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. .  Introduction 

The recovery of nitrogen bases is o'f particular interest. in 
chemical plants that operate in conjunction with coal-carbonization 
facilities.. . Traditionally, nitrogen bases' such as ammonia, pyridine, and 
quinoline have been recovered by processes that involve acid extraction 
followed by neutralization with caustic soda or lime. , 2, 
have inherent disadvantages with regard to excessive consumption,of acids 
and bases as well as concomitant waste-disposal problems'. 

Such processes 

Recently, several processes have been developed for nitrogen- 
base recovery by regenerative cyclic techniques. For example, recovery . ' 

of ammonia from coke-oven gas and pyridine from coke-oven light oil have 
been reported.. These processes for recovery of nitrogen bases are 
characterized by the use of an aqueous acid solution for the extraction 
step followed by a high-temperature stripping, or springing, operation 
that liberates the nitrogen bases and simultaneously regenerates the acid 
extractant. The selection of an appropriate acid extractant for a 
particular nitrogen-base system is an important factor in designing or 
developing a regenerative process. Previously reported studies3 , ') 
have demonstrated that mqnoammonium acid phosphate is a suitable extractan,t 
for ammonia recovery, whereas either phosphoric acid or monopyridinium 
sulfate is adequate for pyridine recovery. However, the theory for 
selection of appropriate reagents for regenerative nitrogen-base recovery 
has not been developed and, consequently, the general applicability of 
this recovery technique has not received significant attention. 
object of this paper to demonstrate that readily available thermodynamic 
data can be used to determine the feasibility of a regenerative technique 
for recovery of partkular nitrogen bases:'The discussion is based on 
the behavior of particular acids during the extraction and springing 
operations. 
for recovery of pyridine and quinoline' from coal-tar fractions. 

* 5, 

It is the 

Data are also presented on the extraction and springing steps 

Discussion. of the Regenerative Technique 

The general scheme for a regeneratlve recovery process for 

See References. 



I 
regeneration. The system can be seen in Figure 1 as a generalized flow 
diagram. Usually, nitrogen bases are recovered from streams in which 
they are present in low concentrations (about 0.1 to 5 % ) ,  such as coke-oven 
light-oil streams. 

Selection. of Reagents for Regenerative Systems 

The selection of an appropriate acidic extractant for a particular ' 
nitrogen base 1s the initial problem encountered in developing a regenerative' 
process. Although such factors as solubility, volatility, decomposition, and 
side reactions must be- considered, the acid component essentially must be 

, 

I 

\, 

Free Hydronium Protonated Water 
Base Ion Base 

The temperature dependence of the equilibrium constant follows 
the expression 

where 
AH = the heat of reaction, and 
R = the gas constant. 

I 
I 

( 2 )  I 

! 
I 

It is desirable that the ratio (KT-/KT~) be less than unity for a \i 
I 
. 

reagents for regenerative systems, the ionization equilibria of acids and 
bases have been examined. I 

regenerative system (AH, the heat of reaction, must be negative). 

In an effort to develop suitable parameters for the selection of 

I 

_ _  
involves the equilibrium reaction 

B + H ~ O +  = BH+ + H ~ O  

In a discussion of acid-base systems, the following equations are 1 
applicable. Acid extraction of a nitrogen base (B) from a hydrocarbon Stream' 

( 

( 3 )  ' 
which can be represented by an equilibr 

1 um- constant 

i 
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The ionization constant of the base involves the equll~brlum 
i 

( 5 )  B + H20 = BtI+ + 011- 
i 
i 

expressed by an ionization constant 
I 

I 
Kb = lBHfl [OH-] ( 6 )  

f,. I 13 I 

By usina the lonlzati@n const<int f o r  I i 2 0  

K, = IOH-I ( H ~ O + I  ( 7 )  
,/ 

and combining Equations 4 ,  6, and 7, the following expression L S  obtained to 
show the concentration of protonated base in ancaqueous extract. 

I 

The dependence of [BH'] on [ H 3 0 +  
the strength of any acid (HA) by using the 
of the acid. 

HA + H20 = H30+ + A- 

Combining (11) with (8) give's 

can be represented in terms of 
equilibrium dissociation constant 

[HA] 'I2 [Bl ( B H + ~  = !ib Kc 
KW ,' 

' of base, the concentration [BH+] can be increased by increasing the 
Equation 1 2  indicates that, fo r  a given concentration [B] and strength 

strength of acid (Ka). 

