for Carbon Dioxide-Water Runs.
A schematic diagram of the apparatus as used by Lambe is shown
in Fig. 10.4. The air was blown into the system by a converted
vacuum cleaner blower. A valve in the line and a by-pass
valve were used to control the flow0 The saturator tower was
a four-inch glass tube packed to a depth of 21 inches with
three-eighths inch Raschig rings. Water was gravity-fed to
the top of the tower and flowed through, countercurrent to
the air, into a sump beneath the tower. A centrifugal pump
forced the water from the sump back to the reservoir. To
prevent the liquid level in the sump from falling so lov that
air would be drawn back into the pump, a cork float valve
was used. A by-pass valve from the reservoir to the inlet
side of the pump helped to adjust the flow rate. If this by-
pass valve were not slightly open, the cork float valve would
not open to the high pressure drop across the seat.

The water fed into the saturator was cooled by directly
injecting ice-water into the reservoir. A tube leading from
the reservoir back to the ice-water tank allowed the surplus
water to escape.

The air was metered by a brass-plate orifice calibrated
with a dry gas meter. The calibration of the meter was not
checked since it was not necessary to know the air flow rate
with any great accuracy. The temperature of the air was
measured with a thermometer in the lover end of a forty-inch
long piece of one-inch glass tubing which served as a calming
section for the air entering the column. A one-liter flask
placed at the bottom of this calming section was a trap for

NOW
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any spill-over from the column. A sodium hydroxide solution was
kept in the flask to prevent any carbon dioxide desorbed from
the spill-over from entering the gas stream. The trap was
emptied, when full, by applying suction with a water aspirator
to an outlet tube provided.

Distilled water was fed into a head tank made of four-inch
glass tube two feet long, mounted eight feet above the column.
Carbon dioxide was bubbled through the liquid, twenty inches
deep, from a commercial cylinder through a sintered glass
bubbler (gas diffuser). A glass cooling coil through which
ice water was circulated served to control the water temperature.

A constant head was maintained in the tank by connecting
a glass tube projecting down from the top to a water aspirator.
A gas vent led down from the top of the column to the hood.

A large metal can, about five gallons capacity, filled
with cracked ice and water served as a reservoir for cooling
water. A centrifugal pump provided with a by-pass and control
valves served to force the water through the cooling system.
All the cooling water was returned to the ice-water tank0

From the bottom of the head tank, the almost saturated
liquid flowed through a brass-plate orifice connected to an
inverted water manometer, through the column, and to a drain
in the hood. Brass needle valves placed after the orifice
and after 'the column allowed the flow rate and the liquid
level in the outlet chamber of the column to be controlled.

Two orifice plates were used to cover the desired flow
ranges0 These were calibrated on distilled water using a
graduated cylinder and a stopwatch0

Glass "tees" were inserted in the liquid line just
before the orifice and just after the column to provide
sample outlets. A 25 ml. pipet was connected to each outlet
with a rubber tube and liquid was allowed to drain through
them continuously at a rate about equal to six times the
volume of the pipet per minute. To take a sample, the
rubber tubes were shut off with a pinch clamp, the one on the
exit line first, the pipets were removed and allowed to
drain to the graduation mark0

The order in which the apparatus was started up was
as follows:

1. The head tank was filled up and the water
aspirator was turned on. The gas cylinder
valve was opened to admit carbon dioxide to
the head tank.
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2. The air blower was turned on and the rate adjusted
to the desired value.

3. The cooling water pump was started and the valves
controlling the flow to the air saturator reservoir
and the head tank cooling coil opened.

4. The water was allowed to run into the saturator
column by opening the valve half-way. The circu-
lating pump was then started, the by-pass valve
opened two or three turns and then the valve in
the line leading from the pump back to the saturator
reservoir opened about one-half turn0 The by-
pass valve was then adjusted until the water level
in the sump remained constant.

5. Water was then admitted to the column at the desired
rate and the flow of distilled water to the head
tank was increased until two-phase flow in the
line to the water aspirator was obtained. Slugging
was to be avoided as it caused fluctuations in the
manometer reading.

6. The liquid level in the exit chamber was adjusted
by means of the valve in the exit line. At lo
liquid flow rates it was necessary to restrict
the flow through the outlet sampling pipet with a
pinchclamp. The exit line had to be kept running
full, otherwise it was very difficult to control
the level of the liquid in the column since it had
a tendency to drift. The level in the exit chamber
was kept such that the chamber was completely full
and the water layer on the wetted wall ran smoothly
into the exit chamber without spilling over into
the gas inlet tube.

7. Any necessary corrections in valve settings were made
and a minimum of five minutes was allowed for the ap-
paratus to reach steady-state operation before any
samples were taken0

The above description applies to the apparatus as used by
Lambe for the first 78 runs. Several changes were made by the
author before proceeding with the remaining carbon dioxide runs.
The apparatus after these changes is pictured schematically in
Fig. 105.

In the first place, it was decided that the system involving
recirculation of the water to the air saturator was more complicated
than necessary and required too much attention to keep the level
in the sump pump constant, even with the cork float valve. This
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set-up was replaced by one in which tap water was heated by steam
in a copper heat exchanger to the desired temperature and then
passed into the saturator. There it flowed counter-current to
the air into the sump, from which it was removed by a line con-
nected to a second water aspirator.

Secondly, the ice-water system was dispensed with. While
ice-water was necessary for Lambe, who worked in the summer months
when the tap water reached 270 C, it was possible during the re-
mainder of the runs to rely on tap water for cooling since they
were made during the fall and winter when the tap water was suf-
ficiently cold. Also, it was found possible to control the
temperature of the distilled water coming out of the tap by ad-
justing the water rate in the condenser at the still itself.
This was set so that the water coming out of the tap was several
degrees warmer than the temperature of the run. The distilled
water was then cooled to the desired temperature by tap water
in a glass heat exchanger (a distilling condenser with an inner
coil).

10.3 Auxiliary Apparatus for Chlorine Runs0 Some further
changes were made in the apparatus when the solute gas was changed
to chlorine. The brass orifice used to meter the liquid entering
the column was changed to a glass flowmeter which was also calibrated
on distilled water using a graduated cylinder and a stopwatch.
In addition, the brass valve used to control the flow into the
column was replaced by a combination of a piece of neoprene rubber
tubing with a large hosecock. The brass valve was left on the
liquid outlet line from the column,9 since corrosion at that
point was immaterial, and the valve was considered expendable,

The water supply system to the air saturator was left un-
altered 9 but the air inlet system was changed. The blower was
rergoved9 and suction was used at the gas exit to pull the air
through. Also, the orifice was removed from the air line, and
a glass flowmeter, calibrated with a dry gas meter, was placed
in the gas exit line.

It might be well to note at this point that all the lines
(except the air inlet) were constructed of glass connected with
ordinary rubber tubing. The use of rubber is permissible with
chlorine water since it becomes covered with a coating of "rubber
chloride" which protects it from further attack.

The liquid feed system underwent considerable change. It
was not found possible to obtain concentrations of chlorine
in water lower than saturation which remained constant with
time using the same apparatus as for carbon dioxide. This was
remedied by the use of a second, smaller constant head tank
which was made of a six-inch piece of 2 1/2 inch glass tubing.
The first head tank was used to supply a constant flow of dis-
tilled water. Chlorine was metered by a Monel regulating
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valve (obtained from the Matheson Company) through a small glass
flovmeter, passed through a loop, the purpose of which was to
prevent water from entering the gas inlet line, and then in-
jected into the line carrying distilled water from the first to
the second head tank. The chlorine was injected through a
drawn out piece of glass tubing in order to form small bubbles.
Glass beads were placed in the glassline leading from the
point of injection to the second head tank in order to facilitate
the solution of the gas. Any undissolved gas escaped from
the second head tank by means of a vent line to the hood. Con-
stant head was maintained in the second head tank by means of
an overflow pipe which led to a drain in the hood.

The solution of chlorine in water then passed through the
glass flowmeter, through the rubber-tube valve, past the ther-
mometer and into the column. From the column, it passed to a
drain in the hood.

The sample points were located at the same positions as
before, but the method of sampling was changed greatly. Glass
tubes led from the sampling point to two sampling set-ups placed
in the hood. One of these set-ups is shown in Fig. 10-7.
Normally, the stopcock was open, and the pinch clamps adjusted
to divide the flow between the nozzle and the overflow "tee."
Just before a sample was taken, the stopcock was closed, the
titration flask placed in position so that the nozzle was
beneath the surface of the liquid in the flask, and the stopcock
was opened. When enough of a sample was taken, the stopcock
was closed, the flask withdrawn and stoppered, and the stopcock
opened once more. This arrangement had the advantage of not
having any desorption occurring from the sample, and the pur-
pose of the overflow "tee" was to prevent the opening and
closing of the stopcock from disturbing the flow rates in the
apparatus itself. The size of the sample was determined by
weighing the flask before and after samplixg.

For the purpose of control, that is, to see if the concen-
trations in the inlet and outlet liquid streams were constant
with time, conductivity cells were inserted into sample lines,
and the resistance measured periodically on a conductivity
bridge.

A further change was the use of an absorption train on
the exit gas line. Between runs, the gas coming from the column
was passed through a single bottle containing sodium hydroxide
solution, thence through the flowmeter and into the laboratory
vacuum line. When the concentrations were steady, a run would
be started by rapidly switching the gas flow to the absorption
train of three bottles in series. In the first bottle, the gas
would bubble through a diffuser tube into sodium hydroxide
solution; in the second bottle through a piece of drawn-out
glass tubing into sodium hydroxide solution; in the third bottle
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through a piece of drawn-out glass tubing into potassium iodide
solution. At the end of the run, a definite period of time
ranging from ten to twenty-five minutes, the gas flow would
be shut off from the absorption train and shunted through the
single bottle again. The liquid sample or samples were taken
when the runs were about half over.

All the bottles through which the gas passed were 32 oz.
bottles. The single bottle contained about 350 ml. of about 2N
NaOH. The first bottle of the absorption train contained about
350 ml of approximately 0.5 N NaOH, while the second bottle,
used to collect any chlorine not absorbed in the first bottle,
contained about 150 ml of the 0.5N NaOH. The final bottle of
the train, used to make sure all the chlorine was collected,
contained about 350 ml. of water with a few grams of EI. After
each run was over, the contents of the second bottle of the
absorption train were poured into the first bottle, and rinsed
t'wo imes, the rinsings being added to the first bottle. This
first bottle was then set aside for analysis. The third bottle
of Kl was used for all the runs made during a series, usually
eight to ten runs, and then titrated for iodine at the end
of the series. The amount of chlorine collected in this third
bottle was never greater than 0.2% of the total chlorine desorbed,
and for most of the runs was less than 0.04%.

The preceding changes were made for the chlorine-water
runs. In addition, for the chlorine-0.2N HCl runs, provision
was made for the continuous addition of strong hydrochloric acid
to the distilled water. This was done by having approximately
4N HCl flow from a constant head bottle (located higher than
the distilled water constant head tank) into the line carrying
distilled water. It was found that the resistance of the con-
ductivity cells depended only on the HC1 concentration and were
independent of the C12 concentration, so for these runs the con-
ductivity cells were used to check the constancy of the con-
centration of HC1.

10'4 Analytical Procedure for Carbon Dioxide-Water Runs,
The general scheme or the iaalyicail method used to analyze the
samples for carbon dioxide was to add the sample to a known
amount of barium hydroxide, then, by measuring the conductance
of the solution, determining the amount of hydroxide left. The
difference between the initial and final amounts of barium hy-
droxide was equivalent to the carbon dioxide in the sample.

Since the percent desorption of carbon dioxide is relatively
small, and the difference between the inlet and outlet concen-
trations was desired, it was necessary to adjust the barium
hydroxide concentration so that the sample of the inlet stream
precipitated nearly all of the barium as carbonate. Then, since
the conductivity is roughly proportional to the concentration
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of Ba(OH)2 and the resistance can be measured to 1%, the difference
between the tvo concentrations could be determined to about 2%.
Since the conductivity of a saturated solution of barium carbonate
is negligible, it did not interfere vith the analysis. It was
found that a 25 ml. sample added to 50 ml. of barium hydroxide
gave satisfactory concentrations when the column was operating
at 25 0C and the barium hydroxide was 0.031 normal. For lover
temperatures a stronger solution was needed so that a slight
surplus of hydroxyl ion was assured. Conversely, for higher
temperatures a veaker solution vas needed so that the excess
hydroxyl ion concentration would not be too high. These values
can be calculated by assuming 90% saturation in the saturator.
A blank of 25 ml. of boiled distilled water plus 50 ml. of
barium hydroxide vas used with each series of samples to determine
the initial barium hydroxide concentration.

The conductivity bridge used to measure the conductivity vas
an alternating current impedence bridge with a self-contained-
1000 cycle oscillator, manufactured by Industrial Instruments,
Inc., Model RC-lB. The bridge was designed to measure resis-
tances of 2 to 250,000 ohms vith an error of less than one
percent. It vas checked vith a standard Leeds and Northrup
decade box and found to be satisfactory except in the vicinity
of the 100 ohm point on the dial. By a suitable choice of
multipliers this region could be avoided and caused no difficulty.

The electrodes used were made from platinum foil, each being
15 mm. by 7 mm., 0.25 mm. thick and mounted 8 mm. apart. They
were spot-velded to 0.15 mm. platinum vire leads fused into
glass tubes. The tubes were held rigid by glass spacers and
mounted in a rubber stopper so they could be inserted into
the sample bottle. A drop of mercury at the bottom of the
tubes provided contact vith the leads from the bridge circuit.

A deposit of platinum black was placed on the electrodes,
to make them more reversible, in the following manner: They
were cleansed in a hot solution of sodium hydroxide, washed,
then electroplated in a 3% solution of chloroplatinic acid
to vhich 0.025% of lead acetate had been added. The potential
used vas four volts, and the polarity vas changed frequently
to avoid excessive adsorption of chlorine on the platinum black.
A satisfactory deposit vas obtained in about 10 minutes. The
electrodes vere then used to electrolyze a dilute solution of
sulfuric acid, the potential being changed frequently, to
remove the residual chlorine. They vere kept in distilled
vater when not in use to avoid contamination.

The cell constant was determined with a known strength solu-
tion of potassium chloride and checked with a standardized solution
of hydrochloric acid. The I.C.T. values (7) for the conductivity
of barium hydroxide solutions were checked by using the cell con-
stant and diluted samples of standardized barium hydroxide.
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Four ounce glass bottles were used for the samples. A number
of them were prepared before each run by flushing them with carbon
dioxide-free air obtained by passing air from the laboratory through
a tube filled with soda lime (for runs 79-99, water pumped prepuri-
fied nitrogen from a cylinder was used), and adding 50 ml. of
barium hydroxide to each, then stoppering tightly with rubber
stoppers. When the samples were taken, the tip of the pipet was
placed below the surface of the liquid in the bottle and the
contents allowed to drain while filling the pipet with carbon
dioxide-free air (or nitrogen). The last drop was blovn from
the tip with the air (or nitrogen) to sweep any carbon dioxide
desorbed in the pipet into the solution of barium hydroxide.
The bottles were then stoppered, shaken and allowed to remain
in a thermostat bath at 25 0C for about four hours until the precip-
itate had settled before measuring the resistance of the supernatant
liquid.

10.5 Analytical Procedure for Chlorine Runs. All the ti-
tration flasks used to analyze the liquid samples taken during
a series of eight to ten runs were prepared before the series
was started. In each 250 ml. glass-stoppered flask were placed
about 40 ml. of distilled water, 2 ml. of a strong solution of
potassium iodide (50 g. KI per 100 ml.) and 1/2 ml. of glacial
acetic acid. Each flask was then weighed. After the sample
was taken, the flask was weighed again, and the contents were
titrated for iodine with standardized, approximately 0.05N,
sodium thiosulfate solution, starch indicator solution being
added just before the end-point. The sodium thiosulfate was
standardized by titrating veighed samples of potassium iodate
according to the procedure outlined by Willard and Furman ( ).

The purpose of the acetic acid was to ensure that the solution
was acid during titration. For the samples of chlorine in-dilute
hydrochloric acid, the addition of acetic acid was omitted,
since the solution was already acid. However, it was then neces-
sary that the titration be performed within several hours after
the sampling in order that the oxidation of hydriodic acid,
which is very easily oxidized by air, be not excessive.

The solutions of sodium hydroxide in which chlorine was
absorbed were analyzed for chlorine as follows. If the amount
of chlorine was equivalent to less than 60 or 70 ml. of thio-
sulfate solution, the solution was titrated right in the 32 oz.
bottle. Otherwise, the contents of the bottle were quantitatively
transferred to a one-liter volumetric flask, diluted to one liter,
and two separate aliquot portions were transferred to titration
flasks. In either case, 2 ml. of KI solution (50 g. KI per
100 ml.) was added to the titration solution. Then the solution
was acidified by the addition of 2N sulfuric acid. One could
tell when the solution became acid by the appearance of the
characteristic dark brown color of the iodine. Some excess of
acid was added. Then the solution was titrated with the standardized
sodium thiosulfate, with addition of starch indicator solution
just before the end-point.
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10.6 Sources of Water and of Gases Used. The distilled
vater eas fobanid frm the tap -ocatiianFhe labgratory. It
specific conductance was found to be about 3 x 10 ohm~ cm.~

The carbon dioxide vas obtained from commercial cylinders
supplied by the Carbonic Corporation. Chlorine was obtained
from #4 cylinders supplied by the Matheson Company. The nitrogen
wag supplied by the Airco Corporation. The sulfur dioxide used
in the diffusivity studies was obtained fromthe Virginia Smelting
Company.



295

CHAPTER 11

NEASUREENT OF DIFFUSIVITIES IN LIQUIDS

Outline

.Page

A. Introductioon 11.1 . . . . . . . . 0 . 297

B. Methods of Measuring Diffusivities in Liquids 11.2 297

C. Previous Measurements of Diffusivities of Various
Substances in Water . . . . . . 302

11.3 Potassium Chloride . . . . . . 302
11.4 Hydrochloric Acid .. . . 303
11.5 Chlorine . . . . . .. ... ..... 305
11.6 Sulfur Dioxide * . . . ....... 305
11.7 Oxygen . . . .. . ........ 306
11.8 Carbon Dioxide . . . . . . 307

D. Apparatus and Procedure . .. .. . .. .... 307
11.9 Description of Diaphragm Cell and Thermostat

Bath . .. . . .. .... . . . . . . .. . 307
11.10 Cleaning Procedure . . . .0 *.. ... .. . 309
11.11 Loading Procedure .a ...... . .. . . . . 309
11.12 Sampling Procedure . . . . . . . . . . . . 310
11.13 Analysis of Potassium Chloride . . . . . . 311
11.14 Analysis of Chlorine in Water . . . . . . 311
11.15 Analysis of Chlorine in Dilute Hydrochloric

Acid . . . . . . . . . . . o . . . . . . . 312
11.16 Analysis of Sulfur Dioxide . . . . . . . . 312
11.17 Sources of Water and Gases Used . . . . . 313

E. Equations . . . . . . . . . . . .a- . . . .. 313
11.18 Constant Diffusivity; No Chemical Reaction 314
11.19 Diffusivity a Function of Concentration;

No Chemical Reaction . . . . . . . . . . 315
11.20 Diffusion of Chlorine Through Water . . . 317
11.21 Diffusion of Sulfur Dioxide Through Water 322
11.22 Volume of Pores of Diaphragm . . . . . . . 326

F. Results and Discussion . . . . . . . . . . . 326
11.23 Calibration of Cells . . . . . . . . 326
11.24 Diffusion of Chlorine Through Dilute Hydro-

chloric Acid . .c . . . . .a*.0. 329
11.25 Diffusion of Chlorine Through Water at 250 C. 332
11.26 Effect of Temperature on Diffusion of

Chlorine Through Water . . . . . * . . * 336
11.27 Diffusion of Sulfur Dioxide Through Dilute

Sulfuric Acid . . a. . . . . . . . . . 339

&- - - -1- -.- .1 - - -_'_' -- _- -_- -11 - __ 10iiiiiiiii



296

11.28 Diffusion of Sulfur Dioxide Through Water
at 30 0 0. . . . . . . . . . . . 342

11.29 Effect of Temperature on Diffusion of
Sulfur Dioxide in Water . . . . . . . .. 345

11.30 Miscellaneous Measurements . . . . . . 348
11.31 Sources of Error . . . . . . . . . 348

G. Conclusions and Recommendations: 11.32 . . . . . . 353



297

A. Introduction

11.1. In order to understand the mechanism of the
liquid-side resistance to mass transfer, and to be able to
predict mass transfer rates for new systems on which little
or no mass transfer data have been obtained, accurate
values of the liquid diffusivities of the various substances
involved are required. For the purposes of this thesis, it
is necessary to know the dif fusivity in wafer of the
following substances: chlorine, hypochlorous acid, hydro-
chloric acid, sulfur dioxide, sulfurous acid, carbon di-
oxide and oxygen. Since most of this information is
not available in the literature, or conflicting values
are reported, an experimental program of measuring liquid
diffusivities was undertaken. In this chapter, the methods
used by previous workers to measure liquid diffusivities
are reviewed and the results they obtained which are of
interest to this thesis are tabulated. The procedure
used in this investigation to study the diffusion of dis-
solved gases in water is then described and the results
obtained are presented.

B. Methods of Measurin.
Diffusivities in
Liquids

11.2. Diffusion experiments may be classified into
three general types: free diffusion, restricted diffu-
sion and steady-state diffusion. Free diffusion refers to
diffusion from an initially sharp boundary between two
liquid layers of different concentrations, or from an
interface between liquid and gas, in an apparatus in which
the concentrations at some finite distance from the initial
boundary or interface remain unchanged. It is exemplified
by an experiment in which pure gas is brought in contact
with a column of liquid which is sufficiently long that the
concentration at the end of the liquid column away from
the interface remains constant for the duration of the
experiment. In restricted diffusion, th-e experiment is
allowed to proceed long enough that concentrations will
change continuously in all parts of the liquid. Both
free and restricted diffusion are unsteady-state ex-
periments. In steady-state diffusion, the concentrations
at both ends of a column of liquid are maintained constant;
the experiment is allowed to proceed until there is no
change in concentration with time within the column, and
the rate of transfer is measured.
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Because of the slow nature of diffusion in liquids,
it is imperative that convection currents be eliminated
completely. There have been four general methods of ac-
complishing this. The first is to conduct the experiment
in capillary tubes of diameter sufficiently small that
convection currents are prevented. Carlson (9) gives the
following review of this method:

"..... Wroblewski (1877) was the first to attempt to
ascertain the law in accordance with which C02
diffuses in water. His attempt failed because, when
he allowed the gas to enter at the top of a column
of water, the upper layers were first saturated
with it and, hence, became heavier and sank, thus
causing turbulence. Soon afterwards, Stefan proved
that these currents depend on the width of the test-
pipe, and might be entirely prevented if the cross-
section of the pipe were made small enough,-at
most 1 mm. ...... Stefan's experiments were of two
kinds; in one, carbonic acid was made to traverse
a column of fluid made as long as possible, and
assumed to be infinitely long, while in the other
the gas had access to the open air through a short
column of water. It is evident, however, when
experimenting with a gas whose coefficient of ab-
sorption [solubility] is relatively small, as
oxygen in water, Stefan's method is not very
suitable. In order to obtain an accurately
measurable diminution in volume of gas, too long a
time is necessary, and even supposing the
temperature could be kept constant, considerable
disturbances are inevitable, due to evaporation
of fluid."

Since Stefan's time, only one investigator has
used the capillary method. Ringbom (87) used an improved
form of apparatus designed to overcome some of the dis-
advantages and sources of error of Stefan's method. The
capillary method suffers the disadvantage that the area
of the interface is uncertain.

