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INTRODUCTION 

Gas absorption is a unit operation in which the transfer 

of a soluble as from a fens mixture into a liquid takes place. 

In 1est industrial aeolicttions of this OD ration, one of the 

-est imeortant consIdertions is the selection of a proper ab- 

sorbent. The usual objective in the selection of an absorbent 

for scrubbing a gas is t find a liquid, or possible a solution, 

which has a very large capacity for absorbing the solute gas 

without building un an appreciable equilibrium back pressure. 

This can be accomplished readily by ch-sIne a chemical with 

which the solute gas will react irreversibly. The mechanism of 

such mass transfer is one of ehysicel absorntion combined with 

reaction in the liquid Phase. 

Theories governing the absorption rate in the nresence of 

a chemical reaction have been Proposed by Hatt- (), Davis and 

Grandall (3) and k.eber and Nilson (l5). A theory based on the 

unsteady-state diffusion concept proposed by Fiebie (6) has been 

developed for slow first-order reactions and for rapid second- 

order reactions t'kioe plilce in the liquid-film. Some advances 

in the theory In this field have been made in recent years. Fow- 

eves., the pictare is still far from complete. It is not yet pos- 

sible to make a general correlation between gas absorption with 

chemical reaction and gas absorption without chemical reaction. 

Each case must still be studied experimentally. 

The purpose of this investigation wes to study 'as absoro- 

tion with chemical raction in a specially desiened disc column. 



It is a continuation of the previous work by Hwu (7), Two 

working equations from which individual film coefficients may 

be evaluated were developed by Hwu. The 'resent work con- 

fined to the stedy of the absorption of ammonia into mono-ammonium 

orthophosohate solutions and di-ammonium orthoohosobate solutions 

in order to further ascertain the gas-film characteristics of 

this column. The absorption of chlorine into water Was also 

studied because of the unusual behavior of this system resulting 

from the pronounced Ionization of chlorine in water. By con- 

tinuing the present work, absorption data for different systems 

can be collectHd. It :.s hoped that this material will help in 

amassing sufficient data to gain an understanding of the mecha- 

nism by which transfer between gas and liquid phases occurs when 

absorption is accompanied by irreversible chemical reaction in 

the liquid phase, and thus to contribute to the development and 

extension of the theory of ens absorption. 

EXPIMINTNTAL 

Equipment 

The main emeerimental equipment used in this e=eriment was 

a disc column. This type of equipeent was first reported by 

Stephen and Morris (13). It possesses the advantages of both 

packed and wetted wall coluens and is particularly suitable for 

the determination of liquid file' coefficients for systems in- 

volving chemical reections. The construction and assembly of 

the disc column at Kansas State College was reported by Hwu (7). 
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It consisted mainly of a Pyrex glass column with an inside 

diameter of 1/3 inch and a height of 34 inches. A series of 35 

unglazed ceramic discs with a diameter of 1.5 cm. and a thick- 

ness of 0.14.8 cm. were mounted vertically and centrally in the 

column. They were threaded edgewise upon a Fiberglas cord and 

successive d/scs were maintained at right angles with each other. 

The rrincipal constants of this disc column are listed ;n the 

Anoeneix. 

Two fifty-gallon stainless-steel tanks were used as storaee 

tank:s. The nhosnhste solutions were -reearee in batches. A 

certrin amount of the chemicels was ar'eee to a definite quantity 

of distilled water and agitated for more than thirty minutes to 

make sure of complete solution. 

The details of the column and the schematic arranee-ent of 

the exnerimental equipment are shown on Plates I and II respec- 

tively. The inlet liquid was oumeed from the storage tanks into 

the liquid feeder at the ton of the column. The liquid rate was 

controlled by a Fisher - porter C-clamp Flowreter. The liquid 

flowed downward over the surface of the discs while the gas 

stream nassed upward counter-currently. In the ebsorntion of 

ammonia in ammonium ohosohate solution, air-ammonia mixtures 

were used, while in the al7sorntIon of chlorine in water, both 

---,lire chlorine and air-chlorine mixtures were used. Air from the 

comnressed air sunnly and ammonia (or chlorine) from a cylinder 

were metered by flow-eters and the combined gas streces were 

mixed by nassine thorouehly before entering the column. "ano- 

meters were installed on the gas line to measure the nresure 
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of the :77,S and the re sure difference inside and outside the 

column. 

The effluent liquid flowed down through the effluent pas- 

sane and then went through a sampler. The sampler, as shown on 

Plate II, consst d of an overflow arran7ement with two Pyrex 

tubes placed concentrically. The liquid sample was siphoned off 

with a ruber tuba w.-Ich woe connected through a glass tee to a 

buret for measuring the volume of ssmple. The liquid was kept 

flowing continuously through the sampling system during operation. 

Procedure 

In startIng, the air was first expelled fro ,:11 the effluent 

liquid passa7e by raising and lowering the sampler. Liquid was 

then introduced into the top of the column, and the g s was 

turned on slowly. A sudden increase in the gas rate would cause 

the T'es to rush. out of the column before the water head was 

built un in the liquid feeder to balance the has pressure in- 

side the column. YeanwlYle the srpler was placed at the pro- 

per position so that the liquid level was kept up to the neck 

of the long funnel inside the column. This was done in order to 

minimize the end effect of absorption. 

In the absorption of chlorine in water, the first sample 

was taken thirty minutes after starting. The samples were then 

taken successively at a time interval of ten minutes until the 

analysis of the samples showed the chlorine absorbed was constant. 

In the ammonia-phosphate system, a total of four samples were 

taken. The first one was taken one hour after starting and the 



EXPLANATION OF PLATE 

Close-up View of Disc Column 

A. Pyrex tube 

B. Ceramic discs 

C. Supporting Fiberglas cord 

D. Liquid feed jet 

E. Long stem funnel 

F. Gas inlet 

G. Gas outlet 

H. Liquid feed cylinder 

T. Effluent to liquid sampler 

J. Drain for liquid lost by splash 
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EXPLANATION OF ?DATE II 

Schematic Diagram of Experiment Layout 

A. Disc column 

B. Liquid feed cylinder 

C. Drf!in for liquid lost by splvsh 

D. Liquid sampler 

E. Air inlet 

F. Solute gas cylinder 

G. Air surge tank 

7. Air filter 

T 
1,-T 2 

?ressure reducers -* 
Yeedle valves 

K-,K2,K3. Rtameters 

L. Gas mixer 

,M2,M3,M4. Manometers 

Ni N2. Gas sampling points 

0. Liquid Inlet 

P. Centrifugal pump 

$'"'c2'"3* 
Thermometers 
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remaining were taken every ten minutes. The longer time for 

this case is to make sure the system reached a steady state be- 

cause the analysis required a longer time and the results were 

not iemediately available. 

Chemical Analysis 

Chlorine in Woter. The chlorine absorbed in the water was 

determjned by the following method Perry (11). The determination 

depends primarily upon the reaction: 

C121 2K1 4=-- 2KC1-+ 12 

The iodine liberated by the chlorine is titrated with 

Na2S203 solution and the equivalent chlorine calculated. 

The following procedures were used throughout the whole 

experiment: 

(A) Twenty ml of a tenth normal solution of K1 were added 

to a 250 ml Erlenmeyer flask. 

(b) Ten to twenty ml of sample (depending on the experi- 

mental conditions) were added to the flask. The delivery tip 

of the buret was just above the surface of the iodine solution. 

The flask was then closed and the contents were vigorously shaken. 

(C) The semple was titrat d with a standardized tenth nor- 

mal solution of sodium thiosulfate. When the color of the solu- 

tion became faint, a few droos of starch solution were added, 

and titration was continued until the solution became color- 

less. 



Ammonic in Theo-chafe Solution. The amount of aonia 

absorbed was determined in the followin- way. The inlet liquid 

as analyzed so that the content of Phosploatc, and a-i-Innia (ex- 

pressed in terms of P205 and N2 res-ectIvoly) were known. The 

analysis of the exit liquid F.ave the ammonia content after ab- 

sorntion. The difference between these two is the amount of am- 

monia absorbed. All of the analyses were done by the Analytical 

and Service Laboratory of the Chemistry Department of Kansas 

St. te College. 

The analysis of the ammonia content was done by the Keldchl 

method described by Scott (11). Following is the procedure: 

(A) Five ml of sample were placed in a Kjeldahl flask. A 

few -Icces of granulated zinc and 25 ml of K2,5 and Na2S203 

solution were added, and the flask shaked. 

(7) P. sufficient amount of NaOH solution to make the solu- 

tion stron-ly all:aline was added. 

(C) The flask was connected to a condenser by Teens of a 

Kjeldehl connecting bulb, taking care that the tin of the con- 

denser etended below the surface of a standard acid solution 

in a receiver. The contents were mixed by shaking, and the lib- 

erated NH3 distilled into standard acid. This was then titrated 

with standard alkaline solution, using methyl red as the indi- 

cator. 

The analysis of the phosphate content was based on the 

conventional method used for the analysis of fertilizer (9). 

The procedures were as follows: 
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(A) Ten to thirty-five ml of sample were placed in a flask 

and, neutralized with NH1,OH (using litmus paper), then made 

sliehtly acid with nitric acid. 

(7) Fifteen to twenty ml of a 50 per cent solution of 

77,H11.NO3 were added. 

(C) Thirty-five to fifty ml of ammonium molybdate solution 

were added, and the sample shaken for 30 minutes. 

(D) The precipitate was filtered and washed. 

