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A LITERATURE REVIEW OF NITROGEN OXIDE ABSORPTION 
INTO WATER AND DILUTE N I T R I C  ACID zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

R,, M. Counce 

ABSTRACT 

The removal of gaseous nitrogen oxides from off-gas streams i s  impor- 
t an t  when reprocessing spent nuclear fuels. The absorption of nitrogen 
oxides has been the subject of several laboratory and engineering-scale 
experiments and the theory of rifitrogen oxide absorption seems t o  be wel l  
established. However, previous engineering-scale experimental work i s  
not d i rec t l y  applicable t o  proposed nitrogen oxide removal processes. 
A l i t e r a t u r e  survey has been conducted t o  determine the "s ta te  of the  ar t "  
i n  nitrogen oxide absorption. The purpose of t h i s  report i s  t o  give 
the resu l ts  of t ha t  survey and make some general observations on nitrogen 
oxide absorption. 

1. INTRODUCTION 

The removal of nitrogen oxides from off-gas streams i s  important 

when reprocessing spent nuclear fuels,  since many of the  off-gas streams 

i n  a reprocessing f a c i l i t y  w i l l  contain nitrogen oxides i n  suf f ic ient  

concentration t o  in te r fe re  w i t h  further gas cleanup operations or t o  ex- 

teed discharge limits. Absorption of gaseous NO 

concentration and the product of" two times i t s  equilibrium polymer 

concentration, N 0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA) i n to  water and d i lu te  n i t r i c  acid and the gas phase 

oxidation reaction of NO provide the basis fo r  one method of  nitrogen 

oxide removal. 

l imi t ing mechanisms associated w i t h  nonequilibrium absorption of NO * zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAX 
sum of NO 

2 
point out the absence in  the  open l i t e r a t u r e  of information necessary t o  

complete the  design of nitrogen oxide absorption equipment. 

* 
( the sum of the  NO2 

2 

2 4  

The purposes of t h i s  report are (1) t o  ident i fy  the rate-  

( the 

+ NO) compounds in to  water or d i l u te  n i t r i c  acid and (2 )  t o  

2. LITERATURE REVIEW 

N204, NO, and N 0 The 
2' 2 3' 

The nitrogen oxides of impmtance are NO 

essent ia l  chemical reactions are usually wr i t ten as follows: 

2 ~ 0 2 ( ~ )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 ~ 2 0 4 ( g )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 (1) 

1 
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2 

or 

Reactions (1) through (4 )  adequately describe the absorption zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA* 
process i f  the gaseous NO concentration i s  l a w  or t he  gaseous NO2 

concentration i s  moderately high. 

sa t is f ied ,  reactions (1) through (6) may be required t o  describe the 

absorption process. The heats of reaction associated w i t h  the  above 

reactions make the absorption a highly exothermic process. 

If e i ther  of these conditions i s  not 

2.1 The zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANO2 - N 0 Equilibrium 2 4  
Bodenstein’ studied reaction (1) a t  temperatures from 282 t o  404 K. 

Data are  expressed i n  the following equation for  the log of the  pressure 

equilibrium constant : 

-6 2’ 
Log K = - - 2692 T + 1.75 Log T + 0.00483~ - 7.144~10 T + 3.062 , (8) 

P , l  

where 

P2 
atm . N02 

- 
‘P,’ - ’N204 

(9) 
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Verhoek and Daniels2 a lso conducted an invest igat ion of reaction (1) 

but varied the  temperatures from 298 t o  318 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAK. The following equation 

expresses t h e i r  data for  the log of the pressure equilibrium constant: 

3198 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. Log K = 9.8698 - - 
P , l  T 

Hoftyzer and Kwamten3 give the  following correlat ion fo r  K without 

temperature res t r i c t i ons  and based on the work of Verhoek and Daniels2 and 

the  JANAF Thermochemical Tables : 

P , l  

4 
-. 

K = 1.46 x lo9 exp (6866.0/~).  
P, l  

* 
2.2 The Absorption of NO2 i n to  Water and Dilute N i t r i c  Acid 

Accompanied by Reaction with H 0 2 

The hydrolysis of N 0 i s  essent ia l l y  i r revers ib le  if t he  absorbing 

f l u i d  i s  water or d i l u te  n i t r i c  acid. The equil ibrium hydrolysis of N 0 

i s  not considered i n  t h i s  report  although the  subject i s  wel l  covered i n  

2 4  

2 4  

the  l i t e ra tu re .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5,6 
7 * 

2 

Acid strengths were varied up t o  18.5 M, and the NO 

Chambers and Sherwood studied the absorption of NO from nitrogen 

in to  n i t r i c  acid solut ions at 298 K using both a wetted-wall column and 

a batch system. 

p a r t i a l  pressure was approximately 0.05 t o  0.06 atm. 

react ion (3) i s  rapid and t h a t  the hydrolysis of N 0 

represented by reaction (7), they concluded t h a t  gas-phase res is tance i s  

t he  control l ing mechanism since the r a t e  of absorption i s  proportional t o  

the  approximate 0.8 power of the  gas velocity. 

reaction of NO was assumed; analysis was accomplished by a chemical analysis 
2 

of gas samples. 