The second method of avoiding turbulence is to
"solidify" the liquid by dissolving some gelatin or
agar-agar. This method has several disadvantages: it
is restricted to gases which do not react with the
solidifying agent; it cannot be used at high temperatures
or with organic solvents; the diffusion rates are slower
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than for pure water and must be corrected to give the
diffusivity in water. The possibility exists that the
correction is not the same for all gases.

The third method of preventing convection currents
is the layer method, which utilizes the stabilizing in-
fluence of gravity. The experiment is arranged so that
the heavier solution lies at the bottom and diffusion
occurs upward. Because of the slight change in density
of the solution with concentration of dissolved gas, this
method is not suitable for measuring the diffusivity of
gases in liquids. Carlson (9) is the only investigator
to report using this method on dissolved gas. He got
around the difficulty just mentioned by adding 1%
potassium chloride to the liquid originally containing
the dissolved gas and f orming the lower layer, while
the upper layer placed above it originally consisted of
pure water. Thus, he achieved the density gradient by
the addition of potassium chloride, but at the expense
of having simultaneous diffusion of both the gas and
the salt, which may have affected the diffusion rate of
the gas.

The layer method has been extensively employed to
study the diffusion of electrolytes and of macromolecules,
using both free diffusion and restricted diffusion.
Harned (32) has written an excellent review of this
method, and of the diaphragm-cell method described be-
low, as well as of the theory of diffusion of electro-
lytes. In the diffusion of macromolecules, using the
layer method, optical methods have been used with great
success. It is possible, by measuring the absorption
of light by the solution at various height, or by measur-
ing the index of refraction at various heights using
interferometric or "1schlieren scanning" techniques, to
determine both the concentration and the concentration
gradient as a function of height and of time. The method
yields sufficient information to calculate diffusivity as a
function of concentration. According to Harned (2), "with
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the exception of Clark's researches, very few accurate
diffusion coefficients of electrolytes have been de-
termined by optical means. On the other hand, these pro-
cedures can be carried out in a short time as compared
with that usually required for the study of the slow
process of diffusion and for this reason may prove im-
portant in future studies." In the study of the diffusion
of electrolytes by the layer method, electromotive-force
measurements and conductance measurements, as well as
direct analysis of the layers, have been applied. By
using a method involving the measurement of electrical
resistance at the top and bottom of a carefully designed
vertical cell, Harned and Nuttall (.M, 35) have determined
the diffusion coefficient of potassium chloride in
water with an accuracy of the order of 0.1 per cent, an
accuracy probably unparalleled in this field.

The disadvantages of the layer method lie in the
elaborate precautions required to avoid mechanical vi-
brations, temperature fluctuations and to avoid mixing
when the two layers are placed one on top of the other.

The fourth method of avoiding convection (and the
one used in this investigation) is to cause the diffusion
to take place within the pores of a sintered-glass or an
alundum diaphragm. When the volume of solution on either
side of the diaphragm is sufficiently large, and is stirred
to keep the concentration uniform, the conditions within
the diaphragm, for all practical purposes, are steady state.
Since the area or the length of the diffusion path cannot
be determined by direct measurement, it is necessary that
each cell be calibrated, using a solute of known dif-
fusivity. Potassium chloride has almost always been
chosen for this purpose; with the new, accurate data on
diffusivity of potassium chloride as a function of con-
centration obtained by Harned and Nuttall (4, 35), it
provides an excellent standard for the calibration of dia-
phragm cells.

The first reported use of the diaphragm cell was
by Northrup and Anson (80), who used it to measure the
diffusivity of carbon monoxide hemoglobin. No use of this
method for measuring the diffusivity of dissolved gases
has been reported, but it has found considerable use in
studying the diffusion of electrolytes and macromolecules.
Quo'ing further from Harned's review (32):

"The use of sintered-glass diaphragm cells for
measuring diffusion coefficients has been shown
by McBain (_7)and especially by Gordon (14, 29)
and Hartley and Runnicles (36) to be convenient
and accurate. Since the diffusion process is slow,
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measurements in vessels without diaphragms are
most sensitive to any factors which, like local
gradients of temperatures or initial stirring,
may cause convection. In the diaphragm cell, the
diffusion is confined to the pores of a sintered-
glass or an alundum diaphragm, so that the errors
caused by agitation by thermal or mechanical means
are reduced to a minimum.

"The apparatus used by MeBain and Liu (68) and
Gordon (14, 29) consisted of a bell-shaped vessel
with a stopcock at the top and a flat diaphragm of
sintered glass at the bottom. This (inner)
vessel is filled with the more concentrated
solution and is suspended in such a way that the
diaphragm just touches the surface of a weaker
(outer) solution. The diaphragm must be adjusted
horizontally and must be in contact with the
outer solution over its entire surface. The
whole apparatus is placed in an air thermostat.
In this form of apparatus, only density stirring
can take place.

"Mouquin and Cathcart (_7) have described a glass
cell containing a sintered-glass diaphragm at
the middle, which was stirred by rotating end
over end. Hartley and Runnicles (36) obtained
stirring by rotation of their cell about its axis
at an angle inclined to the vertical. The upper
solution was stirred by a glass sphere resting
on the diaphragm, and the lower solution by a
lighter[i.e., lighter than the solutionj glass
sphere which pressed against the bottom surface
of the diaphragm. The concentration in the
inner compartment of the apparatus was measured
by conductance.

The use of moving glass spheres to stir the contents
of the compartment has the disadvantages of causing mechani-
cal vibrations to occur within the diaphragm, and of
causing the diaphragm to wear away, thus necessitating re-
calibration after every few runs. Stokes (96) also used
mechanical stirring, using glass rods which were turned
magnetically from outside the cell.

Density-stirring may be brought about by placing
the heavy solution in the upper compartment and the light
solution in the bottom. The process of diffusion causes
a density unbalance in both compartments and thus brings
about convection which tends to keep the concentration in
them uniform. Gordon (29) has shown that the density-
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stirred method yields results which agree with those
obtained by mechanical stirring. Stokes (96), however,
in me asuring the dif f usi vity of hydroch lori c acid in
water has found that density stirring gave values several
percent lower than did magnetic stirring. He claims
that, with density stirring, there exists a stagnant
film at both sides of the diaphragm which exerts different
effects on different solutes.

The question arises as to whether the pores of
the diaphragm are small enough to prevent completely
convection and bulk transfer of the solute within the
pores. Stokes (9), using magnetic stirring, ran two sets
of experiments, one with the heavy solution on top, and
one with the light solution on top and found no difference.
Hartley and Runnicles (36) used two grades of diaphragms
and found that with the fine diaphragm, above a certain
stirring rate, increasing the rate had no effect; while
for the coarser diaphragm, the rate had a big effect at
the high speeds, indicating that some bulk transport
was occurring under those conditions. Dawson (20) sug-
gested a simple test to determine whether a diaphragm
is coarse enough to permit- bulk motion, namely, to run
several experiments with the cell tilted at an angle such
as 30. If the pores are too coarse, he says, the
transfer may be increased by as much as four-fold, in
which case finer diaphragms should be used. In this
investigation, several runs were made with the cells
tilted about 300, and the results were found to be con-
sistent with the runs carried out in the vertical position.

C. Previous Measurements of Diffusivities
of Various Substances in Water

In this section, values of diffusivities found by
previous workers, which are of interest to this thesis,
are tabulated.

11.3. Potassium Chloride. Values of the diffu-
sivities of potassium chloride in water at 25*C. for
various concentrations are required., since potassium
chloride at that temperature was employed to calibrate
the diaphragm cells used in this investigation. The most
accurate data are those of Harned and Nuttall (3, _35),
who obtained them by using a layer method with restricted
diffusion and measuring the concentrations continually
by means of conductivities.
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Table 11.1

Diffusivity of Potassium Chloride in Water at 25 0 C.

Data of Harned and Nut tall (34 35)

Conon . mole s/1. D x 105, cm ./sec.

0.00000

.00125

.00194

.00325

.00585

.00704

.00980

.01261

.02654

.03992
.04620
.05450
.06074
.1298
.3323
.5276

(1.9958)

1.961
1.954
1.943
1.931
1.924
1.918
1.908
1.879
1.877
1.872
1.860
1.856
1.838
1.842
1.852

(calc'd. from
theory)

11.4. Hydrochloric Acid. It is desirable to know
the diffusivity of hydrochloric acid in water because it
is one of the components present in the chlorine-water
system. Two of the most recent and probably most reliable
determinations of the diffusivity at various temperatures
and concentrations are presented here.

James and Gordon, (49, 50) measured the rate of
diffusion by hydrochloric acid by using a diaphragm cell
and analyzing the solutions by means of an interferometer.
As will be pointed out later, mhen the diffusivity is a
function of concentration, the diaphragm cell yields an
average value of the diffusivity. Gordon (30) showed
that this average value is a close approximation to the
actual diffusivity at a concentration equal to the
arithmetic average of the concentrations in the upper and
lower compartments. James and Gordon used this rule, and
from the smoothed data, calculated the following table.
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Table 11.2

Diffusivity of Hydrochloric Acid in Water

Data of James and Gordon (49)

Dx104, cM. 2/sec.

Temperature: 10*0C. 15*C. 250 C. 350C.

Conon.. moles/l.

0
0.02
0.05
0 .10
0.20
0.35
0.50
0.75
1.00

2.16
2.05
2.02
2.03
2.05
2.11

2.48
2.35
2.33
2.33
2.35
2.40
2.45
2.56
2.68

3.14
2.97
2.93
2.92
2.98
3.06
3.18
3.37
3.58

3.87
3.66
3.61
3.60
3.65
3.77

Falinski (24) carrie d out his measurements using
the layer method, with restricted diffusion. As pointed
out by Harne d (32), methods such as these also yield an
average, or integrated, value of the diffusivity, but it
is very difficult to compare such results with the average
values obtained by the diaphragm cell method.
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Table 11.3

Average Diffusivity of Hydrochloric Acid in Water at 160C.

Data of Falinski (24)

5 2
D x 10 , cm. /sec.

HCl 0.01 N diffusing into water 2.60 ---
HCl 0.1 N " 2.53 2.50
HCl 0.5 N " 2.52 2.48
HC1 1 N " " 2.55 2.51
HC1 2 N " " 2.66 2.60
HCl 1 N diffusing into HCl 0.5 N 2.77 ----
HC1 1.5 N " HCl 1 N 2.97
HC1 2 N " " HC1 1.5 N 3.32 3.17
HCl 5 N HC1 4.5 N 4.9

In addition, Falinski (25) measured the effect of
temperature between 90 and 1800,~, and found the diffusivi-
ty to be linear with temperature in that range, with
dD/dt equal to 0.060 x 10-5 cm./(sec.)(*C.)

11.5. Chlorine. Only -two measurements on the
diffusion of chlorine in water have been reported.s Euler
(23), using a layer method, found the diffusivity of 0.1
molar chloririe diffusing into water to be 1.4 x 10 5
=.2/day at 120C. Hufner (42), using the capillary
method, wi th free diff usi on and carried out in the dark,
obtained a value of 1.27 at 16.300. Since diffusivity of
gases in liquids have all been noted to increase with
temperature, it is clear that both these values cannot
be correct. It is the opinion of the editor of the
International Critical Tables (46) tha-t Hufner's value
is probably too low. It is to be noted that neither of
these authors considered the effect of the hydrolysis
of the chlorine.

11.6. Sulfur Dioxide. No direct measurements of
the rate of diffusion of sulfur dioxide have been reported
in the literature. There is one indirect measurement,
however, which was reported by Kolthoff and Miller (58).
They carried out an electrolytic reduction of sulfur
dioxide at a dropping mercury electrode, and found that
the diffusion current was proportional to the S02 con-
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centration. From this diffusion current, they calculated
that sulfur dioxide has a diffusivity at 250. of 2.04
x 10-5 cm. 2/sec.

11.7. Oxypen. Kolthoff and Miller (57) also
reported experiments in which they electrolytically
reduced oxygen at a dropping mercury electrode. They
calculated from the shape of the current versus voltage
curve thaZ the diffusivity of dissolved oxygen at 250C., is
2.6 x 10 cm 2/sec.

Another indirectly measured value was reported by
Semerano, Riccoboni and Foffani (90), who measured dif-
fusion currents as a function of concentration and cal-
culated the dif f usivi ty of oxygen to be 1.87 + .02 x
10"5 cm .a/sec. at 250*

Directly measured rates of diffusion have been made
by Hufner (42, 43), Carlson (9), and Tammann and Jessen (97).
According to Tammann and Jessen (97), Hufner used a steady-
state method in vhich oxygen was diffused upward through a
hydrophane plate, through a column of water located in a
glass tube, and into the atmosphere. Carlson used the
layer method, adding 1% potassium chloride to the liquid
originally containing the dissolved gas. As pointed out
above, this gives rise to simultaneous diffusion of both
the KCl and the oxygen. Tammann and Jessen had free
diffusion of oxygen into an agar solution. The results are
tabulated below:

Table 11.4

Diffusivity of Oxygen in Water

Investigator Temp. *C. D x 105, cm.,/sec.

Hufner (43) 16 1.87
Carlson T9) 18.2 + 0.2 1.97

2.02
1.98

Average 1.99

Tammann and Jessen (97) 1.0 1.23
10.0 1.82
17.5 2.45
25.0 3.54
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11.8. Carbon Dioxide. Huf ner, Carlson, and
Tammann and Jessen measured the rate of diffusion of
carbon dioxide in water in the same manner as for oxygen.
Hufner (42) and Arnold (3) refer to two values obtained
by Stefan by the use of the capillary method. In
addition, Ringbom (8?) has measured the diffusivity of
carbon dioxide by an improved capillary method. The
results are tabulated below:

Table 11.5

Diffusivity of Carbon Dioxide in Water

Investigator Temp. OC. D x 105, cm. 2/sec.

Stefan (42, g) 17 1.63
1.57

Hufner (42) 16 1.59
() 10.3 1.46

15.2 1.60
20.4 1.78

Carlson (9) 18.2 1.70
1.72
1.69

Average 1.71
Ringbom (87) 25 1.82

30 2.08
40 2.75
50 3.26

D. Apparatus and Procedure

11.9. Description of Diaphragm Cell and Thermo-
stat Bath. The diaphragm cell method was chosen for
this investigation because of its simplicity, and be-
cause there were six diaphragm cells available which
had been used by Chang (11) in a previous thesis for the
determination of the diffusivities of benzoic acid and
cinnamic acid in water. It was felt that density stir-
ring would be satisfactory; that the accuracy required
would not warrant the comparative complexity which would
be involved in any mechanical stirring system.

One of the cells is pictured in Fig. 10.3. Each
cell was constructed from a Pyrex sealing tube with a
fritted glass plate sealed in its center. One end of the
sealing tube was reduced and joined to a pyrex stopcock,
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the other end joined to a short length of 35 mm. Pyrex
tubing which was reduced and joined to another short
length of 10 mm. Pyrex tubing. The six cells were
labeled A,B,C,DE and F. According to Chang (11), cells
A, B and C had diaphragms made of medium grade
(Designation: Pyrex M) fritted glass, vhile cells D, E
and F had diaphragms made of fine grade (Pyrex F) fritted
glass. Laboratory glassware catalogs give the nominal
maximum pore size of Pyrex M as 14 microns and that of
Pyrex F as 5 microns. These diaphragms may be compared
with those of previous workers, most of whom used fritted
glass disks obtained from the Jena glass works and
designated with porosities G3 and G4. According to
Erday-Gruz and coworkers (22), the diameter of the
largest pores of diaphragms of type G4 is 9-10 microns,
while those of type G3 contain pores with a maximum
diameter of 18-20 microns. Gordon (29) states that type
G4 have pore diameters 2-5 microns, and type G3 have
pore diameters 15-20 microns. Dawson (_30), who
recommended testing cells for whether the pores were
coarse enough to permit bulk motion by tilting the cells
30* and comparing the results with those obtained in
the vertical position, reported that cells with type G3
diaphragms were scarcely affected by tilting. In view
of the above, it appears that the diaphragms in the cells
used in this investigation are sufficiently fine to
prevent any bulk motion, and this is borne out by the fact
that comparatively consistent results were obtained with
all the cells used.

The cells were maintained at constant temperature
by a Cenco-type 973.00 B constant temperature water bath.
Temperature regulation to 0.02 0C. was obtained with a
Cenco No. 99200 Mercury Thermoregulator which controlled,
by means of an electronic relay, electrical knife-type
immersion heaters submerged in the bath. For runs where
the ambient temperattre was ever above the bath tempera-
ture, a copper cooling coil was placed in the bath, and a
small flow of tap water was maintained through the coil.

For most of the runs, the cells were clamped in a
vertical position and submerged in the bath as much as
possible. The water bath was not deep enough to submerge
the cells completely, so that the top two inches of the
cell (in addition to the 10 mm. tube) were above the
water level. Since most of the runs were made at somewhat
above room temperature, this resulted in increased
convection stirring of the upper compartment, which was
felt to be desirable. It is important, of course, that
the temperature within the diaphragm be the same as the
bath temperature, but since the diaphragm was four inches
below the surface of the water, it is felt that this

- a.. 1111111101 __ __
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condition was satisfied. For the runs made below room
temperature, it was not so desirable to have any part
of the upper compartment above the water level, so the
cells were clamped in a tilted position in order to
submerge them completely.

For the runs made with chlorine, the water bath
was covered with a black cloth to prevent the action of
light on the chlorine solutions.

11.10. Cleaning Procedure. Before every run,
each cell was cleaned in the following manner. The top
compartment was rinsed with distilled water three
times. By applying suction to the top of the cell, dis-
tilled water was sucked through the stopcock into the
lower chamber and through the diaphragm into the upper
chamber. The water was removed from both compartments
and the suction procedure was repeated once more. Then
the top compartment was rinsed two more times with dis-
tilled water.

11.11. Loading Procedure. The water used for
these experiments was drawn from the distilled water
tap, boiled, and cooled in a closed container, in order
to degas it. The cell was inverted and the lower com-
partment was filled with water by means of a drawnout
piece of glass tubing which was thin enough to go through
the open stopcock. When the lower compartment was full,
compressed air was applied to force some water through the
diaphragm, in order to insure that the diaphragm was
completely full of solvent. More water was then added
to the lower compartment, and the stopcock closed,
making sure that there were absolutely no air bubbles in
the lower compartment. The upper chamber was rinsed out
three times with the solution to be used, and then filled
with that solution. For the calibration runs, the KCl
solution was measured out from a burette and a volume
equal to that of the lower compartment was put in. For
all other runs, the upper compartment was almost complete-
ly filled with the solution (prepared by bubbling the gas
through boile'9 distilled water), leaving a small gas space
of about 0.3 ml. at the top. With a nonvolatile solute,
a gas space above the upper solution was permissible,
but when the solute was a slightly soluble gas, it was
necessary to have the gas space as small as possible.
Some gas space is required, however, to allow for some
expansion due to temperature changes. A rubber tube was
placed over the top of the cell and closed with a screw
clamp. The cell was then placed in the water bath and
clamped in position. The time when the solution was first
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put into the upper compartment was noted, and taken as
the beginning of the run.

For the cases where the diffusivity of chlorine
in dilute hydrochloric acid and of sulfur dioxide in
dilute sulfuric acid were measured, a slightly different
procedure was used. A batch of dilute acid was made up,
using boiled distilled water. This solution was used
to fill the lower compartments in the same way that water
was used, as described in the previous paragraph. The
gas being investigated was then bubbled through the re-
mainder of the acid solution until the desired concen-
tration was reached, and this solution of the gas was
used to fill the upper compartment.

11.12. Sampling Procedure. Two 10 ml. samples
were taken from each compartment by means of a pipette.
Since the stem of the pipette was not long enough to
reach to the bottom of the upper compartment, nor thin
enough to go through the stopcock into the lower compart-
ment, the tip of the pipette was joined by means of a
short piece of rubber tubing to a drawn-out piece of glass
tubing that was long enough and thin enough to meet the
above requirements. For the calibration runs, the
pipette was rinsed out three times with each solution,
and two samples were taken in the usual manner. For
the other runs, because of the volatility of the solute,
the procedure had to be altered. Suction was applied to
the upper end of the pipette continuously until 20 or
30 ml. of solution flowed through the pipette and then
the suction was removed and the top of the pipette closed
with a finger. The solution was allowed to run out
until the level reached the mark, the tip of the pipette
was then placed below the surface of the liquid in a
glass-stoppered flask, and the contents of the pipette
were allowed to flow out. The pipette was then blown out,
with the tip of the pipette still submerged, in order to
ensure collecting any solute which had been desorbed
from the surface of the liquid in the pipette. The flask
was then stoppered, and the contents shaken.

Each sample was analyzed separately, and the
results" of the two analyses for each compartment were
averaged to give the final concentrations. For the
calibration runs, the initial solutions were also
analyzed. For the cases of the volatile solutes, however,
it was not possible to determine the initial concentra-
tion of the solutions placed in the upper compartment
because these solutions were continuously desorbing
solute during the loading process.
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The time when the cell was inverted just prior
to taking samples from the lower compartment (i.e., when
solution of the upper compartment was no longer in
contact with the diaphragm) was noted and taken as the
end of the run.

11.13. Analysis of Potassium Ch The po-
tassium chloride samples were titrated with an approxi-
mately 0.1 N solution of silver nitrate, using Mohr's
method, as outlined by Willard and Furman (108), which
involves potassium dichromate indicator, with an endpoint
correction being made to allow for the solubility of
silver chromate. The silver nitrate solution was
standardized by titrating weighed samples of potassium
chloride.-

11.14. Analysis of Chlorine in Water. When
chlorine is dissolved in pure water, the products of the
hydrolysis, HCl and HOC1, are present in equal quantities.
Because of the more rapid rate of diffusion of HCl, the
two components resulting from the hydrolysis no longer
are present in equal concentrations, there being an ex-
cess of HCl in the lower compartment (which originally
contained pure water) and a deficiency of HCl in the
upper compartment. In order to calculate the concentration
of each component present in the system (i.e., of Clx,
HCl and of HOC1) it was necessary not only to determine
total chlorine (i.e., the sum of chlorine plus hypochlorous
acid) by iodimetry, but also to determine the excess or
deficiency of acid by an alkilmetric titration. The
procedure was as follows: Standard solutions of approxi-
mately 0.05N sodium thiosulfate, 0.05N HCl and 0.05N NaOH
were prepared. The sodium thiosulfate was standardized
by titrating weighed samples of potassium iodate according
to the procedure outlined by Willard and Furman (108).
The hydrochloric acid solution was standardized by
titrating weighed samples of sodium carbonate, using methyl
red indicator with boiling of the titration solution to
drive off the evolved 00,. The sodium hydroxide solution
was standardized by titrating against the hydrochloric acid
solution, using methyl red indicator; the titration
solution was boiled when just on the acid side of the
end-point and then cooled down, whereupon the titration
was completed. The purpose of boiling was to drive off
the C02 evolved from the carbonate present in the sodium
hydroxide solution, in order to Trevent the interference
of the CO2 with the methyl red end-point.

For analysis of the samples, 25 ml.of boiled dis-
tilled water and 5 ml. of 12% KI was placed in each glass-
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stoppered titration flask. For those flasks used for
samples taken from the upper compartment (in which there
was a deficiency of H0l), a measured volume of standard
HCl solution was added, in order to ensure that the
solution was always acid during the titration with the
thiosulfate. The 10 ml. sample was added in the manner
described in the previous section. The iodine liberated
was titrated with the standard sodium thiosulfate solution,
the addition of starch being omitted. Methyl red indica-
tor was then added, and the titration was continued, with
sodium hydroxide solution, the boiling off of C0 2 being
omitted (since the comparatively poor precision did not
warrant it). In calculating the excess or deficiency of
acid in the sample, corrections had to be made for the
sodium carbonate which was present in the sodium
thlosulfate as a preservative (correction = 0.03515 ml. of
NaOH solution per ml. of thiosulfate), and also for the
slight amount of base present in the potassium iodide
(correction = 0.02 ml. of NaOH).

