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The exchange rate law experimentally observed for 15N/14N exchange in NO - HNO3 system at low nitric acid concentration, both at atmospheric pressure [1] and at low pressure of NO [2]: R = k[H+][NO3-][HNO2], is identical with the rate law for the reaction between NO and HNO3, when HNO2 is formed.


The rate of nitrogen isotope exchange between NO and HNO3 has been measured as a function of nitric acid concentration of 1.5 ( 4 M.l-1. The exchange rate law is shown to be R = k[HNO3]2[N2O3] and the measured activation energy is E = 67.78 kJ.M-1 [3]. It is concluded that N2O3 participates in 15N/14N exchange between NO and HNO3 at nitric acid concentration higher than 1.5 M.l-1.


The rate of the same isotope exchange in NO - HNO3 system has been also measured as function of nitric oxide pressure 0.1 ( 0.4 M.Pa for 1 and 2 M.l-1 HNO3. It is demonstrated that 15N/14N exchange in this system has a linear dependence of NO pressure as indicated by rate measurements at different NO partial pressures and constant overall pressure, by adding helium in reactor. Using the rate law presented above the nitrogen isotope exchange rate for nitric acid concentration 1.5 ( 10 M.l-1 were calculated [4]


Nitrogen isotope exchange between nitric oxide and concentrated nitric acid with a single stage separation factor ( = 1.055, for 10 M.l-1 nitric acid, at 25o C, provides the bases for 15N separation process that is most widely used at the present time, i.e. the method of Spindel and Taylor [5].


In order to know what happens in 15N separation at higher pressure, when the isotopic transport is improved, a stainless steel laboratory experimental plant with a 1000 mm long and 18 mm i.d. column, packed with triangular wire springs 1.8(1.8(0.2 mm, was utilised. At 1.5 atm (absolute) and 2.36 ml.cm-2.min-1 flow rate, HETP was 7% smaller than at atmospheric pressure and 1.5 times smaller flow rate. The operation of 15N separation plant at 1.8 atm (absolute), instead atmospheric pressure, will permit doubling of the 10 M.l-1 nitric acid flow rate and 15N production of the given column [6].


Chemical exchange of nitrogen between nitric oxide and nitric acid provides the bases for nitrogen separation process that is most widely used at the present time:



15NO + H14NO3 ( 14NO + H15NO3


(1)

The exchange rate law experimentally observed for isotopic exchange (1) at low nitric acid concentration, both at atmospheric pressure and at low pressure of NO:

 R = k[H+][NO3][HNO2]



(2)

is identical with the rate law for the reaction between NO and HNO3, when HNO2 is formed.


On the basis of the experimental data [7] the following mechanism for 15N/14N exchange was proposed:

NO + NO2 ( N2O3 (rapid reversible)



(3)

N2O3 + H2O ( 2HNO2 (rapid reversible)



(4)

HNO2 + H+ + 15NO3- ( 15NNO4 + H2O (rate determining)

(5)

15NNO4 ( 15NO2 + NO2 (rapid reversible)


(6)

15NO2 + NO ( 15NNO3 (rapid reversible)



(7)

15NNO3 + H2O ( H15NO2 + HNO2 (rapid reversible)

(8)

H15NO2 + 2HNO2 ( 15NO + NO + H+ + 15NO3- + H2O (rapid)
(9)

  NO + H15NO3 ( HNO3 + 15NO




(10)

The rate determining stage is reaction (5), as is also the case for the formation of nitrous acid in solution [8]. The others (6), (7), (8), (9) are reversible reactions taking place more rapidly, as well as reaction (10). According to this mechanism the dinitrogen tetroxide, dinitrogen dioxide and nitrous acid are intermediates in nitrogen exchange between NO and HNO3 (10). Returning to Eqn.(5), it may be written in another form:


HNO2 + H15NO3 ( 15NNO4 + H2O



(11)

implying the participation of undissociated molecule of nitric acid. This reaction may also be written as:


NO+.H2O + 15NO3- ( 15NNO4 + H2O



(12)

in which the hydrated nitrosyl cation, easily formed in solution from HNO2 and H+, appears. The last reaction (Eqn.12) indicates the possible role of an assymetric molecule N2O4 (nitrosyl nitrate NONO3 ) which should be rapidly isomerised to the symmetrical stable form N2O4.