* 
2 - 

Assuming tha t  

i s  accurately 2 4  

A gas-phase hydrolysis 
* 

* 
The e f fec ts  of system temperature, NO concentration, and acid molari ty 

2 
gas mixtures i n t o  n i t r i c  acid was 

2 2 ,, 

* 
on the absorption r a t e  of NO 

invest igated by Denbigh and using a wetted-wall column. Temperatures 

of 298 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA313 K were used; NO 

and acid molari ty var ied from 1 .7  M t o  13.0 M. 

(7)descr ibes the  react ion of N 0 

2 

NO -N zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1 %- 

p a r t i a l  pressure ranged from 0 t o  0.27 a t m ,  
% *  

They assumed t h a t  react ion - - 
and water. For acid strengths up t o  :2*4 

5.7 M, t he  absorption r a t e  of NO i s  accurately represented by the  - 
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following equation i n  accordance with the theory representing the process 

of absorption combined with'chemical reaction: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 

%O 2 'N204 

The experimental values for  t h i s  equation are given i n  Table 1. 

cluded tha t  chemical reaction (7) i s  the rate-control l ing step. Analysis 

was conducted on the gas phase using a cal ibrated photocell. 

They con- 

10 

i n to  water and d i l u te  

A wetted-wall column was zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAalso used by Caudle and Denbigh t o  experi- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
* 

mentally measure the r a t e  of- NO 

n i t r i c  acid. The variables examined were gas composition, temperature, 

and gas and l iqu id  f l a w  rates.  The hydrolysis of N204 i s  said t o  occur 

essent ia l ly  as  reaction (7); N o  ef fect  of l iqu id  f l a w  r a t e  was observed 

over a range of Re( j )  f r o m  140 t o  600; no ef fect  of gas f l aw  r a t e  was 

found over a range of Re(g) from 3500 t o  12,000 except fo r  the loca l  eddy- 

ing and mixing ef fects  i n  the l iqu id  phase tha t  seemed t o  be functions of 

the gas f l a w  rate. 

l inear  function of the p a r t i a l  pressure of N 0 and can be expressed by 

equation (12). The values o f J D - i ; - \ / H e N  are given i n  Table 1. 

occurs a t  

the gas-l iquid in ter face because (1) the absorption r a t e  i s  proportional 

t o  the i n te r fac ia l  area and not t o  the volume of bulk phases; and (2)  when 

absorption ,from N 
2 2 

* 
The absorption r a t e  of NO2 can be calculated as a 

24 

N2°4'H20 2 4 
These invest igators suggested that the hydrolysis of N 0 

2 4  

N 0 i s  absorbed i n  the column, NO i s  l iberated primarily i n  the  column 

i t s e l f  with a small mount evolving from the l iquor  a f t e r  leaving the column. 

The absorption r a t e  was determined by photometric gas analysis. 

2 4  

11 * 
Wendel and Pigford studied the absorption of NO 

2 2 

i n to  water using 
2, 

a wetted-wall column and N as the di luent gas. The NO p a r t i a l  pressure 

was varied up t o  0.20 atm. The range of gas ra tes  covered Re(g) from 17.0 

t o  350; water ra tes  were varied t o  allm contact t i m e  between gas and 

l iqu id  from 0.03 t o  0.3 sec; and experiments were conducted a t  298 and 

313 K. No ef fec ts  of gas or l i qu id  f l o w  ra tes  or of contact time between 
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Table 1. Experimental information fo r  the  absorption of  N 0 i n to  water 2 4  

Temperature ( K )  

293 . 298 303 308 313 318 

References 

H e ~ 2 ~ 4  

. O ~ X ~ O - ~  1. 2x10-2 Denbigh and F r i n c s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1. WO-3 2.5x l0-~ Caudle and Denbigh- b 

0 . 5 8 ~ 1 0 - ~  0 . 5 4 ~ 1 0 - ~  Wendel and Pigfords 
1. NO-3 1. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAO ~ O - 3  Dekker, Snoeck, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAand Kramers- d 

f 
. ~ O ~ X I - O - ~  Hoftyzer and Kwanten- 

290.9 1340.0 Wendel and Pigfords 

. 7 7 ~ 1 0 - ~  . 8 g f i 0 - ~  Kramers, Blind, and Snoeck- e 

250.0 330.0 Kramers, Blind, and Snoeck- e Ul 

1.04 

0.72 0. a1 
2.86 Wendel and Pigfords 

Kramers, Blind, and Snoeck- e 

1.23x10-~ 1 .59 f i 0 -~  Kramers, Blind, and Snoeck- e 

- d Chem. Eng. Sci. 11: 61-71 (1959). 

- e Chem. Eng. Sci. 14: 115-123 (1961). 

a 

- b Trans. Faraday SOC. 49: 39-52 (1953). 

- J. Chm. SOC. 53: 790-801 (1947). 

- C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAh. Inst .  Chem. Eng. J. 4: 249-256 (1958). - f Process fo r  A i r  Pollut ion Control, 2nd Ed., 164-187 
(1972 ). 
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t h e  two react ion ra tes  were observed. 

was the  hydrolysis of N 2%, expressed by react ion (7). 

r a t e  data were correlated using equation (12). 

given i n  Table 1. 