The procedure outlined above was adapted from the
procedure for the determination of hypochlorous acid
in the presence of chlorine given by Scott (89).

11.15. Analysis of Chlorine in Dilute Hydrochloric
Acid. The concentration of the original hydrochloric acid
solution used as the solvent was determined by titration
with the sodium hydroxide.

Since titration for acid in the samples was not
necessary, the procedure outlined above could be sim-
plified, as follows: 25 ml. of water and 5 ml. of 12% KI
were placed in each flask. No preliminary addition of
acid was necessary since the samples were already acid.
The sample was added and the iodine liberated was titrated
with the standard sodium thiosulfate, with starch being
added just before the endpoint.

11.16. Analysis of Sulfur Dioxide. In neither of
the two cases, sulfur dioxide in water, and sulfur
dioxide in dilute sulfuric acid, was the determination
of "excess acid" required. The procedure used to
determine sulfur dioxide, ada pted from that used by
Philoon (82) and Whitney (106) involved the reaction of
sulfur dioxide with an excess of potassium iodate.

KI03+3 S02 + 3 H20- KI + 3 H2SO (11.1)

The solution was then acidified to liberate iodine from
the excess iodate.
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KI0 + 5KI + 3H2 SO4 -- 13K3 SO 4 + 3H2 0 + 312 (11.2)

The liberated iodine was thereupon titrated with thiosul-
fate.

12 + 2Na2 S203 -~O 2NaI + NaaS4 06  (11.3)

The detailed procedure follows: Stock solutions of po-
tassium iodate of various concentrations were prepared.
Into each flask 25 ml. of water and 5 ml. of 12% KI solu-
tions were placed. A known volume of a stock solution
of KI03 was pipetted in, the amount and concentration
being chosen to provide 10 to 30 per cent excess of iodate.
The sample from the cell was pipetted in as described in
the section on sampling procedure. Sufficient 2N H2SO4
was added to ensure liberation of iodine from all of the
remaining potassium Iodate, and to ensure that the solu-
tion was acid during the titration. The contents of the
flask were titrated with the standard sodium thiosulfate
solution used for the chlorine determinations, with
starch indicator being added just before the endpoint.

11.17. Sources of Water and of Gases Used. See
Sec. 10.6.

E. Equations

The following assumptions regarding diaphragm cells
have been shown by Gordon (29) to be valid: both solutions
are of uniform composition right up to the entrance to the
pores; transport from one compartment to the other takes
place only by diffusion; steady state exists at all times
within the pores. The validity of the last assumption
rests on the fact that the volumes of the solutions are very
large compared with the volume of the pores, so that the
concentration change at both sides of the diaphragm is very
slow, with the result that the accumulation term in the
differential equation for diffusion within the pores may
be neglected. Using these assumptions, the following
relations for various cases are derived.
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11.18. Constant Diffusivity; No Chemical Reaction

Let s = effective area for diffusion through the pores, cm. 2

L = effective length of the diffusion path, cm.

V = volume in lower compartment, an.a

V = volume in upper compartment, cm. 3

C' = concentration of solution in lower compartment at
any time, moles./cm. 3

C" = concentration of solution in upper compartment at
any time, moles/cm. 3

t = time, sec.

x = distance in the pore from the lower surface of the
diaphragm, cm.

D = diffusivity, cm. /sec.

It follows from the assumption of steady state that the
rate at which the upper chamber loses solute equals the
rate at which material is diffusing through the pores at
any distance x, which equals the rate at which the lower
chamber gains solute.

-V"(dC"/dt) = sD(dC/dx) = V'(dC'/dt) (11.4)

Because D is assumed constant, the gradient (dC/dx) must
be independent of x. Then

dC/dx = (C"-C')/L (11.5)

Eq. (11.4) becomes

-V"(dC"/dt) = (s/L)D(C"-C') = V'(dC'/dt) (11.6)

Eq. (11.6) may be rewritten

dC"/dt = -(l/V")(s/L)D(C"-C') (11.7)

dC'/dt = (l/V')(s/L)D(C"-C') (11.8)

Subtracting eq. (11.8) from eq. (11.7)

d(C"-C')/dt = (l/V')+(l/V")1 (s/L)D(C"-C') (11.9)
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If we define

AC = C"-C' (11.10)

P = [(1/V) + (1/v") (a/L) (11.11)

Eq. (11.9) becomes

-d(AC)/AC = D dt (11.12)

Integrating over the whole run, letting t be the time of
the run,

AC 1= - C1= " (since C always = 0), and

ACf = C" -C) , we have

ln(ACo/ACf) = D t (11.13)

11.19. Diffusivity a Function of Concentration; No
Chemical Reaction. In making use of potassium chloride
for calibrating the diaphragm cells, one must take into
account the variation in the diffusivity of KCL with
concentration, which variation can be seen by g:lancing
at Table 11.1. It is clear that the diffusivity calcu-
lated from eq. (11.13) will be some sort of average value
(referred to in the literature as integral diffusivity).
Thus we may define the integral diffusivity as follows:

ln(ACO/A~f) = Din qt (11.14

The following derivation, relating D to the actual
values of D (referred to in the lite Rlure as differential
diffusivity) and to the conditions of the experiment,
is based on Gordon's treatment (29).

From eq. (11.4), which is still valid, we see that
at any given time, D(dC/dx) is independent of x. Since
C is a function of x, D also varies with x, so that the
gradient is no longer constant. We may write, from
Fick's law,

(D )= 0 (11.15)

Integrating once gives

D d= cij (11.16)dx
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Integrating over the diaphragm gives

DdC = cL (11.17)

At any given tim" c, may be regarded as constant (i.e.,
independent of x), bit it will vary with time as the
values of the limits in eq. (11.17) change. Substituting
eq. (11.16) into eq. (11.4) gives

-V"(dC"/dt) = scj = V' (dC'/dt) (11.18)

which may be written

dC"/dt = (1/V")sc 1  (11.19)

dC'/dt = (1/V')sc (11.20)

Subtracting eq. (11.20) from eq. (11.19), and us.ng
eqs. (11.10) and (11.11):

d(AC)/dt = -p c1 L (11.21)

Substituting eq. (11.17) and rearranging:

d(AC)

f CIi DdC -edt (11.22)

C1

If we define a quantity y which is a function of
C' and C" such that

C + T 
(ll.23)

C

where D is the diffusivity at zero concentration,
eq. (11.22) may be written

(1 + y) d(AC)/AC = -eDodt (11.24)

Integration over the run gives

ln(ACf/ACO) yd(AC)/AC = - Dot (11.25)

C
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Eliminating qt between eqs. (11.14) and (11.25) and re-
arranging yields

Co

( - 1) in LS f yd(AC)/AC (11.26)
Dint 0f C

By using eqs. (11.23) and (11.26) it is possible, by numeri-
cal integration, for given initial conditions, to evaluate
Dint as a function of A~f. Since all of the calibration runs
were made with C " practically equal to 0.100, and V'
practically equai to V", calculations were carried out for
these initial conditions. These calculations, summarized in
Tables 11.6 and 11.7 were carried out as follows. Using
the data of Table 11.1, D was plotted as a function of C,
and the integral

DdC

was obtained graphically as a function of AC, using the re-
lations

0" 0.05 + C/2

C' = 0.05 - 0/2

Then, with eq. (11.23), oy was obtained as a function of AC,
taking Do = 1.996.

Next, the integral

AC -,ln(AC )

yd(AC)/A C yd in (AC)

ACf in(ACf)

was evaluated by graphlcally integrating under the curve y
versus ln AC. From this quantity Dint was calculated.
These values are plotted on Fig. 11.1. Stokes (_96), using
the same data on the diff usivity of KM, calculated that
when AC e 0.05, DI r 1.867 x 10' , which agrees with the
value of 1.868 x 10- found her e.

11.20. Diff usion of Chlorine TMr ough Water. The con-
ce'ntration gradients encountered within the pores of the
diaphragn cell are considerably lower than those found in
the liquid during absorption or desorption. Thus, while the



318

TABLE 11.6
Computation of *y

D dC
fa

0
0.03727
0.07458
0.11197
0.14950
0.18734

0.0713
0.0711
0.0705
0.0696
0.0681
0.0654

TABLE 11.7
Computation of Integral Diffusivities of KvL

in Standardization Runs

Af 'y d(AC)/AC
Af

0.00
0.02
0.04
0.06
0.08
0.10

0.1122
0.0631
0.0347
0.0149
0

(Do/Dint ) - 1

0.0697
0.0689
0.0679
0.0668
0.0654

*This value is the differential diffusivity at 0 = 0.05

Fig. 11. 1

Integral Diffugivity of Potassium Chloride

1.88

1.87

1.86

1.85
0.04 0.10
ACf, moles/1.

AC

0
0.02
0.04
0.06
0.08
0.10

Dint x 105

1.863*
1.866
1.867
1,869
1.871
1.873

0

0

C =0.100
0

V = Va

0 0.02 o.o6 o.o8
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rate of hydrolysis of chlorine must be taken into account
in the theory of absorption of chlorine in water, for the
case of diffusion through a diaphragm, the rate of
hydrolysis may be considered infinite. This leads to the
assumption that equilibrium exists everywhere within the
diaphragm cell.

The reaction of interest is

Cla + HaQ - HOC1+ H+ + 027 (11.27)

Let A = concentration of Cla

E = concentration of HOC1

F = concentration of H concentration of Cl

The diffusivities of Cl and H001 are, respectively, DA and
DE. Because electrical neutrality must be maintained every-
where, and because H+ and 0)~ are the only ions present,
they must diffuse together, with the diffusivity of hydro-
chloric acid in water, DF. (Actually, DF nmy be slightly
different from the diffusivity of HCl in water because of the
possible influence of the other components). The equilibrium
is expressed by the relation

K = EF /A (11.28)

At any point in the pores (assuming for the time being
that the diffusivities are constant), we have from eq. (8.20)

2 2 2

DA = -D E -DF (11.29)Adx Dax x

with the boundary co ndit ions

x = 0, A = A', E = E', F = F' (11,30)

x = L, A = A", E = E", F = F" (11.31)

Eq. (11.29) may be written:

da- (DAA + DEE) = 0 (11.32)
dx

Integrating twice, we have

DAA + DEE = cix + c2 (11.33)
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Evaluation of the constants of integration from B.C. (11.30)
and (11.31) and substitution into eq. (11.33) gives

DAA+DEE = [DA(A"-Al )+DE(E"-E' )1 (x/L)+DAA'+DEE' (11.34)

Differentiating once,

dA dE DA(A"-A') + DE(E"l-EI)
DA m + DE d = L (11.35)

Consider a material balance on Cla in the lower compartment.
Cl is dif fusing in at a rate

s DA(dA/dx) ,o

Cl2 is accumulating within the compartment at a rate

VV dA/dt

Cl2 is disappearing due to reaction at a rate which we shall
call pA* Then, since the amount diffusing in equals accumu-
lation plus that disappearing due to reaction, we have

sDA(dA/dx) = V'dA'/dt + P (11.36)

We may write exactly the same material balance for. HOC1,
which giv e s

sDE (dE/dx) =O = V'dE'/dt + pE (11.37)

From eq. (11.27) we see that

PA = ~ PE (11.38)

Eliminating pA and pE from eqs. (11.36), (11.37) and (11.38)
and rearranging gives

sDA(dA/dx)=o + sDE(dE/dx)xuo = V'dA'/dt+VtdE'/dt (11.39)

Substituting eq. (11.35) and dividing by V' yields

(l/V')(s/L) [DA(AII-A')+DE(E"-E')1 = dA'/dt+dE'/dt (11.40)

A material balance on Cl2 in the upper compartment will
be similar, except that the rate at which Cl2 diffuses into
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the compartment is given by

-s DA (dA/Ux

Thus, we have

-s DA (dA/U)x=L = V"dA"/dt+pA (11.41)

Exactly the same material balance equation will be found for
HOC1.

-s DE(dE/dx)x=L = V"dE"/dt +pE (11.42)

Combining eqs. (11.41), (11.42) and (11.38) and rearranging
gives

-s DA(dA/dx)x=L -s DS(dE/dx)x=L = V"dA"/dt+V"dE"/dt (11.43)

Substituting eq. (11.35) and dividing by V" yields

-(1/V")(s/L) [DA(A"-A')+DE(E"-E'I)] = dA"/dt+dE"/dt (11.44)

Subtract eq. (11.40) from eq. (11.44):

- [(1/V)(1/v") (s/L) [DA(A"-A' )+DE(E"--D')=

a d(A'"+E")/dt - d(A'+E')/dt (11.45)

Whvn the solution is titrated by sodium thiosulfate,
the sum of the concentrations of Cl2 and HOC1 are determined,
since

C12 + 2KI ->2KC1 + I,

and

HOC1 + 2KI + HCl -- 2KC1 + H 20 + I

Thus, the iodimetric titration determines C = A + E.

Substituting 0 = A + E, and the definition of p,
eq. (11.11), we have

- [DA (A"-At)+DE(E"-E') = d(C"-C')/dt (11.46)

This may be rewritten
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-[DA(A"+E"-A' -E' )+(DE-DA)(E"-E' )] = d(AC)/dt

-f[DA(C"-C0)+(DE-DA)(E"-E')3 = d(AC)/dt

IDA + (DE-DA)(AE/AC) = -d(lnAC)/d(Ft) (11.47)

One may obtain D from runs performed on diffusion
of chlorine through dilute hydrochloric acid, in which the
hydrolysis is suppressed. Then, from runs on diffusion
of chlorine through water of various lengths of time,
one may construct a plot of -ln(AC ), or better, ln( Co/ACf)
versus t, and from the slope, and the values of AE/AC,
evaluate DE.

11.21. Diffusion of Sulfur Dioxide Through Water.
For the case of diffusion of sulfur dioxide through water
in a diaphragm cell, the concentration gradients are also
sufficiently small that equilibrium may be assumed to exist
throughout. This equilibrium may be said to involve
following reactions:

SO + H 2 0 ~ H2 S03  M + HS03  (11.48)

If we let

A concentration of SO!,

E concentration of H2 S03

F concentration of H+ = concentration
of HSO s

the equilibrium may be expressed in terms of two constants

K1 = E/A (11.49)
2

K2 = F /E (11.50)

Strictly speaking, the denominator of eq. (11.49) should
involve the activity of water, but Campbell and Maass (8)
show that at 250C., over the range they investigated
(partial pressure of SOa from 0 to 800 mm. Hg) either no
H2SO3 exists or at least that the proportionality of
H2 S03 to S02 is constant, so that the activity of water,
for this range is substantially constant

We see from eq. (11.48) that S02 may exist in solution
in any of three forms. Thus, the concentration of
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"total" sulfur dioxide, C, is equal to A + E + F.
Furthermore, the rate at uh ich "total" sulfur dioxide
diffuses across a plane of unit area in the x-direction is:

dA dE dF
-DA - DE ww DFAdx Edx dx

A material balance of "total" sulfur dioxide on a differen-
tial slice with faces at x and at x + dx yields the
diff erential equation (assuming the diffusivities are
constant)

2 2 a
d A d E d F

DA- + DE -+=DF-= 0
dx dx dx

(11.51)

which may be written

d (
_(DAA + DEE + DFF ) =0 (11.52)

The boundary conditions are

x 0,

x L,

A = A',

A = A 8,

E = E'

E = E",

F = F'

F = F"

(11.53)

(11.54)

Just as was done in the previous section, eq. (11.52) may
be integrated twice, and the boundary conditions sub-
stituted to yield the solution

DAA+DEE+DFF = DA (A" -AI )+DE (E "-E' )+DF (F"-F')] (x/L)

+ DAA"+DEE' +DFF'

Differentiating once,

dA dE dF
DA DE + DFdx dx dx

DA(A"-A' )+DE(E"-E' )+DF(F"-F') (11.56)

L

Consider a material balance of "total" sulfur dioxide
on the lower compartment. "Total" sulfur dioxide is
diffusing in at a rate

s [DA (dA/dx) + DF (dF/dx)=
x=o

(11.55)

+- D E(d.E/dx)
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"Total" sulfur dioxide is accumulating within the compart-
ment at a rate

Vld(A'+E'+FD)/dt = V'dC'/dt

Since "total" sulfur dioxide includes all the forms in
which it can exist, there is no disappearance due to
chemical reaction. Then

s [DA(dA/dx)x-o + DE(dE/dx)x-o + DF(dF/dx)x.=JV'dC'/dt
(11.57)

Substituting eq. (11.56) and dividing by V' yields

(1/V')(s/L) [DA(A"-A')+(DE(E"-E')+DF(F"-F')1 = dC'/dt
(11.58)

The material balan ce on the upper compartment will be
similar, except that the rate at which "total" sulfur
dioxide dif fuses in is

-8 ( DA(WAdx)x L +DE (dE/dx)x=L +DF (dF/dx) x=Ll

By equating this to V"dC"/dt, substituting eq. (11.56) and
dividing by V", we have

-(1/V" ) (s/L) [DA(A"-A' )+DE (E"-E I)+DF (F"-F')> dC"/dt
(11.59)

Subtracting eq. (11.58) from eq. (11.59), and substituting
the definition of AC (eq. (11.10) ) and of f (eq. (11.11),

-[ [DA(A"-A' )+DE(E"-E ' )+DF(F"-F') d(AC)/dt (11.60)

From eq. (11.49), we have

E = KIA

Eq. (11.60) may be written

- f [DA+K DE)(A"-A')+DF(F" -F' d(AC/dt) (11.61)



325

Since it is very difficult to distinguish between 50a and
H2 S03 in the solution (the method used takes into account
the change in the activity of water for various concentra-
tions of SO2, and this change is very small), it is
convenient to represent the sum of their concentrations by
a single quantity G. Then we have

G = A + E = 0 - F (11.62)

Since G = A(1+K 1 ), eq. (11.61) becomes

- E(DA+KIDE)(G"-' )/(1+Kl)+DF(F"-F')1 =

= d(AC/dt) (11.63)

If we write DG = (DA+KlDE)/(l+Kl), we have

- DG( G" -G')+DF (F"-F') d(AC/dt) (11.64)

The significance of the last equation is that the combina-
tion of S02 and H2 S03 diffuses as a single substance, with
an apparent diffusivity DG. Since most equilibrium data on
SOC-water systems are in terms of an apparent dissociation
constant

Ks = Fa (11.65)
G

it is possible to evaluate quite easily the values of F and G.
The relationship of K5 to K, and K2 is

K2E K!K1A K2K1
K= = AK (11.66)

Eq. (11.64) may be rewritten (in the same manner as
eq. (1.46) was rewritten)

DG +(DF-DG)(AF/AC) -d(ln)/d(?t) (11.67)

One may obtain DG from runs performed on diffus ion
of sulfur dioxide through dilute sulfuric acid, in which
the ionization to HSOs is suppressed so that only SO and
H 2 S03 are present. From runs on diffusion of SO through
water of various lengths of tim, a plot of ln (AC 0/AC}
versus P t may be constructed, and from the slope and the
values of AF/AC, DF may be evaluated.
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11.22. Volume of Pores of .Diaphragm. In studying the
diffusion of gases in water, it was not feasible to measure
the initial concentration of the solution of gasC0 " . Hence,
it was necessary to calculate this initial concentration
from the final concentrations and the volumes of the solu-
tion. However, an appreciable quantity of solution is
contained in the pores, and the volume of the pores must be
taken into account in the material balance. Let r be the
ratio of the volume of the pores to the volume of the lower
compartment. Assuming a linear concentration gradient in
the pores, the amount of solute contained within the pores
is

rV' (0'+0")/2

Since the pores originally are free of solute, the material
balance equation is

V" C = V "Ce" + V1Cf' + rV'(Cfl"+ 01 )/2 (11.68)

Solving for r/2,

(o "1-0 " ) (V"I/v') - 0f1
r/2 = ) . (11.69)

(0f" + Of')

Since the value of C0 " was known for the calibration runs,
r could be calculated for .each cell by means of this
equation. This value of r was then used to calculate Co"
for each run by means of the equation

C0""Cfo + (V'/V" ) (1+r/2)Cf 0 + rV' Cf"/(2V") (11.70)

F . Results and Discussion

11.23. Calibration of Cells. Three calibration runs
were made on each cell. The data and calculated results
for each run are tabulated in Table 11.8.

Using the values of ACf, the values of Dint were ob-
tained from Fig. 11.1. was calculated by the use of
eq. (11.14). The values of s/L were calculated by eq.
(P.11); tho se of r/2 by eq. (11.69) . The three value s of
s/L and of r/2 for each cell were averaged, and listed
in Table 11.9.
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Table 11.8

Calibration of Diaphragm Cells; Data and Calculated Results

Concentration,

Cell Col

A 0.09976
B .09976
C .09976
D .09976
E .09976
F .09976

A
B
C
D
E
F

A
B
C
D
E
F

0.09996
.09996
.09996
.09996
.09996
.09996

0.09996
.09996
.09996
.09996
.09996
.09996

RunCl (lCoC

A
B
0
D
E
F

A
B
C
D
E
F

A
B
0
D
E
F

0.12529
.11156
.10404
.08625
.06867
.08009

0.16859
.14129
.14082
.09226
.07041
.08601

0.17304
.15652
.15734
.14771
.12057
.15097

0.08716
.08862
.08929
.09073
.09228
.09128

0.08358
.08577
.08598
.09028
.09222
.09082

0.08320
.08450
.08452
.08533
.08765
.08506

Dintx105

cm/see.

1.870
10871
1.871
1.871
1.871
1.871

1.870
1.870
1.870
1.871
1.871
1.871

1.870
1.870
1.870
1.870
1.870
1.870

moles/i.
Run
No.

1
2
3
4
5
6

Volumes, cm. a

hours moles/i.

71.3
71.6
73.1
66.8
69.2
66.1

71.3
71.6
73.1
66.8
69.2
66.1

71.3
71.6
73.1
66.8
69.2
66.1

Cf'

0.01240
.01146
.01078
.00894
.00711
.00832

0.01578
.01357
.01370
.00945
.00722
.00882

0.01609
.01479
.01494
.01419
.01192
.01445

cm.

0.0904
.0820
.0780
.0716
.0586
.0707

0.0935
.0797
.0808
.0736
.0588
.0737

0.0918
.0814
.0799
.0733
.0591
.0731

77.0
78.0
76.0
70.0
70.0
68.0

71.3
71.6
73.1
66.8
69.2
66.1

71.3
71.6
73.1
66.8
69.2
66.1

s/L
cm.

3.35
3.06
2.91
2.45
2.04
2.37

3.33
2.85
2.96
2.46
2.04
2.43

3.27
2.92
2.92
2.45
2,04
2,42

time Sf0

(1/v )+
(i/vs')

Cm . 3

0.02701
.02679
.02683
.02925
.02874
.02984

0.02805
.02793
.02735
.02994
.02890
.03026

0.02805
.02793
.02735
.02994
.02890
.03026

8
9

10
11
12

13
14
15
16
17
18

47.42
46.50
45.58
41.17
40.08
38.75

61.67
60.67
59.58
42.83
40.92
39.92

64.47
65.75
67.33
68.92
69.82
70.63

0.07476
.07716
.07851
.08179
.08517
.08296

0.06780
.07220
.07228
.08083
.08500
.08200

0.06711
.06971
.06958
.07114
.07573
.07061

1
2
3
4
5
6

8
9

10
11
12

13
14
15
16
17
18

r/2

0.0122
.0068
.0010
.0052
.0066
.0040

0.0060
.0061
.0028
.0023
.0052
.0032

0.0067
.0067
.0050
.0044
.0039
.0045

-ww
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Table 11.9

Calibration of Diaphragm Celle-Results

Mean Values Std, error of
Cell s/L r Std. dev. Mean Value of

am. of s/L s/L

A 3.32 0.0083 1.2% 0.7%
B 2.94 .0065 3.7 2.0
C 2.93 .0029 0.8 0.5
D 2.45 .0040 0.3 0.2
E 2.04 .0052 0.2 0.1
F 2.41 .0039 1.4 0.8

The precision of the values of r is quite poor be-
cause they are obtained by subtracting large numbers
from each other, but this uncertainty will contribute a
very small error in the calculation of CO" because of
the relative smallness of r compared with the other terms
of eq. (11.70).