When nitric oxide and nitric acid are mixed a number of reactions occur, resulting in several chemical species in both the liquid and gas phases. At low nitric acid concentration HNO2 is formed in the liquid according to:


2NO + HNO3 + H2O ( 3HNO2




(13)

At acid concentration above 1 ( 1,5 M.l-1, HNO2 rapidly decomposes, via several reactions such as [9]:


2HNO2 ( N2O3 + H2O ( NO + NO2 + H2O


(14)

HNO2 + HNO3 ( N2O4 + H2O




(15)

The NO is relatively insoluble and goes into the gas phase and NO2 (N2O4) is continually hydrated and thus removed from the equilibria. The concentration of HNO2 decreases as the nitric acid concentration increases so the Eqn.(13) is no longer a true equilibrium and the secondary species formed in the liquid at high acid concentration is N2O3 rather than HNO2. As the nitric acid concentration is further increased above 11M.l-1, N2O3 decomposes according to: 


N2O3 + 2HNO3 ( 2N2O4 + H2O



 (16)


In the kinetic measurements HNO3 solution was preequilibrated chemically with NO gas, and the system was then desequilibrated by addition of a small quantity of H15NO3 solution of 18.55 at.% 15N. In order to eliminate the possibility that phase mixing imposes a rate limitation, aqueous solutions of nitric acid were brought into contact with NO gas by vibration of reaction cell and the exchange of nitrogen was followed by sampling the gas phase for mass spectrometric analysis. The exchange data were treated by use of McKay law in the form:
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(17)

where R is the nitrogen isotope exchange rate (M.l-1.s-1) and F is the exchange fraction at time t:
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(18)

the values of X represent the 15N content of NO at time 0,t and (,isotopic equilibrium, A is the initial nitric acid concentration (M.l-1) and B is the total moles of nitric oxide in the gas phase (NOG) and in the liquid (NOL) divided by solution volume (M.l-1).Using these definitions for A and B we assume that nitrogen exchange is limited by the rate of NO3- - HNO3 exchange, this being reasonable for nitric acid solution under 1 M.l-1, when the liquid may be considered as consisting of nitrate (NO3- and HNO3),HNO2 and gas of NO. Above this concentration N2O3 presence in liquid is considered and A and B values undergo some changes.

If all NO absorbed in liquid is transformed in N2O3 [Eqns.(2),(3)], according to equilibrium:



4NO + 2HNO3 ( 3N2O3 + H2O



(19)

the NO consumed to give N2O3 was calculated by taking ¾ of the nitric oxide absorbed in nitric acid solution (NOL).

The equilibrium N2O3 concentrations were calculated from nitric oxide concentrations in liquid,[NOL], at 730 torr pressure and 25oC, and are given in column 4 of Table 1 and Fig.1. [N2O3] determined by chemical analysis and calculated from thermodynamic data [9] are given in column 5, respectively column 6 of Table 1.

Table 1

T = 25o C; pNO = 730 torr

* (9.9 M.l-1 ) ; ** (11.8 M.l-1 )

 [HNO3]i,

 M.l-1
NO ( absorbed at equilibrium,[NO]L )
-----------------------------

M.l-1 g.l-1
[N2O3]

(calculated from [NO]L ),

 M.l-1
[N2O3]

(chemical analysis)

 M.l-1
[N2O3]

(calculated,[4] )

M.l-1

1

2

4

6

8

10

12
0.139

0.230

0.340

0.420

0.520

0.630

0.760
4.17

6.90

10.20

12.60

15.60

18.90

22.80
0.104

0.172

0.255

0.315

0.390

0.470

0.570
0.063

0.124

0.221

0.263

0.290

0.350

-
-

-

-

0.360

-

 0.430 *
 0.520**


[image: image3.wmf]0

2

4

6

8

10

12

0.1

0.2

0.3

0.4

0.5

0.6

0.7

N

2

O

3

, M·l

-

1

HNO

3

, M·l

-

1

T = 25°C

p = 730 torr NO


Fig.1. Equilibrium N2O3 concentrations

[NO]L, measured at 91.25 torr NO pressure and 25o C, [N2O3] calculated from it and determined by chemical analysis are presented in Table 2; [N2O3], calculated from [NO]L is also given in Fig.2.