The indicated rate-control l ing s tep 

The absorption 

Experimental values are  

The resu l t s  were in terpreted using the' penetrat ion theory and assuming 

that react ion (7)  occurs i n  the  l iqu id  film. 

a pseudo f i rs t -o rder  r a t e  constant for  react ion (7) and a Henry's l a w  

constant zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfor N 0 

From the  experimental data, 

i n  water were calculated and a re  presented i n  Table 1. 

Peters and Holman l2 used both nitrogen and a i r  as the  di luent gas 
2 4  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

* 
i n  t h e i r  wetted-wall column experiments on the absorption of NO2 i n to  

water and NaOH solut ions,  w i t h  no s ign i f icant  di f ferences i n  resu l ts .  

The NO 

atmospheric pressure and at  temperatures ranging from 301 t o  329 K. 

Reaction ( 7 )  was assumed t o  apply for the react ion of N204 and water. 

Removal ef f ic iency decreased s ign i f i can t ly  w i t h  increased temperature zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
for runs using water or NaOH solutions. 

the  react ion of NO and NaOH: 

* 
p a r t i a l  pressure w a s  maintained at  0.048 a t m ;  all runs were made at 

2 

The following equation describes 
* 
2 

2NaOH + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAN 0 - NaNO + NaNO + H20 . (13) 2 4  2 3 
* 

Both the  gas and l i qu id  phases were analyzed and i n l e t  and ou t le t  NO2 and 

HNO or NaOH concentrations were determined chemically. 

The presence of NO i n  the  off-gas when an NaOH solut ion i s  the  absor- 
3 

* 
bent l i qu id  may ind icate a gas-phase react ion fo r  the hydrolysis of NO 2' * 
However, no propor t ional i ty ,o f  NO 

w a s  found i n  runs i n  which the feed-gas stream contained water vapor. 

nonproportionality of the NO2 removal r a t e  t o  water vapor fugaci ty was 

in terpreted as indicat ing the presence of a l iquid-phase react ion;  both 

l iqu id-  and gas-phase react ions may contr ibute t o  NO 

removal t o  the  water vapor fugacity 
2 

The * 

* 
absorption. 

2 
Carberry,13 i n  a l i t e r a t u r e  review i n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA19.59, concluded t h a t  when N 2 4  0 

i s  dissolved i n  solvents of high d ie lec t r i c  strength,  ionizat ion occurs 

according t o  t h e  react ion 

N20q(R) - N O + ( R ) - +  N03-(A) , 
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and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAN 0 ex is ts  i n  these soluti.ons i n  the  ionized form. In  l i g h t  of t h i s  

conclusion, the  reaction of dissolved N 0 
2 4  

and water may be wr i t ten as 
2 4  

N,O~(R) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ H~O(R) - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANO+(R) + OH-(R)  + H + ( R )  + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANO~-(J) (15 1 

or 

N,O~(R) + H ~ O ( A )  - H N O ~ ( R )  + H+(R)  + NO~-(J) . (16 1 

The ionizat ion of N 0 not only supports the k ine t ic  and chemical equi l i -  

brim data but a lso  provides potent support t o  the  argument tha t  a purely 

gas-phase react ion between N 0 and water vapor i s  an unl ikely occurrence. 

2 4  

’+ 14 * 
Dekker, Snoeck, and Kramers investigated NO absorption i n  a wetted- 

* 2 
w a l l  column for  contact times of 0.2 t o  0.4 sec, i n l e t  NO 

of 0.03 t o  0.15 atm, and operating temperatures of 298 t o  308 K. 

absorption r a t e  data were correlated w i t h  an equation similar - t o  equation 

(12);  contact time had l i t t l e  e f fec t  on absorption rate.  

p a r t i a l  pressures 

The 
2 

The experimental 

resu l t s ,  given i n  Table 1, are  Pair ly consistent w i t h  t h e  following 

model : 

NO2 and N 0 1. In the  gas phase, are i n  continuous equilibrium w i t h  2 4  
each other, 

2. A t  the gas-l iquid intei-face, only N 0 i s  dissolved i n  water, and 

3. i n to  water i s  accompanied by a rapid pseudo 
24 

The di f fusion of N 0 

f i r s t -o rder  chemical reaction between N 0 and water. * 2 4  
Absorption of NO w a s  measured by photometric analysis zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof the  gas phase 

and t i t r a t i o n  of the  l i qu id  acid phase fo r  both HNO 

2 4  

2 
and HN02. 

3 ,  
* 2 

Koval and Peters15 examined the  absorption of NO from feed-gas mix- 

tu res  of N02-NO-N 

atmospheric pressure. The NO part ial pressure was  var ied up t o  0.04 atm.  