The standard deiriations of the values of s/L were
calculated by the use of the fornulas obtained from the
statistical theory of small samples:

std. dev. (11.71)
n-1

where x is one individual value, xm is the mean value,
and n is the number of samples.

std. error of the mean = std. dev. (11.72)

The standard deviations and errors of the values of s/L,
expressed as per cent, are also listed in Table 11.9.

The expected error in s/L was caluclated from the
probable errors encountered in the analytical procedure
and was found to be about 1.4 per cent. In the light of
this expected error, the precision obtained is quite good
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for cells C, D and E, and is satisfactory for cells A and
F. Cell B had a comparatively large standard deviation,
which is equivalent to saying that a consistent calibra-
tion was not obtained. For this reason, Cell B was not
used in any of the following runs. This is in line with
the experience of Hartley and Runnicles (36) who reported
that a few of their diaphragms had to be discarded owing
to failure to give reproducible results.

11.24. Diffusion of Chlorine through Dilute Hydro-
chloric Acid. Twenty-seven runs were made, using three
different concentrations of hydrochloric acid, all but
five runs being made at 25*C. The last five runs were
made at 30CC. because warm weather made it difficult to
maintain the thermostat bath at 25*C. The data obtained
are listed in Table 11.10 in columns 3 through 8; the re-
maining columns are derived results. Since the solutions
of chlorine in hydrochloric acid are more viscous than
solutions in water, a correction must be made for the
viscosity in order to yield the diffusivity of molecular
(i.e., unhydrolyzed) chlorine in water. The correction
was obtained from the Stokes-Einstein relationship, which
states that diffusivity is proportional to absolute tempera-
ture divided by viscosity. Thus, the correction fact for
viscosity is the ratio of the viscosity of the original
hydrochloric acid solution to the viscosity of water.
This ratio was obtained by interpolation from the values
given in the International Critical Tables (45). In
addition, the diffusivities measured at 30 0 C7(Runs 42-45)
were corrected to 2600. by multiplying by 0.865 (see
Table 11.12 below - , it is assumed that the diffusivity
of molecular chlorine has the same temperature variation
as that found for "total" chlorine in water).

Figure 11.2 shows a plot of D (thus corrected for
viscosity and temperature) versus Co", with different symbols
used for the various concentrations of HCl. It can be seen
that there is no significant trend of D with the concentra-
tion of either chlorire or hydrochloric acid.

-5
The mean value of D for runs 19-44 is 1.48x10 ; the

standard deviation is 2.5%; the standard error of the mean
is 0.5%. Run 45 was rejected, because its deviation is
about eight times the standard deviation.

Since, in any of the solutions encountered, less
than three per cent of the chlorine was hydrolyzed and,
since the concentration of hydrochloric acid was found to
have no effect, it is concluded th.t the diffusivity
measured here is the diffugivity of molecular chlorine in
water, (1.48 + 0.01) x 10 an .2/sec.
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Table 11.10

Diffusion of Chlorine through Dilute Hydrochloric Acid at 25 0C.

Data and Calculated Results

Concentrations, moles/i.
Chlorine H01

C " 
Run
No.

19
20
21
22
23

C f
Cell

A
C
D
E
F

0.01533
.02693
.03805
.02670
.02681

0.03589
.02170
.02917
.03018
.02547

0.00920
.01687
.01507
.02093

0.01302
.03787
.02072
.03893
.01333

0.04266
.04417
.04333
.03987

0.00692
.01108
.01042
.01640

Volumes, cm.3

Ve

71.3
73.1
66.8
69.2
66.1

0.00246
.00391
.00504
.00286
.00334

0.00894
.00516
.00618
.00525
.00585

0.00219
.00341
.00251
.00430

0.00383
.01008
.00512
.00788
.00334

0.01075
.00907
.00746
.00929

0.00195
.00250
.00199
.00437

V o

125.7
124.3
127.3
121.2
120.2

125.7
124.3
127.3
121.2
120.2

125.7
127.3
121.2
120.2

125.7
124.3
127.3
121.2
120.2

125.7
127.3
121.2
120.2

125.7
127.3
121.2
120.2

time, C." AC
hours moles moies

per 1. per 1.

72.28
72.85
72.17
70.73
69.10

114.23
117.35
118.37
118.78
120.87

111.87
114.37
114.65
115.43

136.40
136.83
130.05
138.37
140.02

112.83
113.32
115.48
130.83

107.75
107.98
108.60
108.82

0.01681
.02929
.04079
.02842
.02871

0.04118
.02479
.03249
.03328
.02875

0.01049
.01871
.01656
.02334

0.01527
.04388
.02346
.04357
.01520

0,04901
.04904
.04774
.04508

0.00807
.01242
.01159
.01884

0.uJ1287
.02302
.03301
.02384
.02347

0.02695
.01654
.02299
.02493
.01962

0.00701
.01346
.01256
.01663

0 .00919
.02779
.01560
.03105
.00999

0.03191
.03510
.03587
.03058

0 .00497
.00858
.00843
.01203

* Runs 42-45 were made at 30C.

0.23
0.23
0.23
0.10
0.43

0.22
0.22
0.22
0.22
0.22

0.22
0.22
0.22
0.22

0.11
0.11
0.11
:.11
0.11

0.22
0.22
0.22
0.22

0".10
0,10
0.10
0.10

24
25
26
27
28

29
30
31
32

33
34
35
36
37

38
39
40
41

42*
43*
44*
45*

71.3
73.1
66.8
69.2
66.1

71.3
66.8
69.2
66.1

71.3
73.1
66.8
69.2
66.1

71.3
66.8
69.2
66.1

'71.3
66.8
69.2
66.1

A
C
D
E
F

A
D
E
F

A
C
D
E
F

A
D
E
F

A
D
E
F
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Table 11.10 (cont'd.)

Cell log

(ACO AC )

Run
No.

19
20
21
22
23

24
25
26
27
28

29
30
31
32

33
34
35
36
37

38
39
40
41

42*
43*
44*
45*

cm.-a

0.0729
.0636
.0560
.0463
.0564

0.0729
.0636
.0560
.0463
.0564

0.0729
.0560
.0463
.0564

0.0729
.0636
.0560
.0463
.0564

0.0729
.0560
.0463
.0564

0.0729
.0560
.0463
.0564

D

cm2 /sec.

1.41
1.44
1.46
1.49
1.44

1.41
1.51
1.45
1.46
1.56

1.37
1.43
1.45
1.45

1.42
1.46
1.47
1.47
1.48

1.45
1.47
1.49
1.46

1.71
1.70
1.76
2.0O3

Correction
Factor for
Viscosity

1.014
1.014
1.014
1.007
1.027

1.014
1.014
1.014
1.014
1.014

1.014
1.014
1.014
1.014

1.007
1.007
1.007
1.007
1.007

1.014
1.014
1.014
1.014

1.007
1.007
1.007
1.007

Corrected DxlO5
D x 10 cm3/sec.

cm2/sec. at 25 0 .

1.43
1.46
1.48
1.50
1.48

1.43
1.53
1.47
1.48
1.58

1.39
1.45
1.47
1.47

1.43
1.47
1.48
1.48
1.49

1.47
1.49
1.51
1.48

0.1160
.1046
.0919
.0763
.0875

0.1841
.1757
.1502
.1255
.1659

0.1751
.1430
.1201
.1472

0.2205
.1984
.1772
.1471
.1823

0.1864
.1453
.1242
.1686

0.2105
.1607
.1383
.1948

1.49
1,48
1.53
1.77

* Runs 42-45 were made at 3000.

Average D = 1.48 x 10 an./sec. (corrected for viscosity
and temperature).

1.73
1.71
1.77
2.04
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Fig. 11.2

Effect of Concentrations on Diffusivity of Chlorine
in Dilute Hydrochloric Acid at 25 00

U0

45 -g - - -
0.01 0.02 0.03 0.04

C 0 , mole/1. of Chlorine
0.05

11.25. Diffusion of Chlorine through Water at 25*C.
Tuelve runs were made, using three different initial con-
centrations of chlorine. As pointed out in the Procedure
section, the titration with sodium thiosulfate yielded
values of C, while the titration with acid and base
yielded the excess of hydrochloric acid over hypochlorous
acid, (F-E). The data obtained are listed in Table 11.11
in columns 3 through 9; the remaining columns are derived
results.

In Fig. 11.3, log (ACo/ACf) has been plotted against
t, with different symbais used for the various initial
concentrations of chlorine. Contrary to expectations,
(see eq. (11.47)), the plot is remarkably straight, the
slope being independent of time. Furthermore, it is seen
that there is no significant effect of concentration of
chlorine.

0

to
eq

4-3

Conc. of Hol

S 0.10 0.01

O 0.22 0.01

00.43

U Measured &t
300 C. and cor-
rected to 2500.

I



TABLE 11.11

Diffusion of Chlorine through Water at
Data and Calculated Results

Cell Concentrations
C-

f .====

Run
No,

46
47
48
49
50
51
52
53
54
55
56
57

Run
No.

46
47
48
49
50
51
52
53
54
55
56
57

A
C
D
F

A
C
D
F

A
C
D
F

Cell A )
1 og 1 0)

0.1365
.0751
.1065
.0424
.0824
.1600
.0470
.1158
.1233
.1359
.o605
.0957

E "1-F
f f

0.00105
.00058
.00097
.o00025

.00089

.00141

.00066

.00o66

.00180

.00141

.00119

.00133

F F -E

0.00191
.00116
.00155
.00097
.00210
.00288
.00127
.00238

.00315

.00318

.00174

.00274

0.02140
.02246
.02187
.02296

.04145

.03833

.04184

.03850

.06477

.06452
06912

.06647

0,00402
.00237
.00334
.00139
.00476
.00838
.00286
.00629

.01103

.01210

.o00607

.00903

p 2cm" 2

0.0729
.o633
.0560
.0564
.0729
.0633
.0560
.0564
.0729
.0633
.0560
.0564

Volumes cm. 3
Va VII

71,3
73.1
66.8
66.1

71.3
73.1
66.8
66.1

71.3
73.1
66.8
66.1

D 105
c . /see.

1.49
1.46
1.52
1.54
1.49
1.50
1.51
1.53
1.50
1.52
1.48
1.53

125,7
125.8
127.3
120.2

125.7
125.8
127-3
120.2

125.7
125.8
127.3
120.2.

Time, C it
hours moled/1.

80.63
52.00
80.02
31.18
48.60

107.45
35050
85.93
72.25
90-15
46.85
71.10

0.02380
.02388
.02368
.02378

.04436

.04329

.04344

.04205

.07138

.07168

.07247

.07160

AC
mol~s/l.

0.01738
.02009
.01853
.02157

.03669

.02995

.03898

.03221

.05374

.05242

.06305

.05744

Concentrations, moles/i. AE AE
Eo Ef" E f f

.01451 .01410 .00367 .01043 .600 .610

.01454 .01429 .00229 .01200 .597 .609

.01447 .01424 .00313 .01111 .600 .611

.01455 .01433 .00138 .01295 .600 .612

.02001

.01978

.01981

.01950

.02484

.02488

.02500

.02486

.01983 .00424 .01559 .425 .451

.01936 .00659 .01277 .426 .457

.01980 .00273 .01707 .438 .456
-.01902 .00533 -01369 .425 .464
.02482 .00798 .01684 .313 .348
.02452 .00854 .01598 .305 .347
.02516 .00528 .01988 .315 .345
.02482 .00701 .01781 .310 .347

Average Do = 1.51 x 210 cm, /sec.
"-'4
"-'4
"-'4

25 0C.

p t x 10-5
sec. /cm. 2

0.2117
.1186
.1612
.0633
.1276
.2450
.0715
.1745
.1897
.2055
.0944
.1444

A
C
D
F

A
C
D
F

A
C
D
F

, moles/1



Fig. 11. 3

Effect of Time on Diffusion of Chlogine through Water in a Diaphragm
Cell at 25 C.
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The significance of these results is that it is
permissible to speak of the diffusivity of "total"
chlorine, D,, uhich may be calculated by

DC= l(AC 0/ACf) (11.73)

This diffusivity has been eglculated for each run. The
average value is 1.51 x 10; the standard deviation is
1.6%; the standard error of the mean is 0.5%. Thus DC =
(1.51 + 0.01) x 10-5 CM. /see.

In order to calculate DE, we proceed as follows.
From eqs. (11.47) and (11.73), we get

DC = DA + (DE-DA)(AE/AC) (11.74)

which may be solved for DE-

DE = DA + (DC-DA)/(AE/AC) (11.75)

Now, it is necessary to calculate the values of E for
each compartment at the beginning and end of every run.
This has been done by using the values of C and F-E
already determined, and the equilibrium relationship

Kc = EF /A (11.28)

which may be written

K = E [(F-E) + E]2 /(C-E) (11.76)

and solved for E byrial and error. The value used
for Kc is 3.29 x 10 (moles/cm.3 )2 at 250C. as measured
by Vivian and WhitnEy (101).

In the last two columns of Table 11.11 are listed
values of AEr/ACf and AE 0/AC0 . (Note that AEO/ACO = Ell /C.)
From the table, it can be seen that, for a given value of
Co", there is remarkably little variation of AE/AC with
time, being practically the same at the beginning and the
end of the runs. Thus, for each value of CO", it is
possible to assign a value of AE/AC; in the following
tabke, for each set of runs, average values of CO" and
AE/C were taken.

Runs Coll E/C

46-49 0.024 0.61
50-53 0.043 0.44
54-57 0.072 0.33
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Using these values of AE/AC, and the values of DA and DC
obtained above, DE may be calculated for each Co" by
eq. (11.75).

C " DE

0.024 1.52
0.043 1.54
0.072 1.56

This trend in DE with Co" probably is not signifi-
cant, since the variation is within the combined experi-
mental error for DA and DC . Thus, we conclude that
the diffusivity of hypochlorous acid in water at 250 C. is
(1.54 + 0.02) x 10-5 an .2/sec.

11.26. Effect of Temperature on Diffusion of Chlorine
Through Water. In view of the lack of dependence of
DC on C or time, it was decided to study the effect of

temperature on DC, rather than on D , since the procedure
for detenmining the former is somewhat simpler. Ten runs
were made at five different temperatures, in addition to
the twelve runs made at 25 0C. vhich were discussed in the
previous section. The data and derived results are
presented in Table 11.12. The results have been plotted
on Fig. 11.4 and Fig. 11.5. The average of the runs at
25" and at 30*0C. have been plotted as single points, while
the individual runs have plotted at the other temperature.

Figure 11.4 also includes the two values presented
in the previous literature. The results of this investiga-
tion are significantly lower than either of them. It is
to be noted that Euler's value which is considered more
reliable by the International 6ritical Tables (46),
appears to be greater in error than Hufner's value.

Figure 11.4 shows a comparison of the data with the
Stokes-Einstein relationship,

D a T/p (11.77)

which may be written

D = (T/ 1)(ref./Tref.) (11.78)

Because most of the runs were made at 25 00.,.that tempera-
ture is chosen as the reference. The agreement between
eq. (11.78) and the data is fairly good,
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Table 11.12

Effect of Temperatjr.on Diffusion of Chlorine Thr.gLater

Data and Calculated Results

Temp. Conen.,

___ __ Cfh

20.0 0.04232
20.0 .04305

15.0
15.0

0,05418
.05466

moles/1.

Of'

0.00540
.00501

0.00595
.00547

62 C 10.0 0.05640 0.00576

Volumes, cm.

VI VII

Time,
hours

73.1 125.8 71.42
66.8 127.3 70.55

73.1 125.8 69.38
66.8 127.3 69.32

73.1 125.8 75.50

63 F 30.0 0.05120 0.01417 66.1 120.2 129.35

64
65
66
67

A
D
E
F

30.0
30.0
30.0
30.0

Run Cell Co"
No. moles

per 1.

58 0 0.04554
59 D .04578

60 C 0.05774
61 D .05765

62 C 0.05986

63 F 0.05913

64 A 0.05543
65 D .05582
66 E .05513
67 F .05204

0.04697
.04920
.04902
.04542

AC
mole
per 1.

0.03692
.03804

0.04823
.04919

0.05064

0.03703

0.03257
.03683
.03864
.03362

0.01440
.01237
.01038
.01180

71.3
66.8
69.2
66.1

log, ( 0 /AC)
110

0.0911
.0804

0.0782
.0689

0.0727

0.2033

0.2309
.1805
.1544
.1897

125.7
127.3
121*2
120.2

119.23
119.83
121.82
122.55

P. DxlO5

cm. cm.2 /
see.

0.0633
.0560

0.0633
.0560

0.0633

0.0564

0.0729
.0560
.0463
.0564

1*29
1.30

1.138
1.136

0.972

1.78

1.70
1.72
1. 75
1.76

Average D. at 300 C. 1.74 x 10

Average D. at 25*C. 1.51 x 10-5

Ratio (Do at 25*C.)/(D. at 30*C.)

cm . 2/sec.
cm .2/see.

a 0.865

Run
No.

58
59

60
61

Cell

C
D

C
D
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In Fig. 11.5, log DC has been plotted against the
reciprocal of the absolute temperature. The data fall
very well on a straight line, indicating that an
Arrhenius-type expression may be used

D JAE/RT (11.79)

Eq. (11.79) implies that diffusion is an activation
process, with AE being the activation energy of the process.
From the slope of the line, it is calculated that
AE - 4,960 cal/(g.mole).

Actually, it must be borne in mind that the range of
temperature is too smll to establish definitely what
type expression best gives the variation of diffusivity
with temperature. Both the relationships used here
adequately represent the data, as probably do some other
expressions, but care should be exercised in using them
to extrapolate the data beyond the range investigated
here.

11.27. Diffusion of Sulfur Dioxide through Dilute
Sulfuric Acid. The measurements ')n diffusion of sulfur
dioxide in sulfuric acid and in water were made,. for the
most part, during the hot summer months and, even though
a cooling coil was placed in the thermostat, the bath
could not be maintained at 25 0C. because the Cambridge
city water came out of the tap at between 250 and 27 C.
For this reason, most of the runs were made at 30 0C., and,
in studying the effect of temperature, the range in-
vestigated was higher than for the chlorine studies.
It was not until the end of the summer that the tempera-
ture of the tap water drop d suf ficiently to permit
measurements at 250 and 20 C.

Fifteen runs on sulfur dioxide in dilute sulfuric
acid were made at 300C., using essentially one concentra-
tion of sulfuric acid. The decision to use just one
concentration of HaSO& was based on the results with
chlorine in dilute hydrochloric acid which showed no
effect of acid concentration, as well as on the calcula-
tion that less than five per cent of sulfur dioxide
exists in the ionized form at the concentration of sulfuric
acid used.



Fig, 11.6

Effect of Concentration on Diffusivity of Sulfur Dioxide
in Dilute Sulfuric Acid at 30OC.
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The data and caLculated results are presented In
Table 11.13. As In the case of chlorine in dilute HCI,
the diffusivity has been corrected for the viscosity
of the sulfuric acid, the ratio of viscosities of sul-
furic acid and water being taken from the International
Critical Tables (4).

Figure 11.6 shows a plot of D, thus corrected for
viscosity, versus C). There exists a significant
dependence of the diffusivity on the concentration up to
a value of C.1" of about 0.4 moles/l., whereupon it levels
off to a practically constant value. The observed
increase with concentration is quite unusual, as shown
by a glance at the tabulation of liquid diffusivities
in the International Critical Tables (46). There it
may be seen that wherever the effect of concentration
has been determined, the diffusivity decreases with
concentration, as would be expected from the Stokes-
Einstein equation, since viscosity generally increases
with concentration. However, no previous data have been
reported on the effect of concentration on the diffusivity
of dissolved gases, so that it may well be that solutions
of gases in liquids behave differently from other solutes
in this respect.

0- -- -- -
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)

-34o



341

Table 11.13

Diffusion of Sulfur Dioxide through Dilute Sulfuric Acid at 300 C.

Data and Calculated Results

Concentrations, moles/ . Volumes, cm,3 Time
Sulfur Dioxide

Cr"

0.1355
.0746
.0771
.2331
.3347

0.10447
.2451
.3697
.2127
.06037

0.7378
.2119
.4705
.9472
.3520

moles/i.

0.0967
.0566
.0602
.1878
.2546

0.0767
.1851
.2843
.1737
.0473

0.5241
.1585
.3576
.7573
.2670

Ct'

0.0388
.0180
.0169
.0453
.0801

0.02782
.0600
.0854
.0390
.01309

0.2137
.0534
.1130
.1899
.0850

H 2 SO4

0.16
.16
.16
.16
.16

0.15
.15
.15
.15
.15

0*14
.14
.14
.14
.14

V'

71.3
73.1
66.8
69.2
66.1

71.3
73.1
66.8
69.2
66.1

71.3
73.1
66.8
69.2
66.1

hour
Co"

a moles/i.
VII

125.7
124.3
127.3
121.2
120.2

125.7
124.3
127.3
121.2
120.2

125.7
124.3
127.3
121.2
120.2

100.15
95.98
95.53

100.72
100.92

91.97
94.73
96.52
94.37
92.75

97.82
98.92

100.42
101.60
101.12

p DxlO 5

Om. cm.2/sec.

0 .2141
.1785
.1560
.1409
.1735

0.1978
.1812
.1648
.1326
.1561

0.2169
.1868
.1718
.1456
.1751

0.0729
.0636
.0560
.0463
.0564

0.0729
.0636
.0560
.0463
.0564

0.0729
.0636
.0560
.0463
.0564

1.88
1.87
1.,87
1.93
1.95

11.89
1,92
1.95
1.94
1.91

1.94
1.90
1.95
1.98
1.96

0.1584
.0854
.0862
.2597
.3796

0.1209
.2809
.4155
.2357
.0677

0.8635
0.2437
0.5311
1.0590
0.3997

Correc- Corrected
tion DxlO 5

Factors cm. 2 !
fow Vis- see.
coity
1.023 1.92
1.023 1.91
1.023 1.91
1.023 1.98
1.023 1.99

1,.'023
1.023
1.023
1.023
1.0?3

1.022
1.022
1.022
1.022
1.022

1.93
1.97
1.99
1.99
1.95

1.99
1.94
2.00
2.02
2.01

Run
No.

Cell

68
69
70
71
72

73
74
75
76
77

78
79
80
81
82

Run
No.

68
69
70
71
72

73
74
75
76
77

78
79
80
81
82

A
C
D
E
F

A
C
D
E
F

A
C
D
E
F

Cell

A
C
D
E
F

A
C
D
E
F

A
C
D
E
F

logic(ACf/Aco)
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Why, then, was this effect no noticed for the case
of chlorine diffusing through water? The answer
probably lies in the range of concentrations investiga-
ted which, because of the lower solubility, was suf-
ficiently small that the variation of diffusivity was
hidden by the scatter of the data.

11.28. Diffusion of Sulfur Dioxide through Water at
300C. Ten runs were made, using two different initial
concentrations of sulfur dioxide. The data obtained are
listed in Table 11.14 along with the derived results.

In Fig. 11.7, log 0 ((ACO/ACf) has been plotted
against ft, with diff erent symbols used for the two
initial concentrations of sulfur dioxide. Just as with
chlorine in water, the plot is remarkably straight,
showing no effect of either time or concentration on
the slope of the line. Thus, just as for " total"
chlorine, it is permissible to refer to the diffusivity
of "total" sulfur dioxide, which may be calculated in
the same way by eq. (11 .73). This diffusivity has been
calculated for each run in Table 11.14. The average
value is 2.08 x 10-5; the standard deviation is 1.0%,
the standard error of th mean is 0.3%. Thus,
Dc = (2.08 + 0.01) x 10- cm.3 /sec.