[BH'I a: Ka 1/2 

d A similar discussion of the regeneration step is pertinent. 
, reaction involved is \ 

I 
+ BH+ + H ~ O  = B + H ~ O  

', The equilibrium constant f o r  the reaction can be represented as 
6 .  

b,, 

11) 

12) 

Kb) 

(13) 

The 
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and  c a n  be e x p r e s s e d  i n  t e r m s  of Equa t ion  8 t o  g i v e  

[BH+]l I2  T h e r e f o r e  
[ B l  =I?) I 

! 
I 

I 
i 

(16) ' 

Thus,  f o r  a g i v e n  c o n c e n t r a t i o n  [BH'] i n  t h e  aqueous e x t r a c t ,  t h e  c o n c e n t r a -  ~ 

t i o n  [ B ]  of  b a s e  is h i g h  f o r  b a s e s  o f  l o w  b a s e  s t r e n g t h  (Kb). i 
From E q u a t i o n s  1 2  and 1 7 ,  t h e  f o l l o w i n g  g e n e r a l i z a t i o n s  c a n  be i 

made c o n c e r n i n g  t h e  s e l e c t i o n  o f  an a c i d  a n d . a  b a s e  f o r  r e c o v e r y  of n i t r o g e n  
b a s e s  by a r e g e n e r a t i v e  process. To g e t  good e x t r a c t i o n ,  maximize [ B H + )  by 
u s i n g  a n  a c i d  w i t h  a s  l a r g e  a v a l u e  f o r  K a  a s  is  p o s s i b l e ,  c o n s i s t e n t  w i t h  
o t h e r  r e q u i r e m e n t s  of t h e  process. To g e t  good r e g e n e r a t i o n ,  maximize [B] 
( a  b a s e  w i t h  a s m a l l  Kb v a l u e  s h o u l d  be i n v o l v e d ) .  i 

1 

n e n t s  ' f o r  r e g e n e r a t i v e  s y s t e m s ,  . ,  

A c c o r d i n g l y ,  s u i t a b i e  s y s t e m s  a p p e a r  t o  i n v o l v e  an a c i d  e x t r a c t a n t  
w i t h  a l a r g e  Ka v a l u e  a n d  a n i t r o g e n  b a s e  w i t h  a s m a l l  Kb  v a l u e .  
w i t h  t h e  above ,  t h e  ApK was examined a s  a u s e f u l  g u i d e  i n  s e l e c t i n g  compo.- 

C o n s i s t e n t ;  
1 

1 
pK = - l o g  K (19)  1 

where 

ApK = (pKb -pKa) , and ( 2 0 )  
ApK i s  e x p r e s s e d  as t h e  a b s o l u t e  v a l u e  of (PKb - p K a ) .  I t  is 

a n t i c i p a t e d  t h a t  t h e  larger  t h e  ApK of a s y s t e m ,  t h e  b e t t e r  it w i l l  f u n c t i o n !  
i n  a r e g e n e r a t i v e  r e c o v e r y  p r o c e s s .  T h e r e f o r e  i t  a p p e a r s  t h a t  r e c o v e r y  o f  
n i t r o g e n  bases is  f a c i l i t a t e d  by c o m b i n a t i o n s  o f  r e l a t i v e l y  weak b a s e s  and 
r e l a t i v e l y  s t r o n g  a c i d s  or r e l a t i v e l y  s t r o n g  b a s e s  and weak acids.  / 

\ Sys tems  f o r  Recovery of  Ammonia and P y r i d i n e  Bases 
\ 

As mentioned a b o v e ,  s e v e r a l  p r o c e s s e s  have  p r e v i o u s l y  been 
r e p o r t e d  f o r  r e c o v e r y  o f  ammonia and p y r i d i n e  bases from coke-oven p r o d u c t  
streams. The d a t a  on ammonia and p y r i d i n e  are c o n s i s t e n t  w i t h  t h e  d i s c u s s i o l  
p r e s e n t e d  above,  T a b l e s  I and 11. E x p e r i m e n t a l l y  it h a s  been  demons t r a t ed  I 

monoammonium p h o s p h a t e ,  n e i t h e r  p h o s p h o r i c  acid n o r  s u l f u r i c  a c i d  can be 
u s e d  (H2PO4- is s u i t a b l e  f o r  N H 3  r e c o v e r y ,  whereas  H3PO4, HS04-, and H 2 S 0 4  

t h a t ,  a l t h o u g h  ammonia can  be  r e c o v e r e d  i n  a r e g e n e r a t i v e  manner u s i n g  

are n o t  a p p l i c a b l e ) .  '. 

'q 
( 

\ 

'6 I t  h a s  also been shown t h a t  p y r i d i n e  c a n  b e  r e c o v e r e d  s u c c e s s f u l l  
w i t h  e i t h e r  HjPOl or HSOq-;  however,  n e i t h e r  H2P04- n o r  H2S04 c a n  be 
employed. 

k 
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The use of the parameter ,pK does not appear to fit the observed I 
I 1 behavior of all the systems examined. 

