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The effect of various soluble and insoluble surface active agents on the absorption of ammonia 
into a static aqueous system was studied. Saturated straight-chain hydrocarbons with four to 
twenty-two carbon atoms and polar end groups were selected as the surface active agents to be 
studied. Alcohol, amine, and amide end groups were investigated. Most of the insoluble surface 
active agents, which were studied as films, were found to decrease the ammonia absorption 
rate. There was a definite correlation between the amount of mass transfer reduction and the 
hydrocarbon chain length, while the effect of the various end groups appeared to depend on 
the chain length. Surface mass transfer coefficients were computed for each surface active 
agent that retarded mass transfer. Most of the soluble surface active agents were found to in- 
crease the ammonia absorption rates. For all  cases of enhanced mass transfer, movements in 
the interface could be observed. It was concluded that the interfacial movements were caused 
by the Marangoni effect. In  general, as the chain length of the surface active agent decreased, 
the mass transfer enhancement increased. A mathematical model based on a surface renewal 
theory was fitted to the experimental data. 

The effect that surface active agents have on interphase 
mass transfer is of interest for two main reasons. First, 
most commercial process liquids inadvertently contain sur- 
face active agents, which may drastically affect the mass 
transfer rates in distillation towers, absorbers, etc. ( 1 2 ) .  
Second, insoluble surface active agents have been used for 
several years to retard the evaporation of water from reser- 
voirs, a practice of considerable value in arid climates 
( 3 0 ) .  

It has been generally concluded that the addition of a 
surface active agent to a system reduces the interphase 
mass transfer per unit area for that system. Two mech- 
anisms have been proposed to explain the reduction, the 
hydrodynamic mechanism and the barrier mechanism. The 
hydrodynamic mechanism postulates that surface active 
agents alter the hydrodynamics of a flow system and that 
this alteration is the prime cause of mass transfer reduc- 
tion. The barrier mechanism proposes that surface active 
agents physically block interphase mass transfer in addi- 
tion to exhibiting the hydrod namic effect. 

Both static and flowing L i d s  have been employed to 
study the effect of monolayers in interphase gas transfer. 
Relatively few investigators have studied static gas-liquid 
systems. This method, in principle, would appear to be 
an excellent one to detect any barrier mechanism of mass 
transfer reduction, since hydrodynamic factors are ex- 
cluded. Blank and Roughton (5) and Blank ( 4 )  investi- 
gated the effect of insoluble monolayers on the absorption 
of several gases by water or chemically reactive solutions 
and reported that no convective instability developed dur- 
ing the contact times they used. Several insoluble monolay- 
ers were found to be effective in retarding mass transfer, 
while a few films had no effect. 

Hawke ( 2 4 ) ,  Hawke and Parts (26),  Hawke and Alex- 
ander ( 2 5 ) ,  Hawke and White ( 2 7 ) ,  and Hawke and 
Wright (28)  allowed radioactive H2S35 and C1402 to dif- 
fuse out of a static water layer which was covered with 
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an insoluble monolayer, and mass transfer rates were de- 
termined by radioactive counting techniques. Stable mass 
transfer took place for all times. The authors found that 
some monolayers retarded mass transfer, while others had 
no effect. Harvey and Smith (23)  used an interferometric 
technique to measure liquid-phase concentrations as carbon 
dioxide absorbed into a static water phase. The soluble 
surface active agents Lissapol-N and Teepol were found 
to decrease the mass transfer rate for this system. Very 
short contact times were considered, so that convective 
instability was avoided. 

Sada and Himmelblau (37)  measured the effect of 
several insoluble monolayers on the desorption of gases 
from a static water phase. The use of desorption tech- 
niques provided stable mass transfer for all times. Mass 
transfer rates were found to be reduced by as much as 
40% at high surface pressures. 

The most recent work on static gas-liquid systems is that 
of Plevan ( 3 5 ) ,  who measured the effect of several insolu- 
ble monolayers on the absorption of sulfur dioxide by 
water. Stable mass transfer took place for the first several 
seconds, after which convective instability became pro- 
nounced. The author measured a barrier type of mass 
transfer reduction during the first part of the experiment 
and the combined barrier plus hydrodynamic type of re- 
duction for the remainder of the experiment. 