In order to calculate DF, eqs. (11.67) and (11.73)
are combined to give

DC = DG+ (DF -DG)(AF/AC) (11.80)

which may be solved for DF

DF = DG + (C-DG)/(AF/AC) (11.81)

The values of F for each compartment at the beginning
and end of every run was calculated, using the equilibrium
relationship

Ks F (11.65)

where K is the apparent equilibrium constant, determined
by Campfell and Maass (8) to be 0.0151 moles/l. at 30 0 C.
Eq. (11.65) may be rewritten

F2
Ks = (11.82)

a-F

and solved f or F by trial and error.



TABLE 11.14

Diffusion of Sulfur Dioxide through Water
Data and Calculated Results

wt

at 3000.

Cell Conen. , moles/1.
C f _ C f _

0.09 18
.07272
.08023
.08064
.06896

.2193

.2374

.2258

.2296

.2382

Run
No.

85
86
85
86
87

88
89
90
91
92

Run
No,,

83
84
85
86
87

88
89
90
91
92

0.0729
.0636
.0560
.0463
.0564

.0729

.0636

.0560

.0463

.0564

0.02058
.02493
.01374
.00721
.02011

.06707

.03530

.05637

.04589

.01947

Pt x 10~2
sec. /cm. 2

0.1816
.2708
.1329
.0702
.2359

.2601

.1189

.2006

.1612

.0629

Volumes, cm.3
7r V" -

71.3
73.1
66.8
69.2
66.1

71.3
73.1
66.8
69.2
66.1

125.7
124.3
127.3
121.2
120.2

125.7
124.3
127.3
121.2
120.2

D x 105
cm. 2/sec.

2.05
2.10
2.08
2.09
2.10

2.04
2.07
2.06

2.07
2.09

Time. C "
hours moles/l.

69.18
118.23

65.97
42. 15

116.13

99.05
51.92
99.55
96.80
30.98

0.10540
.09157
.08764
.08502
.08020

.2587
.2587
.2560
.2566
.2495

ACf
moles/i.

0.07260
.05179
.06649
.07343
.04885

.1522
.2021
.1694
.1837
.2187

Concentrations, moles/1,

log10 f f

0.1619
.2475
o1200

.0636
,2153

.2303

.1071

.1792
.1452
.0571

F " F " F f AF

0.03305
.03039
. 02960
.02907
.02806

.05541
.05540
.05508
.05516
.05429

0.03071
.02731
.02807
.02815
.02559

.05049

.05280

.05133

.05181

.05290

0.01163
.01327
.00871
.00533
.01144

.02516

.01674

.02259

.01983
.01118

0.01908
.01404
.01936
.02282
.01415

.02533
.03606
.02874
.03198
.O04172

0.263
.272
.291
.311
.290

.166

.178

.170

.174

.191

AF
-_Q

0.314
.332
-338
.342
.350

.214

.214

.215

.215

.218

2.08 x 10-5 cm.2

A
C
D
E
F

A
C
D
E
F

Cell P-2
cm.

A
C
D
E
F

A
C
D
E
F

Average DC =
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The values of AFf/ACf and AFo/ACo are listed in the

last two columns of Table 11.14. It can be seen that
there is comparatively little variation of AF/AC with
time. Thus, for each value of Co"l, it is possible to
assign a value of AF/AC; in the following table, for each
set of runs, average values of Co"l and. F/AC were taken.

Runs C0" AF/AC

83-87 0.090 0.31
88-92 0.256 0.20

The appropriate value of DG to use in eq. (11.81)
is obtained by calculating Go" from Co"l and using this

as the abscissa on Fig. 11.6 to obtain D . Then DF may
be calculated by eq. (11.81) for each Co

Co" Go" DG DF

0.090 0.06 1.90 1.96
0.256 0.20 1.95 2.01

Although we have observed an increase in D with
concentration, the accuracy of these data are not suf-
ficient to allow one to ascribe a like trend to DF.
It may only be concluded that at 300C. over the range
investigaged, DF is 1.99 + 0.03 x 105- cm .2/sec.

11.29. Effect of Temperature on Diffusion of Sulfur
Dioxide in Water. The effect of temperature on D,
was studied by making eight runs at four differen tempera-
tures, in addition to the ten runs made at 30 0C. which
have been discussed in the previous section. The data
and derived results P-e presented in Table 11.15; the
results are plotted on Figs. 11.8 and 11.9.

Fig. 11.8 also includes the value obtained by
Kolthoff and Miller, which appears to be significantly
higher than the results obtained here.

Fig. 11'.8 shows a comparison of the data with the
Stokes-Einstein equation, where 300C. is chosen as the
reference temperature. The agreement is good.

On Fig. 11.9 where log D is plotted against the
reciprocal of the absolute temperature, the data fall
equally well on a straight line, indicating that eq. (11.79)
may be used. From the slope of the line, it is calculated
that AE = 4,360 cal./(g.mole).
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Table 11.15

Effect of Temperature on Diffusion of Sulfur Dioxide Through Water

Data and Calculated Results

Cell Temp.
*c.

A
F

A
F

A
F

A
F

Conen., moles/l.
of" Cf

40.0 0.19373
40.0 .20036

35.0 0.20177
35.0 .20814

25.0 0.20416
25.0 .20907

20.0 0.20308
20.0 .20820

0.07065
.05958

0.06150
.05198

0.05145
.04393

0.04802
.04033

Volumes, cm.3
VI

71.3
66.1

71.3
66.1

71.3
66.1

71.3
66.1

125.7
120.2

125.7
120.2

125.7
120.2

125.7
120*2

0
moles/i.

0.23507
0.23368

0.23791
0.23728

0.23456
0.23377

0.23151
0.23091

moles/1.

0.12308
0.14078

0.14027
0.15616

0.15271
0.16514

0.15506
0.16787

log 0/(ACO 0 )10 A)

0.2810
0.2201

0.2295
0.1817

0.1864
0.1509

0.1741
0.1385

c". 2 Apparent
CM. aDxlO 5

cm.2/seQ.

0.0729
0.0564

0.0729
0.0564

0.0729
0.0564

0.0729
0.0564

2.58
2.60

2.31
2.34

1.82
1.85

1.61
1.64

Run
No.

93
94

95
96

97
98

99
100

VII
Time
hours

95.43
96.07

87.18
87.92

89.97
92.60

95.12
95.90

Run
No.

93
94

95
96

97
98

99
100

Cell

A
F

A
F

A
F

A
F
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Fig. 11.8

Effect of Temperature on Diffusivity of "TotalN Sulfur Dioxide in Water
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Again, the range of temperature investigated is too
small to establish which expression best gives the
variation of diffusivity with temperature, It can only
be said that both of the relationships used here ade-
quately represent the data.

11.30. Miscellaneous Measurements. Several
measurements were made on two other solutes chiefly for
the purpose of comparison with other data in the litera-
ture in order to establish confidence in the method used
here, rather than to obtain any additional data.
However, they are included here for completeness. The
data and derived results are listed in Table 11.16.

The results found for HCl at 10*C., 2.03x10 5

cm./sec., agrees very well with the value of
2.02 x 1- 5 found by James and Gordon (see Table 11.2),
who also used the diaphragm cell method.

The average of the four runs on C0 2 at 30 0C. have
been plotted with the previously reported values for
C0 2 (see Table 11.5) in Fig. 11.10. The scatter among
the points is considerable. The least squares line
was calculated and is shown on the plot. Also shown
is a curve representing the Stokes-Einstein relation-
ship, with the value of D given by the least squares
line at 25*C. used as the reference. It can be seen that
the Stokes- Einstein equation does not adequately
represent the trend of the value.

In order to round out the picture, the values
reported in the literature for oxygen (see Table 11.4)
are plotted on Fig. 11.11. The lack of agreement
among the various workers is quite apparent. It seems
likely that the values of Tammann and Jessen are too
high, because their measurements were made using solu-
tions of agar, and it is quite possible that some of
the oxygen was consumed by reaction with the agar thus
giving high apparent rates of diffusion.

11.31. Sources of Error. One of the most im-
portant sources of error lies in the method of sampling.
When liquid containing a volatile solute is first
drawn into the pipette, desorption takes place at the
surface so that the contents of the pipette are at
first somewhat lower in concentration than the sample.
Because slug flow does not exist within the pipette
(as discussed in Sec. 5.3) this lean mixture continues
to mix with the liquid that is sucked through afterwards.
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Table 11.16

Miscellaneous Diffusion Measurements

Data and Calculated Results

Run
No.

System

101 HC1 in H2 0

102 002 in H20
103 "
104 "I
105 "

Run
No.

101

Cell Temp. Concn., moles/1.
*C. Cf f' I

Volumes, cm.
V' V"

A 10.0 0.08947 0.01921 71.3

A
D
E
F

Co"
mole s/.

0 .1000 a
0 .10088b

0.05555
0.05822
0.05589
0.05709

102
103
104
105

30.0
30.0
30.0
30.0

0.04323 0.02119
0 .04763 0.01991
0.04622 0.01661
0.04738 0.01740

ACf
mole s/l.

0 .07026

0.02204
0.02772
0.02961
0.02998

71.3
66.8
69.2
66.1

1og 10 (AC 0 /ACf)

C
0.1536d
0 .157 1

0.4015
0.3223
0.2759
0.2797

125.7

125.7
127 .3
121.2
120 .2

cm.

0 .0729

0.0729
0.0560
0.0463
0.0564

Time
hours

67 .22

145.30
165 .13
165.30
144.63

Dxj0a
cm. /sec.

c
2.00
2.05
2.03 (avg

2.42
2.23
2.31
2.19
2.29 (avg

a - Measured value of Co"l
b - Co" calculated by eq. (11.70)
c - Calculated, using ACO = measured CO"
d - Calculated, using AC0 = calculated Co"
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Fig. 1110

Comparison of Data on Diffusivity of Carbon Dioxide in Water
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Fig. 11.11

Comparison of Data on Diffusivity of Oxygen in Water
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As only two or three volumes are sucked through the
pipette, the resulting sample has too low a concentra-
tion. However, samples from both the upper and lower
chambers are subject to this error, and since ratios of
concentrations are used to calculate the diffusivities,
the main effect of this error is to increase the scatter
of the results.

Another potential source of error lies in the
possibility of surface transport of the solute, a
possibility which exists because of the large surface
area within the diaphragm. Stokes (96) has shown that
anomalously rapid transport of an electrolytic solute
takes place in dilute solutions, below 0.05N. Thus,
above 0.05N, the integral diffusivities he measured for
KCI agreed well with those calculated from Harned and
Nuttall's data (calculated as in Sec. 11.19 here), while
they became high as the concentration approached zero.
He also found the same effect with KBr. Stokes
referred to the work of Mysels and McBain (78) as
confirming this phenomenon. They made conductivity
measurements in a cell with a Pyrex diaphragm placed
between the electrodes, and found that 0.lN KC1 behaved
reproducibly, while 0.0005 N K0l gave erratic values
which varied with time and depended on the previous
treatment of the diaphragm. They also found that the
ratio of the conductivity of 0.0005N solution to that of
0.lN solution is 5-10 per cent higher than the ratio
in the absence of the diaphragm. Stokes concludes that
the diaphragm-cell technique should be restricted to
solutions of concentration greater than 0.05N if accurate
results are desired, at least with electrolytes.

There is no information available as to whether
there is any surface transport when the solute is a
non-electrolyte, but the possibility of such anomalous
transport of the dissolved gases investigated here should
be borne in mind. Furthermore, dilute solutions of
electrolytes are present in the solutions of chlorine
and sulfur dioxide in water, so that it is likely that
the results are affected somewhat by this phenomenon;
it is not yet possible to evaluate the magnitude of this
effect, however.

Further uncertainty exists in the use of density
stirring rather than mechanical stirring. This problem
has been discussed in Sec. 5.2.

The more conventional sources of error which are
present in the analytical procedures can be evaluated.
As pointed out in Sec. 11.23, the maximum error due to
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the analysis is estimated to be about 1.4 per cent.
Considering the additional scatter caused by the
sampling technique, the values of standard deviations
of 1 to 2.5 per cent encountered in this work appear
to be quite reasonable.

G. Concludions and Recommendations

11.32. It is concluded that, in spite of the un-
certainties listed above, the diaphragm-cell technique
gives results correct to within a few per cent, an
accuracy which is entirely satisfactory for engineering
purposes.

In view of the discrepancy which exists among
various investigators on the diffusivities of other
gases and because of the importance of these measure-
ments in mass transfer work, it is recommended that
diaphragm cells be used to study the diffusion in water
of various gases; in particular, oxygen, carbon dioxide,
hydrogen, ammonia and nitrogen. It is also recommended,
in further work with dissolved gases, that the dia-
phragm cells be redesigned so that the sampling may be
done, not by using a pipette, but by allowing the sample
to flow directly into the solution in the receiving
flask, and weighing the flask before and after taking
the sample. This method of sampling was used in the
work on desorption of chlorine in water, and was found
to work very well. If still more precise results are
desired, it is recommended that mechanical stirring be
used.
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CHAPTER 12

EFFECT OF DIFFUSIVITY ON LIQUID-SIDE RESISTANCE
IN PACKED COLUMNS

One of the main arguments supporting the applicability of
Higbie's penetration theory (MZ) to packed columns is the finding
of Sherwood and Holloway (22) that kL*a varies as the 0,47 power
of the liquid diffusivity, in excellent agreement with Higbie's
prediction of an exponent of 0.50. A close examination of
Holloways work shows that on the basis of his data, the above
conclusion is unjustified and, furthermore, that the data available
are not sufficient to pin down definitely the value of the exponent.

Holloway studied the desorption from water into air of carbon
dioxide, oxygen and hydrogen. In his first series of runs, which
were made with all three gases using 1.5 inch Raschig rings, the
measured solute transfer included a rather large end effect at the
bottom, estimated by Holloway to be equivalent to six inches of
packing, as compared with the actual packed height of eight
inches. The coefficients he calculated were based on the actual
packed height; consequently, as he pointed out, the results could
be used only for purposes of comparison. With these data, he
evaluated the effect of temperature and of diffusivity. A second
series of runs was then made in which sampling funnels were
placed immediately below the packing. By varying the packed
height, he showed that his end effect then was negligible. Only
oxygen was used in the second series, and the effect of liquor
rate and size and type of packing were investigated.

Having determined that, in the first series, the coefficients
varied with the 0.75 power of the liquor rate, Holloway (40)
plotted the data on two graphs which are reproduced on Figs. 12.1
and. 12.2. The values of diffusivity which he used to calculate
(p/pD) are listed in the following table.

TABLE 12.1
Diffusivities of Several Gases in Water

Gas D x 105 cm.2/see. Temp. 0

002, .l .. 18 0
02 i,98 18.0
H2  4.v7 16

He corrected these values for temperature by use of the Stokes-
Einstein equation:

D a T/t (12.1)

The slope of the line of Fig., 12.2 is 0.47, from which he con-
eluded that k *a/D varies as the 0.53 power of (p/pD), and hence
that kL*a varkes as the 0.47 power of D.
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Fig. 12.1

Desorpt ion in Packed Column

Data of Holloway (40)
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Fig. 12.2

Effect of Schmidt Number in Packed Columns
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Two other sets of data should be described at this point.
Vivian and Whitney (101) desorbed oxygen from water in a column
packed with one-inch Raschig rings at 700F. and obtained the
results shown on Fig. 123. These results are in excellent
agreement with those of Sherwood and Holloway. Craig (!Z)
absorbed chlorine in 0.2 N hydrochloric acid, also in one-inch
Raschig rings at the same temperature, and his results are also
shown bn Fig. 12.3.

Now, knowing the diffusivities of chlorine and oxygen, it
should be possible to predict from the oxygen coefficients what
the chlorine coefficients obtained by Craig should be since, in
the presence of hydrochloric acid, the hydrolysis of the chlorine
was suppressed and the system is a physical one which should fit
the Sherwood and Holloway correlation. The diffusivity of
chlorine in dilute hydrochloric acid was measured in this thesis,
and is shown in Sec. 11.24 to be 1.48 x 10 cm.2/sec. at 2500.,
and is shown to vary with temperature according to eq. (12.1.
Using this equation, the diffusivity at 70 0 F. is 1 33 x 0-5.
The diffusi-ity of oxygen used by Holloway is 1.28 x 10~ at
1800; using eq. (12.1), this becomes 2.16 x 10- at 700F.
Using an expcnent on D of 0.50, the chlorine coefficients should
be (1.33/2;16)U-5 or 0.785 times the oxygen coefficients. This
predicted line is shown as a dotted line on Fig. 12,43. Craig's
data fell about 14% below the predicted line.

Further evidence that Craig's data fail to correlate with
the others may be seen on Fig. 12.2. Since Craig's values of
kL*a vary as Lo.75, all of his data would plot as a single point
on this plot. Two corrections must be made; one for the fact
that Holloway and Craig used different size Raschig rings, and
the other for Hollowayts end effect. Holloway showed that the
ratio of H.T.U.ts for 1.0- and 1.5-inch rings is 0.9; he also
estimated that his end effect was equivalent to six inches of
packing, while his actual packed height was eight inches. There-
fore, in order to compare them with Holloway's data, Craig's
values of H.T.U.'s must be multiplied by a factor of (1/0.9).
(8/14). The point representing all of Craig's data falls 18%
higher than Holloway 0s line.

Before attempting to explain this failure of the chlorine-
0.2 N H01 system to fit into the Sherwood and Holloway correla-
tion, it is necessary to examine this correlation more closely,
particularly with regard to the effect of diffusivity. To this
end, the data of Fig. 12.1 are replotted on Fig. 12.4. Values
of D were taken from Table 12,1, and corrected by eq. (12.1)
to 700F.; values of kL*a were taken from Fig. 12.1 corresponding
to 700F. For the 012-0.2 N H01 system, the value of kL*a
corresponding to L = 2000 lb./(hr.)(ft.2 ) was determined from
Craig' s data and corrected for the difference in size of packing
and the end effect by multiplying by (0.9)(14/8). Again, it
can be seen that Craig's data lie well below the line for
Holloway's data. But more important, the slope of the line
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FIZ. 12.4

Effect of Diffusivity on Physical Coefficients in Packed Columns
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for Hollowayts data is only 0.37, very much different from
Holloway' s value of 0.47.

It will be remembered that Holloway obtained the figure of
0.47 from the slope of Fig. 12.2. In determining the effect
of (p/pD) on this plot, he was determining, for the most part, the
effect of changing the temperature on H.T.U., and to a lesser
extent the effect of chanp-ing the diffusivity. Furthermore, the
diffusivities at the various temperatures used to calculate the
Schmidt number were obtained by the use of the Stokes-Einstein
equation. The validity of this equation for solutions of gases
has not been established; the data on oxygen and hydrogen are
too few to determine the effect of temperature, while, as may
be seen from Fig. 11,10, the available data for carbon dioxide
show that this equation is not satisfactory.

It is quite clear that Holloway's data do not support the
contention of the 0.5 power of the diffusivity, but do they
refute it? In view of the fact that in the runs used to evaluate
the effect of diffusivity, almost half the mass transfer occurred
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in the bottom section below the packing, and in view of the
probability that the mechanism of liquid-side resistance in
the bottom section is very different from that in the packed
section, it would not be surprising if the effect of diffusivity
which he actually obtained were different from what would be
obtained with no end effect. It is quite possible that in the
bottom section, the mechanism of mass transfer might involve
chiefly eddy diffusion, wherein the effect of diffusivity would
be small, thus causing the overall apparent effect of diffusivity
to be low.

What information can be obtained by comparison of Vivian's
oxygen data with Craigt s chlorine data? From Fig. 12.3, we can
see that the ratio of oxygen to chlorine coefficients is 1.45.
Using the same values of diffusivity for oxygen and chlorine
used so far, we can write

kL*a(oxygen)/kL*a(chlorine) =(D0 2/DC0 1 )n (12.2)

1.45 = ( 2 . 1 6 / 1 . 3 3 )n

Solving for n gives n = 0.77, This exponent on the diffusivity
seems to be too high. However there is a great uncertainty in
this calculation, namely, the diffusivity of oxygen. Fig. 11.11
shows that the disagreement among various investigators on the
diffusivity of oxygen is very great. The value used by Holloway
was that obtained by Carlson, among the lowest of the values.

If we suppose n to be 0.5 in eq. (12.2), and solve for the
diffusivity of oxygen, using the same value of diffusivity of
chlorine, which was measured in this thesis, we have

1.45 = (D02/1.33)O.5

which gives Do = 2.8 x 10-5 cm.2/sec, (at 700 F.). This value
lines up very fell with the three values found by Tammann and
Jessen.

Thus, on the basis of the available data, it is not unreasonable
to use an exponent of O.5 on diffusivity, but it must be emphasized
that the available data are too meager to indicate definitely what
the exponent should be. In order to pin down this exponent, the
diffusivities of oxygen and hydrogen and possibly' carbon dioxide
in water should be studied, just as chlorine and sulfur dioxide
have been studied in this thesis. The available data on the
oxygen-water and chlorine-0.2 N H0l systems in packed columns may
be sufficient to establish the exponent fairly well; however, it
may be necessary to repeat the desorption of hydrogen and oxygen
in a packed column, taking due precautions against end effects.
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CHAPTER 13

INTERFACIAL LIQUID VELOCITY IN SHORT WETTED-WALL OOLUMNS

13.l, Introduction In using the penetration theory to
calculate the liquid-side coefficient of absorption in the short
wetted-wall column, it is necessary to know the time of exposure
of an element of surface to the gas phase. This time of exposure
may be calculated directly from the interfacial velocity of the
liquid.

13.2, Flow Down a Plane Surface, The simplest set of as-
sumptions that can be made concerning the flow of fluid down a
surface are: the surface is vertical and plane: the velocity
of the liquid at the surface is zero; the shearing force on the
liquid at the gas-liquid interface is zero; there is no change
of velocity with vertical distance.

Using Fig. 13.1, consider a force balance
on an element of fluid of unit area and
thickness dx. The downward force on the
left face is

0 dv

The upward force on the right face is

0 x x+dx (0 + dn dx)
dx dx

Fig. 13,1
Profile of Liquid Layer

In addition, there is a downward force due to gravity, pgdx.
Equating the upward to the downward forces,

dv d2v dvp(- + dx) = -L -- + pg dx
dx uX dx

or 2
+ Pg = 0 (13.1)

dx2

The boundary conditions are

At x = 0, dv/dx = 0 (13.2)

At x = 6 , V = 0 (13s3)

Niiiii_. A-_- -- _
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Integrating eq. (13.1) once,

pv + pgx = ci
dx

Using B.C. (13.2), we have ci = 0

Integrating again,

pV + px2 0

Using B.C. (13.3) we obtain

02 = pg g .2

whence
w = ES (S2 _ 2) (13.4)

vj = pgS 2/24 (13.5)

We wish to relate vi to I'. Integrating velocity, we have

f 
/p = v dx (13.6)

0

[am~rn~ (*2-. x dx
21.L f

0

p2gS3/3 (13.7)

By eliminating between eqs. (13.5) and (13.7) we obtain
21/3

vi (2 ) (1308)
8 pp

Eqs. (13.'7) and (13.8) may be expressed in terms of two
dimensionless parameters, the Reynolds number, Re, and the
friction factor, f. The Reynolds number is defined by

Re = Lrvavp (13,9)

where rh is the hydraulic radius, the ratio of the crossi-sectional
area of the liquid to the wetted perimeter. Since rh = , and

vavp = r's , we have
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Re = 4 (13.10)p.
The friction factor may be defined by the Fanning equation.