On chemical analysis of gas and l i qu id  phases, they noted tha t  the presence 

of NO had marked e f fec t  on the HNO -HNO 
3 2  

production of HN02 at the  expense of HNO 

chiometry i s  described by the  following equation: 

in to  water a t  304 K i n  a long wetted-wall column at  
* 2 

2 

s p l i t ,  g rea t ly  increasing the  

production. The chemical s to i -  
3 

(%@/4)NpO4(g) + (*B/2)H$(R) + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAW O 3 ( J )  
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where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 re fers  t o  the molar excess of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAHN02 over HNO 

equation takes in to  account a varied amount of HNO 
2 

the experfmental data: 

The following r a t e  
3' 
and best describes 

Rate equation (18) allows for a signi f icant and varied amount of HN02, 

whereas r a t e  equation (12) does not. 
16 

Moll investigated the ra te  of hydrolysis of N 0 over a temperature 
2 4  

range of 300 t o  318 K. 

water stream and measured the resul t ing temperature r i s e  downstream of 

He in jected l iqu id  N204 d i rec t l y  i n to  a flawing 

the in ject ion point. From these temperature prof i les  he determines k 2' 

H i s  correlat ion of k with the  temperature from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA300 t o  318 K i s  
2 

Log k zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 7.12 - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1375/T . (19) 
2 

H i s  work i s  the f i r s t  d i rec t  evidence that the hydrolysis of N 0 

as equation (12), a f i rs t -o rder  reaction. 

occurs 2 4  

Hoftyzer and Kwanten3 investigated the absorption of N 0 by laminar 
2 4, 

je ts .  the p a r t i a l  pressure of NO2, 0.05 t o  

1.70 a t m ;  temperature, 276 t o  348 K; and acid molarity. 

la ted  using equation (12). The experimentally determined\IDN k ' /  

HeN 0 
repgebents the i r  data for  temperatures form 276 t o  348 K: 

The var iables studied were: 

Data were corre- 

i s  given i n  Table 1 fo r  298 K, and the following corregakfoz 

-53.0 

decreased with ,H ok2' /HeN 0 
They found tha t  the value of dDN 

increasing acid molarity. 

i n  He with increasing ionic strength. 

could be corrected by using the factor exp(-0.075 I) ,  where I i s  the ionic 

This decregsg wgs  at t r ibgtkd t o  the increase 

They s tated tha t  the values of He 

strength defined by 

2 n 

i =1 
I = 1/2 c (ZiCi) 



9 

D e t  ournay 

phase react ion 

and Jadot17 proved the  existence of a homogeneous gas- 

between N 0 and water vapor with a second-order reaction 
2 4  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

-I 
r a t e  constant of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.13 kg.mole m-’I sec 

i s  compared with the  r a t e  constant for  t he  l iquid-phase hydrolysis of 

N 0 

sec zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, the contr ibution of a gas-phase reaction of N 0 and water vapor 

t o  NO removal appears negl igible. 

Peters, Ross, and Klein18 studied NO absorption i n  a s ingle-plate 

a t  333 K. When t h i s  r a t e  constant 

estimated from the  work of Wendel and Pigford’’ of 96.0 kg-mole m -3 
2 41 

2 4  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
x X 

2 
0.19-m I D  bubble-cap column equipped with seven bubble caps. 

ment was conducted at  acid concentrations of 0 and 2.6 M and NO 

pressures up t o  0.10 atm.  

The experi- 
* 

p a r t i a l  

m3/sec and gas ve loc i t ies  of 0.36 and 0.72 m/sec i n  

2 
Runs were made at l i qu id  flow ra tes  of 5.0 x 

- 

and 10.0 x 

the  s lo ts .  

temperatures from 292 t o  297 K, 

w a s  noted from the  use of nitrogen or air as the  di luent gas. 

assumed t h a t  react ion (7) applied for  the  hydrolysis of N204 and tha t  a 

model developed from chemical reaction ra tes  was adequate. 

of removal of NO was  proportiona:L t o  the  concentration of N 0 
2 2 4  

gas phase. P late ef f ic ienc ies am? presented i n  Fig. 1. The f ract ion 

of entering oxides converted t o  n i t r i c  acid decreased as contact time 

between gas and l i qu id  decreased. 

of scrubbing l i qu id  had no effect, on p la te  eff iciency. 

ing the  humidity i n  the  feed gas d id  increase plate eff iciency. 

concluded tha t  the  absorption react ions occur a t  the  gas-l iquid i n te r -  

All runs were conducted a t  atmospheric pressure and a t  

No s ign i f icant  dif ference i n  the results 

They 

The r a t e  
* 

i n  the 

Liquid f l o w  rate and the  acid molari ty 

However, increas- 

They 

face. 
* 

Peters’’ compared the  absorption of  NO from air i n t o  water and d i l u te  

a single-plate bubble-cap 
2 

n i t r i c  acid ( ~ 2 . 6  M )  i n  the following devices: 

column previously described; 

g lass raschig r ings t o  a height of 1.1’7 m; a 0.14-m I D  single-plate f r i t t e d  

bubbler column consist ing of 12 medium-frit g lass rods sealed i n to  the  p la te;  

a 0.025-m I D  spray tuwer 1.32 m i n  height and equipped with a single 

spray nozzle; and a 0.025-m I D  bed of s i l ica ge l  packed t o  a height of 0.3 m. 

The p a r t i a l  pressure of NO was varied from 0.002 t o  0.02 a t m ,  but the t o t a l  

pressure was maintained a t  1.0 atm. The temperature was maintained at  298 K. 

- 
18 

a 0.025-m I D  column, packed with 1/4-in. 

* ^  

* 
2 
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Eff ic iencies of the  packed beds were reported as per zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.3 m of packing. 