\ 

However, the elementary ionlzation 
ionization equilibrium theory explains certain inconsistencies with ApK 
values. For example, in general, (1) systems in which both components have 
pK values greater than about 6 are not useful since interaction is too weak 
to effect extraction, 
less than about 6 are not useful since interaction is too strong tor 

(2) systems in which both componcnts,have pK values 

' dissociation of the acid-base salt during regeneration, and ( 3 )  when el ther 
' component is a strong acid or a strong b a s e ,  the system is not applicable 
I because interaction is too strong for regeneration of the reagent. 
I 
I Recovery of Pyridine and Quinoline from Coal-Tar Fractions 
/ 

A regenerative system for recovery of pyridine from coal-tar 
fractions has been examined on the basis of the above consideration ot ApK. 
Values of ApK for the pyridine - HS04- and pyridine - H3P04 systems are 
6 . 8 5  and 6 . 6 4 ,  respectively, Table 11. Each system was examined to determine 
the behavior of these acids in the extraction and regenerative steps. Data 

I on the quinoline regenerative recovery system are presented for comparison. 
Ionization data on quinoline (Kb = 6 . 3  x pK = 9 . 8 7 )  suggest that 
either H S 0 4 -  or H3PO4 could be used as the sxtractant. 
of ApK are 7.95 and 3.22.  Since HSO4- gives a larger value of ApK, the 
recovery of quinoline with quinolinium acid sulfate solution as the extractant 
was examined for comparison. 

The respective values ' 

Experimental 

Data on the extraction of pyridine and quinoline bases were 
obtained by using conventional laboratory equipment consisting of a stirred 
1-liter 3-neck flask equipped with a bottom outlet stopcock. Single-stage 
extraction tests were conducted over the temperature range 0 to 5 5  C. The 
data on the pyridine -,sulfuric acid system are presented in Table 111, and 
data on the pyridine - phosphoric acid and the quinoline - sulfuric acid 
systems appear in Tables IV and V, respectively. The extraction data 
indicate that the nitrogen bases can be concentrated in the aqueous phase 
by the extraction technique. 

To examine the vapor-liquid equilibrium data for the pyridine - 
phosphoric acid system, the pyridine - sulfuric acid system, and the 
quinoline - sulfuric acid system, solutions were prepared of various 
strengths. of acid and concentration of the respective nitrogen bases. Acid 
strengths covered the range 20 to 40 percent and base-to-acid mole ratios 
varied from 0.6 to 1.9. 

An Othmer equillbrium still was used to determine concentrations 
of pyridine and quinoline in the vapor and liquid phases for the various 
sample solutions. 

Discussion 

The Othmer equilibrium data indicate that pyridine concentration 
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i n  t h e  v a p o r  i n c r e a s e s  w i t h  i n c r e a s i n g  c o n c e n t r a t i o n  of a c i d  ( c o n s i s t e n t  w i t  
E q u a t i o n  1 7 )  and,  a t  a g i v e n  level of a c i d  s t r e n g t h ,  w i t h  i n c r e a s i n g  p y r i -  
d i n e - t o - a c i d  mole r a t i o ,  see F i g u r e s  2 and 3, Tables V I  and V I I .  

Al though i t  was e x p e c t e d  t h a t  q u i n o l i n e  s h o u l d  behave s i m i l a r  to  
p y r i d i n e ,  s u c h  w a s  n o t  t h e  case. Q u i n o l i n e  w a s  r e a l i z e d  i n  t h e  d i s t i l l a t e  i 
o f  t h e  Othmer s t i l l ;  however ,  t h e  q u i n o l i n e  c o n c e n t r a t i o n  lis s i g n i f i c a n t l y  
lower t h a n  p y r i d i n e  f o r  a g i v e n  mole r a t i o  o f  b a s e  t o  a c i d .  Two f a c t o r s ,  ,~ 

l o w  v a p o r  p r e s s u r e  and  l o w  s o l u b i l i t y ,  c a u s e  problems i n  t h e  q u i n o l i n e  I 