(E) The precipitate was transferred back to the flask. 

An excess of standard alkaline solution was added and the excess 

ties back titrated with standard HC1 solution. 

RESULTS AND DISCUSSION 

The Absorption of Chlorine in Water 

Sue nry of Experimental Results. A total of 21 runs were 

made for the absorption of chlorine in water. The effect of 

water rate and the effect of gas rate were studied. In the study 

of the effect of liquid rete, pure chlorine was used, while in 

the other cases, air-chlorine mixtures were used. The liquid 

rate was measured as the rate in pounds per hour 2er foot of 

perimeter of a tube with the same surface area per foot of length 

as the surface area of the ceramic discs per foot of length in 

the column. The liquid rate varied from 100 lbs 2er hour per 

foot of perimeter to 450 lbs per hour per foot of perimeter; 

and the temperature was within the range of 250 C.to 30° C. The 

data obtained are presented in Tables 1 and 2 in the appendix. 
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The overall coefficient was calculated from the equation: 

A Cim 

V (C2 - 
Cl) 

A 4,C1, 
( 1) 

= (Col - 02, -(C2 C1) (2) 

in r - C- 

t k oc 

co2 ci 
Where W is the liquid rate in lbs. per hr. Cl, and C2 are 

the concentrations of the inlet and outlet liquid resp ectively 

expressed in eounds of chlorine per pound 7,:f rater. Cel and 

002 are the Interfacial equilibium concentrations corresponding 

to the inlet and outlet gas stream respectively. The solubility 

data for chlorine in water WE7 taleen from Perry's Handbook (10). 

A is the absorption surface ares, its numerical value was 0.22 

square feet, based on dry packing. The units of KL used are 

pounds of chlorine transferred per hour per square foot of Lbso:yp- 

tion surface per unit concentration (expressed in Pounds of 

chlorine per pound of water). 

7ccause of the low solubility of chlorine In water, the 

resistance to the transfer of chlorine cen be considered to be 

offered entirely by the liquid film. Therefore the observed 

overall coefficient, KL can be regarded as the liquid film trans- 

fer coefficient 1.44. . These observed values viera further cor- 

rected to a coTron temperature level of 20° C. h- the following 

equation: 

er 
(3) 

Where e is the base of the r.iturs.1 system of logarithms 

n is a constant 
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t is temperature, C. 

With t expressed in 0C, Whitney and Vivian re,orted a value 

of 0.021 for the constant n, which is the velue used in this work. 

Ths is fairly close to the value of 0.023 nroposed by Sherwood 

and Holloway (12) for the general case. 

Discussion of Exeerimental Results. The effects of gas rate 

and liquid rate upon the liquid film transfer coefficient, kL 

were studied. The results may be summarized as follows: 

Gas Rate: Runs 1 to 5 were carried out under conditions 

of constant liquid rate and constant gas composition, but with 

gas velocity varying from 1.96 to 1.21 ft./sec. (The free area 

for gas elow in the column was equivalent to the area of a tube 

with a diameter of 0.059 ft. This equivalent diameter was used 

for calculating gas velocities throughout this work.) The coef- 

ficients for these runs are -iven in Table 2. The results show 

as was ex-ected, that gas rate has no appreciable effect on the 

value of the liquid film coefficient. Plate III is a nlot of 

versus various ees rate. 

Liquid rate: The variation of liquid film transfer coef- 

ficient, k with different liquid rates is shown on Plate IV. 

The values of leL, have teen corrected to 20- C. Values of kl 

at various liquid rates are shown in Table 2, The: are cor- 

related in the following form. 

k, = 0.0163 r 0..8; (L.) 

where p is the liquid rate in opunds per hour per foot of 

perimeter. 

Previous work on the absorption of chlorine in water was 



done by Adams and Edmonds (1), by Vivian and nitney (114) and 

by Whitney and Vivian (17) (13). Their data Indicated that the 

liquid film coefficient vcriod, no the 0.0 end 9.,S power of the 

liluid rte respec 1.rely. The value of 0.C1 obt ained. in this 

work Is close to that obtained y Adams enC Edmond but much 

higher than that of Whitney anc Vivian. ITowever, in view of the 

unusually hlgh sensitivity of this disc column to liquid rfA. as 

shown by :Nu this result Is more comparable to that of 

Vivian and Whitney (14). 

Table 1. Effect of gas mte on k, for the absorption of chlorine 
in water. Liquid rate lbs/hr. Temperature cor- 
rected to 200 C. 

Ton 7o Rtc; 
ft./13c. 

: Liqta 
: 1.t g. 

trDnsfor coefficient 
(hr.) (sg.ft.) ) cu.ft. 

2 
......,:.p, 

2 
.,...2,,) 

,`, 

4... 

, nA 
.4.,... 

....;-) 

T'ho numerical value of is only 7 per cent of the calcu- 

lated value based on the e4uatien proposed by Ewu (7), which was 

obtained from the absorption date, of CO2 in water. Tho departure 

of the experimental values from the predicted v:Iues is shown on 

?late IV. 

Vivian and Thitney (14) also found that the experimental 

value of k is only 1/3 to 2/3 of that Predicted from an equation 

Lased on the data for the absorption ox=en In water. An 
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Table 2. 17,ffct of liquid rate on k for the absorption of 
chlorine in water. Temp rture corrected to 200 C. 

Hun No. 
lbs./hr.) 

2 
244 
195.3 
300 
163 
285 

6 180.3 
7 133 
8 103. 
9 

10 L.23.6 
11 4. 
12 3LtL.1 
13 
14 

400.7 
110.9 
18 

16 103.9 

:LiTlid Film 
(ft.) :lbs./(hr.) 

Transfer Coefficient 
(sq.ft.) (lbs. ) 

(1u.ft.) 

k, (1) IP (2) 
T 

1.297E) 
0.9086 
1.0367 

1.7589 
369th 

1.35') 
0.6907 0..934 
1.077 1.3736 
0.6413 
0.6188 

0.7,63 
0. o56 

0.4744 0.6007 
1.7934 

1Z3-9 2.0162 
1.7578 2.2937 
1.5818 2.0867 
1. 2.2603 
0. 93 0.8186 
0.7704 0.958 
0.5314 0.6378 

(1) kL calculated by usinrr total chlorine concentration 
as dr7ving force 

(2) kL calculated by using molecular chlorine concentration 
as driving force 

explanation of the failure of the chlorine-wter system to cor- 

rel-te with the other systems was offered by Whitney am' Vivian 

as follows: 

The rain difference between the cbsorPtin chlorine by 

water and other physical as absorptions is the hvdroly7'n- effect 

when chlorine dissolve in wat-r. T'o followin- c1-1--icfl re- 

actions Lake place: 

C12 ga C12aq (a) 

- 
Clo aq t H 2 0 z==.7± HOC? 't Cl (b) 

4. 



EXPLANATION OF PLAT. III 

Effect on Gas Rata on kr4 for the absorption of 

Chlorine in water 

Ordinate: Liquid film transfer coefficient, 

lbs./ (hr.) (sq.ft.) (lbs.) 
T177.7t. 

t,bscIssa: Gas rote, r' 

Experiientel conditions 

Liquid rate 31.4 lbs./hr. 

Chlorine composition 10% C12 in air 

Temperature corrected to 200 C. 
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EXPLANATION OF PLATE IV 

Effect of Liquid Rate on for the Absorption of 

Chlorine in Water 

Ordinate: LiTlid film transfer coefficient, 

lbs./ (hr.) (sq. ft.) (Its. ) 

Cu. ft. 

iftscissa: Liquid rate,/7 , lbs./ (hr.) (ft.) 

Curve I: Predicted value of k, from the data for 

the absor7tion of CO,) in 11_0 

Cove II: Experimental values 

Experimental conditions 

Chlorine composition pure chlorine 

Tetr.perature corrected to 200 C. 
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When reaction (b) reaches equilibrium, the dissolved chlo- 

rine is present In the water in three forms: unreacted molecular 

chlorine, C12, hypochlorous acid, OC1, and chloride ion. "" enen 

physical equilibrium exists between the gas and liquid, and when, 

in addition, the second chemical reaction is at equilibrium, the 

followin7 conditions apply according to the law of mass action. 

For reaction (a) 
c12 = D 

(5) 
where H is the Henry's law constant and p is the partial 

pressure of chlorine in the pas nhase 

For reaction (b) C70C1 Col C7 (6) 

CI 1 C-L,D 

If C represents the concentration of total dissolved 

chlorine, from the above expression, we have: 

C - p Ke p 1/3 
(7) 

The validity of this equation was proved by Whitney. and Vivian 

(16). 

It was pointed out by Whitney and Vivian that the rte of 

the physical reaction (a.) at the interface is almost certain to 

be very len,: though the chemical reaction (b) may ho reletivel- 

slow. >us, chlorine molecules may dissolve in the liquid and 

be-in to di-fuse through the liluid file before reaction (b) has 

an oneortunity to occur. If this is true, the concentration of 

chlorine in the liquid at the interface will he that of dissolved 

but enreacted chlorine which is less than C, as shown before. If 

the reaction is so slow that the chlorine molecules eenetrate 

a considerable distance into the liq)id without reaction, the 
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true driving force availrble to nroduce diffusion Is 

(molecular chlorine) rather than AC (total chlorine). It is 

anparent that this driving force is smaller when the concen- 

tration is that of unreacted chlorine than when it is total 

chlorine. As a result the transfer coefficient based on the 

concentration of molecular chlorine is larger. This is called 

the pseudo transfer coefficient. 