Operating parameters were chosen t o  permit a fa i r  comparison of t he  re-  

moval e f f ic ienc ies of various types of contactors. The removal eff iciency 

was independent of the l i qu id  r a t e  i n  the  bubble-cap and f r i t t e d  bubbler 

columns i f  t he  concentration of t he  l iqu id  did not increase above 2.8 M 

n i t r i c  acid. The spray column was operated at a l i qu id  rate that  would 

y ie ld  a f inely-divided m i s t ,  and the  packed column was operated at approx- 

imately zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA90% of flooding. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 

The experimental resu l t s  are presented i n  Fig. 2. The performance of 
* 

the bubble-cap column improved w i t h  increasing NO concentration, and i t s  

removal ef f ic iency i s  s ign i f icant ly  surpassed only by t h a t  of the f r i t t e d  

bubbler column. The removal ef f ic iency of the f r i t t e d  bubbler column was 

higher than that of other devices except a t  concentrations of NO 

0.004 atm. 

higher than that  of t he  bubble-cap plate. 

packed column were luwer than those found w i t h  t he  bubble-cap column or 

f r i t t e d  bubbler column. 

concentration i s  f a i r l y  gradual, and a t  NO 
2 

0.002 atm, i t s  performance i s  cornparable t o  other types of equipment. 

resu l t s  obtained w i t h  the spray column indicate poor removal e f f ic ienc ies 

at NO 

t he  spray-column ef f ic ienc ies zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa r t ?  comparable t o  other types of equipment. 

The s i l i c a  gel absorber gives the  best removal ef f ic iency of t he  un i t s  

tes ted  a t  concentrations of l e s s  than 0.004 atm.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

2 

* 
less than 

However, t he  pressure drop through the  p la te  was about 30 times 
2 

Removal e f f ic ienc ies w i t h  the  

* 
2 The decrease i n  ef f ic iency with reduction i n  NO 

* 
p a r t i a l  pressures of l e s s  than 

The 

* 
concentrations l e s s  than 0,001 a tm,  but a t  higher concentrations 

2 

A st i r red-tank reactor was  used by Peters and K0va.1~’ t o  study the 
* * 

absorption of NO from NO -air mtxtures i n to  water. 

of NO 

analyzed t o  determine NO absorption. Removal e f f ic iency improved with 

increased NO concentration and/or increased agitat ion. The ag i ta to r  was 

designed t o  break zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAup la rge gas bubbles i n t o  smaller bubbles. 

were correlated w i t h  t he  following r a t e  equation: 

The p a r t i a l  pressure 
2 2 * 

varied from 0.4 t o  4.4 atm; both the  gas and l i qu id  phases were 
* 2 

2 * 
2 

The data 

k C2 

%o* = k2CN204,i + [: + (‘N0,i C N02,i > *  (22) 
5,F 6b,F H20,i 

5 , B  6b,F H 0 , i  
2 
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* zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Fig. 2. 

Univ. of Ill. mg. Exp. Rep. No. 14, USMC-COO-1015, (1955). 

Eff iciency of NO2 removal fram di lue gas with d i f fe ren t  

types of equipment obtained by Peters. 



Equation (22), i n  contrast  t o  equation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(12), adds a term t o  take care 

of N 0 reactions, 
2 3  
This experiment d i f f e rs  f r o m  the  bubble cap, s ieve p la te,  o r  wetted- 

wal l  column work i n  t h a t  the  s t i r r e d  tank provides f o r  greater gas-l iquid 

contact time and contact area. Under these conditions the  react ion of 

N 0 with water can not be ignored. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 3  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA** ** 

Andrews and Hanson21 studied the  absorption of NO from air-N02 and 

-NO gaseous mixtures int+o di.lute n i t r i c  acid using a rec i rcu lat ing 
2 -%E 

air-NO 

acid stream and a s m a l l  s ingle s ieve-tray column a t  298 K. 
2 

The gas mixture 
* 

NO: i s  defined as the  sum of ccncentrations NO plus N 0 plus (1/F!)HN02. 

The p a r t i a l  pressure of NO was varied up t o  0.10 atm.  For NO2 concentra- 
** 2 2 3  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3c3c 

2 
t i ons  greater  than 0.01 a t m ,  the predominant absorption mechanism i s  t he  

solut ion of N 0 i n to  the  l iqu id  fo1:Lmed by i t s  rapid hydrolysis t o  HNO 

and HN02. 

eff ic iency t ha t  corre la tes wel l  with t h e i r  experimental data: 

3 2 4  
These invest igators developed the  following model f o r  p la te  

(P  -** ) 
2 G NO:, ,i 

-k* a 
I n  = - (23) 

where k* i s  a combination of equilibrium, k inet ic ,  and t rans fer  constants. 

The data are presented i n  Fig. 3. 
for  NO2 

and higher and when the  NO 

than 3 t o  4 atm.  

Plate ef f ic ienc ies increased s l i gh t l y  

absorption when NO was  present i n  p a r t i a l  pressures of 0.05 atm 
-%E 

** 
p a r t i a l  pressure i n  the  gas phase w a s  l e s s  

2 

* 
The absorption o f N O ,  from (an i ne r t  car r ie r  gas i n t o  w a t e r  at  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA293 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

c 

303 K was studied by Kramers, Blind, and Snoeck22 using a laminar water 

je t .  

phase fo r  HN02 and HNO 

equation (12) ; experimental resuilts' a re  given i n  Table 1. 