s y s t e m .  Because of t h e  r e l a t i v e l y  poor  s o l u b i l i t y  of q u i n o l i n e  i n  wa te r  ; 
-(0.08 g/100 m l  a t . 2 5  C ) ,  r e c o v e r y  of q u i n o l i n e  as  a d i s t i l l a t e  p r o d u c t  
depends  on t h e  l i m i t a t i o n s  o f  a s t eam d i s t i l l a t i o n  sys tem.  Accord ing ly ,  
t h e  d i s t i l l a t e  c o m p o s i t i o n  is a f u n c t i o n  of t h e  v a p o r  p r e s s u r e  of q u i n o l i n e  ': 
a t  t h e  b o i l i h g  p o i n t  o f  t h e  mixed l i q u i d  p h a s e .  Because o f  t h e  low v o l a t i l -  
i t y  of q u i n o l i n e ,  o n l y  a b o u t  2 w e i g h t  p e r c e n t  q u i n o l i n e  is  r e a l i z e d  i n  t h e  
d i s t i l l a t e  d u r i n g  t h e  r e g e n e r a t i o n  s t e p .  Thus,  t y p i c a l  Othmer e q u i l i b r i u m  
d a t a  a r e  n o t  r e a l i z e d  f o r  q u i n o l i n e .  

T h e r e f o r e ,  a l t h o u g h  q u i n o l i n e  can b e  r e c o v e r e d  by a c y c l i c  1 

r e g e n e r a t i v e  p r o c e s s ,  t h e  s y s t e m  is  n o t  a n a l o g o u s  t o  t h e  p y r i d i n e  system. 
The q u i n o l i n e  sys t em a p p e a r s  s u i t a b l e  on t h e  b a s i s  of ApK d a t a ,  b u t  o t h e r  
f a c t o r s  s u c h  as s o l u b i l i t y  and v o l a t i l i t y  mus t  be c o n s i d e r e d  f o r  p r a c t i c a l  
a p p l i c a t i o n .  

Summary 

A method fo r  s e l e c t i n g  r e a g e n t s  fo r  r e c o v e r y  of weak b a s e s  from 
h y d r o c a r b o n  streams h a s  b e e n  d e v e l o p e d ,  b a s e d  on thermodynamic i o n i z a t i o n  
e q u i l i b r i u m  c o n s t a n t s .  A n , a c i d  can be s e l e c t e d  f o r  r e c o v e r y  of a g iven  
base a c c o r d i n g  t o  t h e  v a l u e  o f  ApK c a l c u l a t e d  f o r  t h e  sys tem.  Exper imen ta l  
data  h a v e  been p r e s e n t e d  on  t h e  p y r i d i n e  - s u l f u r i c  a c i d  s y s t e m ,  t h e  
p y r i d i n e  - p h o s p h o r i c  a c i d  s y s t e m ,  and t h e  q u i n o l i n e  - s u l f u r i c  acid system 
a n d  d e m o n s t r a t e  t h e  u t i l i t y  and l i m i t a t i o n s  o f  t h e  method. 

The t e c h n i q u e  s h o u l d  also be a p p l i c a b l e  t o  development  o f  systems \ 

When it is r e q u i r e d  t o  e f f e c t i v e l y  remove n i t r o g e n  ' 
f o r  r e c o v e r y  of  acids from e f f l u e n t  streams by e x t r a c t i o n  w i t h  s e l e c t e d  
n i t r o g e n  b a s e  r e a g e n t s .  
i m p u r i t i e s  i n  c o n j u n c t i o n  w i t h  a s u b s e q u e n t  r e f i n i n g  o p e r a t i o n  on a hydro- 
c a r b o n  stream, a r e g e n e r a t i v e  p r o c e s s  may a l so  b e  a p p l i c a b l e ;  however, 
p r o v i s i o n  must  b e  made f o r  a d e q u a t e  r emova l  of n i t r o g e n  bases by u s i n g  a 
s u f f i c i e n t  number of e x t r a c t i o n  s t a g e s .  

'I 
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Table I 

Data on Regenerative Recovery Systems 
for Nitrogen Bases1) -- 

NH3 
NH3 
NH3 
NH3 

Pyridine 
Pyridine 
Pyridine 
Pyridine 

Ka- 

7.52 10-33) 
1.20 x 10-22) 

1.20 x 10-Z2) 

Nitrogen Bases Extractant 

6.23 x 

- 4 )  
6.23 x 
7.52 x 10- 33) 

- 4 )  

1) Handbook of Chemistry and Physics 
Publishing Co., Cleveland, Ohio, 

1 
Kb- 

1.79 10-5 
1.79 x 10-5 
1.79 10-5 
1.79 10-5 
1.71 10-9 
1.71 
1.71 
1.71 

44th Ed., Chemical Rubber 
963. 

2) 
3) 
4) Completely dissociated. 

Ka for second hydronium-ion dissociation. 
Ka f o r  first hydronium-ion dissociation. 