The driving force based on the molecular concentration was 

calculated through equation (2) using the molecular chlorine con- 

centration instead of the total chlorine concentration. The 

interfacial equilibrium concentration was calculated by using 

equation (5), and the numerical value of H given in Perry's 

Handbook (10). The molecular chlorine concentration in the 

liquor was computed by subtr-ctin- the concentration of hydro- 

lyzed chlorine, from the total chlorine concentrotion, wich was 

determined by direct analysis. The chemical eaailibrium constant, 

Ke, was obtained from Perry's Handbook (10). However, it was 

found that the hydrolyzed chlorine concentration is too smell 

to be slrnificant and the total chlorine concentr tion of the 

liquor vies used as that of the molecular concentration. The only 

difference in the calculation of the two driving forces, then 

lies in the values of 0 and C used. For the calculation of 
el eo 

the actual coeficionts, these concentrations were taken from 

solubility data for total chlorine concentration at the oaisting 

chlorine partial pressure in the as phases. For the calculation 

at the pseudo coefficients, these concentrations were calculated 

from equation (5) using Values of H corresponding to molecular 
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chlorine only. 

The effect of liquid rote on the pseudo coefficient is 

shown on Plate V. The followinz correlation was obtained for 

the pseudo coefftctlents: 

k 
L 

0.01173 f7 "855 (?)) 

As shown on Plates V and VI, the pseudo transfer coef- 

ficients are much closer to the values of the liquid film trans- 

fer coefficient calculated from the equation for the absorption 

of carbon dioxide in water. 

From the foregoing discuseion, it was concluded that in 

designing for the absorption of chlorine, if the values of ky 

are to be redIcted from equations based on other sYsterns, such 

as CO2, the molecular chlorine concentration should be used in 

the driving force term in3tead of total chlorine concentration. 

The points on the plot concentration of chlorine in the 

outlet liquor versus water rate are scattered, but show a trend 

of decreasing with an increase of water rate. ;Plate VII) 

When compared with results obtained from the same column pre- 

viously, there is some inconsistency. So far, three different 

cases have been used for the study of gas absorption: aemonta, 

chlorine, and carbon dioxide. 

(a) For the NH3 - 
H2O 

eystem, the exit liquor concentration 

decreases as the water rate increases. 

(b) For the C12-H20 system, the exit liquor concentration 

(total chlorine content) decreases as the water rate increases. 

(c) For the CO2 - H20 system, the exit liquor concentration 

increases as the water rate increases as reeorted by Hwu. 



EXPLANATION OF PLATE V 

effect of Liquid Rte on the Pseudo Transfer 

Cefficient of the Absorotion of Chlorine 1.n Water 

Ordinate: Pseudo transfer coefficient, k 

lbs./ (hr.) (sq.ft.) (lbs.) 
cu.ft. 

Abscissa: Liquid r:!te,p,lbs./ (hr. (ft.) 

Curve I: Predicted value of kL from the thete of 

the absorption of CO 
2 

in H,0 

Curve II: Pseudo transfer coefficient from the 

experimental data. 

Experimental conditions 

Chlorine composition pure chlorine 

Temperature corrected to 200 C. 
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EXPLANATION OF PLATE VI 

Como.rison of Predicted, Experimental and Pseud.) 71,10 

Films Transfer Coefficients for the Absorption of Chlorine 

in Water 

Ordinate: Liquid Film Transfer coefficient 1cL, 

lbs./ (hr.) (8'4.ft.) (lbs.) 
ou.rt. 

Abscissa: Liquid rate, P. lbs./ (hr.)-ft.) 

Curve I: Predicted value of kL 

Curve IT: Value of pseudo transfer coefftciont 

Curve III: Experimental value of k 
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It was oointed out by Hwu that there are two opposing fac- 

tors influencing the outlet liquor concentration, first the time 

of contact with the oas stream and second the degree of turbu- 

lence which affords the "mixing" effect below the liquid sur- 

face and provides fresh surfaces for absorption. In the case 

of the absorption of carbon dioxide in water, the latter fac- 

tor plays a dominant role. It was also eointed out that the 

high smoothness and the poor wetta ility of the disc itself made 

some contribution to this situation. 

Since both C12 and 012 exeeriments were carried out in the 

same equipment and under the same operating conditions, and 

since in both systems the liqeld-film controls, similar results 

were exnected for the two systems. The explanations made by 

Fru eeeprently fail in the case of chlorine. 

Perth-n*10re, the resistance to molecular diffusion is 

inversely oronortional to the diffusion coefficient. These 

values are -iven in Perry's Handboolc as follows: 

Solute 

CO2 

S o v " 1 ent Diffusion Coefficient at 200 C. 

water 1.5 

NE3 water 1.76 

water 1.22 

Increasing the time of contact has the effect of increas- 

ing the amount of gee dissolved. Eowever, If the contact time 

is short as comeared with that required for reaching equilibrium, 

then the contact time has a greeter influence on those gsses 

with large diffusion coefficients. In other words, for gases 

with large diffusion coefficients, the exit liquor concentration 
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should Increase to a renter extent with a riven increment of 

contact time than for gases with suall diffusion coefficient. 

Conversely for a riven increment in water exit concentration 

would he conversely reduced to the greatest e'tent in the case 

of ammonia, among the three gases shove, with carbon dioxide 

and chlorine following in order. 

It is recognized that the de-ree of turbulence is propor- 

tional to the water rate. It was -,roeesed by Danctmerts (2) 

that the rate of absorption is -roportienal to the number of 

fresh surfaces exposed to the gas. The rate of creation of 

"resh surface is, in turn, a function of turbulence and there- 

fore of the rate of liquid flow from one disc to the next. 

Therefore, the exit liquor concentration should increase with 

the water rate. 

Since the conditions for the absorption of chlorine in 

water in this work were the same as those for the absorption 

of carbon dioxide in water in the work of Hwu, and since both 

systems have the some characteristics, the effect of turbulence 

should be the same. However, the time of contact has a erecter 

Influence on the carbon dioxide-water system, than on the chlo- 

rine water system. If Hwuts explanation holds true, in the case 

of the absorption of chlorine in water, the outlet liquor con- 

centration should decrease, not increase with the decrease of 

water rate, and this tendency should be more -renounced than that 

found in the cPrbon dioxide-water system. 

Unfortunately, insufficient data are available to resolve 

this inconsistency. However, it may be pointed out that the exit 
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liquor concentrations in Hwuls work on both ammonia and carbon 

dioxide absorbed in water are widely scattered, and that while 

the latter shows a tendency to increase with the liquid rate, 

the slope can not be accurately determined. Hwuts data on am- 

monia and carbon dioxide in water, and the data for the chlo- 

rine water system are shown in Plates VII and VIII. 

The Absorption of Ammonia in Phosphate Solutions 

Suemery of Experimental Results. Forty-four runs on the 

absorption of ammonia in phosphate solutions were made. (The 

data are presented in Tables 3 and in the Appendix). Mono - 

ammonium orthophosphate and di-ammonium orthophosphate were used 

in concentrations up to 0.25M. Again the effects of gas rate 

and liquid rate were studied. The gas and liquid rates were 

in the same range as those used in the study on the absorption 

of ammonia in water. The liquid rate varied from 100 to 350 

lbs./ (hr.) (ft. of perimeter), and the rate varied from 2 to 

6 ft. /sec. The ammonia concentration in the air stream was 

between 5% and 10%. 

The overall transfer coefficient were calculated through 

the following equation: 

KG = r113 Absorbed 
(9) 

A AP lm 

The amount of ammonia absorbed was determined by the dif- 

ference of ammonia content in the liquid stream before and after 

going through the column. "A" is the absorption surface area, 



EXPLANATION OF PLATE VII 

Plot of Exit Liquor Concentration vs. Liquid Rate 

Ordinate: Exit liquor concentration, C, lbs./ 100 

lbs. H2O 

Abscissa: Liquid rate, r7 , lbs./ (hr.) (ft.) 

Legend: 

e Cl 
2 

H2O data 

o NH 
3 

- H 
2 
0 data 
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EXPLANATION OF PLA21, VI 

Plot of Exit Carbon Dioxlde Conc. va. Liquid Rate 

Ordinate: 

Abscissa: 

Exft concentrat,.on, C, 177s. cop/i00 lbs. 0 -2 

Liquid rate , lbs./r.-ft. 
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and for this column had a value of 0.22 sq. ft. on the dry 

basis. 
lm is the lo-rithmic mean drivin- force. 

Since the solubility of ammonia in phosphate solution as 

not available, the evaluation of the exact mean driving force 

was impossible. However, it could be found for the two li it- 

ing cases: (a) assuming that there was no back pressure of 

ammonia such as would be the case in a strong acid s-lut'on, 

(b) assuming that the same relationship existed in the al-flnia- 

phosphate system as in the ammonia-water system and that the 

same Henry's lava constant a-)plied. 

Values of Kr, based on these two assumptions were calcu- 

lated and subsequently corrected to a standard temperature of 

20° C. using the equation proposed by -olstad (8). 

KG X 24.3 - 0.175 (10) 

where t is temperature, CC. 