Numerous flow systems have been used to study the 
effects of surface active agents in gas-liquid systems. The 
conclusions drawn from the use of a stirred liquid phase 
( 1 ,  17, 20, 31)  are that any barrier type of mass transfer 
reduction is confounded with the hydrodynamic effects. 
Laminar liquid jets (15, 36, 4 0 )  and falling liquid films 
(14, 19, 29, 32, 34) have produced results with varying 
interpretations as to the existence and extent of a barrier 
type of mechanism of reduction. Perhaps the most com- 
plicated flow regime for studying surface active agents is 
that of gas bubbles in a liquid phase (3, 9, 18, 21, 33, 
39, 41, 4 2 ) .  Experiments analogous to those for gas-liquid 
systems have also been performed for liquid-liquid systems, 
including stirred liquid phases, laminar liquid jets, liquid 
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Fig. 1. Experimental apparatus (equipment in dashed lines used for 
differential absorption measurement). 

drops in a contiguous liquid phase, and two static liquid 
phases. But, in general, the conclusions drawn from these 
studies as to the extent of a barrier type of reduction are 
indeterminate. 

I t  was desired to study the effect of surface active agents 
on interphase mass transfer in a static gas-liquid system 
which was free of convective instabilities for all contact 
times. With such a system, insight could be gained into 
the barrier mechanism of mass transfer reduction for both 
soluble and insoluble surface active agents. Mathematical 
models would then be formulated to describe the experi- 
mental results. 
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MASS TRANSFER SYSTEM 

A static water phase was selected to study the effect of 
surface active agents on mass transfer because a constant 
surface concentration of surface active agent could be 
maintained throughout an experiment, both insoluble and 
soluble surface active agents could be studied, and no 
hydrodynamic factors would be present to confuse the 
evaluation of the barrier mechanism of mass transfer 
reduction. 

Ammonia gas was selected as the gas phase for two main 
reasons. First, ammonia is very soluble in water; therefore, 
high rates of mass transfer could be expected. The most 
important reason for the selection of ammonia arose from 
hydrodynamic stability considerations, however. Ammonia 
has the desirable property that ammonia solutions in water 
become less dense as the ammonia concentration increases. 
Therefore, as ammonia absorbs into water and the solution 
near the interface becomes more concentrated in ammonia 
than in the bulk, the liquid near the interface becomes less 
dense than the underlying liquid, and there is no tendency 
for convection currents to be set up because of density 
differences, as will occur with carbon dioxide and most 
other gases. 

A constant volume technique in which the system was 
closed with respect to volume and the pressure of the 
chamber measured as it decreases with time was selected 
for the study because it was the easiest to execute experi- 
mentally. 

Figure 1 presents the equipment diagram. The cylindri- 
cal gas chamber C1 was constructed of 5-in. stainless steel 
pipe. 

A volume of 250 cc. of water was placed in a cylindrical 
polyethylene dish so as to fill the dish to within Ya in. of 
its top. Polyethylene was used in order to prevent conden- 
sation of water vapor on the exterior container surface. 
Water condensate would absorb ammonia, causing er- 
roneous determinations of mass transfer rates to be made. 
In order to prevent condensation on the gas chamber and 
sight glass, they were heated prior to an experimental run 
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Fig. 2. Typical absorption curve run number 1. Original water tem- 
perature = 25.5"C. 

to approximately 3°C. above room temperature. 
Water for use in the mass transfer experiments was 

initially degassed by pulling a vacuum on the liquid while 
stirring it with a Teflon coated magnetic stirring bar. After 
degassing, the water was placed under vacuum in a con- 
stant temperature bath maintained at 25.5"C. 

PROCESS MODEL 

From the microscopic transport phenomena viewpoint, 
diffusion takes place in the two phases and across the inter- 
face. The microscopic equations of change must be written 
for the two phases and the interfacial condition given as 
a boundary condition to describe the mass transfer system 
properly. A commonly used interfacial boundary condition 
in the microscopic description is that equilibrium exists at 
the interfacial boundary. Equilibrium at the interface is 
equivalent to having no interfacial resistance. Under the 
usually encountered conditions, it is generally concluded 
that equilibrium exists at the interface of liquid-gas sys- 
tems that contain no surface active agents ( 2 3 ) .  