.. f = 2(1311)
dL 2gcrh

Since dF/dL = g, go = 1 in the metric system, Vav
and rh = , we have

f = 2gp2 3 / p 2  (13.12)

By combining eqs. (13.7) and (13.12), we obtain

F" = 64/f (13.13)

Substitution into eq. (13.10) yields

f= 24/Re (13.14)

Eqs. (13,8) and (13/10) may be combined to give

128 p

or 1/ / /
vi ( 4g) )/ Re2/3 (13*15)

13,3. Effect of Gas Ratel To study the effect of the
shearing force of the gas on the liquid, we proceed as follows4
Let ' be the shear force upward on the liquid per unit area
at the interface. Then, the same differential equation holds,
but one boundary condition changes,"

At x = 0, pdv/dx = (13.16)

At x = v , V = 0 (13.17)

Proceeding as before,, we get a, = 7

4 + pgx = 7
dx

4V + 01 X2 =rx + C.
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= pg52/2 - 7'

v = 2. x2) - T (E-X) (13.18)
24

vi = 213,1)
24

Using eq. (13.6) we get

9 f (2-. x2 ) dx - f( -x) dx
24t 0 4 0

p2g S 3 .e g'2(13.20)

34L 24

The relation of 7 to the upward velocity of the gas may be
found by use of the equation defining the friction factor, f.
See McAdams (66), p. 117.

"'7 = f PG (VG, av w 1 2 /2 (13.21)

where vG av is the average velocity of the gas relative to the
pipe surlace. The friction factor is, of course, related to the
relative Reynolds number of the gas, which is computed from vGaav v*'

Eqs. (13.19), (13.20) and (13.21) constitute a system of
equations which must be solved by trial and error to obtain vi for
given values of [ and vG av Fig. 13.2 presents a solution to
these equations for the 6onditions temp. = 250C., diameter of
pipe = 2,54 cm. The abscissa is the Reynolds number of the gas
computed from VG av; in other words, relative to the surface
of the pipei Th6 ordinate is the ratio of the interfacial velocity
to the value the interfacial velocity would have if the gas exerted
no shearing force on the liquid. The breaks in the various curves
correspond to the transition between streamline and turbulent
flow in the gas.

In this thesis, except when the effect of gas rate was being
studied, ReG was always well below 2100, From the graph, it can be
seen that whenever ReG is below 2100, vi may be calculated from
eq. (13.8) with less than one percent error.
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13..Effect of Acceleration, If the velocity of the liquid
changes with distance down the column, the differential equation
must be modified to include a term for acceleration of the element
of fluid.' Now, instead of equating the upward force to the down-
ward force, we set the net downward force equal to the rate of
change of momentum of the element.

-p + pgdx + P( + dx) = m (pvdx)
ja x 912 t

Since )v/at (v/ay),((y/at)=vi, where y is the vertical distance
downward, we get )y

p + pg = pv -
C)X2 C)y

This equation is non-linear. To add further to the difficulty
of solving the problem, the boundary conditions are not simple.-
Again, we may write

At x=O, 0

At v=, = 0

For the initial condition on y, we might assume that the
liquid enters at some uniform velocity, vo.

At y = 0, v = vO

What makes the problem difficult is that ! is not constant, but
varies with y in such a manner that the total amount of liquid
flowing past any point is constant, and it can be seen that S
decreases as the liquid accelerates with increasing y. To be able
to solve eq. (13.22) numerically, one would have to know S as
a function of y, but to obtain this function, one would have to
know the average velocity as a function of y, Because of the
non-linearity and the variable layer thickness, no attempt is
made to solve the problem, since the results prob ably would not
have enough utility to justify the labor involved.
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13.5 Previous Work in Long Wetted-Wall Columns.' Previous
workers studying the dynamics of liauid layer flow down a wall
have not concerned themselves with the behavior of the liquid
during the first few inches below the entrance of the liquid,
but rather have been more interested in studying the flow suf-
ficiently far down that the layer undergoes no appreciable
change with distance. Both Cooper, Drew and McAdams (21) and
Friedman and Miller (2Z) present good reviews of these inves-
tigations. The following is quoted from Friedman and Miller.

"Considerable work has been done by investigators
on the film thickness of liquids in film flow bounded
on one side by a liquid-solid interface and on the other
by a liquid-gas interface. Hopf and Schoklitsch studied
the flow of water along an inclined plane; Chwang in-
vestigated the flow of water and oil on a flat glass plate;
Claassen examined the flow of water down the outside of
a steel tube; Willey and Cooper studied the flow of
dilute sulfuric acid solutions inside of glass tubes;
and Warden investigated the flow of water down glass
and brass tubes. The data of Warden and Willey and Cooper
are perhaps best of those cited. These data were well
correlated by Cooper, Drew, and McAdams (L) in a plot

of Reynolds number vs. friction factor. Fallah, Hunter
and Nash (26) recorrelated these data together with
measurements of their own for the flow of water inside
glass tubes in somewhat the same manner.' In all of
the above cases, with the exception of Hopf, Schoklitsch
and Chwang who studied the flow on flat surfaces, the
average film thickness was measured by stopping the flow
of the licuid and measuring t he amount of liquid on

the tube when the flow was stopped. From these inves-
tigations, it was concluded that the change from viscous
to turbulent flow occurred at about Re 1500 since for all values
of Re below 1500 the plot of f vs. Re fell along the line
f = 24/Re. This result, in the light of the preceding
theory, would tend to indicate that a parabolic velocity
gradient existed through the film when viscous flow existed
and that the velocity at the liquid-gas interface was a
maximum at a value of vi = 1.5 vav-

"However, when Kirkbride (31) measured the film thickness
with a micrometer arrangement of water and hydrocarbon
oils flowing down the outside of a vertical tube, he found
that ripples which started to occur at Re 8 tended to

make his results deviate positively from the theoretical
film thickness,' These same waves were noted by Fallah,
Hunter, and Nash (26) in their investigation at even their
lowest flow rates Te about 200). No attempt has been
made to explain these apparently anomalous results of
Kirkbride (a) which seemed to indicate a change in the
type of flow at Re 8 when film thickness was actually
measured,"
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Friedman and Miller (.gZ) also determined the average layer
thicknesa by stopping the liquid flow and measuring the amount
of liquid on the tube when the flow was stopped. Using water,
kerosene, oil and toluene, they found the data were very well
correlated by

or, equivalently, by f = 24/Re, up to a Reynolds number of 500,
in agreement with the previous investigators,

In addition, Friedman and Miller (2) measured the maximum
velocity by inserting a small drop of colored fluid into the
moving layer, and clocking the velocity of the color downward
between two markers. Their results for water, oil, kerosene
and toluene are shown in Fig. 13.3 where, as suggested by eq.(13.15)
the dimensionless group vi( p /gp)l/3 is plotted vs! Re, Below
Re = 20-30, the agreement with theory is good, buttabove that
value of Re, the interfacial velocity deviates positively from
theoretical. They noted also the occurrence of waves or ripples
in the liquid above Re = 20-30.' Based on these results, Friedman
and Miller postulated that a change of some sort occurs in the
flow mechanism at Re = 20-30, and proposed that the region
between Re = 25 and Re = 1500 should be called a "pseudo-streamline"
region, characterized by the appearance of waves in the liquid
layer, a much higher interfacial velocity than that predicted
by the true streamline flow equations, and an average film
thickness agreeing with the predicted value,

Grimley (1.l) also studied the maximum velocity in the layer
by timing the fall of a drop of dyL added to the surface. His
results are also shown in Fig. 13.3. He too observed interfacial
velocity greater than theoretical, but his departure from
theoretical starts at a lower Reynolds number, and the deviation
is considerably larger.

In view of this uncertainty regarding the interfacial
velocity, and because of the need for information concerning the
velocity in the first few inches of travel of the liquid, some
experipents on liquid velocity were made on the short wetted-
wall columns used in this thesis,

13.6,. Procedure, Because of the short distances involved,
it was not feasible to attempt to measure the velocity of the
liquid by timing the rate of fall of a drop of dye inserted into
the layer with a stopwatchl Two indirect procedures were tried,
a conductivity method and a stroboscopic method.'
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Preliminary studies were made on a brass wetted-wall column
using a conductivity method The brass column was one-inch in-
side diameter, and eight inches long. The liquid, which was
water, flowed from an open pan onto the inside surface of the
tube as shown in Fig. 13.4, Instead of a drop of dye, a drop of
Water In concentrated hydrochloric acid

was added to the surface of the
liquid just before flowing over the
top of the tube. Two conductivity
probes were inserted into the liquid
layer at different heights, and the
conductivity of the water as measured
by the two probes were recorded
on the rapidly moving tape of a
Brush recording oscillograph, The
acid flowed down with the water and
when it reached the first probe, the

Fig. 13.4. Cross-section resistance between its two platinum
of Top of Wetted-Wall wires inserted in the layer suddenly
Column. underwent a decrease, and when the

acid reached the second probe, its
resistance suddenly decreased. The time interval between these
two sudden decreases in resistance gave the time required to flow
from the upper probe to the lower probe.

The precision of this method was extremely poor, duplicate
determinations sometimes giving variations as great as 100%.
The lower the probes from the top, the greater the discrepancy
in duplicate measurements, indicating that probably the drops
of acid were not traveling in a direct line with the probes.
No definite conclusions could be drawn from these studies,
but they did seem to indicate that the liquid undergoes an ac-
celeration in the first inch or two of the column, reaching a
limiting velocity that agreed with those found by Grimley.

With the use of the short wetted-wall column made of glass,
it was possible to devise an optical method which had much greater
precision, The method consisted of inserting small drops of
dye into the liquid layer at about thirty times per second
and illuminating the column with a stroboscopic tachometer to
make the drops appear to stand still.1 The distance between
drops multiplied by the number of flashes of the stroboscope
per second gave the velocity of the liquid.

The system used to create intermittent pulses of dye is
shown schematically in Fig,. 13.5. A cam mounted on an induction
motor rotating 1783 r.p.m. struck a metal plate on each revolution,
pressing in the rubber diaphragm and compressing the air inside
the "bellows." The bellows was connected to the bottle con-
taining the dye and the successive compressions of the air
caused the dye to flow through the :yperdermic tube (inside di-
ameter = 0.015 inch) in intermittent pulses at a rate of 29.7
pulses per second.
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"Bellows-" Rubber
Diaphragm

Dye Solution

Hyperdermic
Tube

Fig. 13.5. Schematic of Dye-Pulse System.

The stroboscope (Strobotac) was set at twice this speed, ie.,
3565 flashes per minute, in order to reduce the apparent distance
between the drops, which appeared to be standing still. Actually
what were visible were not discrete drops but rather, somewhat
wierd patterns which repeated themselves down the column. These
patterns generally varied quite a bit with time as the hyper-
dermic tube was not fastened in position but was held by hand
in that position which gave a pattern that could be measured,
It was found that the best place to hold the hyperdermic tube
was just at the top of the column. The method required quite
a bit of imagination on the part of the operator in order to
discern the repeating patterns.

The question may be raised as to whether the method actually
gives the maximum velocity of the liquid layer. Where just one
drop of dye is put in and the rate of descent of the color is
timed, it is quite clear that the maximum velocity would be
obtained, since only the front edge of the dye spot would be
watched. In this experiment, however, all parts of the successive
dye spots are being watched, and since the injection tube is well
below the surface of the liquid, one would expect that the effect
of variation of velocity with distance perpendicular to the
interface would show up, so that some of the dye would be
traveling faster than other parts, thus giving a continuous
array of distances between the patterns. The fact remains
that it was possible, by holding the injection tube just right,
to get a single repeating pattern, and the results which were
obtained are sufficiently reasonable to indicate that the above
difficulty was not serious,

1.O Results and Discussion. Two of the glass short
wetted-wall columns used for the absorption and desorption
studies described in this thesis were used here. Both were
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an inch and a half long; one had an upflow bevel the other had
a downflow bevel. Two series of runs were made. In the first
series, the set-up was the same as that shown in Figs. 3-1 and
3.2, except that the upper Teflon piece was removed. Thus the
water, instead of flowing onto the inside of the tube by means
of an entrance slot, simply flowed from an open channel and
over the top of the tube, The results are shown q the open
circles and squares on Fig, 13,6, where vj(p/gp) -/3 is
plotted versus Reynolds number. For comparison, the lines
representing the theoretical equation (13.15) and the data of
Friedman and Miller and of Grimley are also presented.

At the lower flow rates, the data agree well with Grimley's
results, while at the higher flow rates they fall substantially
below Grimley's. They also fall somewhat below the extension
of the line representing the results of Friedman and Miller.

These results are not consistent with the results of the
study of carbon dioxide from water. Because the coefficients
of desorption fall somewhat below the theoretical coefficients,
it was indicated that the interfacial velocity was lower than
theoretical, rather than higher. Since, in the desorption runs,
the liquid always entered the column through an entrance slot,
the possibility was raised that the presence of entrance slot
would influence the interfacial velocity. To investigate this,
runs were made with the upper Teflon section in place, exactly
as shown in Fig. 3.2. The results are shown in Fig, 13.6 as
solid circles and squares for the two different slot widths.
No appreciable acceleration of the liquid could be detected.

There appears to be no effect of slot width and, more
impwrtant, the results agree with the theoretical equation
within the experimental error.

These results are in much better agreement with the velo-
cities which are indicated by the desorption runs, and thus make
more valid the conclusion of the desorption studies that the
penetration theory is applicable to the short wetted-wall column.

The fact that entrance slot width has no effect on inter-
facial velocity is in agreement with the finding that desorption
coefficients of carbon dioxide from water are also independent
of slot width.

Apparently the method whereby the liquid enters the column
has a great effect on the interfacial velocity. It may well be
that in the "psuedo-streamline" region described by Friedman
and Miller (27) there exists an instabi:ity of some sort in the
liquid flow, analagous to the instability which causes turbu-
lence in turbulent flow, and that when the liquid enters through
a thin slot this instability is suppressed. It might be
mentioned that except at the highest flow rates no rippling



occurs in this short column, and rippling is supposed to be one
of the characteristics of "psuedo-streamlineN flow, Since
Grimley and Friedman and Miller had different entrance conditions
in their columns, one might explain the difference between their
results, as shown on Fig. 13,3, as due to differences in insta-
bility of flow caused by different entrance conditions.

13.8. Conclusions. It is concluded that in the absorption
and desorption runs in the short wetted-wall columns, the inter-
facial velocity is equal to that predicted by streamline flow
theory.

Fig. 13,6

Interfacial Velocity in Short Wetted-Wall Column
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CHAPTER 14

APPLICATION OF ELECTRONIC ANALOG. COMPUTER

The film theory of absorption with second order irreversible
chemical reaction gives rise to the differential equations

DA(d 2A/dx2) DB(d2 B/dx2 ) = klAB (14.1)

with the boundary conditions

At x = 0, A = Ai, dB/dx = 0

At x = xf, A = 0, B = BO (14.2)

In addition to the two approximate solutions discussed in Sees.
8.25-8.28, a set of solutions was obtained by the use of an
electronic analog computer, Chronologically, the work on the com-
puter preceded the mathematical work which led to the two ap-
proximate solutions, but it turned out that the results obtained
from the computer were less useful than the approximations. How-
ever, the work on the electronic differential analyzer will be
presented here for completehess, and also because of the possible
future application of machine computation to the theory of ab-
sorption with chemical reaction, This work has already been des-
cribed briefly in a published article (100).

Eqs. (14.1) and (14.2) may be reduced to dimensionless form
by making the substitutions

a = A/Ai (14.3)

= B/Bo (14.4)

r= x/xf (14.5)

q = DAAi/DBBo (8*195)

M = kIBoxf2/DA (8.202)

Then
d2a/d 2= Map (14.6)

d2 p/dr72= MeaP (14.7)

with the boundary conditions

At =O, =, dp/d7= 0

(14o8)At 9) = 1,2
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We desire to find $. From ea. (8.194)

0 = NA- (8,194)
DAAi

and NA = -DA(dA/dx)=.o

we have 0 = -(xf/A )(dA/dx)x=o

or 0 = -(da/dr)q=O (14.9)

The machine used to solve eqs. (14.6) and (14.7 ) is an
electronic differential analyzer described by Macnee (69), (70).
An electronic analog computer, it was built by Macnee and is
located in the Research Laboratory of Electronics at M.I.T. It
consists of a number of electronic components which may be
connected together as required by the differential equation to
be solved. The integrating component is a high-gain amplifier
connected with a resistor and a condenser in such a way that
the output voltage is the time integral of the input voltage
multiplied by a gain constant. The adders are units whose output
voltage is the sum of two input voltages multiplied by a gain
constant. A third component is the multiplier, whose output
voltage is the product of two input voltages multiplied by its
gain constant. For the purposes of this problem, the components
were connected as shown in Fig. 14.1. The gain constant for each
component is designated on the figure by a 0"" with a subscript,
The voltages are also designated on the wires connecting the
components. Why this particular hook-up satisfies the differential
equations (14.6) and (14.7) may be shown as follows: Let the
output voltage from integrator number 2 be ala, where a is a scale
factor relating the voltage to the quantity a, and similarly
let the output of integrator number 4 be b1 o. The voltage from
the multiplier will then be 94(ala)(b1 p). The adder is here
used not for adding two voltages, but for multiplying the voltage
from the multiplier by a constant, 4L.

Thus, its output will be p.Lealblap. Now, since ala is Pt2
times the integral of the input voltage to integrator niiMber 2,
that input voltage must be (1/pi)(d[ alJ /dt), where t is time,
If we let t = , where 7fis a scale factor relating time to the
quantity t/ , the input voltage may be written (1/p)( a-1/')(da/dt?)
Similarly, the input to integrator number 1 must be (1/tlla)(a/ )
(d2M/dp2 ).- Likewise, the input to integrator number 3 must be
(1/p 3p4 )(b-/zr2)(d 2p/d,2 ). Now, since the output from the adder
is directli connected to the input of integrators number 1 and 3,
the voltages at that point must be the same; i.e.,
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Fig, 14,1

Hook-up of Electronic Analog Computer
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P.5Pp. albl = d2 a Sbl d2p
4M4.T2 d"I 434,&TdZ d2

or d2  2 (41
= 0 JP246467 bl as (14.1o)

d J

4344PSIS = al ap (14'11)
di?2

Comparison with eqs. (14.6) and (14.7) shows that

M = P4:R1946 I 2 b1  (l4,12)

MI = 3 444e4 T2 al

whence

it (14,13)

The differential analyzer solves the differential equation sixty
times per second. At the beginning of the cycle, a fixed voltage
is applied to each integrator, which corresponds to the constant
of integration. Then the solution of the equation takes place
for a period of about 0.01 seconds, followed by an off-period,
and then the initial voltage is reapplied and the cycle is repeated.
At each point in the circuit, an oscilloscope can be connected.
The horizontal sweep of the oscilloscope is set at 60 ops,, so
that the image on the screen is a plot of the voltage as a function
of time, and if connected at the output of integrator number 2,
gives a.a vs. t, if at the output of integrator number 1 gives
(ai/42T )(da/dII7), and so forth, The initial voltage, or constant
of integration, may be adjusted for each integrator by the setting
of a dial on that integrator. Also, every component has a dial
with which to adjust the gain constant,

The procedure used will now be outlined. The gain constants
were measured as followe, A square wave of some definite voltage
which was arbitrarily chosen as one unit was used as the input
of the adder, The output voltage, measured on the scope, divided
by the input voltage, directly gave the gain of the adder. Where
the square wave is used as the input of the integrator, the output
voltage is a triangular wave, whose slope, eaual to the vertical
distance (measured in terms of the input scuare wave voltage) divide
by the horizontal distance (which represents time) is the gain
constant of the integrator. Naturally, the units of time would

11
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affect the value of the gain constant, and the length of the solutio
period time was arbitrarily chosen as one unit. The value of Ps
for the multiplier was measured by putting in two known square
waves and reading the size of the square wave output.

In the actual carrying out of the solution, definite values
were assigned to ai and bl at the start, Because the length of
the solution period was arbitrarily chosen as one unit,7 was
equal to one. Then, the gain constants were set to give the desired
values of q and M. The initial condition for integrator number 3
was set at zero, sinceat,?= 0, dP/di = 0. The initial condition
for integrator number 2 was set at a,, since a,=1 and, therefore,
ala = a, at t7 =0. Then the initial conditions for integrators
number I and 4 were adjusted by trial and error until at the end
of the solution period ( =1), aain=0 and b1 p = bl since at 17=1,
a=0 abd 0=1. Then the initial conditions for integrators number 1
and 4 were read off, these being equal respectively to -alo/42 and
bii. The values of 0 and Pi thus obtained were compared by
means of eq. (8.196).

Pi = Bi/B0 = 1 - q(0-l) (8.196)

and if they satisfied that equation, the run was considered a
good one,

A typical run is shown in Fig. 14,2 which is a photograph
of the screen of the oscilloscope. q = 0.5 and M = 386.

There were two chief sources of error. One was that the
initial value voltages were not absolutely constant, so that in
certain regions of the problem, namely low q or high M, where
the initial conditions are very critical and any small change
in them will cause a large change in the final conditions, the
solution on the oscilloscope tended to flicker and jump around
quite a bit. A second source of error lay in the multiplier
which is not at all perfect, and has quite a large error especially
when the input voltages are small. Now, again for low q or high M,
the values of a and 0 are rarely large at the same time; i.e.,
one or both is quite small. (Physically, this means that for
high rate of reaction, components A and B cannot exist together at
high concentrations.) Thus, in this region of q and M, the dif-
ferential analyzer can be expected to give the poorest results.
Another source of error due to the multiplier lay in the fact
that when a was made equal to zero at I? =1, the product ap at

= 1 would be different from zero, and hence d2 a/d72 and d2p/d 2

were not equal to zero.1 It was decided, then, in setting the
initial conditions, to make ap=0, at t=1 and let a be whatever
it wanted to be. The effect of flicker was to make it impossible
sometimes to set b1 P = bl at t=1. This difficulty was somewhat
overcome by use of a trial and error technique. When the initial



Fig. 14.2. Screen of Oscilloscope Showing Solutions Obtained on Electronic Computer

ala vs t bip vs t

-(bl/p4 )(dP/dt) vs t-( a /w2) (dC/dt ) V t
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conditions for inte grators number 1 and 4 were approximately
right, b~ij and ai/4A2 were recorded. Then blP1 was changed
just a little bit, This would usually stop the flicker, but
then ap would no longer be zero at I =1. Then a0A/a was adjusted
so that as would be zero, and the flicker of course would start
again. Then these values of bipi and a;0/92 were recorded This
process would be repeated several times' Then, of this series of
values of j and %, that pair would be chosen which satisfied
eq. (8.196).

The results are shown in Fig, (14o3), Different diagrams
are used for each value of q in order to avoid confusion between
overlapping points. The solid and dotted curves are the same as
those on Fig.' 8.11, and between these two sets of curves, the true
solution is bracketed. It is seen that the machine solutions
are no better than those obtained by using either approximate
solution,

The purpose of using the differential analyzer was to check
the accuracy of eq. (8,203), If eqs. (8,214)-(8,216) had been
derived sooner, it is unlikely that the computer would have
been used.. However, it is not felt that the work on the dif-
ferential analyzer was a waste of time, This work does have two
chief values. One, it illustrates that the analyzer can be used
on this type of problem, ie, absorption with chemical reaction
(using the film theory), and it may be worthwhile to use it for
other variations of this problem, where different types of chemical
reaction occur, and where mathematics does not yield such satis-
factory results, Secondly, these results are of value to the
people on the differential analyzer project, who are interested
in learning of the types of problems which the analyzer can
handle, and of the accuracy which can be expected from it over
various ranges of the parameters. Fig. 14,3, with the points
compared with the minimum and maximum possible values of 0, is
an excellent indication of the accuracy which can be obtained
on this problem. In general, we can say that the results obtained
from the differential analyzer are correct to within 10% of the
correct answer. Furthermore, in the regions of q and R where
the analyzer gives the poorest results, the approximate solutions
are found to be the most accurate.