Discussion of ,>:',eririentF1 Results. The -rimary useful- 

ness of this specially designed column in the study of the 

liquid film coefficients for various systems, both with and 

without chemical reaction. This should make it possible to 

find a general correlation for kL and kL where kL is the liquid 

film coefficient with chemical reaction and MI, is that without 

chemical reaction. The a'eonia-phosphate system was first 

studied to further ascertLin the column characteristics with 

respect to the gas file) resistance. This system has the ad- 

vantage that the desired ratios of ammonium ion and the phos- 

phate ion can be readily obtained. The overall gas film coef- 

ficient, KG is related to the individual gas and liquid film 



coefficients by the equation: 

1 = 1 H 

KG G 

14:1- 

1- 1 
Ke 3e 
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Where K is the overall transfer coefficient, and kr, 

are the individual coefficients of the liquid file and the 7as 

film, respectively, and IT is the Henry law constent, defined 

by the equation: 

47,14 
(12) 

Since kG can be determined from the equations developed 

by Tival (7) using ammonia snd water and carbon dioxide and water 

and if Kr is determined experimentally, then the liquid film 

coefficient, can be .valuated. However, in cases where Kg 

is close to the value of kG, se that the as film comprises 

the controlling resistance, the difference between these two 

reciprocals is very small. Therefore, a slight experimental 

error in the determination of K would result In a large error 

in k 
L 

and make the correlation unreliable. 

Another approach then is to compare the total transfer 

coefficient KG instead of the film coefficients, kl. Using the 

data for the absoretion of aemenia into water reeerted by Hwu 

(7), the following correlation VMS obteined: 

K1: oc e0.321 r, (,) .377 
(13) 

Effect of Gas Rate: The numerical values of K, were calcu- 

lated by equation (()) for ecb of the two extremes for which the 

driving force could be evaluated. These values are miven in 
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Tables 3 and L. and are shown graphically in Plates IX to XII. 

For the di-ammonium phosphate system the numerical values of 

KG based on the assumption of no ammonia back pressure lie be- 

low the corresnondine values of Kg for amnia absorbed in vater. 

On the other hand, the values based on the assumption that the 

Henrys law constant for aelmonia in water anelies, lie above 

those of the ammonia-water system. In the mono-ammonium phcs- 

phate system the values of KG based on both of these ascumptions 

are greater th n the corresponding values for the ammonia-water 

system. However, the slope of the lines appear to be nearly 

the same in all cases as that in the ammonia-water system. This 

is consistent with the absorption of ammonia in sulfuric acid 

as reported by Doherty and Johnson (4). In the absorption of 

ammonia in 3.5X sulfuric acid, their numerical values of KG 

wore 1.45-1.65 times those fox' the absorption of a-monia in 

uater, but the slopes of the straight lines were the sae. 

The near enstancy of the effect of gas velocity nn the 

different systems can also be explained by Fatta's theory for 

absorption followed by a rapid, irreversible reaction in the 

liquid nhase. Hatta (5) visualized a double film on the liquid 

side with the chemical reaction occurring at the boundary be- 

tween them. Hatta further postulated that, the double liquid 

film disappears gradually as the concentration of the reacting 

solute in the liquid phase increases. In other words, the func- 

tion of the reactin-,: solute is only to reduce the resistance 

offered by the liquid side. The absorption of c-leonia is 

recognized as one in which the gas film controls and the main 
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Tsble 3. Effect of gas velocity on KG for the absorption of 
ammonia in mono-ammonium phosphate solution. Tem- 
erature corrected to 200 C. 

Run No. 
1 /In 

*Liquid Concentration 
". /Liter 

*lbs./ (I:24.) 

(atm.) 
.- 

1 2.006 0.154 7.93 10.4 
2 6.07 0.154 12.03 14.59 

4.578 0.154 10.09 12.27 
4 .31 0.1A. 9.26 11.08 
5 .57.3 0.06 9.94 11.16 
6 .04, o.o6 12.63 14.61 
7 2.36 0.06 7. 6 8.2 
8 3.10 0.058 8. 5 9. 
9 2.11 0.1 7.5 o.73 

10 3.17 0.1 '8.746 9.82 
11 ).2() 0.1 9.9 11.37 

(1) KG calculated by assuming that no back pressure of 
NH3 existed over the solution. 

(2) K calculated by assuming the Henry's law constant 
for NH3 -H20 0 applies. 

4 

resistance to the transfer of solute gas is offered by the gas 

film; hence, the values of KG do not vary much even wf,th the 

presence of chemical reaction. The relationship between Y 

and gas velocity, should, therefore, be almost the some in 

all cases. 

Values of KG for this system, (where the concentration of 

di-ammonium phosphate is hi h), calculated by using the same 

value of Henry's law constant as that in water, were unusually 

high. (Fig. 3) This indicates the inadequacy of the assumption. 

Since, according to this assumption, the mean driving force can 

he exrressed by the following equation: 
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Table Effect of :..as velocity on KG for the absorption of 
ammonia in di-ammonium phosphate solution. Liquid 
rate approximately 30 lbs./hr. Temoorature cor- 
rected to 200 C. 

Pun Ins 7V1Dcity :Liquid :Overall transfer coefficient 
ft./sec. :Concentration: lbs./(hr.) (sq,ft.) (atm.) 

:7oles/liter : 

:KG(1) KG(2) KG(3) 

5 1:.21x 0.1 7.14 8.99 7.14 
6 6.057 0.1 9.57 12.3h 9.F0 
7 L.026 0.1 8.54 11.24 8.82 
8 2.171 0.1 6.51 8.19 6.64 

9 2.171 0.262 6.25 12.9 6.35 
10 
11 ?)..f) 6 

0.262 7.77 13.9 7.38 
0.267 11.95 25.2 12.41 

12 4.93 0.267 9.71 16.01 9.98 
113 2.546 0.267 5. 67 8.04 5.76 
14 2.171 0.09 0.61 0.17 6. 9 

15 3.174 0.09 8.46 1o.11 8. 9 

16 4.3 0.09 10.01 11.C9 10.26 
17 5.27 0.09 9.9(_ 11.71 10.23 
18 2.171 0.0u9 6.27 7.2 6.38 

20 
19 6.07 0.069 

lli.??; 1.77 
11.31 

0.069 7.94 

22 
21 n1 0.069 8.86 10.29 .07 

2.17 0.024 6.79 7.06 0.93 
23 2.'15 0.02h 7.87 8.35 8.03 
2+_ 11.3 0.024 9.94 10.03 10.25 
25 5.27 0.024 10.4 11.08 10.82 

(1) KG calcuLyted by assuming no back pressure of aormonia 
over the phosnhate solution. 

(2) KG calculated by assuming the Henry's law constant 
for NT11-11* applied. 

(3) KG ca16ulated by assuming no concentration effect 
existed. 

°Pim = (Pi -Pel) (P2-Pe2) 
in pl-Pol 

P2-Pe2 

where p partial presure of the solute 7,as in the enter- 
ing gas stream 



EXPLANA.LION OF PLATE IX 

Effect of Gas velocity on the Overall Transfer 

Coefficient, KG, for the Absorption of YH 
3 

in 

(NHOHPO4 solution. 

Ordinate: 

Abscissa: 

Fig. 1. 

Fig. 2. 

Legend: 

Overall transfer coefficient, KG, 
lbs./ (hr.) (sq.ft.) (atm.) 

Gas velocity, V, ft./sec. 

Solution concentration 0.069 M. 

Liquid rate 3/lbs. hr. 

solution concentration 0.024 M. 

Liquid rate 30 lbs./hr. 

a: Assuming no beck prescure of NH, over 
the solution. 

0 : kssumin7 the Eenryls law constant for 
WH -IT 0 applies. 

A : Assuming no concentration effect. 

Solid line: Data on the absorption of iH3 in 3. 
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EXPLANATIT1 OF PLATE X 

Effect of Gas velocity on the Overall T ransfer 

Coefficient, KG, for the Absorption of NH3 in 

(NH4 )2H?0 solution 

Ordinete: Overall trarofer coefficiont, 
lbs./ (hr.) (sq. ft.) 

Abscissa: Gas velocity, V, ft./sec. 

Fig. 3. Solution concentration 0.262 M. 

Liquid 30 lbs./hr. 

Fig. Solution concentration 0.09 M. 

Liquid rate 31.4 llos./T:lr. 

epend: 

0: Assuming there is no back pressure of 
NH3 over the solution. 

0: Assuming the Henry's law constant for 
NH 

3 
-H 

2 
0 applies. 

A: Assume no concentration effect. 

Solid line: Data of the absorption of NH in H20. 
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EXPLANATION OF PLATE XI 

Effect of as velocity on the Overall Transfer 

Coefficient, Kr, for the tiosorption of NH3 in 

(NH) )H,P01, 

Ordinate: Overall transfer coefficient, KG, 
lbs./(hr.) (sq.ft.) (atm.) 

Abscissa: Gas velocity, V, ft./sec. 

Fig. 5. Solution concentration 0.1 Y 

Liquid rate 3O.1. lbs./hr. 

Fig. 6. Solution concentration C.06 

Liquid rate 30.E lbs. /hr. 

Lerrend: 

41: Assuming no NH- back Pressure over the 
solution. 

.0: Assuming' the Henry's law constant for 
NH 

3 
-H 
2 " - 

0 applIes. 

Solid line: Data of the absorption of NH3 in H20. 
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EXPLANATION OF PLATE XII 

Effect of 7as Rate on the Overall Transfer 

Coefficient, 1C(1, for the Absorption of NH3 in 

(NH4) 1T2P0)4. 

Ordinate: Overall trnnsfer coefficient, 
J's./ (hr.) (sq.ft.) (atm.) 