The mathematical model for the mass transfer of am- 
monia into pure water is the ammonia mass balance written 
for the aqueous phase. A gas-phase ammonia balance is 
not needed, since no concentration gradients are present 
in the gas phase because no inert gases are present except 
the small amount of water vapor in equilibrium with the 
water phase. 

It can be calculated that the reaction of ammonia with 
water is negligibly small, and it is assumed that the only 
pertinent diffusion is that perpendicular to the liquid-gas 
interface. 

As ammonia diffuses into the liquid phase, the liquid 
expands slightly and the interface moves vertically up- 
ward, causing the location of the interface to vary with 
time. Hartley and Crank (13, 22) have introduced a co- 
ordinate system which was found to be very useful in 
describing this type of moving boundary problem. A new 
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Fig. 3. Experimental data for czz, Czo, Cis, cis, cio, cs, Ce, and 
C4. Alcohols a t  25.5"C. (Surfaa pressure in dynes/cm. in 

parentheses.) 

coordinate f is defined such that equal increments of f 
contain equal amounts of water. The new coordinate system 
expands with the swelling liquid ase such that each 

ing the transfer. Therefore, the velocity of the water in 
the f coordinate system is zero. 

In the t coordinate system 

particle of water has the same coor ih nate at all times dur- 

Details of the derivation can be found in references 6, 
13, and 22. 

An effective diffusion coefficient is defined by 

D E =  (F+i) CB DB 

and is assumed to be a constant, The value of (CB/CW) 
varied from 0 to 0.45 in this e rimental work; however, 

to be constant. 
an analytical solution is preclu T ed unless DE is assumed 

The mass balance assumes the well-known form 

(3) 

and the boundary and initial conditions are ' 
Initial condition: 

CB=Co,  e>o,  t = O  (44 

CB=Co,  t+ 00, t > O  (4b) 

CB = co + H1p + Hzp2, f = 0, t > 0 (4c) 

Boundary condition 1: 

Boundary condition 2: 

Gas-phase mass balance: 

m-= dP DEA( --> a c B  

dt ae E=o 

Initial condition: 
p = p o ,  t = O  (5b) 

The initial condition, Equation (4u), specifies a uniform 
initial concentration of ammonia in the liquid, CO. For 
this study, Co was equal to zero. Boundary condition 1 
given by Equation (4b) is the usual semi-infinite boundary 
condition, which means that the depth of penetration of 
the solute is less than the liquid depth. The interfacial 
boundary condition, Equation (4c), specifies that the in- 
terfacial liquid is in equilibrium with the ammonia at 
pressure p at ail times. In the range of gas pressures of 
15 and 80 cm. Hg, the concentration of aqueous ammonia 
and the ammonia gas pressure does not obey Henry's law. 
As a result, a nonlinear relation, Equation (4c), is required 
for the interfacial boundary condition to represent the 
equilibrium properly. The interphase mass balance, Equa- 
tion (5a) , equates the instantaneous change in the amount 
of ammonia in the gas phase to the instantaneous inter- 
facial flux of ammonia into the liquid phase. Thus, the gas- 
phase pressure is given as a function of time. Burrows 
and Preece (7) have used an interphase mass balance 
similar to Equation (5u) to describe constant volume mass 
transfer. 

The technique used to solve the mathematical model is 
a modification of the series solution method of solving 
ordinary differential equations. It was realized that a solu- 
tion to the component mass balance, Equation (3), sub- 
ject to conditions of Equation (4) could be obtained if 
the right-hand side of Equation (4c) were only a function 
of the independent variable t. To force boundary condi- 
tion 2 into this form, it was assumed that the pressure could 
be expressed as a power series in t% which converged in 
some region 0 t T: 

W 

p = 2 ajtj12 (6) 
1=0 

The coefficients uj are specified by Equations (7) to (10). 
The series solution technique proved to be successful, 