The absorption r a t e  w a s  determined by chemical analysis of t he  l iqu id  

The absorption rate data were correlated w i t h  
3' 

2,3 Reactions Involving Aqueous HN02 

Abel and others23 performed several  experiments involving the  k inet ics  

of aqueous n i t rous acid formation and decomposition. During the  ear ly  

stages of n i t rous acid formation, the  r a t e  of react ion was  found t o  be 
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'NO zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA*' 0.10 2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0.0 I 

ORNL DWG. 77-5980 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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a O.05otm NO IN FEED GAS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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** ** zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Fig. 3. Sieve-plate zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANO2 removal ef f ic iencies versus NO 2 

concentration obtained by Andrews and Hanson. 

Chem. Engr. Sci. 14:105-13 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(1961). 



where the react ion was assumed zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt o  be 

HN03(A) + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2NO(g) + H20(A) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA:f zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3HN02(A) (25) 

During the  ear ly  stages of the  decomposition, the following expression 

describes the  disappearance of ni t rous acid zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
k3 , F ('HNO, 

'NO 

-dt= 2 

Abel suggests tha t  the  decomposition occurs as 

4HNO2(A) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt N204(A) + 2NO(g) + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAu I , O ( A )  

A t  equilibrium 

and K are given i n  Table 2. 

However, using Carberry's 14 

k 
3 3,Fj 3,u' 

The experimental values of k 

The stoichiometry of Abel's chemical reaction equations seems t o  

ind icate a liquid-phase equil ibrium of N 0 

conclusions concerning the  ionic! nature of dissolved N 0 

representing the  decomposition zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof' HPJO 

2 4' 
Abel's equation 

2 4' 
i n  t he  l i qu id  phase may be wr i t ten as  

2 
~I-INO,(A) z HN02(A) + H + ( a )  -1- NO;(R) + 2 N O ( g )  + H20(R) . (29) 

By subtract ing a molecule of HNO 

t h e  stoichiometry becomes the  same as Abel's chemical equation fo r  the  

formation of HNO 

Abel's use of two s e t s  of stoichi.ometry f o r  t he  formation and decomposi- 

t i on  of HNO 

from both s ides of the  preceding equation, 
2 

i n  the  l i qu id  phase, Tl-~us, t he  apparent discrepancy i n  
2 

i n  the  l i qu id  phase seems t o  be resolved. 
2 

Andrews and Hanson21 calcula,ted and ver i f ied  the  following equil ibrium 

constant at 298 K: 

2 6  -2  a t m  m . 1.6 x 10 - 
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Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2. Experimental results concerning aqueous HNO 2 

Temperature (K) 

0.010 0.061 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
6 

0.767 8.75 

0.027 

13.3 14.1 28.7 39.6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA85.5 

Z. mysik. Chem, 132: 56-77 (1928); 134: 279-300 (1928); 136: 135-45, 
419- 36 ( 1928 ) . 

. .  . 
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2.4 The Oxidation of NO 

B ~ d e n s t e i n ~ ~  studied the gas-phase oxidation of gaseous NO at 273, 

303, 333, and 363 K; the  p a r t i a l  pressure of NO var ied f r m  0.08 t o  0.14 atrn 

i n  excess 02. 

with the  follawing r a t e  equation: 

Bodenstein confiimed the  third-order k inet ics  consistent zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
r k P 2 P  
4 =  4 N 0 0 , '  

Rate constants a re  given i n  Table 3. 
Under conditions comparab1.e t o  those of Bodenstein, Hasche and 

Patrick25 examined the  k inet ics  of the gas-phase react ion of NO and O2 a t  

273 and 303 K and found t h a t  a third-order reaction occurs consistent 

with equation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 31). 
of g lass wool. Reaction r a t e  constants are given i n  Table 3. 

The reaction appears t o  be catalyzed by the  presence 

Treacy and Daniels26 a lso  found a third-order react ion consistent 

with equation (31) i n  t h e i r  antilysis of gas-phase react ion k inet ics  of 

NO and O2 a t  273, 298, and 338 K. The NO p a r t i a l  pressure var ied from 

0.006 t o  0.02 atrn and the O2 p a r t i a l  pressure var ied from 0.026 t o  0.006 

a t m ;  react ion r a t e  constants zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa r e  given i n  Table 3. 

The react ion r a t e  constant, of Morrison, Rinker, and Corcoran2', who 

invest igated the  gas-phase oxidation of NO at  300 K i s  a lso  presented i n  

Table 3. The NO concentration var ied from 2 t o  75 ppn; the  oxygen con- 

centrat ion ranged from 0.03 t o  0.25 a t m .  

as a third-order react ion consistent with equation (31). 

The react ion appeared t o  proceed 

28 Greig and Hall used simi lar  parameters t o  invest igate the gas-phase 

oxidation of NO. Temperatures used were 293, 322, 352, and 372 K; the  

p a r t i a l  pressure of NO var ied frm 0.05 t o  0.11 a tm,  and the  p a r t i a l  pres- 

sure of 0 ranged from 0.01 t o  0.28 atm.  This group a lso confirmed th i rd-  

order k inet ics  consistent with equation (31). 

i n  Table 3. 