Abscissa: Gas velocity, V, ft./sec. 

Solution concentration C.1q_ 7. 

Liquid rk:-te 3C lbs./hr. 

Le7ond: 

A: Assuming no back pressure of III over 
the solution. 

0: Assuming the Fenry': law constant for 
NH3-H20 a'plies. 

Solid line: Data of the absorption of NH3 in H20. 
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02 .7, partial pressure of the solute gas in the 

lerving 7as stream. 

pel = equilibrium partial pressure of the solute 

as over the liquid stream, leaving. 

Pe2 .1. equilibrium. partial pressure of the solute 

gas over the entering liquid stream. 

1)01 and pe2 are expresed by the following equations 

(15) and (16): 

Pel FC2 (15) 

C1 and C2 are the enterinc liquid concentration and out- 

lot iiqid concentration respectively. H is the Henry's law 

constnt. 

When the initial concentration of the liquid is high, 

is relatively larqe as compared with p2. This makes the 

value of in p,-o 'arse and the mean driving forceopin el 

72- Pe2 

Slnce KG is inversely proportional to the mean driving 

force, values of KG calculated on this basis become unusually 

high. 

Effect of Liquid Rate: Values of K, calculated on both 

assumptions are Fiven in Tables 5 and and plotted versus 

liquid rate in Plates XIII and XIV. The slope of these straight 

lines appear to be nearly the same. 

As may be expected from Hattals theory, the numerical value 

of the ratio KG/K Gfl7 (where is the overall transfer 



coefficient for the absorption of ammonia in ,Yaos)hate solution 

and Ke, is that for water) depend n on the concentretien of 0\ 

the liquid, the gas rate and the liquid rote. The liquid film 

resistance becomes small as the liquid rate incrooseo. Since 

the only effect of the presence of chemic:1 co-eounds is to re- 

duce the resistance offered by the liquid fili, the effect of 

concentration on the value of Krs/K 
G(20) 

is less lroneunced at 
'7 

the bieh liquid rote than that at low liquid rate. This obser- 

vation was also made by Doherty and Johnson. The absence of this 

tendency in this exneriment may be attributed to the fact that 

the liquid rate was not high enousrh. 

Effect of Cencentr(tien: The data shown in PI tes IX, 

X, XIV indicate that all values of K for the ebsorntion of am- 

monia by di-ammonium ehosnhate solutions calculated on the es- 

sumotion of no back eressuee of ammonia are less than those for 

the absorption of ammonia in water, while those calculated using 

the Henry's law constant for the ammonia-water system are well 

above those for water. Since these represent the two extremes 

the true values of KG should lie between these two limits. An 

assumption was made that the presence of di-ammonium ehosphate 

has no effect at all. The absorption mechanism itself in this 

case is essentially the same as in the absorption of snieonia by 

wster and the solubility of ammonia in the ohosphate solution is 

the sane as that in water. The values of KG s calculated on 

this basis were in most cases, nearly the sae as those for water. 

The values of Kr calculated this way are also riven in Tables 

5 and 6 and Plotted against the eats velocity in Metes XV and XVI. 



Th,ble 

149 

feet of Liquid rate on KG for the absorption of 
-7onia in di- ammonium phosphate solution. Gas rate, 

2.171 ft./sec. Temperature corrected to 20° C. 

Run:Liquid Ra`,e :Concentraton:Overall transfer coefficient 
No.:lbs./(hr.) (ft.):Moles/liter :lbs./(hr.) (sq.ft.) (atm.) 

(1) 
KG (2) K 

G 
(3) 

1 

2 

4 

233 
322 
169 
109 

0.1 
0.1 
0.1 
0.1 

6.51 
11.10 7.98 

3 7 
7.1 
5.2 

6.64 
((7.6 

6.13 
4.39 

(1) KG calculated by assuming no back pressure of a monia 
over the phosphate solution. 

(2) KG calculated by assuming the Henry's law constant 
for ITH.1-1-10 applies. 

(3) KG cal6ultted by assuming no concentration effect 
existed. 

Table 6. Effect of liquid rate on 1.0. for the absorption of 
amrlonia in 7ionoammniuT pb.osphte solution. C- nstant 
has rate 3.34 ft./sec. Telperature corrected to 200 C. 

Run:Liquid Rate :Concentration:Overall transfer coefficient 
No.:lbs./(hr.) (ft.):Yoles/liter :lbo./(hr.) (sq.ft.) (atm.) 

(\ 
. , 

12 23 0.0563 8.03 9.25 
1'; 331 0.0563 10.05 10.7 4 17 0.0563 7.76 :T135 
15 11 0.0563 5.46 5.91 
16 23 0.093 9.52 10.2 

18 5 
0.093 
0.093 

9.92 
7.74 

10. 1Z 5 17 

8.48 
19 109.3 0.093 5.95 5.76 

(1) K- calculated by assuming no back pressure of ammonia 
over the phosphate solution. 

(2) KG calculated by assuming the Henry's law constant 
for ITH3-H20 applies. 



PTIMANPTION OF PLA XIII 

Effect of Li1d Rate on the Overall Transfer 

Coefficient for the absorption of NH3 in 

(NH)H2P°4 
Solution. 

Ordinate: Overall transfer coefficient 
lbs./(hr.) (sa.ft.) (atm.) 

Abscissa: Liquid rate, f lbs./(hr.) (ft.) 

Fi. 7. Solution concentration 0093 M. 

Gas velocity 3.32 ft./sec. 

Fi7. Solution concentration 0.0563 M. 

Gal velocity 3.32 ft./see. 

Legend: 

A : Assuming no back oressure of lq.13 over 
the solution. 

0 : Assuming the Henry,s law constant for 
"3-FT 2 0 anplios, 

Solid Line: Data on the absorption of NH3 in H20. 
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EXPLANATION OF PLATE XIV 

F-ffect of Liquid Rate on the Overall Transfer 

Coefficient for the Absorption of 773 in 

(NF4)21i0it Solution. 

Ordinate: Overall transfer coefficient, Kc, 
lbs./ (hr.) (sq.ft.) (ctm.) 

floscissa: Liquid rate, 1-3, lhs./ (hr.) (ft.) 

Solution concentration C.1 M. 

Gas velocity 3.32 ft./seo. 

Legend: 

A: Assuming there is no back pressure of 
NH3 over the solution. 

4.: Assuming the Fenryls law constant for 
NH 

3 
-H 

2 
0 applies. 

0 Assuming no concentration effect. 

Solid Line: Date of the absonotIon of NH 
3 

in F 
-2 



53 

PLt TE XII 



EXPLANATION OF PLATE XV 

Plot of KG voraus was veloc.ty V, at various 

Concentration Levels for the Absorption of 

Ammonia in (NH )2.11F04 Solution. 

Ordinate: Overall transfer coefficient, KG, 
lbs./(ar.) (sq.ft.) (atm.) 

Abscis'a: Gas velocity, V, ft./sec. 

Experimental conditions 

Liquid rate: 30 lbs/h4. 

Temperature correct;ed to 200 C. 

Le7end: 

e 0.262 M. 

0 0.09 1. 

0.06g M. 

0 0.024 M. 

Remar: K 
G 

calculated on the basis that there is no 
concentration effect. 
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EXPLANATION OF PLATE XVI 

Effect on Concentr2tion on the Overall Transfer 

Coefficient, K, for the absorption of Ammonia in 

4) 
H2p Solution. 

Ordinate: Overall transfer coefficient, 
lbs./ (h.) (sq.ft.) (atr.) 

Abscissa: Concentration C, M./liter 

Liquid rote: 3C 

Gas velocity: 

Curve I 6.07 ft, sec. 

Curve TI 3 ft./sec. 

Curve TIT 2.17 ft./sec. 

KG 

Remark: Ko caloul'ted on the assumption that there 
w1s no concentration effect. 
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Anparently liquid concentration has no effect on the film 

coefficients determined in this way. 

For the absorption of ammonia in mono-ammonium phosphate 

solutions, values of KG calculated on both limitin- conditions 

(a) and (b) as stated before, are greater than those for water 

in most cases. The effect of concentration on K- and K, is 

shown in Plates XVI and XVTII. 

According to Hattals theory, when the concentration is 

below a certain value, the relation between concentration and 

KG is linear. Values of KG calculated by using the solubility 

data of ammonia in water do show this tendency. However, KG 

calculated on the assumption that there is no back nressure, 

does not shov this characteristic. 

The difference in behavior of these two similar compounds 

can be explained by the fact that the pH cf the di-ammonium salt 

solution was about 7.5, which is similar to water while the 

mono-ammonium salt solution was slightly acidic. The absorp- 

tion of ammonia in water can be expressed as: 

3 

3, 
ea ,D fam. 

NII3aq 

NH4GH zmit 
4 

The first stew is sinnly physical equilibrium, while the 

second one involves chemical reaction. When the liquid used for 

ahsorntion is acieic the equilibriuT will tend t3 shift from 

left to ri7ht. This results from the neutralization between 

hydrogen ion and hydroxyl ion. The result Is that :yore ammonia 

is absorbed. 



EXPLANATION OP ?LATE XVII 

7ff'ct or ConcentrPtinn on the Overril Transfer 

r7ncfricient, !cc f'r the absorption of AmTonie 

in (NH4)112 

Oreinate: 

Abselssa: 

elocity: 

T,olution. 

7Ncra1l transfer coefficlent X 
bs./ (hr.) (sl.ft.) 