(46.1 

t (seconds ) 
Fig. 4. Experimental data for c14 and C12 alcohol at 25.5"C. (Sur- 

face pressure in dynes/cm. in parentheses.) 
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and the solution of the mathematical model given by Equa- 
tions (3), (4), and ( 5 )  was determined to be (6) 

5-1  - i + 2  
00 

CB = co - - H1 2 air (,- ) ( 4 t )  2 

K-I=I 

[ i5-1 erfc ( &<) ] 
01 

3=0 

The recursion relationship between the coefficients is given 
below: 

a0 = Po 

a 

r(1)  ~ d i F  
a1 = - [C" + HlUO + Hzuo2 - Col 

and the solution of the mathematical model given by Equa- 
tions (3), (4), and ( 5 )  was determined to be (6) 

I 
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5-1  u. m / n ' 1 9  \ - 1 
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Fig. 6. Experimental data for C& alcohol a t  25.5"C. (Surface pres- 
sure in dynedcm. in parentheses.) 

uj = 

j-1 5 - 1  1 
+ H~ aka, for i A 2 ( g c )  EXPERIMENTAL RESULTS FOR ABSORPTION WITHOUT 

k=O m=O SURFACE ACTIVE AGENTS 

J Two parameters, PO and DE of Equations ( 8 )  and (9). 
k + m = i - 1  

where 
j-1 j-1 

akam = a&-1 + alaj-2 + a2uj-3 + . . . 
k=O m=O 
k + m = I - ;  

aj-& + aj-za1 + aj-lao ( 9 4  
The notation inerfc(u) is used to indicate a particular 
function, the nth repeated integral of the error function (8). 
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Fig. 5. Experimental data for cs and c 6  alcohol a t  25.5"C. (Sur- 
face pressure in dynedcm. in parentheses.) 

were dgtermined bi -a statistical fig of the kxperimental 
data. The values of po and DE which minimized the cri- 
terion sp were selected as the best values of those parame- 
ters, where 

The minimization was carried out on a digital computer 
employing the Hooke and Jeeves direct search procedures 
as modified by Anthon and Himmelblau ( 2 ) .  

ment in which the fitted parameters po and DE were deter- 
mined to be 79.8 cm. Hg and 1.23 x sq.cm./sec., 
respectively. The average value of the effective diffusion 
coefficient DE determined from twenty-two experiments 
at 25.5"C. was 1.27 x sq.cm./sec. with a standard 
deviation of 3.3 x 10-7. 

Using an infrared technique, Chiang (10) measured the 
surface temperature of a laminar water jet as it absorbed 
ammonia at pressures of 1 atm. It  was found that the 
surface temperature rose to a maximum of 22°F. higher 
than the original bulk temperature. A large temperature 
effect was to be expected during the absorption of am- 
monia by water, since a large quantity of ammonia dis- 
solves in the water phase releasing its heat of solution. Sup- 
pose it is assumed, as in the work of Chiang and Toor (U),  
that the surface temperature of the static water phase 
was constant with time but at a higher value than the initial 
bulk temperature. This assumption alters only one part of 
the mathematical model, namely, the equilibrium relation 
between the surface liquid and the pressure of ammonia, 
which would be different at a higher temperature. Thus, 
all that needed to be done to correct the model for the 
temperature effect was to change the constants C", H i ,  and 
H 2  to the appropriate values. By using the equilibrium 

Figure 2 presents t hy e results of an absorption experi- 
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relationship at 100°F. and the data in Figure 2, it was 
found that the fitted parameters po and DE had the values 
80.9 cm. Hg and 2.37 x low5 sq.cm./sec., respectively. 
Chiang and Toor (11)  report the diffusion coefficient in 
the x coordinate system D for ammonia transport into 
water to have the value 3.55 x lod5 sq.cm./sec. at 104°F. 
The difference in magnitude of the two diffusion coeffi- 
cients can be explained as follows. Hartley and Crank 
(13, 22) report the relationship between the diffusion co- 
efficient in the x coordinate system D and the diffusion 
coefficient in the 6 coordinate system DB to be 

DB = D (C" V,) (1la) 

A combination of Equations (2) and ( I la)  gives the re- 
lationship between D and the effective diffusion coefficient 
DE: 

The average ammonia partial pressure in Figure 2 was 43 
cm. Hg and use of the values of CB, Cw, Cv, and VW cor- 
responding to this pressure at 100°F. yielded a value of 
( D E / D )  of 0.65 as compared with the value of (2.37 x 
10-5/3.55 x or 0.67 calculated from experimental 
diffusion coefficients. Thus, Equation ( l l b )  describes the 
relation between DE and D. 