2 
Rate constants are presented 

2.5 Reactions Involving N 0 
2 3  

2 
Verhoek and Daniels studied the  equil ibrium react ion 

N203(g) zN02(g)  + NO(g) 



Table 3. Experimental values fo r  the  reaction ra te  constant f o r  the oxidation of NO 

References Temperature ( K )  

273 293 298 300 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA303 322 333 338 352 363 372 

34.75 

43.24 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAk 

-1. 
(ab- '  sec ) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA25.9 

34.8 

22.95 

26.19 

13.4 

21.47 

24.1 

14.86 

9.75 

18.2 

a io. 16 Bodenstein- 

b 
Hasche and Patrick- 

Treacy &nd Daniels- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC 

Morrison, Rinker, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI-' 
and C o r c o r d  a3 

15.0 Greig and Hall: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 

a -z. nektrochem. 24: 183-201 (1918). 

gJ, Am. Chem. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASOC. 47: 1207-1214 (1925). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3. Am. Chem. soc. 77: 203-2036 (1955). 

%nd. Esng. Chem. FundL 5: 175-181 (1966). 

e -Trans. Faraday Soc. 63: 655-661 (1967). 



and calculated the following equilibrium constants: 

K ( l / a t m )  
Temperature ( K )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- P 

298 1.67 

308 2.83 

318 4.53 
A t  room temperature and above the equ.ilibrium concentration of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAN 0 

very low. 

i s  
2 3  

Wayne and Yost2’, who studied react ion (6a) at 298 K, found t h a t  the  

forward react ion fo r  the  gas-phase hydrolysis of N 0 

and proceeds at third-order k inet ics  with a r a t e  constant of 1.1 x 10 

a t m  sec . The backward reactAon i s  a lso catalyzed by water and 

proceeds as a third-order reaction with a r a t e  constant of 6.6 x 10 
a t m m 2  sec . The dissociat ion r a t e  of N 0 react ion (5) ,  proceeds with a 

f i rs t -o rder  r a t e  of 150 sec . 

i s  catalyzed by water 
5 2 3  

-2 -1 

-4 

-1 

-1 2 3’ 

2.6 Multipl-e Plate Absorbers 

Currently, l i t t l e  published information ex i s t s  on re search involving 

the  absorption of gaseous NO compounds in to  water or d i l u te  n i t r i c  acid 

i n  engineering-scale absorption zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcolumns. However, information i s  avai l -  

able on engineering-scale and larger  column performances involving the  

absorption of gaseous NOx i n to  nondilute n i t r i c  acid solutions. This 

l i t e r a t u r e  usual ly or ig inates i n  t he  n i t r i c  acid production industry; 

however, some data presented i n  these reports i s  pert inent t o  the design 

of NOx absorption equipment i n  which the  hydrolysis react ion i s  considered 

essent ia l l y  i r revers ib le .  

Peters19 studied NO absorption from air  i n to  water and d i l u te  n i t r i c  
2 

X 

* 

acid (<2.6 M)  - i n  a three-stage bubble-cap column. 

described above. 

pressure of NO zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 

water was fed i n to  the  top of the c o l i m  at a r a t e  of 5.0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx 

The gas f l o w  rate was  5.9 m /sec. 

described above. 

Fig. 4. 
given NO p a r t i a l  pressure i n  the  feed. 

A t yp ica l  p la te  was 

The distance between the  p la tes w a s  0.3 m; t he  p a r t i a l  

m3/sec. 

* 
i n  the feed var ied from 0.005 t o  0.08 atm.  Dis t i l l ed  

3 Other operating conditions were as 

The ef f ic iencies of the three p la tes  are presented i n  

The ef f ic iency increases as the  gas moves up the tower for any 
* 
2 
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Fig. 4. 

Univ. of Ill. Eng. EXp. Rep. No. 14, USAEC-COO-1015, (1955). 

Effect of NOg concentration i n  entering gases on p la te 

eff iciency with a three-plate bubble-cap column obtained by Peters. 
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An indust r ia l -sca le bubble-cap column was used by Fauser3' t o  masure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

* 
the  e f fec ts  of temperature and pressure on NO absorption. He found that  

2 
absorption rates increase w i t h  decreasing operating temperatures (288 t o  

259 K )  and w i t h  increasing operating pressures zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(up t o  5 a t m ) .  

Taylor, Chilton, and Handforth3l studied the  e f fec ts  of temperature 

and pressure on NO absorption i n  a pi lot-plant-scale bubble-cap column. 

Column ef f ic iency increased by reducing the operating temperature o r  by 

increasing the operating pressure, The column performance was accurately 

predicted using Bodenstein's data for  the oxidation of NO and ex is t ing 

equilibrium data fo r  the  NO -N 0 

X 

equilibrium. 
2 2 4  

Atroshchenko, Konvisar, and 1(0rdysh~~ studied the  absorption of NO zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
X 

compounds i n  a 0.03-m I D  bubble-cap column. 

general ly increases w i t h  increasing NO, p a r t i a l  pressures and w i t h  increas- 