Concentration, moles 11 

Curve I 4.5 ft./sec. 

Curve II 3 ft./sec. 

Durve ITT 2.5 ft./sec. 

Pemark: rr. cplculnted using Fen 
for 

ts cnnstent 
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EXPLANATION OF ?LAT XVIII 

Effect of Concentration on the Overall Transfer 

Coefficient, Kr, for the Absorption of Ammonia 

in (NH4) F2PO4 Solution. 

Ordinate: Overall transfer coefficient, 
lbs./ (hr.) (sq.ft.) (atm.) 

Abscissa: Concentration, C. moles/liter 

Lillid rate: 32 lbs.rar. 

Gas velocity: 

Curve I 

Curve II 

Curve III 

!.5 ft./sac. 

3 ft./sec. 

2 ft./sec. 

Pemark: r, calculated on tl-,e assumption of not back 
pressure of NH3 over the solution. 
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The actual mechanism is by no moons so simple, because it 

involves s series of equilibrium systems. However, this kind 

of reaction c,n he considered as a neutralization reaction be- 

tween an acid and a base. Ps far as ecutrelization is concerned, 

the most imoortant factors are the hydrogen ion concentration 

and the hydroxyl ion concentration. The higher values of KG 

for the absorption of ammonia is mono-ammonium phosphate solu- 

tion compared with those for water can be explained by the fact 

that the mono-a-^monium salt solution is slightly acidic. Along 

this line of reasoning, it is expected that if some other sub- 

stances like Na (TTH)HPOI or Na (NHL)2P014 are used for the ab- 

sorption of ammonia, the corresponding values of KG should be 

less than these for water. This prediction is shown in Plate 

XIX. 

Or-YNCLUSTS 

The results of the present work and the conclusions derived 

therefrom are summarized as follows: 

1. The liquid film coefficient for the absoretion of chlo- 

rine in water was determined. It was shown that lc 

L 
varies with 

0.81 power of the liquid rate. This exponent is lower than that 

for the absorption of carbon dioxide in water. This is con- 

sistent with the previous work of Vivian and Whitney (14). The 

following empirical equation was obtained.: 

Q.81 
= 0.01163 f7 

2. It was found that the numerical value of K. for the 



EXPLANATION OF PLATE XIX 

Pre6iction of the Overall Transfer Coefficient, KG, 

for the absorption of NH3 in different solutions 

Ordinate: Overall transfer coe-f-Lclent, K, 
lbs./ (hr.) (s.q.ft.) (atn.) 

Abscissa: Gas velocity, G ft./sec. 

Curve I (NHOH2p04 

Curve TI (NMI HP0 
4 2 4 

Curve TIT Na(NHOHPO4 

Curve I Na2HP94 
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absorption of ammonia in di-ammonium orthophosphate solution 

is essentially the same as that in water. No concentration ef- 

fect was observed. 

3. The absor7tion of ammonia in mono-ammonium Phosphate 

solution was also studied. The liquid rate effect and the 'as 

rate effect seem to h nerly the same as that for water. It 

was also shown that does increase with an increase in con- 

centration. 
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Table 2. Liquid -film coefficient for the absorption of chlorine into water at varied liquid rate. 

Anten11111=. 

: Run 1 : Run 2 : Run 3 : Run 4 Run 5 : Run 6 : Run 7 Run 8 : Run : Run 10 : Run 11 : Run 12 : Run 13 : Run 14 : Run 15 : Run 16 

Liq. rate 
W (lbs./br.) 31 24.8 38.1 20.7 36.2 22.9 16.9 13.2 46.5 53.8 55,2 43.7 51.9 15.1 18.8 13.2 

(lbs./(hr.)(ft.) 244 195.3 300 163 285 180.3 133 103.9 346.6 423.6 434.6 344.1 408.7 118.9 148 103.9 

Liq. conc. (gram/liter 
Inlet 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Outlet 2.82 3.02 2.244 2.621 2.4225 2.273 2.722 2.74 2.4625 2.403 2.502 2.70 2.61 3.098 2.988 3.078 

Gas composition Pure 012 Pure 012 Pure c12 pure C1 pure C12 Pure C12 Pure 012 Pure C12 Pure 012 Pure Cl2 Pure C12 Pure C12 Pure C12 Pure C12 Pure C12 Pure C12 

Gas pressure (mm Hg) 
Inlet 738.6 738.7 738.8 738.8 737,9 738.1 738,2 734 734.1 734.4 734.7 735 733 733.4 733.1 734.9 
Outlet 738 738 738.2 738 737.3 737,4 737.4 733.3 733.5 733.5 733.8 734.2 731.4 732,5 732.3 733.9 

Liq. temp. (4) 0.) 
Inlet 23 23 23.5 23.5 25 25 25.2 24.6 25.5 25.5 25.5 23.5 24.5 25,5 25.5 26,5 
Outlet 

kL (Ilis./(sgat.)(hr.)411+47) 
(I) 

23 

1.381 

23.b 

1.052 

24 

1.1238 

24.5 

0.7505 

26.9 

1.2226 

26.5 

0.7268 

28 

0.7115 

27,2 

0.5377 

27.2 

1.6638 

27.2 

1.874 

24,2 

1.9055 

25,2 

1.7356 

25.5 

1.9432 

28.2 

0.7215 

28.2 

0.8883 

30 

0.6319 
(II)** 

k L 
( I) 
(corrected 
* 

to 200 CO 

(II)** 

1.904 

1.2978 
1.7889 

1.4576 

0.9886 
1.3694 

1.474 

1.0367 
1.3598 

1.013 

0.6997 
0.9345 

1.5568 

1.07e7 
1.3736 

0.9025 

0.6413 
0.7963 

0.8803 

0.6188 
0.7656 

0.6808 

0.4744 
0.6007 

2.0502 

1.4554 
1.7934 

2.3049 

1.6398 
2.0162 

2.4864 

1.7578 
2.2937 

2.2895 

1.5818 
2,0867 

2.5098 

1.75 
2.2603 

0.909 

0.6498 
0.8186 

1.1046 

0,7704 
0.958 

0.812 

0.5314 
0.6878 

kL calculated by using total chlorine concentration as driving 
force. 

14 calculated by using molecular chlorine concentration as 
driving force. 

nervw...,ftwomore. 
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Table 3. :overall coefficient for the absorption of on e,into diammonium hydrogen phosphate solution. 

==rr:Run111RRun : Run 24 : Run 25 
I Run 1 : Run 2 : Run 3 Run 4 :Run 5 : Run 6 Run 7 s Run 8 I Run 9 : Run 10 14 : Run 15 : Run 16 : Run 17 : Run 18 : Run 19 : Run 20 : Run 21 : Run 22 : Run 23 

Liq. rate 
W (lbs./hr.) 
G (lbs./hr.ft.) 

Gas rate 
Q (cruat./br.) 
V (ft./sec.) 

Lig. cone. 
(NH4)58204 (8) 
NH (g N8/100g sol'n) 

Inlet 
Outlet 

Gas composition (1bs.14113/1b.air) 
Inlet 
Outlet 

Gas pressure (mm Hg) 
Inlet 

. Outlet 

Liq. temp (s C.) 
Inlet 
Outlet 

Kg (lbs./Ohr.)(sO.ft.)(akm) 
(((III)* 

II** 
)*** 

Kg (corrected to 20° 0.) 
(I)* 
(II)** 
(III)*** 

29.6 
233 

21.37 
2.171 

0.1 

0.278 
0.568 

0.279 
.0087 

732.5 
8,27 

24.8 
24.9 

6.24 
8.45 
6.37 

6.51 
8.19 
6.64 

40.8 
322 

21.37 
2.171 

0.1 

0.270 
0.547 

.0279 

.00445 

732.5 
752.2 

24.8 
23.8 

7.60 
10.76 
8.75 

7.98 
11.18 
8.8 

21.5 
169 

21.37 
2.171 

0.1 

0.278 
0.394 

.0279 

.01362 

732,6 
732.2 

25.9 
25.9 

5.41 
6.79 
5.89 

6.7 
7.14 
6.13 

13.9 
109 

21.57 
9.171 

0.1 

0.270 
0.45 

.0279 

.01116 

752.5 
752.2 

27 
27 

4.02 
4.96 
4;15 

4.97 
5.86 
4.39 

29.6 
233 

41.7 
4,24 

C41 

0.284 
0.2825 

.02243 

.01023 

757.8 
736.9 

27.3 
27.2 

6.71 
8.45 
6.71 

7.14 
8,99 
7.14 

29.6 
233 

59.5 
6.057 

0.1 

0.282 
0.405 

.02044 

.01019 

740.9 
737 

27 
27 

9. 