It was found that no improvement in the statistical fit 
of the data was obtained by assuming the surface tempera- 
ture to be 100°F. instead of 78°F. Consequently, the 
solution to the isothermal mathematical model, Equation 
(8),  with an interfacial temperature of 78°F. was used in 
all subsequent calculations for three reasons. First, the 
isothermal mathematical model at a surface temperature 
of 78°F. converged for longer contact times than the model 
at a surface temperature of 100°F. Second, since the sur- 
face temperature of the water surface was never measured, 
the selection of a surface temperature would be arbitrary. 
Third, the purpose of this study was not to measure the 
diffusivity of ammonia in water. Rather, the purpose was 
to detect any change in the absorption of ammonia by 
water when surface active agents were added to the water 
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Fig. 7. Experimental data for CI~, C14, and Cs amide a t  25.5"C. 
(Surface pressure in dynes/cm. in parentheses.) 

phase. Therefore, the solution of the isothermal model at 
a surface temperature of 78"F., even though it had limita- 
tions, was adequate for the purposes of this study. 

MASS TRANSFER TO WATER CONTAINING A SURFACE 
ACTIVE AGENT 

Saturated straight-chain hydrocarbons of four to twenty- 
two carbon atoms with polar end groups were selected as 
the surface active agents to be studied. Three end groups 
were chosen to be investigated: alcohols, amines, and 
amides. 

Since previous investigators had shown that the effect of 
some surface active agents on mass transfer was quite 
small, it was desirable to construct a differential pressure 
experimental apparatus which could measure such small 
effects. The apparatus is shown in Figure 1, with the 
second cell and auxiliaries shown in dashed lines. The 
cells were interconnected by a differential manometer. In 
order to insure that both cells were of equal volume, blank 
runs were made in which pure water was placed in each 
compartment. Simultaneous mass transfer experiments 
were carried out with one container holding water with 
a surface active agent and the other free of surface active 
agent. 

The surface active agent was added to the water in one 
of three ways. 

1. Measured quantities of the soluble surface active 
agents (n-decyl alcohol, n-octyl alcohol, n-hexyl alcohol, 
n-butyl alcohol, n-decylamine, n-hexylamine, and hexana- 
mide) were dissolved in the water. 

2. Two of the surface active agents, n-dodecyl alcohol 
and n-tetradecyl alcohol, spread to quite large surface pres- 
sures when the pure alcohol was added to a water inter- 
face. These compounds were placed on the water substrate 
by adding several milligrams of the alcohol to the water 
surface. 

3. The remaining surface active agents (n-docosyl al- 

201 l I , , , , , I , ', l , I ,  

I -4  
- 6  
-8 
-10 
-12 
-14 

0 200 400 600 800 1000 1200 1400 
t ( seconds 1 

Fig. 8. Experimental data for CB omide, Cn, cis, Ci4, cio, and 
C6 omine a t  25.5"C. (Surface pressure in dynes/cm. in parentheses.) 
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Fig. 9. Surface mass transfer coefficient vs. time for C22, czo, Cis, 

and c16 alcohol. 

cohol, n-eicosyl alcohol, n-octadecyl alcohol, n-hexadecyl 
alcohol, n-docosylamine, n-octadecylamine, n-tetradecyl- 
amine, docosanamide, octadecanamide, and tetradecana- 
mide) were handled as follows. A few milligrams of the 
solid material were added to the water surface. Then, 
approximately 0.04 cc. of approximately 0.1 wt. % ether 
solution of the surface active material was added to the 
surface. The amides would not dissolve in the ether sol- 
vent; hence, they were first dissolved in chloroform, and 
then one part of the chloroform solution was dissolved in 
four parts of ether solvent. Enough surface active material 
was added to the interface so that a surface excess could 
be observed throughout the absorption run. 