Murphree p la te  ef f ic iency 
* zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
r L  

ing in te rp la te  distance. Atroshclienko, Konvisar, and I vakhner~Bo~~  l a t e r  

investigated the  e f fec t  of p la te  hole s ize,  the r a t i o  of open area t o  t o t a l  

p la te  area, and the gas f l o w  r a t e  on gaseous NOx absorption i n  a sieve-plate 

column. In general, they discovered tha t  p la te ef f ic ienc ies increase w i t h  

decreased p la te  open area and decreased gas f l a w  rates.  
N i t r i c  acid production was examined by Hellmer 34 using a semi- 

indust r ia l -sca le sieve-plate column w i t h  cooling co i l s  located in  the  

bubble layer  of the  plates. The acid concentration w a s  varied along w i t h  

t he  NO concentration. According t o  Hellmer, it i s  possible t o  calculate 

the number of p la tes necessary fo r  a given zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAHNO out le t  acid concentration 

and entering NO concentration using l i terature r a t e  constants fo r  reactions 

(4 )  and (7). Murphree p la te  ef f ic iencies ranged from 23 t o  65% for  acid 

concentrations varying fran 0 t o  15 M. A t  p a r t i a l  pressures of NO2 from 

near zero t o  0.25 a t m ,  Murphree p la te  ef f ic ienc ies varied from 23 t o  67%. 

C h i l t ~ n ~ ~  gives a f a i r l y  complete review of t he  Dupont Pressure 

* 
2 

* 3 

2 

* 
- 

Process of n i t r i c  acid production. 
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3. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASUMMARY 

'The predominant mechanism fo r  nitrogen oxide absorption at  NO 
* 

p a r t i a l  

t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 
pressures greater than 0.01 a t m  i s  the  solut ion and hydrolysis of N 0 

HN02 and HNO 

high concentrations of gaseous NO are present during gas-liquid contact, 

the solut ion and hydrolysis of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAN 0 

appear t o  be competitive absorption mechanisms. 

HNO 

system, a steady-state HN02 concentration i n  equilibrium with the gas 

phase has been reported. 

slowly and requires suf f ic ient  gas space and re la t i ve ly  cool temperatures 

t o  proceed. The absorption reactions are very exothermic, and absorption 

general ly decreases w i t h  increasing temperature. 

2 4  
However, i f  gas-liquid contact time i s  extended, or i f  

3' 

and/or the solut ion of HNO then 
2 3  2 

The dissociat ion of l iqu id  

cannot necessar i ly  be assumed t o  occur rapidly. In  a recirculat ing 
2 

The gas-phase oxidation of NO proceeds rather 

Currently, a void ex is ts  i n  the l i t e r a t u r e  i n  t he  area of applying 

the  avai lable k inet ic  data for  nitrogen oxide systems t o  the  overa l l  

design of large-scale equipment fo r  t he  absorption of gaseous zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANOx i n to  

water or d i l u te  n i t r i c  acid. The following character is t ics  are desirable 

fo r  NO absorption equipnent: (1) discrete and optimal gas-l iquid contact 

f o r  N 0 absorpt'ion, (2 )  intermit tant  and d iscrete gas spaces fo r  NO 

oxidation, and (3) l a w  operating temperatures. 

n i t r i c  acid industry3. XHowever, packed towers continue t o  be used by some 

European manufacturers of n i t r i c  acid . 

X 

2 4  

Plate towers zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas NO absorption devices seem t o  be the choice of the 

3 Both of these applications are 

' f o r  high-pressure (>5.O a t m )  absorption. For scrubbing gaseous NOx 

compounds at  essent ia l l y  atmospheric pressure, the choice fo r  absorption 

equipment seems t o  be the p la te column. A t  suf f i c ien t ly  lav gaseous 

concentrations of NOx, the packed column seems t o  be a reasonable 

al ternat ive.  
\ 



4. NOTATION 

a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
B 

'n 

d 

D 

F 

n, J 

G 

He 

i 

I 

k* 

k, k ' ,  k" 

kn 

N02 

K 
P,n zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA* 

NO; 

NO 

P zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAX 

'n 

r 
n 

-s n 

Re(n) 

t 

T 

2 3  In te r fac ia l  area, m. /m 

Backward r eac t i on 

Liquid phase concentration of cmponent n, kg- moles/m 3 

Dif ferent ia l  

Di f fusiv i ty of component, n i n  phase j ,  m /sec 

Forward react ion zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 

Superf ic ia l  gas velocity, m 3 /sec 

3 Henry's Law constant, a t m  m /kg*mole 

Gas-liquid in ter face 

Ionic strength kg.inole/m 3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
* 2  
2' 

Mass t ransfer  r a t e  constant of NO 

Mass t ransfer  constants containing appropriate Henry's 

ra / ( a t m  sec) 

Law and equil ibrium constants 

Reaction r a t e  constant f o r  n th reacticm - 
Pressure eqLiilibrium constarlt fo r  n th react ion - 
NO2 + 2N204 

NO + 2N204 + N 0 f (1/2)HNO2 

NO2 + 2N 0 

Pressure, atm 

2 2 3  

2 4  
+ NO 

Par t i a l  pressure of conpGment n, atm 

Chemical react ion rate o f  nth react ion,  atm/sec - 
2 Mass t ransfer  r a t e  of compor,ent n, kg.mole,/(m 

Reynolds number for  nth phase, dimensionless 

Tine, sec 

Temperature, K 

sec)  

- 



n zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAZ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
B 

Ionic charge of species n 

Molar excess of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAHN02 over zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAHNO 

Plate eff iciency, NO 2 absorbed/N02 entering 

Plate eff iciency, N O T  ab sorbed/N02 entering 

* 3 * 
** 
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