11.6 
9.3 

9,37 
12.34 
9.89 

29.6 
233 

48.5 
4.926 

0.1 

0.282 
0.596 

.0203 

.00925 

739 
736.3 

27.0 
26.8 

8.05 
10.6 
8.52 

8.54 
11.24 
8.82 

29.6 
233 

21.37 
2.171 

0.1 

0.278 
0.368 

.0279 

.0087 

732.5 
8.27 

24.8 
24.9 

6.24 
7.86 
6.57 

6.51 
8.19 
8.64 

29.6 
233 

21.37 
2.171 

0.262 

0.712 
0.802 

0.279 
.0067 

734.7 
734.5 

23.0 
23.9 

6.01 
12,44 
6.11 

6.25 
12.93 
6,36 

29.3 
231 

32.44 
3.296 

0.262 

0.712 
0.816 

.0233 

.0075 

735.9 
734.7 

23.8 
23.0 

7.52 
13.5 
7.88 

7.77 
15.94 
7.88 

30 
236 

59.5 
6.06 

0.267 

0,7 
0.847 

.02044 

.00804 

737.8 
733.9 

25.8 
25.7 

11.59 
24.1 
11.85 

11.96 
25.28 
12.41 

29.5 
232 

48.5 
4.93 

0.267 

0.715 
0.840 

.0208 

.0082 

735.8 
732.4 

24.1 
24.1 

9.34 
15.4 
9.6 

9.71 
16.01 
8.98 

24.4 
229 

25 
2.546 

0.267 

0.715 
0.84 

0.0383 
0.0132 

735.3 
733.3 

24.9 
24.9 

5.44 
7.71 
5.54 

5.67 
8.04 
8.76 

31.4 
247 

21.4 
2,171 

0.09 

0.252 
0.338 

0.0279 
0.0065 

745.7 
745.1 

25.5 
26.5 

6.28 
7.76 
6.45 

6.61 
8.17 
6.79 

31.4 
247 

31.2 
3.174 

0.09 

0.252 
0.380 

0.03036 
.00852 

745.5 
745.5 

25.5 
26.5 

8.04 
9.6 
8.25 

8.46 
10,11 
8.69 

31.4 
247 

42.3 
4.5 

0.09 

0.252 
0.408 

0.0292 
.00957 

747.9 
745.9 

26.5 

9.5 
11.29 
9.74 

10.01 
11.89 
10.26 

31.4 
247 

5.19 
5.27 

0.09 

0.252 
0.415 

.0278 

.01103 

749.5 
746.6 

28.5 
26 

9,46 
11.12 
9.71 

9.46 
11.71 
10.23 

31.4 
247 

21.4 
2.171 

0.069 

0.186 
0.27 

0.0279 
.00697 

728.1 
727,5 

25 
23 

8.11 
7.02 
8.22 

6.27 
7.2 
6.38 

31.4 
247 

59.5 
6.07 

0.069 

0.186 
0.332 

.022 

.00913 

733.5 
729.6 

21.8 
21.7 

10.89 
12.31 
11.14 

11.05 
12.7 
11.31 

31.4 
247 

32,6 
3.31 

0.069 

0.186 
0.294 

.026 

.0085 

729.2 
728 

23 
23.2 

7.55 
8.54 
7.75 

7.75 
8.77 
7.94 

31.4 
247 

44.9 
4,564 

0.069 

0.186 
0.293 

.0298 

.0083 

730.9 

23.6 
23.7 

8.59 
9.97 
8.79 

8.86 
10.29 
9.07 

10 
236 

21.4 
2.17 

0.024 

0.67 
0.184 

.0279 

.00623 

739 
738.7 

25 
25 

6.5 
6.78 
6.64 

6.79 
7.05 
6.93 

30.3 
2.38 

27 
2.85 

0.024 

0.066 

0.034 
.0091 

739.7 
738.9 

2.52 
25.5 

'7.51 
7.97 
7.67 

7.87 
8.35 
8.03 

31.4 
247 

42.3 
4.3 

0.024 

0.22 

0.292 
.00966 

741.3 
759.6 

25.1 
25.3 

9.5 
10.17 
9.8 

9.94 
10.63 
10.25 

29 
228 

51.8 
4.27 

0.024 

0.064 
0.23 

.0279 

.0108 

743 
740.1 

25 
25.3 

9.99 
10.6 
10.5 

10.4 
11.08 
10.82 

* Assuming no back pressure of 0113 over the solution. 
** Assuming the Henry's law constant for 023880 applies. 
*** Assuming no concentration effect. 



74 

Table 4. Overall eoefficients for the absorption of ammonia into monoanmoniun dinTdrogen phosphate solution. 

2 Run 1 1 Run 2 2 Run 3 Rung : Run 8 : Run 6 Run 7 2 Run 8 8 Run 9 : Run 10 Run 11 : Run 12 : Run In : Run 14 Run 16 2 Run 16 I Run 17 Run 113 2 Run 19 

Liq. rate 
(lba.Z.) 
(lbs. .ft.) 

Gas rate 
Q (eu.ft./hr.) 

(ft./see.) 

Liq. sone. 
(1114) lip PO 4 (K) 
wilt 0--marloo grans sofa) 
Inlet 
Outlet 

Oas woOposition 
MS lbs./lb. of air) 
Wet 
Outlet 

Oss pressor* boa 158) 
IS1st 
Outlet 

114. temp. 0.) 
Inlet 
oat1406 

ig 

1131./(9r.)44.2t.)(ata) 
I) 
IX)" 

xi tlois000tos to I$ 

tali* 

30 
233 

19.74 
2.006 

0.154 

0.24 
0.326 

.02619 

.00408 

720.1 
719.8 

9462 
24 

7.659 
10.05 

7.92 
10.4 

30 
233 

59.78 
6.07 

0.154 

0.24 
0.4 

.0221 

.00861 

725.8 
721.9 

24 
25 

11.57 
14.03 

12.05 
14.09 

30 
233 

40.05 
4.578 

0.154 

0.247 
0.378 

.02274 

.00600 

723.1 

721 

24 
24.5 

9.75 
11.83 

10.09 
12.27 

30 
233 

32.50 
3.51 

0.184 

0.247 
0.289 

.09808 

.00744 

791.4 
720.5 

24.2 
85.2 

8.2 
10.64 

946 
11.16 

30.4 
234 

44.99 
4.575 

0.06 

0.104 
0.228 

.0227 

.00818 

720.2 
727.9 

28.7 
99 

9.2 
10.55 

W.94 
11.16 

30.4 
234 

59.45 
6.04 

0.08 

0.104 
0.24 

.0186 

.00728 

732.9 
729.2 

29 
99.2 

11.7 
13.49 

30.4 
284 

22.99 
2.336 

0.06 

0.104 
0.194 

0.02585 
0.00573 

739.3 
738.2 

25.8 
26 

7.09 
7.85 

7.46 
8.24 

30 
233 

31.26 
3.18 

0.058 

0.078 
0.138 

0.03089 
0.00827 

759.8 
738.7 

25.8 
26.2 

8,37 
8.97 

8.85 
9.48 

30.4 
234 

20.75 
2.11 

0.1 

0.160 
0.261 

.0284 

.00891 

735.1 
734.6 

26 
26.5 

7.16 
8.5 

7.53 
8.73 

30.4 
234 

31.2 
3.17 

0.1 

0.166 
0.3 

.05046 

.0826 

735.1 
734.6 

28 
26.5 

8.41 
9.44 

8.746 
9.82 

30,4 
234 

42.2 
4.29 

0.1 

0.166 
0.324 

.02942 

.01007 

735.1 
754.6 

26 
26.5 

9.25 
10.75 

9.9 
11.37 

30 
236 

32.9 
3.34 

0.0663 

0.08 
0.218 

0.0516 
0.01011 

728.5 
727.5 

24.2 
25 

9.89 
10.89 

8.05 
9.28 

42 
331 

32.9 
3.34 

0.0563 

0.06 
0.19 

0.0316 
0.00762 

728.5 
797.5 

24.5 
25.1 

9.64 
10.27 

10.05 
10.7 

22.25 
175 

32.9 
3.34 

0.0563 

0.08 
0.18 

0.0516 
0.0107 

728.8 
728.5 

26.5 
27.2 

7.33 
7.89 

14.44 
114 

32.9 
3.34 

0.0563 

0.08 
0.302 

0.0316 
0.015 

728.5 
728.5 

28 
28.8 

5.07 
5.49 

5.48 

30 
236 

32.9 
S.34 

0.093 

0.134 
0.284 

0.0316 
0.0083 

752.5 
723.3 

22.2 
23.2 

8.99 
9.84 

N:2 

38 
299 

32.9 
3.34 

0.093 

0.154 
0.256 

0.0316 
0.0075 

725.5 
732.2 

22.5 
23.3 

9.89 
10.59 

9.92 
10.85 

22 
165.4 

32.9 
5.34 

0.093 

0.132 
0.318 

0.0316 
0.0104 

735.5 
782.5 

25.9 
24.2 

7.408 
8.81 

7.74 
8.48 

13.88 
109.3 

52.9 
3.34 

0.093 

0.136 
0.388 

0.0318 
0.0134 

738.5 
732.5 

5.7 
5.54 

5.93 
5.78 

Assume wo soak pressure of 12* Oro, the solution. 

*1 AssWas the NNW* law OanStast for 113 . Hp0 appli a. 



75 

'ample Calculation 

A. Absorption of Chlorine in ':ater 

Than. 71o. 3 

rbservel data: 

LiquiC 7ate 
16.e 1./hr. 

= 300 lbs./hr.ft. 
7,iquil Concentration 

Inlet X1 = 0 
Outlet X2 = 2.224 Cl2 per liter 

Liquid Temperature 
Inlet 23.5° C. 
Outlet 24 C. 

Atmospheric Pressure = 740.1 mm Hg 
loom Temperature = 270 C. 
anometer Peading 

Column Inlet 2.2 mm Hg 
Column Outlet 1.6 mm Hg 

Absorption surface = 0.22 sq. ft. 