The experimental results are presented in Figures 3, 4, 
5, 6, 7, and 8 in the form of graphs of the differential 
pressure vs. the contact time t .  The differential pressure 
is defined as the pressure in the compartment with the 
surface active agent PSAA minus the pressure in the com- 
partment with pure water pw: 

Ap = psAA - pw (12) 
Two distinctly different types of behavior are demon- 
strated, namely, surface active agents that had a positive 
Ap for all contact times and agents that had a negative Ap 
for all contact times. The surface active agents that had a 
positive Ap retarded the mass transfer of ammonia into 
water. Conversely, those that had a negative A p  increased 
the mass transfer of ammonia into water. 

For all experimental runs in which differential mass 
transfer rates were increased, movement at the interface 
could be detected. Conversely, no interfacial movement 
could be detected for the absorption of ammonia into pure 
water or into water containing the surface active agents 
which decreased mass transfer rates. 

Figure 3 shows that the twenty-two to sixteen carbon 
atom alcohols decreased the mass transfer rate, with the 
magnitude of the reduction decreasing with decreasing 
chain length. Conversely, the ten to four carbon atom al- 
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Fig. 10. Surface mass transfer coefficient vs. time for C22 amide, 

Cz2, Cia, C14, and Cio amine. 

cohols increased the mass transfer rate, with the magnitude 
of the enhancement increasing with decreasing chain 
length. The two runs shown in Figure 4 indicate the rela- 
tively minor effect that the c14 and Clz alcohols have on 
mass transfer. Figures 5 and 6 present experimental re- 
sults indicating that as the surface pressure of the Ca, C6, 
and Cq alcohols is increased, the mass transfer enhance- 
ment increases. In Figure 7, the effect of the CIS, C14, and 
C6 amide'is shown to be quite small. As the chain length 
of the amines in Figure 8 is decreased from twenty-two to 
eighteen to fourteen, the mass transfer reduction is de- 
creased. The six-carbon amine in Figure 8 exhibits some- 
what different behaviour from the alcohols in that the 
highest surface pressure run resulted in less mass transfer 
enhancement than two lower surface pressure runs. 

The model for absorption with the monolayer present 
is complex. Several investigators (23, 26) have used the 
surface resistance boundary condition to describe the ef- 
fect of surface active agents in retarding mass transfer. 
This interfacial boundary condition as applied to the 
mathematical model, Equations (3) ,  (4 ) ,  and ( 5 ) ,  is 

- DE ( z)e=o = k, [CBa(t) - C B ( r  = 0, t ) ]  

(13) 
Unfortunately, an analytical solution of Equation (3) 

subject to (4a), (4b), Equation (13) as boundary condi- 
tion 2, and (5) could not be obtained; therefore, the fol- 
lowing approach was employed. Vrentas (40) has shown 
that the interfacial concentration CiB ( t )  may be expressed 
as a function of the interfacial mass transfer Ng: 

For this study 
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Hi dp N& = 0, t )  = - - - K dt 

If Equation (15) is used to compute the interfacial mass 
transfer for runs with pure water, the interfacial concen- 
tration ( CiB) w, where the subscript W indicates that pure 
water is being considered, may be computed from Equa- 
tion (14). Values of ( C i B ) W  should be obtained which 
would be equal to the concentration of ammonia in the 
interface in equilibrium with the pressure of ammonia at 
the given time, because equilibrium was assumed between 
the gas and liquid phase. 

A measure of the fit of the absorption data in pure 
water is to determine if AW is essentially zero, where AW is 
defined as 

AW = (C* + HIP + H,~)w - (C iB)w  (16) 
For the case of surface active agents which retard mass 

transfer, the interfacial concentration of ammonia in the 
liquid is not in equilibrium with the gas-phase pressure of 
ammonia. There is a concentration driving force ASAA 
across the interface, which can be defined by 

ASAA = (c* + + H 2 p ) S A A  - (CIB)SAA (I7) 

where the subscript S A A  indicates that the chamber con- 
taining the surface active agent is being considered. The 
concentration of ammonia in the interface ( C i B ) S A A  was 
computed from Equatiobs (14) and (15) by using the 
experimental pressure data for the chamber with the sur- 
face active agent. The surface mass transfer coefficient k, 
was defined as 

The concentration driving force ASU - AW was used in- 
stead of ASAA alone in order to correct for the numerical 
integration errors in the determination of ASAA and Aw. 