Although the design of the computer sacrifices accuracy for
speed of operation, the accuracy should be satisfactory for most
engineering purposes. Because once the analyzer is set up a solu-
tion is obtained immediately, and because the constants associated
with the differential equations may be changed quite easily and
rapidly on the analyzer by a mere twist of the knobs, it is possible
to explore a wide variety of conditions with a comparatively small
expenditure of time, This feature is particularly valuable where
not all the initial conditions are known, but must be found by
trial and error as was done in this problem.



Fig. 14.1

Theoretical Values of 0 for Absorption with Second Order
Irreversible Chemical Reaction. Solution by

Electronic Analog Computer
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Fig. 14. 3 (continued)
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It is suggested that this machine be used to study the film
theory of second order reversible reactions for the purpose of
checking the results obtained in Secs. 8.32-8.33,

Unfortunately, analog computers are of very little uLse
for solving non-linear unsteady-state diffusion problems. According
it is proposed that digital computers be used to study the
penetration theory of absorption with second order reactions for
the purpose of checking the results obtained by using the film
theory,
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CHAPTER 15

SAMPLE CALCULATIONS

15.1. Desorption of Carbon Dioxide from Water in the
Short Wetted-Wall Column, The data are presented from
Run No. 85o

Column 2D; downflow slot

Water Rate
Diameter of Column
Slot Width
Length of Column
Water Temperature
Volume of liquid sample
Volume Ba(OH) added to samples
Resistance of samples

Blank
Inlet liquid
Outlet liq uid

Cell Constant (spec. conductance
divided by resistance)

Determination of Concentrations

458 g./min
2.86 cm .
0.05 in.
2.99 cm. + slot width
24.3 0 C.
25.00 ml.
50.00 ml.

48.4 ohms
1475 ohms
490 ohms

0.2287

a) Blank (50 ml. Ba(OH) 2 + 25 ml. distilled water)
Spec. Cond. = 0.2287/48.4 = 4.73 x 10-3 ohm.-icm.71

The I.C.T, (47) gives a table of equivalent
conductance vs. concentration for Ba(OH) 2 solutions.
For each concentratior, the specific conductance was
calculated, and the equivalent conductance was plot-
ted against specif ic conductance. Using this plot:

Equiv. Cond. = 0,2262 (ohm)(cm.)(equiv.)/l.
Normality of Ba(Oi)2 = 4.73/0.2262 = 20.91 meq./10

b) Inlet Sample
Spec. Cond. = 0.2287/1475 = 0.1551 x 10-
Equiv. Cond.= 0.2487
Normality of Ba(OH) 2 = 0.1551/0.2487 = 0.624 meq./l.

c) Outlet Sample -3
Spec. Cond. = 0.2287/490 = 0.467 x 10
Equiv. Cond. = 0.2452
Normality of Ba(OH)2 = 0.467/0.2452 = 1.903 meq./l.
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d) (C1-C2 )/c1
C. = (20.91 - 0.624)75/25 = 60.9 meq./1.
C2 = (20.91 - 1.903)?75/25

CI-C- 1.903 - 0.624 1.279 = 0.0630
C, 20.91 - 0.624 20.29

Flow Rate per Unit Perimeter -- Based on inside diameter
of glass column.

458
= 5(2 . 8 6) 50.9 g./(cm.)(min.)

Interfacial Area

a) Length = 2.99 + 2.54(0.05) = 3.117 cm.

b) Perimeter of Interface = T(Diam. of Col. - Twice Layer
Thickne ss)

S ' 1Z from eq. (13.7) p2g

3 3(0.00908)(50.9/60)

(1)2(980)

0.0286 cm.

Perimeter u n(2.86 - 2 x 0.0286) = 8.81 cm.
Interfacial Area = 3.117(8.81) = 27.4 cm.

Physical Coefficient

kL* = (V7/4)(C,'-Cj1 ,

kL* = (458/27.4)(0.0630) 1.052 cm./min.

Temperature Correction to 25*0 . (See Sec. 5.6)

kL*25 kL* exp(0.0l1[25.0-t 0C.7)
= 1.052 exp (0.011 [25.0-24.31)

1.052(l.008) = 1.060 cm./min.

15.2. Desorption of Chlorine from Dilute Hydro-
chloric Acid in the Short Wetted-Wall Column. The data
are presented from Run No. 104

Column 3D; downflow slot

Water Rate 111 g./min.
Diameter of Column 2.87 cm.
Slot Width 0.025 in.



Length of Column
Water Temperature
Concentration of chlorine in

inlet liquid, C,
Total chlorine desorbed during run
Time of Run

Flow Rate per Unit Perimeter

4.08 cm. + slot width
25.2*C.

25.49 mmole/l.
4.104 mmoles
10.00 min.

r = 111 :12.3 g./(an)(min.)

IT((2.87)

Interfacial Area

Length 4.08 + 2.54(0.025) = 4.140 cm.

3(O.00889)(12.3/60)
(12(980)

S= 0.018 Cm.
Perimeter of interface = T(2.87-2x0.018)=8.91 cm.
Interfacial Area = 4.140(8.90) = 36.9 cm.3

Physical Coefficient

kL* = -NA/C1

S 4.104/(10,0) (36.9)
25.49 x 10-3 = 0.437 cm./min.

Temperature Correction to 250 C. (See Sec. 5.6)

kL* 250 = kL* exp(O.019 [25.0-t*C.])

= 0.437 exp(0.019 [25.0-25.2])
m 0.437(0.996) = 0.435 cm./min.

15.3. Desorption of Chlorine from Water in the Short
Wetted-Wal1 Column. The data are presented from Run No. 173.

Column 3D; downflow slot

Water Rate
Diameter of Column
Slot Width
Length of Column
Water Temperature
Concentration of chlorine in

inlet liquid, C1

380 g./min.
2.87 cm.
0.025 in.
4.08 cm.+slot width
24.90 C.

39.29 mmole/l.

386

I
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Concentration of chlorine in
outlet liquid, C2  37.72 mmole/l.

Total chlorine desorbed during run 5.800 mmoles
Time of run 10.00 min.

Flow Rate per Unit Perimeter

= 3 = 42.1 g./(cm.)(min.)
TT(2.87)

Interfacial Area

Length = 4.08 + 2.54(0.025) = 4.140 cm.

3 - 3(0.00894)(42.1/60)
(1)2 (980)

= 0.027 cm.

Perimeter of interface = ,T(2.87-2x0.027) = 8.85 cm.
Interfacial Area = 4.140(8.85) .= 36.6 cm.2

"Total" Coefficient

kL =NA/Cl Eq. (5.21)

k = 5.800/(10.0)(36.6) = 0.403 m./min.L 39.29 x 10-

Temperature Correction to 250 C. (See Sec. 5.14)

kL,250 = kL exp(0.019 25.0-24.9])
. = 0.403(1.002) = 0.404 cm./min.

Psuedo-Coef fici ent

K = (C1 -A1 ) /A. Eq. (5.24)
c .4 3

3.29 x 10 = (0.03929-A1 ) /A7

By trial and error, A1  0.02042 mole/l.

A7'/C1= 0.02042/0.03929 = 0.5196

kL 250 kL,2SoC1/A1 Eq. (5.23)

kLO,250 0.404/0.5196 = 0.777 cm./min.

Experimental Value of -

kL* V/i D = 85.2 0'60 Eq. (5.4a)
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]i * V4.140/(1.48 xl0-r:) =832(42.1)0 '

kL* = 0.701 cm./min.
= kLO/k L

0= 0.777/0.701 = 1.11

Material Balance

Chlorine in=VC0
=380(39 .29 x 103)
=14.93 mmole s/min.

Chlorine out = VC2 + rate of dgsorption
= 380( 37.72 x 10~ ) + 5.800/10.0
a 14.33 + 0.58 = 14.91 mmoles/min.

Error in closure = (14.93-14.91)/14.93
= 0.1%
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CHAPTER 16

SUMMARY OF DATA AND CALCULATED RESULTS FOR
DESORPTION IN SHORT WETTED-WALL COLUMN

Table 16Ai

Column Dimensions

Slot
Type

Upflow

Upf lovw

Dovnflovw

Upflow

Total Length
Cm.

1.88

2.72

2.95 + slot width Runs 79-84)
2.99 4- slot width Runs 85-91)

4.25

4.D8 + slot width

Inside Diameter
cm.

2.88

2.87

2.86

2.88

2.87

Column
No.

lU

2U

2D

3U

3D Dovnflov
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Table 16.2

Desorption of Carbon Dioxide from Water

Effect of Temperature

Column 3U

Temp.
Water

1 22.2

2 25.1

3 31.0

4 25.2

5 26.5

6 27.9

7 29.0

8 30.0

oc
Air

21.5

25.0

30.0

24.9

26.0

27.0

28.8

29.0

C
meq./1.

66.0

60.0

48.9

59.7

57.9

55.1

51.6

cl-C 2

0.1151

0.1220

0.1275

0.1195

0.1270

0.1228

0.1218

0.0825

k

0.603

0.639

0.668

0.625

0.665

0.641

0.636

Slot width - 0.05 in.

V = 197 g./min.

ReG = 2350

Interfacial Area = 37.9 cm. 2

F = 21.8 g./(cm.)(min.)

length = 4.25 cm.

Run



391

TABLE 16 3

Desorption of Carbon Dioxide from Water
Effect of Air Rate

Column 3U

Run ReG

9 3800

10 3120

11 2170

12

13

14

15

950

Temp. OC
Water Air

26.0

26.0

26.2

27.5

25.3

2506

25.9

26.7

0 27.5

0 27.9

950 29.9 28.9

C
meq.1.

57.1

58.4

56.7

54.6

58.6

58.4

55.4

Cl-C2
Cl

k *I k * 250
cm min. c.7mmin.

0.1401 0.732

0.1432 0.748

0,1175 o.615

o01182 0.618

o.1182 0.618

0.1142 0.598

0. 1191 0.623

0.725

0.740

0.607

o.607

0.607

0.586

0.592

Slot width = 0.05 in.

V = 198 g./min.

Interfacial Area

r =

length =

37.9 cm. 2

21.9 g./(cm.)(min.)

4.25 cm.
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TABLE i6.04

Des orption ofI Carbon Dioxide from Water

Effect of Slot Width

Column 3U

Cl-C 2
Run Slot Width

in.

16 0.0125

17 0.025

18 0.075

19 0.100

20 0.125

21 0.150

22 0.0375

Water Temp.0c

23.0

25.5

25.2

25.0

25.0

25.1

25.5

Cl

meq./1.

64.3

60.4

60.8

61.3

59.3

59.2

56.2

cm. /min.

0.1150 0.605

0.0978 0.514

0.1150 0.605

0.1155 o.607

0.1200 0.630

0.1150 0.605

0.1195 0.625

k* 250
cm . /m in,

0.617

0.511

o.64

0.607

0.630

0.605

0.622

v = 199 g./min.

ReG

Interfacial Area

0

37.9 cm. 2

22.0 g./(cm.)(min.)

length =c cm.
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TABiE 16.5

Desorption off Carbon Dioxide from Water

Temp. OC
Run g./min. Water

Effect of Water Rate

Column 3U

C
Air meq.1.

Cl-C2

C1

0.0316
0.0590
o.o6o6
0.0701
0.0686
0.0735
0.1205
0.1841
0.1790
0.0670
0.0690
0.0709
0.0820
0.1095
0.0876
0.0883
0.2035
0.0800
0.1050
0.1010
0.1225
0.1539
0.1670

Interfac.
area cm. 2

37.5
37.5
37.6
37.6
37.6
37.8
37 .9
38.0
38.o
37.6
37.6
37.6
37.6
37.8
37.8
37.9
37.9
37.8
37.8
37.9
37.9
37.9
37.9

(continued on next page)

V

23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45

730
592
592
510
4oi
308
140
71.4
71.4

601
6o1
520
400
305
305
134
78.2

359
255
200
179
147
100.5

23.9
23.9
24.1
23.9
25.0
25.0
25.0
25,0
25.0
32.5
32.4
33.2
33.8
32.8
31.2
26.5
29.9
24.5
25.0
25.0
25.0
25.0
25.0

55.4
56.9
56.1
58.6
56.0
58.6
58.7
59.0
59.8
44.9
43.5
43.2
43.2
47.7
45.2
57.1
50.1
56.3
59.9
59.9
59.9
59.9
59.9

2---8

24.0
24.0
24.0
24.0
24.0
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TABLE 16.5 (Contd.)

.
Run g./(cm.)(nain.)

23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45

80.3
65.0
65.0
56.1
44.1
33.9
15.4
7.85
7.85

66.1
66.1
57.1
44.0
33.6
33.6

14.75
8.6o

39.5
28.0
22.0
19.70
16.19
11.07

kL*
cm./min.

0.615
0.932
0.959
0.951
0.732
0.599
0.447
0.346
0.336
1.073
1.107
0.981
0.874
0.885
0.706
0.313
0.420
0.760
0.709
0.580
0.579
0.596
0.442

kL*25 0 C
cm./min.

0.624
0.945
0.968
0.966
0.732
0.599
0.447
0.346
0.336
0.995
1.021
0.900
0.799
o.815
0.662
0.308
0.399
0.760
0.709
0.580
0.579
0.596
0.442

Slot vidth = 0.05 Runs 23, 24, 26 - 30, 32-45

= 0.025 Runs 25, 31

ReG 0

= 870

Runs 23-39

Runs 40-45

length = 4.25 cm.
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TABLE 16 6

Desorption of Carbon Dioxide from Water
Effee of Water Rate

Column 2U

V Water Temp.
Run g./min. oc-

46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64

706
546
450
300
200
151
97.0
70.1

375
245
180
102
83.8

300
131

66
718
582
453

25,0
24,9
24.8
24.6
25.0
25.0
25.0
25.0
25.0
23.5
25.0
25 0
25.0
25.2
25.0
25.0
25.0
24.2
25.0

Cl C1-C2
meq 0/1 _C

55.5
57.0
59.6
59.7
59.9
5908
59.7
600
50.0
55.4
52.1
54.5
52.1
55.9
59.8
60.2
54.0
56.9
55.5

0.0341
0.0464
0.0575
0.0568
0.0716
o.1160
o.1431
0.1735
0.0583
0.0721
0.0836
0.1560
0.1281
0.0762
0.1279
0.1715
o.O445

0.0575
0o0486

Interfac.
Area cm.2 '

23.9
24.0
24.0
24.1
24.2
24 .2
2402
24.3
24.1
24.1
24.2
24.2
24.3
24.1
24.2
24.3
23.9
24.0
24.0

(continued on next page)
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TABLE 16.6 (Contd)

Run Fk
g./a.(i. cm./iin.

46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64

78.5
60.7
50.0
33.4
22.2
16.8
10.80
7.80

41.6
27.25
20.0
11.33
9.32

33.3
14.56
7.34

79.9
64.7
50.4

1.010
1.057
1.079
0.706
0.592
0.723
0.579
0.502
0.906
0.733
0.621
o.656
0.444
0.949
0.692
0.466
1.332
1.392
0.916

kL*25oC
rm./min.

1.010
1.057
1.079
0.706
0.592
0.723
0.579
0.502
0.906
0.745
0.621
0.656
0.444
0.947
0.692
o.466
1.332
1.400
0.916

slot vidth - 0.05 in.

ReG = 0

length = 2,72 cm.



397

TABLE 16. 7

Desorption of' Carbon Dioxide IfroD Water
Effect '1 "ater Rate

Column 3D

V Water temp.
Run g./min. 0_

65
66
67
68
69
70
71
72
73

730
652
526
457
322
243
150
98.0
70.1

25.0
25.0
25.4
25.5
25.2
25.2
25.0
25.5
26.0

Cli
meq./1,

54.1
53.6
53.6
53.8
57.0
57.8
57.9
57.0
56.5

0.,0582
0.0577
0.0599
0.0681
0.0939
0.1315
0.1408
0.1781
0.1985

Interfac.
Area, cm.2-

37.1
37.1
37.1
37.1
37.2
37.2
37.4
37.4
37.5

Run r
g./(cm. ) (min.)

65
66
67
68
69
70
71
72
73

81.1
72.5
58.5
50.9
35.8
27.0
16.69
10.90
7.80

kL* kL*25oc
cm./min. im.7mmn.

1.148
1.016
0.851
0.841
0.812
0.859
0.565
0.466
0.372

1.148
1.016
0.849
0.839
0.811
0.858
0.565
0.464
0.368

slot vidth = 0.05

ReG = 0

length = 4.21 cm.
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TABLE 16.8

Desorption of Carbon Dioxide from Water
Effect of Slot Width

Column 3D

Slot Width Water Temp. C Cl-C 2  length Interfac.
Run in. C meq; 1 C Zcm Area, -cm.

74
75
76
77
78

0.0125
0.025
0.0375
0.050
0.075

25.0
25.0
25.0
25.0
25.0

58.2
58.4
58.1
5707
57.5

0.1112
0.1072
0.1221
0.1108
0.1252

4.12
4.15
4.18
4.21
4.27

36.5
36.7
37.1
37.4
37.9

Run kL*
cm./m/n.

74
75
76
77
78

0.608
0.585
0.658
0.591
0.661

k * o
cm. 7m- i

0.608
0.585
o.658
0.591
0.661

kL*25oi/~
cm/min.

0.601
0.581
0.655
0.591
0.666

Z,= (length when slot vidth = 0.05 in.) = 4.21 cm.

V = 200 g./min.

ReG = 0

r = 22.2 g./(cm.)(min.)
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TABLE 16.9

Desorption of Carbon Dioxide from Water
Effect of Water Rate

Column 2D

V
Run g./min.

Temp. OC
Water Air

25.2
25.9
25.5
25.6
25.6
26.5
24.3
24.6
24.7
24.7
24.2
24.7
24.7

25.3
25.7
25.2
25.5
25.5
25.7
24.3
24.3
24.6
25.0
24.7
24.7
24.8

ReG

1200
1200
1200
1200
1200
1200
1250
1200
1250
1200
1200
1200
1200

meq./1.

61.1
60.1
60.7
59.1
58.3
55.8
60.9
57.1
62.1
57.1
57.0
60.4
60.6

Cl-C 2

0.1833
0.0938
0.1563
0.1073
0.0958
0.0692
0.0630
0.0415
0.0979
0.0515
0.0412
o.0668
0.0724

Interfac.
Area, cm.

27.3
27.2
27.3
27.2
27.2
27.1
27.4
27.4
27.6
27.4
27.3
27.4
27.5

g./(cm.)(Min.)

8.28
29.9
13.12
20.7
25.8
38.8
50.9
80.6
20.4
68.2
87.8
60.6
43.9

kL*
cm./min.

0.499
0.929
0.676
0.735
0.817
0.890
1.052
1.100
0.649
1.153
1.191
1.328
1.041

kL*250
cm./min.

0.498
0.919
0.672
0.730
0.812
0.876
1.060
1.105
0.651
1.156
1.201
1.332
.o44

Slot vidth = 0.05 in.

length = 3,07 cm. (Runs 79-84)

= 3.11 cm. (Runs 85-91)

79
8o
81
82
83
84
85
86
87
88
89
90
91

74.5
269
118
187
232
349
458
725
183
613
790
545
395

Run

79
80
81
82
83
84
85
86
87
88
89
90
91
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TABLE 16.1o

Desorption of Carbon Dioxide from Water
EffecE of Vater Rate

Column 17

V Temp, 0
0

Run g./min. Water Air

92
93
94
95
96
97
98*
99*

390
303
478
228
165
115
88.5
76.5

25.5
25.5
25.6
25.9
25.1
25.0
26.1
26.2

25.1
2407
2407
24.8
25.0
24.0
25.1
25.1

ReG e C- C2
meq./1. C1

1250
1250
1250
1250
1120
1200
1250
1250

59.5
5904
59.3
53.6
61.4
61,3
38.0
35.1

00442
0.0546
00471
0.0703
0.0824
0.1091
0.0285
o0.874

Interfac.
Area, cm; 2

16.66
16.69
16. 64
16.72
16-74
16.77
16:
16.66

Run
g. /cm. ) (min.)

92
93
94
95
96
97
98*
99*

43.4
3307
53,2
25.4
18.35
12-79
9.84
8.51

kL*
cmo/min.

IL03r)
0.992
1.353
0.959
0.812
0.748
0.150
0.398

1.029
o.986
1.344
0.949
0.811
0.748
0.149
0.393

*Runs 98 and 99 were rejected because the inlet concentrations were
considerably lover than saturation and decreasing comparatively
rapidly vith time, thus making the measured values of k* too low.

slot vidth =005 in. (Runs 92-96)

0.025 in (Runs 97- 99)

length = 1.88 cm.

_

k L*20
cm./mn,"
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TABLE 16.11

Desorption of Chlorine from Dilute Hydr'chloric Acid

Column 3D

V Temp. OC
Run g./min. Water AIr

25.0
25.0
2580
25.0
25.2
25.0
25.1
25.0
25.0
25.0

25.0
25.0
25,0
24.7
25.5
24.9
25.0
25.0
25.0
25.0

ReG Cl. Rate of De-
mmole/l. sorption

mm ole/m in.

400
400
400
400
400
390
370
370
390
370

11.80
11.63
11.49
11.37
25.5
25.0
25.2
25.2
25.3
40.2

0.279
0.233
0.1959
0.1729
0.410
0.460
0.573
0.696
0.707
0.801

Concen. of
HCI mole/i.

018

0.11
01.160
0.159

0.159
0.159

0.158

Interfac.
Area
cm

36.6
36.8
36.9
36.9
36.9
36.8
3687
36.6
36.5
36.8

r
g ./(cm. )(min.)

42.1
23.6
14.1
10.1
12.3
18.3
31.4
51.3
65.9
23.6

kL*
cm./rmin

0.645
0.545
0.463
0.412
0.437
0.500
0.619
0.756
0.767
o.543

k;*250
cm /in.

0.645
0.545
0.463
0.412
0.435
0.500
0.618
0.756
0.767
0.543

slot vidth = 0.025 in.

length = 4.14 cm.

100
101
102
103
1014
105
106
107
108
109

380
213
128

91
111
165
283
463
594
213

Run

100
101
102
103
104
105
106
107
1o8
109



402

TABLE 16.12

Desorption of Chlorine from Water
Column3

Temp].2. ReG C1 Rate of De- Interfac.
Water Air mmole/1.sorption Area

mmole/min. cm. 2

110*
111
112
113
114
115

116
117
118*
119
120

121
122
123
124
125

126
127
128
129
130

131*
132
133
134
135

136
137
138
139
140

213
380
213
127.5
66.8

58.9

94.0
165
283
380
213

128
66
53
91

165

283
435
380
213
128

66
66
53
91

165

283
473
380
213
128

26.8
26.4
26.2
26.1
26.0
25.9

25.5
25.2
25,0
25.0
24.9

25.0
24.9
24.9
24.9
25.0

25.0
25.0
25,1
25.1
25.0

25.2
25.2
25.2
25.0
25.0

25.0
25.0
24.7
24.9
25.0

28.7
26.8
26.9
26.7
26.7
26.5

26.7
26.5
26.2
24.5
24.5

24.5
24.7
24.8
24.8
24.9

25.0
25.0
25.8
25.5
25.2

25.2
25.2
25.1
25.0
25.0

25.0
25.0
25.0
24.8
24.7

900
480
480
430
430
430

430
430
430
430
430

44o
430
430
430
430

430
430
480
470
46o

460
460
460
470
480

480
480
530
510
510

40.4
12.40
11.93
11.63
11.67
11.57

11.78
11.67
11.71
28.8
28.1

29.5
29.0
29.1
29.4
29.6

29.6
29.6
21.0
20.1
21.0

21.0
21.8
21.6
21.5
21.6

21.6
21.5
48.9
50.3
49.5

slot vidth = 0.025 in. (except runs 111 and 112 where = 0.05 in.)
length = 4.14 cm. (except runs 111 and 112 where = 4.20 cm.)

*Run 110 rejected because of poor vetting and temperature control. This
run vas made only to check material balance.
*Run 118 rejected because of liquid overflowing from bottom slot into
calming section.