Calculation: 

Correctel Pressure = 740.1 - 27 (0.128) = 736.6 mm Hg 
artial :Pressure of Chlorine 

Inlet = 736.6 - 2.2 = 736.3 mm Hg = 0.972 atm 
Outlet 736.6 - 1.6 = 733.2 mm H = 0.071 atm 

Interfacial 7quilibrium Pressure 
Inlet = 6.64 77,ra7s of 012 per liter 
cutlet = 6.55 ;7;rams of C12 per liter 

lean rivin. 77nce, i calculste frcr! t111-1 followin7 eql:!nticn: 
(6.6+ ai" 

C/p, = 6-6/- _2.244 4".4o ( 
4. 

W C X1- X,) -7.2 44 /6. S 6 3ig 
A +sem &";Z 4-4* /4 

eao.21-t 

ALCrrectel to oJ = 1./2# )( "12. = /034-7 

In the calculation of pseudo transfer coefficient, only the 

.ifference of molecule chlorine concentration can be counted as 

lb 
hr. fi --- 

1'1 3 
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driving force and molecule concentration of chlorine was calcu- 

lated by the following equation: 

C 

Values of are 7iven by Whitmey and Vivian 

The interfac 
Inlet 
Outlet 

oan driving 

al equilibrium concentrations were found as follows: 
5.342 7rams of C12 per liter 
5.336 -Tams of C12 per liter 

force 

6634-2 .q.24f) z36 
C 11: 

8 
i - 2.244- 

;". 

2-24"14S 
- 

- 40,q 7"74)0C31.4.10(4-9 
44 I 0.22 

-= t s- 0,0 

4,c coryected I. 3 4' 8 

Absorption of Ammonia in Phosphate 

run No. 9 in Table 3 

Observed data: 

Absorption 7urlace = 0.22 sq.ft. 
Liquid rate = 29.6 lbs. nr. = 237 lbs. 
7Jan rate 

Air rate 0.34 cu.ft.A:ilin. of 7 = 
NH3 rate 0.0161 cu.ft.blin. 

Liquid Concontration 
(N17.4)2 HPO4 = 0.262 M./liter 
NE 3 (reported as grams N per 100 grams of solution) 

Inlet 0.712 
Outlet 0.802 

lean liquid temperature = 24.50 C. 
3orcmetric pressure = 737 mm Hg 
Room temperature = 230 C. 
"anometer reading 

Column Inlet = 0.58 mm Hg 
Column Outlet = 0.3 mr Hg 

r. ft. 

.53 lbs./hr. 
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Calculation: 

Corrected pressure = 777 mm F. - 27(0.1197) = 7742 mm Hg 

x 0.0161 0.0442 
Inlet gas concentration 71 - 0.0279 lb. of 

0.74 x 0.075 7,73 per lb. 
of air 

By material balance 

W (X2 - X1) = G (Y1 - Y2) 

X 2 - X 1 = (0802 - 0.712) x 17 x 1 
14 1000 

= 0.001093 lb. of per lb. of water 
29.6 x 0.001097 = 1.53 (0.0279 - 72) 
Y 2 = 0,0067 lb. of !\7: Der lb. of air 

-3 - 

Partial pressure of N:3 at inlet 

(774.2 + 0.5) x - 

0.0161 
0-7S4 + 0.0161 = 35.22 in Hg 

Partial pressure of N1 at outlet 

0.0067/27 
(734.2 + 0.37) x - 8.3 ram Hg 

1/29 + 0.0067/17 

1".7ean drivin force 

(1) Assume there is no bac:V pressure 

75.22 - 6.7 
!ye, 

in , 

6.3 

= 16.83 

(II) Assume the sclubnIty of ammonia in phosphate solution 
is the are as that in water 

log = 4.699 - 7460/T0° 

where Pt = equilibrium partial pressure of ammonia In atm 
C = concentration of ammonia in molality 

now T = 24.5c 7, or 576.1° R 

1-1 7460 
log = 4.699 - - - 2.244 

576.1 



PI = 0.01754 C 

Interfacial equilibrium pressure 
1 1 inlet = 0.01754 x 700 x 0.202 x x --x1000 
14 100 

= 7.64 nn lic, 

Cutlet = 0.01754 x 700 x 0.702 x -1-x1000 
14 100 

= 6.73 mm hg 

= (7,5.22 - 7.64) - (3.5 - 6.73) 

ifl 15 2 
x 

2 - 7.64 7C0 

= 0.01187 atm 

(III) Assume the presence of (i4)2 04 has no effect 

P = 0.01754 

Interfaclal equilibrium pressure 
Inlet = 0.01754 x 760 x (0.802) - 0.712) x 

14 
Trz x 1000 

= 0.86 mm Hg 
r'utlet = 0 

7r; 

(35.22 . 0.86) 
- "7 -1.34 n Fh = 0.0241 

7b.22 - 0.86 
8.3 

':'verall transfer coefficient K were calculate by the 

eeu.atIon: 

X1) 
A P 1M 

Tor case I 

= 29'6 x 0.001093 6.01 lbs./(hr.)(se,.ft.)(atr) 
, 0.0245 x 0.22 

For case II 

29.6 x 0.001093 
0.01183 x 0.22 = 12.44 lbs./(hr.) (sq.ft. )(atm) 

'3 



79 

ase III 

, 29.6 x 0.00109 = - 6.11 lbs./(11r.)(sq.:t.)(atm) 
0.0241 x 0.22 

In 

24.7 - 0.175t 

t = 24.5° C. 

Take 200 C. as reference, the temperet7re correction factor 

equals 

For case 

For case II 

or case III 

6.25 lbs./(hr.)(eq.ft.)(atm) 

= 12.44 1bs./(hr.)(sq.ft.)(at7,,.) 

= 6.75 lbs./(hr.)sc.ft.)(atm) 

PrIncl.pal Constants of the cisc Ccl=n 

7umber of discs 
Diameter of the dc 
Thickness of the dlsc 

of the pyrex column 
7ean perimeter for liquIA flow 
-:'quivalent diameter for 7as flow 
nbsorption surface * 

.70 

1.5 cm (0.594 inch) 
0.48 cm (0.166 inch) 
1 1/8 inches 
0.127 ft. 
0.059 ft. 
0.22 sq. 

* 
rr ba 

Norienclature 

A = sinscrntion surface area, sq. ft. 

C = cpntrnctIon of clute i.7as in liquor 

C = interfacial equilibril:m concentration of solute gas in liquid 
-e 

Aelr' = loFarithmic (rivin fT. force expressed in concentration. term 
-1.7ft 

G = as rate o 1b./hr. 

= Henry's law constant, lefin ' by 1= HC 



= overall transfer coefficient lbs./(hr.)(sg.ft.)(atm) 

k, = r.,as film transfer coefficient lbs./(hr.)(sel.ft.)(atm) 

= overall transfer coefficient lbs./(hr.)(sq.ft.)(lbs. 
cu.ft.) 

kr = liqui film transfer coefficient lbs./(hr.)(sq.ft.)(lbs. 
cu.t1E. ) 

p = partial pressure of solute as in the 'as stream 

pe = interfacial equilibria,,., ressure 

P12 = lo arithmic driving force ex resse in atm 

V = eras velocity ft./sec. 

= concentration of solute in inlet 11 

7{2 = concentration of solute in effluent 1 ./M. 

= inlet as concentration of lb./lb. 

712 = outlet gas concentration lb./lb. 

= liquid rate, lbs./hr. 
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The purpose of this thesis was to stud,- the absorption of 

arsronia into mono-armonium orthophosrhate solution as well as 

diarmoniu-T orthophos-hate solution to further ascertain, the ras- 

film characteristics of the disc column, a sT)ecielly doe lined 

new tyre of laboratory column, which can be used. as P versatile 

research tool for the study of as absorption with che-ical 

reactions. 

The absorntion of chlorine in water was also studied because 

of th rronounced hydrolyzing effect of dissolved chlorine in 

water. For this reason, atter--;ts to correlate the chlorine-water 

s-7-ste,r with other si:Ilar syste-s in which the liquid film also 

is the controlling resistance such as carbon dioxide and water, 

have resulted in failure. 

The absorption of chlorine in water was carried cut at 

liquid rates varyin' from 100 to 450 lbs./(hr.)(ft.) and gas 

rates varyin- from 1.5 to 5 ft./sec. The temperature ranged from 

25° C. to 30° G. The liquid coefficients determined from 

the experimental data did not vary with the Tas rate, and were 

correlated with the water rate by the following equations: 

0.81 
k, = 0.01163 r, by using the total chlorine 

concentration as driving force. 

0.855 
= 0.01173 f7 by using the molecular 

chlorine concentration as driving force. 

The absorption of ammonia in phosphate solutions was carried 

out at liquid rates varying from 100 to 350 lb ./(hr.)(ft.) and 



gas rates varying from 2 to C ft./sec. The concentration of the 

enter1n7 phosphate solution varied from 0,024 to 0.26 moles/liter. 

7:ince the solubility of ammonia in phosphate solutions is not 

available, two assumptions were made: !a) That no back pressure 

of arnonia over the phosphate solution existed. (b) That the 

same solubility relationship existed between the ammonia-water 

syster and the anmonia-phosphate system. Values of the overall 

transfer coefficients, Tr were calculated on both assumptions. 

It was shown that there is no concentration effect for the 

absorption of ammonia in dianmonlur phosphate solutions. There 

is some increase cf the numerical value of Kr, with an increase 

of the solution concentratic, but not to any 7reat extent. 

This was expected because this system is one in which the 7as 

film controls. This is also a verification of Eatta's theory 

for the absorption of as In a liquid followed by a rapid ir- 

reversible. reaction. 