Those values of k, obtained at the initial times for those 
surface active agents that retarded mass transfer to a small 
extent were the only ones affected by this change. 

Values of the surface mass transfer coefficient k, for the 
nine compounds that retarded the mass transfer of am- 
monia into water are presented in Figures 9 and 10 as 
functions of time. The runs with the largest values of the 
surface mass transfer coefficient were the runs in which 
mass transfer was retarded the least. 

For the surface active agents which were found to in- 
crease mass transfer rates, movements in the interface 
were observed. Therefore, the possibility of modeling the 
process by the surface renewal concept was investigated. 
The mathematical model developed here is an extension 
of Danckwerts’ work (16). He proposed a surface age 
distribution curve as follows: 

Once a surface age distribution curve is obtained, one may 
compute the flux of ammonia into a surface by 

t 
~ t )  = 1 +(e)N , ( t  = o,e) de (20) 

A complicating factor in extendin the surface renewal 
model, given by Equation (20) ,  to &s system is that the 
pressure of ammonia is continually changing with time. 
Consider an element of the surface which was formed at 
a contact time of t - 8. At contact time t, the surface age 
of this element is t - ( t  - 0) or 8. At t - 8, the pressure 
of ammonia is different from the ressure at other times; 

of ammonia at the time ( t  - 6) a new element of surface 
was formed as well as the surface age, 8, of that element. 

For the purposes of the mathematical model given by 
Equation (20), the instantaneous flux was computed as 
follows: 

therefore, the instantaneous flux B epends on the pressure 
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Fig. 12. Surface renewal coefficient vs. time for C4 alcohol. (Sur- 

face pressure in dynedcm. in parentheses.) 
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The uj depend on the appropriate initial ammonia pressure 
(which shall be called S O ) ,  Coy H I ,  H z ,  K, DE, and CO. 
The symbol wo is used here in the absorption of ammonia 
by water containing a surface active agent to indicate the 
ammonia pressure at a contact time of t - 8. If the experi- 
mentally determined ammonia pressure for absorption by 
water containing a surface active agent is indicated by 
P S A A  ( t ) ,  then 

(22) 
Equation (19) was used to compute the surface age 

distribution function, and Equations (21) and (22) were 
used to calculate the flux distribution function. These 
functions were then introduced into Equation (20), which 
was numerically integrated to determine the integrated 
flux N @  ( t )  . The value of S which gave an integrated flux 
N @ ( t )  equal to the experimentally determined flux was 
determined by Newton’s method. 

Values of the surface renewal coefficient ( - S )  for the 
seven compounds that increased the mass transfer of am- 
monia into water are presented in Figures 11, 12, and 13 
as functions of time. As the quantity (-S) became large, 
the surface renewal model predicted fluxes that were closer 
to the flux of ammonia into pure water. Therefore, the runs 
with large values of the quantity (-S) increased mass 
transfer less than the runs with small values of ( -S) .  

It was informative to correlate the surface mass transfer 
coefficient with the molecular properties of the surface 
active agent. Correlations of this type permit the predic- 
tion of the effect of other surface active agents that have 
similar molecular properties. 

Since the surface mass transfer coefficient varies with 
time, some statistic of the surface mass transfer coefficient 
vs. time curve must be selected for purposes of correlation. 
The curves of Figure 9 and 10 were averaged to obtain a 
time average surface mass transfer coefficient by the 
formula 

mo = p s A A ( t  - e) 

I 

- 1 t  k, = - k, dt 
t 

I 1 

Figure 14 presents the correlation which was determined 
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Fig. 13. Surface renewal coefficient vs. time for CIS and c16 amide 

and C6 arnine. (Surface pressure in dynedcrn. in parentheses.) 
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for the average surface mass transfer coefficient as a func- 
tion of chain length. The reciprocal of the average surface 
mass transfer coefficient 1/ ( Es) (also known as the surface 
resistance) for the surface active agents of a given end 
group appeared to be approximately a linear function of 
the hydrocarbon chain length. 