' Table I1 

ApK Values for Acid-Base Systems 

Sys terns 

NH3- (NH4) H2P04 
NH3-H3P04 
NH3-NH4HS04 
NH J - H ~ S O ~  
Pyridine- (PyH) H2P04 
Pyr idine-H 3P04 
Pyridine- (PyH) HS04 
Pyridine-H2S04 

Q!i 

2.46 
2.63 
2.83 

1.55 
6.64 
6.85 

* 

* 

Suitability of System 

Yes 
No 
No 
No 
No 
Yes 
Yes 
No 

* ApK Not applicable. 
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I T a b l e  111 
E 

i With  P y r i d i n i u m  S u l f a t e  S o l u t i o n  
L I 

I 

I 

E x t r a c t i o n  of P y r i d i n e  B a s e s  from Lig$t  O i l  

Mole R a t i o  o f  P y r i d i n e  i n  P y r i d i n e  i n  
P y r i d i n e  t o  H 2 E 4  Washed L i g h t  O i l ,  % E x t r a c t ,  % T e s t  N o .  i 

1 
2 
3 .  
4 

I 
1, 

1 .68  
1.67 
1 . 6 3  
1.54 

0 .15  
0.12 
0.08 
0.05 

29 
29 
28 
27 

~ * I n  e a c h  test ,  l i g h t  o i l  c o n t a i n i n g  0.44 p e r c e n t  of P-bases  w a s  
washed w i t h  a l e a n  p y r i d i n i u m  s u l f a t e  s o l u t i o n  ( m o l e  r a t i o  1 .05 )  
prepared by a d d i n g  c r u d e  P-bases  t o  a 30 w e i g h t  p e r c e n t  s u l f u r i c  

1 a c i d  s o l u t i o n .  

\ 

T a b l e  I V  

E x t r a c t i o n  of P y r i d i n e  B a s e s  from L i g h t  Oil 
(30  P e r c e n t  P h o s p h o r i c  A c i d  a t  55  C) I 

i 
I 

I Mole R a t i o  of P y r i d i n e  i n  P y r i d i n e  i n  P y r i d i n e  i n  
?est N o .  P y r i d i n e  t o  H 3 E 4  L i g h t  O i l ,  % Washed L i g h t  O i l ,  % .  E x t r a c t ,  % 

1.0 
1 . 0  
0.70 
0.92 
0.95 

5.67 
2.10 
4.60 
4.60 
4.60 

0.44 
0.40 
0.24 
0.59 
0.58 

1 9 . 5  
19.2 
14.5 
18.1 
18 .6  

I 

I,) One-s tage  wash. 
!) Two-stage wash. 
I 

.\ 

I' 
i 

i 

I 
t 
3 
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Mole Ratio of 
Test No. Quinoline to H 2 s 4  

1 
2 

Table V 

Extraction of Quinoline from a Tar Fraction 
With Sulfuric Acid1 8 2, 

I 

\ 

Acid Extract, % ' 
Quinoline in 

36.7 
35.7 

m e  bases. 

1.46 ' 

1.41 

Quinoline in 
Washed Oil-, % 

1.59 
2.06 

1) Tar fraction contained 12.1 weig t percent quino 
2) Extractant contained 30 weight percent, H2S04. 

i 
I 
! 

Table VI 

Pyridine Concentrations in Vapor at Equilibrium With 
Refluxing H 2 E 4  Solutions - Othmer Still Data 

< 

Initial H2SO4 
Concentration, Mole Ratio of Pyridine Content 

wt % Pyridine to H2E4 of Vapor, wt % \ 

20.4 
19.9 
30.9 
30.4 
30.6 
40.3 

1.63 
1.95 
1.60 
1.81 
1.98 
1.60 

4.7 
21.1 
10.4 
23.8 
41.6 
21.3 

r 
'1 
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T a b l e  VI11 

P y r i d i n e  C o n c e q t r a t i o n s  i n  Vapor a t  E q u i l i b r i u m  With  
R e f l u x i n g  H3pO4 S o l u t i o n s  - Othmer S t i l l  Data I 

I n i t i a l  H3P04 P y r i d i n e  C o n t e n t  
C o n c e n t r a t i o n ,  E q u i v a l e n t  Ratio of of Vapor,  

w t  % P y r i d i n e  t o  Acid  w t  % 

10.45 
10.44 
1 0 . 4 1  
19.88 
20.42 
20.40 
20.34 
31.20 
30.38 
31.08 
30.98 
31.06 

0 . 6 0  
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a )  
b) P y r i d i n e  replaced w i t h  p ico l ine .  
c) Analyzed as p i c o l i n e .  

P y r i d i n e  c o n t a i n e d  23.4 p e r c e n t  p i c o l i n e .  
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