*Run 131 rejected because of incomplete vetting.

Run

o.980
0.0840
0.0673
0.0569
0.0499
0.0468

0.0550
0.0610
0.0902
0.329
0.319

0.319
0.243
0.222
0.276
0.327

0.361
0.399
0.221
0.178
0.155

0.122
0.153
0.145
0.168
0.186

0.207
0.235
0.955
0.862
0.736

vT
g./min,

36.8
37.2
37.3
36.9
36.9
37.0

36.9
36.8
36.7
36.6
36.8

36.9
36.9
37.0
36.9
-36.8

36.7
36.6
36.6
36.8
36.9

36.9
36.7
36.7
36.6
36.5

36.7
36.6
36.6
36.8
36.9
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TABLE 16 12 (Contd)

V ~Temp0oCAun g/min Water Air

141
142
143
144
145

146
147
148
149
150

151
152
153
154
155

156
157
158
159
160

161
162
163
164
165

166
167
168
169
170

91
91

128
165
165

283
424
380
213
128

91
111
165
283
463

558
380
213
128

91

111
165
283
463
594

380
380
380
380
380

25.0
25.1
25.1
25.1
2503

25.2
25.0
25.0
25.0
25.0

24.9
2409

25.0
25.0
25.0

25.0
25.0
25.0
25.0
2409

25.1
25.0
25.0
25.0
25.0

25.0
25.0
25.1
24.9
250

24.8
24.7
2407
24.5
24.7

2409,
25,0
25,0
24.9
2408

24.9
25.1
25.0
25,0
2409

24.9
24.7
25,0
25.0
24.6

24,7
25.1
25,0
25.0
25.0

25.0
2409
24.9
2409
25.0

ReG

530
500
480
48o
510

480
510
510
530
510

510
510
530
530
530

530
300
510
510
500

510
500
500
510
510

530
510
520
520
530

C'
mmoie/l.

49.5
49.9
50.1
50,0
49.9

49.7
49.7
7.75
7.32
8.28

8.16
8.37
8.33
8.35
8.31

8.26
6.31
6.05
6.07
5.94

6.07
6.40
6.25
6.16
6.09

3.78
5.02
7.49

10-72
14.82

Rate off
Desorption
mmole/min.

0.655
0.628
o.821
0.851
0.833

0.951
0.964
0.0284
0.0231
0.0266

0.0237
0.0260
0.0282
0.0316
0.0350

00351
0mo167
0.0134
0.0128
0o0116

0.0130
0.0154
0.0155
o.o166
0.0169

0.00430
0m00945
0.0247
0,0538
0.1044

Interfac.
area
Cu;2

36.9
36.6
36.6
36.5
36.8

36.7
36.6
36.6
36.8
36.9

36.9
36.9
36.8
36.7
36.6

36.5
3606
36.8
36.9
36.9

36,9
36.8
36.7
36.6
36.5

36.6
36.6
36.6
36.6
36.6

slot width = 0.025 in. (except runs
here = 0.0125 in.).

142 and 143

length - 4o14 cmo (except runs 142 and 143
here 4.11 cm.)
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TABLE 16.12 (contd.)

V Temp.0C
Run g./nin. Water Air

171
172
173
174
175

176
177
178

N9180

181
182
183
184
185

186
187
188
189
190

191
192
193
194
195

196
197
198

Outlet liquid

380
380
380
380
380

594
594
594
594
594

594
91

165
165
165

91
91

165
165
91

91
165
487
283
128

229
424
594

25.0
24.9
24.9
25.1
25.0

25.0
25.0
25.5
25.7
25.7

25.3
25.0
25.0
25.0
25.0

25.0
25.0
25.0
25.0
25.0

25.1
25.3
25.3
25.2
25.1

25.1
25.0
25.1

-, Rate of
ReG 1 Desorption

mmole/1. mimole/min.

25.0
25.0
24.9
24.9
24.7

25.1
24.8
25.3
24.9
25.0

24.7
25.0
25.0
25.0
25.0

24.9
24.9
24.8
24.9
24.8

25.0
25.1
25.1
25.0
25.3

25.2
25.3
25.0

slot width = 0.025 in.
length = 4.14 cm.

concentrations measured

540
510
530
510
500

520
510
520
530
510

530
370
370
370
390

370
390
390
390
390

390
390
400
400
400

400
400
400

18.12
25.8
39.3
70.5
77.8

7.46
13.05
20.1
29.2
48.4

67.7
6.30
6.27
4.04

12.34

12.16
19.75
19.76
28.2
27.7

73.1
72.9
74.2
71.3
67.7

66.5
75.4
72.8

0.1626
0.295
0.580
1.880
2.00

0.076
0.0997
0.225
0.4108
0.910

1.526
0.0128
0.0143
0.00458
0.0678

0.0573
0.1420
0.1665
0.332
0.288

1.356
1.745
2.44
1.972
1.464

1.534
2.48
2.28

for three runs.

Run 110, C 2 = 40.4 mmole/1.

Run 121, C2 = 26.9 mmole/l.

Run 173, C2 = 37.7 mmole/1.

Interfac.
Area
Cm.2'

36.6
36.6
36.6
36.6
36.6

36.5
36.5
36.5
36.5
36.5

36.5
36.9
36.8
36.8
36.8

36.9
36.9
36.8
36.8
36.9

36.9
36.8
36.6
36.7
36.9

36.7
36.6
36.5
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TABLE 16 .12(dontd)

.n.r

110*
111
112
113
114
115

116
117
118*
119
120

121
122
123
124
125

126
127
128
129
130

131*
132
133
134
135

136
137
138
139
140

k .
cmj'min. Mi~

23.6
42.1
23.6
14.14
7.41
6.53

10.42
18.3
31.4
42.1
23.6

14.1
7.32
5.88

10.1
18.3

31.4
48.2
42.1
23.6
14.1

7.32
7.32
5.88

10.1
18.3

0.659
0.182
0.151
0.133
0.116
0.109

0.127
0.142
0.210
0.312
0.309

0.294
0.227
0.206
0.254
0.300

0.332
0.368
0.287
0.241
0.201

0.157
0.192
0.183
0.214
0.235

0.262
0.298
0.534
0.466
0.403

31.4
52.5
42.1
23.6
14.1

0.638
0.178
0.148
0.130-
0.114
o.108

0.126
0.142
0.210
0.312
0.310

0.294
0.227
0.207
0.255
0.300

0.332
0.368
0.287
0.240
0.201

0.157
0.191
0.183
0.214
0.235

0.262
0.298
0.537
0.466
o.403

C0 1 #
1.211
o.804
0.698
0.632
0.551
0.526

o.601
0.685
1.012
0.708
0.714

0.657
0.514
0.465
0.571
0.670

0.741
0.821
o.804
0.698
0.562

0.440
0.521
0.501
0.590
0.644

0.718
0.822
0.939
0.807
0.701

2.18
1.15
1.26
1.40
1.58
1.59

1.50
1.37
1.62
1.01
1.29

1.46
1.48
1.47
1.45
1.34

1.19
1.11
1.15
1.26
1.25

1.27
1.50
1.58
1.50
1.29

1.15
1.07
1.34
1.45
1.55

*Run 110 rejected because of poor vetting and temperature
This run was made only to check material balance.

control.

*Run 118 rejected because of liquid overflowing from bottom slot into
calming section.

*Run 131 rejected because of incomplete vetting.
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r
g0/(cm,.)(min )

10.1
10.1
14.1
18.3
18.3

Run

141
142
143
144
145

146
147
148
149
150

151
152
153
154
155

156
157
158
1.59
160

161
162
163
164
165

166
167
168
169
170

k
cmo .min,

0.359
0.343
0.448
0.466
0.454

0.522
0.530
0.100
0.0859
o.0873

0.0787
oo0843
0.0921
0,103
0.115

0.116
0.0724
00603
0.0570
0.0531

0.0580
0.0652
0.0674
0.0737
0.0760

0.0311
0.0514
0.0901
0.137
0.192

kL 250
cm. jiin

0.359
0.343
0.447
0.465
0.451

0,520
0.530
0.100
0.0859
0.0873

0.0788
0o0845
0.0921
0,103
0.115

0.116
0.0724
o.0603
0.0570
0.0532

0.0579
0.0652
0-0674
0.0737
0.0760

0.0311
0.0514
0.0900
0.137
0.192

250
cm./min.

0.624
0.595
00774
o.806
0.784

0.903
0.902
0.813
0.757
o.647

o596
0.617
0.678
0.755
0.849

o.864
0.796
0.709
o.666
0,642

0.677
0.702
0.752
0.841
o,883

0.805
o.816
0.767
0,732
0,726

406

(Contid)

31.4
47.0
42.1
23.6
14.1

10.1
12.3
18-3
31.4
51.3

61.9
42.1
23.6
14.1
10.1

12.3
18.3
31.4
5L.3
65.9

42.l
42.1
42.1
42.1
42.1

1.58
1.51
1,72
1.61
1.56

1.45
1.23
1.16
1.36
1.43

1.51
1.45
1.35
1.21
1.12

1.06
1.14
1.28
1.48
1.63

1.59
1.40
1.21
1.11
1.05

1.15
1.16
1.09
1.04
1.04
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TABLE 16.12 (coritd)

g./(c.)(m)it.Run

171
172
173
174
175

kL

cm./inn

0.245
0.312
0.403
0.728
0.703

0.101
0.209
0.306
0 .383
0.514

42.1
42.1
42.1
42.1
42.1

65.9
65.9
65.9
65.9
65.9

65.9
10.1
18.3
18.3
18.3

10.1
10.1

18.3
10.1

10.1
18.3
54.0
31.4
14.1

25.4
47.0
65.9

kL,25 0
cm./rnin.

0.245
0.313
o.4o4
0.727
0.703

0.101
0.209
0.303
0.378
0.509

0.614
0.0552
0.0619
0.0308
0.149

0.128
0.195
0.229
0.320
0.282

0.502
0.647
o.896
0.751
0.586

0.627
0.892
0.858

'2250
dni./in

0.772
0.760
0.777
1.118
1.051

o.868
0.897
0.875
0 .851
0.895

0.957
o.6o8
0.687
0.710
0.680

0.590
0.572
o.672
0.734
0.655

0.764
0.987
1.358
1.151
0.914

0.982
1.345
1.308

0.617
0.0552
0.0619
0.0308
0.149

0.128
0.195
0.229
0.320
0.282

0.503
0.651
0.901
0.753
0.587

0.628
0.892
0.859

176
177
178
179
180

181
182
183
184
185

186
187
188
189
190

191
192
193
194
195

196
197
198

1.10
1.08
1.11
1.59
1.50

1.03
1.07
1.05
1.01
1.07

1.14
1.54
1.37
1.42
1.36

1.50
1.45
1.34
1.46
1.66

1.94
1.97
1.75
1.85
2.03

1.72
1.84
1.56
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CHAPTER 17

Recalculation of Pseudo-Coefficient from
Data of Vivian and Whitney

It was found by de Nicolas (79), in studying the data of
Vivian and Whitney (101), that they used a logarithmic mean
"pseudo-driving force to calculate their pseudo-coefficients.
De Nicolas recalculated some pseudo-coefficients using graphical
integration, and found considerable differences, especially at
the lower flow rates. For this reason, all of Vivian and Whitney's
runs are recalculated in this chapter.

It is possible to calculate the pseudo-coefficient without
using a "pseudo-operating line" as was suggested by Vivian and
Whitney (L). This may be done by using partial pressure driving
forces rather than molecular chlorine driving forces, as follows.

The pseudo coefficient is usually found by application of
eq. (17.1),

2
L d C

kLoa =(17-1)
kL a - QZ (Ai-Ao )

where 1 and 2 refer to the bottom and the top of the column,
respective2y. If P is the partial pressure of chlorine in the
gas, and PO is the partial pressure of chlorine which would be
in equilibrium with the bulk of the liquid, we have

Ai HP (17.2)

and

Ao HPo (17.3)

whence 2
L d C

kLoa (17.4)

1 Za(P-PO)

The trapezoidal rule was used to carry out the integration.
A sample calculation follows.
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Run No. '62

Temp. = 70OF
L = 9,200 lbs./(hr.)(ft. 2 )
Z = 2.25 ft.

C1 = 9.0 x 10-4 lb. moles/ft.3

Pl a 0.197 atm.

P2  0.168 atm.

Then, from material balance,

P =0.168 + 0.197-016 CO
9.0 x 10~ C

(17.5)

At 70 F, H = 0.00447 lb. moles/(ft. 3 )(atm.)

11.2 x 107 (lb. moles/ft. 3 )2

(Found by interpolation of Vivian and Whitney's values (101).)

Then, a plot of Po vs. CO vas made, using

CO - HPO + (VHPo) 1/3 (17.6)

Next, a table was constructed. P was calculated from eq. (17.5),
vhile PO was obtained from the plot.

4
CO x 10

0,0
1.0
2.0
3.0
4.0
5.0
6.0
7.0
8.0
9.0

P P0 P-Po l/(P-Po)

0.168
0.171
0.174
0.178
0.181
0.184
0.187
0.191
0.194
0.197

0.000
0.000
0.002
0.004
0.009
0.016
0.024
0.033
0.044
0.056

0.168
0.171
0.172
0.174
0.172
0.168
0.163
0.158
0.150
0.141

5.95
5.85
5.81
5.75
5.81
5.95
6.13
6.33
6.67
7.09

The trapezoidal rule gives

2 dC
-=0 l

P- PO
1 4

-4 [1/2(5.95)+ 5.85 + 5.81+ 5.75

+ 5.1+ -- 5.95 + 6.13 + 6.33

+ 6.67 + 1/2 (7.09)

= 54.82 x 10-4
11
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Using the logarithmic mean gives

,2 = 58.1 x 1 0-4
P-PO

20 0 = 1 4 6 7 x 1 0 4

From eq. (17.4),

kLOa = L.467 (54.82) = 80

Using the logarithyric mean gives 1.467 (58.1) = 85

Table 17,.l summarizes the calculations for all the runs
made at 700 F. The :un numbers correspond to the numbers used
b7 Vivian and Whitney.

-JA , =
, ZH
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TABLE i7-1

Absorption of Chlorine in Water in Packed Column --
Recalculation of Pseudo-Coeffficient

Data of Vivian and Whitney (101).
Temp. = 700 F.
Packing = 1" Raschig rings.

L CJx104  P1
Run lb./(hr)(ft 2 ) lb.moles/ft3 atm.

1*
2*
3*
4*
5*

3,160
3,130
1,890
1,010
1,400

2,390
3,950
5,800
7,600
2,420

10,9100
13,600
19,000
25,200
21,300

18,000
15,400
12,300
1,960
3,450

5,400
8,700
5,000
5,000
5,000

6*
7*
8*
9*

10*

11*
12*
13*
14*
15*

16*
17*
18*
19*
20*

21*
22*
23
24
25

13.4
10.7
11.2
12.5
15.7

11.3
9.3
8.6
7.9
9.4

7.8
8.6
6.9
4.8
6.2

7.8
7.5
8.1

11.5
9.3

8.8
6.9
11.2
10.7
10.6

0.197
.196
.17'1
.163
.232

.171

.161

.161

.156

.118

.194
.220
.209
.156
.191

.203

.194

.193

.162

.154

.160

.146

.182

.168

.168

P2 a'0
atm. fp O

0.183
.184
.164
.159
.226

.161

.147

.143

.134

.109

.166

.178

.156

.112

.142

.153

.148
0156
.155
.142

.142

.124

.141
.140
.148

94.6
66.4
83.5

107.5
97.5

85.4
69.7
63.7
60.2

103.4

46.7
47.1
40.1
37.1
39.1

47.3
47.2
5005
94.0
73.3

66.2
55.2
85.3
85.2
81.7

(continued on next page)

*Runs 1-22, C1 refers to the analysis of sample taken at the
base plate. Z was taken as 2.00 ft. For all other runs, Ci
to analysis of trap sample and includes end effect, so Z -as
taken as 2.25 ft.

refers

kLoa

54
37
28
19
24

37
49
66
82
45

85
115
141
167
150

154
130
111
33
45

64
86
68
68
65
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TABLE 17.1
(Contd. )

L Cl x 104  P1
Run 'lb./(hr)(ft 2 ) lb.moles/ft 3 atm.

26
27
28
29
30

31
32
33
34
35

36
37
38
39
40

41
42
43
44
45

46
47
48
49
50

62
64
65
66
67
68
69
70

5,000
5,000
5,000
5,000
9,000

9,000
1,960
2,000
5,000
9,000

2,000
2;000
9,000
2,700
3,700

6,700
1,450
1,300

910
12,200

15,600
18,300
22,500
28,000
28,000

9,200
9,300
9,300
9,300
9,300
9,300
9,300
9,300

9.4
11.2
11.7
11.2
8.8

9.5
13.3
1304
11.9
10.0

13.6
16.7
9.9

13.7
12.7

11.7
15.4
15.5
15.8
9.3

8.2
8.4
7.4
6.7
6.9

9.0
6.3

10.3
1405
10.1
13.4
8.5
5.9

.139
.166
.168
.160
.150

.177

.165

.160

.203

.199

0178
.236
.221
.190
.194

.216

.188

.185

.185

.210

.206

.220
.227
.232
.229

.197

.119

.213

.342

.237

.290

.181

.128

kL0 aP2 - _

atm. p- PO

.126

.154

.167
-156
.144

.163

.161
.158
.197
.177

.170

.211

.158

.177

.177

.188

.180
.176
.18o
.170

.161

.166

.171

.169

.163

.168

.096

.180
.300
.204
.248
.152
.107

82.9
94.7
90.2
90.4
68.6

64.1
119.9
128.5
73.1
60.9

112.2
111.9
59.1
99.0
88.8

69.5
136.7
144.3
152.1
54.5

48.6
47.3
39.5
35.2
37.2

54.8
63.4
60.1
53.4
51.4
59.3
56.6
53.3

66
76
72
72
98

92
37
41
58
87

36
36
85
43
52

74
32
30
22

106

121
138
142
157
166

80
94
89
79
76
88
84
79
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CHAPTER 18

Location of Original Data

The original data upon which this thesis is based

may be found in the office of Professor J. E. Vivian,

Department et Chemical Erginee ri ng, Massachusetts Institute

of Technology, Cambridfge 39, Massachusetts,
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CHAPTER 19

NOMENCLATURE

A concentration of A (component being absorbed),
moles/cm.3

Ai H Airy integral

a interfacial area per unit of packed volume, ft 9"

a, scale factor relating voltage to m. (electronic computer)

a, area for mass transfer, cm.

B concentration of B, moles/cm.3

B.C. Boundary Condition

Bi Airy integral

b Bi/B

b, scale factor relating voltage to p (electronic computer)

C "total" concentration, A + E, moles/cm. 3

c constant of integration

cosh hyperbolic cosine

D diffusivity in the liquid, cm.2/sec.

Do diffusivity at zero concentration, cm.2/sec.

E, -concentration of E. moles/cm. 3

x
erf error function. erf(x) =f exp(-u2)du

0
erfc complement of the error function. erfc(x) * 1 - erf(x)

exp exponential function. exp(x) eX

F concentration of F, moles/cm. 3

f friction factor

G concentration of S0 + concentration of HAN5s,
moles/cm.3

g acceleration due to gravity, cm./sec.2
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H Henry's law constant, = A/P (or C/P when chemical
reaction is absent), moles/(cm.3 )(atm.)

h height of wetted-wall column, cm,

m nF 7-
I - - -

DA E

i /-~1

J (K+1)/(DA+KDE)

K equilibrium constant, =k/k9

K equilibrium constant for chlorine-water system,

[HOC 1] F [C 1-1/ [C 1.1

K equilibrium constant for sulfur dioxide-water system,

H[SO3J/SOaJ - (Neglects existence of H 2S03 -)

Kw equilibrium constant for dissociation of water, [H+J [OHC

k M// /(1-b) '/3

kL "total" coefficient (see Sec. 8.19), cm./sec. (Sometimes
called normal coefficient.)

O psuedo-coefficient (see Sec. 8.19), cm./sec.

kL* physical coefficient (see Sec. 8.19), cm./sec.

k, forward rate constant, units of moles, cm., and sec.

k2  reverse rate constant, units of moles, cm., and sec.

L effective length of diffusion path in diaphragm, cm.
Also, liquid flow rate in packed column, lb./Thr.(ft

Laplace transform

inverse Laplace transform

M B R2xf = kBoxfs/DA

m forward rate constant for the reaction Cl2+H2 0:H0HC1+H +01

NA rate of absorption of A, moles/(cm.2)(sec.)

NxsA rate of transfer of A across a plane parallel to the inter-
' face, and at a distance x from it, moles/(cm.2)(sec.)

n reverse rate constant for the reaction Cl2+H20VHOC1+H++c1
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P partial pressure of component being absorbed, atm.

P* partial pressure of component being absorbed in equili-
brium with bulk of liquid, atm.

p transform variable corresponding to t, sec. 1

Q (da/dx)..o - f (da./ X-)

q (DAA i)/(DBB0)

q' 2(DAAi)/(DBBO)

R + 5- used for first order reactions, cm.

Re Reynolds number, 4rhv P/4

r ratio of volume of pores of diaphragm to the volume of
the lower compartment of the diaphragm cell.

rh hydraulic radius, ratio of cross-sectional area of
fluid to wetted perimeter, cm.

S (k1+ka+p)/D

s effective area for diffusion through pores in
diaphragm, cm.

sinh hyperbolic sine

T \ pVD

t time, sec. (also, time of exposure) (Also, temperature)

tanh hyperbolic tangent

kUBi kaFi
A E

V volumetric rate of flow, cm. /sec.

V' volume in lower compartment of diaphragm cell, cm.3

V"t volume in upper compartment of diaphragm cell, cm.3

v downward velocity of liquid, cm./sec.

Ao-Ai EO-Ei
k DE DA

kIB kFi

DA D
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AO-A E -E i
nF +----- + ---- )

W' i DE DA2(. +

DA DE

w temperature coefficient of absorption or desorption
rate, (O0C)~

x distance in the liquid from the interface, cm.

x film thickness, cm.

kiBi k2

DA D
A E

y vertical distance in downward direction, cm.

k2F i + Ei
S DE DA

kiBi kaFi
D+7DA DE

nF 2 (Ai + )
ZI i DE DA.

A DE

z height pf packing in packed column, f t.

(A-A )/(A -A )
0 i o

diaphragm cell constant, (l/V')+(l/v")1(s/L), cm.
Also, BB 0(Chap. 14)

r mass flow rate per unit perimeter, g./(cm.)(sec.)

y AC/ dC - 1 (see eq. (11.23))

A diff erence between lower compartment and upper com-
partment in diaphragm cell.

volume of holdup per unit interfacial area, also
thickness of liquid layer, cm.

E (E -E 0 )/(A -A0 )

9 Dh/(6 vi)

X k [b + (1-b)x/xfI
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p viscosity, g./(cm.)(sec.)

42 ps ... ,e gain constants of components of
electronic computer

IT 3.1415926..

p density of liquid, g ./Om. 3

7' scale factor relating time to P (electronic computer).
Also, shear force per unit area at the interface (Chap. 13).

kL/kL*

quantity defined by eq. (8.227)

Subs ts

A, B, E, F refers to components A, B, E or F.

f refers to final conditions in the diaphragm cell
(exception, xf)

H refers to homogeneous solution of an ordinary linear
differential equation

i refers to interface

Inst instantaneous

int refers to integral or average value

0 1. Film Theory of Absorption I refers to bulk of liquid
2. Penetration Theory of Absorption: refers to conditions
at beginning of time of exposure.
3. Diffusion Studies in Diaphragm Cell: refers to initial
conditions. (Exception: Do)

P refers to a particular solution of an ordinary linear
differential equation

1 refers to inlet liquid stream

? refers to outlet liquid stream

Superscripts

refers to lower chamber of diaphragm cell

refers to upper chamber of diaphragm cell
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