CONCLUSIONS 

Perhaps the most interesting result of this study was the 
discovery that the addition of certain soluble surface active 
agents to a water phase increased the absorption of am- 
monia into that aqueous phase. I t  is believed that the 
movement which was detected in the interface of these 
solutions was caused by the Marangoni effect, that is, the 
generation of movement in an interface by longitudinal 
variations of interfacial tension. Sternling and Scriven (38)  
have treated the Marangoni effect extensively. 

A point of interest is why there was no observable insta- 
bility in the case of the insoluble films. One reasonable 
explanation is that rigid surface films do not have surface 
tension gradients. Another explanation is that even with 
surface tension gradients, the rigid insoluble films stabil- 
ize the surface by preventing convection. 

From inspection of the experimental data of this study, 
several general rules of behavior for the surface active 
agents in question could be deduced. 

1. For insoluble films with a given end group and sur- 
face concentration, the retardation of mass transfer in- 
creased as the chain length of the film increased. 

2. For insoluble films with a given surface concentra- 
tion, the effect of various end groups depended on the 
length of the carbon chain in question. For an eighteen- 
carbon chain, the retardation effect was alcohol > amine > 
amide. For very long carbon chains (twenty-two carbon 
atoms), the end group only had a small influence on the 
retardation effect. 

3. In general, for solutions of soluble surface active 
agents at a given surface pressure and for a given end 
group, the mass transfer enhancement increased as the 
chain length decreased. 

4. For a given soluble surface active agent, as the sur- 
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face pressure decreased from its maximum value, the mass 
transfer enhancement could initially increase but ultimately 
decreased. 

5. For solutions of soluble surface active agents at a 
given surface pressure and hydrocarbon chain length, the 
end group effect on mass transfer enhancement was amine 
> alcohol > amide. 
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NOTATION 

A = area for mass transfer 
aj = jth coefficient in the power series expansion 
CB = molal concentration of solute gas 
CB’ = molal concentration of solute gas in equilibrium 

CiB = interfacial liquid concentration in molal units 
CV = g. moles of water/liter of ammonia solution 
CW = g. mole of water/liter of water, a constant 
Co = initial molal concentration of solute gas 
C’, HI, Hz = constants used to fit equilibrium liquid con- 

centration in molal units to a quadratic function 

with the gas phase 

of P 
D 
DB 
DE 

= molecular diffusion coefficient in the x system 
= molecular diffusion coefficient in t system 
= effective diffusion coefficient in f system 
= 5 component of the diffusional flux vector in the 

= collection of constants, ( A  H I )  / (V 6) 
= surface mass transfer coefficient 
= average surface mass transfer coefficient 
= 8 component of molar flux in 5 coordinate system 
= total molar flux of solute gas and water 

= initial gas-phase ammonia pressure 

.$ coordinate system 
K 
k, 
K, 
N t  
NT 
p = gas-phase ammonia pressure 
po  
P S A A  = ammonia pressure in compartment with the sur- 

pw = ammonia pressure in compartment with pure 

q = dummy variable 
S = surface renewal coefficient 
Ss0 
S, 

pressure 
t 
V = gas-phase volume 
Vw 
uc 

face active agent 

water 

= surface renewal coefficient at  t = 50 sec. 
= deviation of experimental pressure from calculated 

= contact time since system pressurization ended 

= volume of 1 g. mole of water, a constant 
= .$ component of the molar average velocity in the 

5‘ coordinate system 

Greek Letters 

A, = differential pressure between compartments 
ASAA = concentration driving force across the interface of 

AW = concentration driving force across the interface 

ti = constant which converts pressure to concentration 
6 = surface age 
t = special coordinate 
8 0  

4 
Subscripts 
SAA = surface active agent 
W 

water containing a surface active agent 

of pure water 

= initial pressure in the surface renewal model 
= suiface age distribution function 

= water without a surface active agent 
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