Table 2

T = 25oC ; pNO = 91.25 torr

[HNO3]i,

M.l--1
NO 

absorbed, [NO]L,

M.l—1
[N2O3],

calculated from [NO]L,

M.l—1
[N2O3],

(chemical analysis)

M.l--1

1

2

3

4
0.0320

0.0422

0.0646

0.0770
0.0240

0.0316

0.0485

0.0578
0.020

0.038

0.042

0.054
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Fig. 2. Calculated N2O3 concentrations


For chemical analysis of N2O3 a known quantity of 0.5 N KMnO4 solution, and 10 ml of 25 % sulphuric acid solution were introduced in the reaction cell then the excess of permanganate was titrated by 0.1 N FeSO4 solutions. The permanganate consumed by NO from the gas phase was also determined.


In [N2O3] calculus the liquid was assumed to consist only of nitrate (NO3-, HNO3) and N2O3, the presence of small amounts of other species: NO,NO2 and N2O4 was neglected. 


There is a good agreement between [N2O3], calculated from [NO]L and those determined by chemical analysis especially at a pressure of 91.25 torr NO.


The results of the kinetic measurements of nitrogen exchange are summarized in Table 3; for [HNO3]i: 1.5 ( 2.5 M.l-1 R was determined at 730 torr NO and for [HNO3]i: 3 ( 4 M.l-1 at 91.25 torr NO pressure.

Table 3

T = 25o C
[HNO3]i 

M.l-1
R

M.l-1.s-1
[HNO3]e 

M.l—1
[N2O3] 

M.l--1
R

--------------------

[HNO3]e2.[N2O3
pNO
torr

1.5

2.0

2.5

3.0

4.0
6.21.10-3

1.49.10-2
2.31.10-2
8.83.10-3
2.03.10-2
1.400

1.885

2.370

2.968

3.961
0.1500

0.1725

0.1850

0.0485

0.0578
0.021

0.024

0.022

0.021

0.023
730

730

730

91.25

91.25


We note the approximate constancy of the R/ ([HNO3]e2. [N2O3] as shown in column 5,Table 3, which would imply the rate law:



R = k [HNO3]2 [N2O3]




(20)

for 15N/14N isotopic exchange in NO - HNO3 system, in the concentration range1.5 ( 4 M.l-1 nitric acid.

From Eqn.(18) the role of N2O3 in nitrogen isotopic exchange at nitric acid concentration higher than 1.5 M.l-1 is obvious when N2O3 appears in the liquid instead of HNO2.
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Fig. 3. Nitrogen isotope exchange rate versus nitric oxide pressure


The rate of 15N/14N exchange between NO and HNO3 at different nitric oxide pressure [4] was measured using a stainless steel reactor designed to work at pressure up to 0.5 MPa.


The nitrogen exchange rate (R ) for 1M.l-1 initial nitric acid concentration versus nitric oxide pressure is presented in Fig. 3 and R dependence of NO partial pressure, the measurements done at the same overall pressure (0.4 MPa) by adding helium or nitrogen in the reactor, are presented in Fig 4 (a), respectively (b) for 1M.l-1 HNO3 and Fig 5 (a) and (b) for 2 M.l-1 HNO3.


We conclude that the 15N/14N exchange rate in NO - HNO3 system has a linear dependence of NO pressure as indicated by rate measurements at different NO partial pressures and constant overall pressure, by adding helium in reactor, ( Fig 4 and Fig 5).


We did not obtain a linear dependence of nitrogen exchange rate of NO pressure (Fig. 3) because the measurements have been done at different overall pressures in reactor (0.1 ( 0.4), when diffusion rate in the gas phase (which diminishes with pressure increasing) influenced the kinetic data. This assumption was confirmed by measurements at the same overall pressure by adding helium in reactor, when isotopic exchange rate limitation by diffusion in gas was diminished.
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Fig. 4.
Nitrogen isotope exchange rate versus partial nitric oxide pressure for 1 M·l-1 HNO3: (a) overall pressure 0.4 MPa with helium; (b) overall pressure 0.4MPa with N2

By adding nitrogen in reactor 15N/14N exchange rate was diminished (Fig 4 and Fig 5) according to the smaller diffusion rate in gas phase N2 + NO) which is similar to that in pure NO.


The linear dependence of nitrogen exchange rate in studied system of NO pressure is a new argument for exchange rate law (20), because absorbed NO quantity in the liquid phase (HNO3 solution) has a linear dependence of NO pressure [4] and between absorbed nitric oxide concentration there is the same dependence. Using Eqn.(20) the 15N/14N exchange rate (R ) in NO - HNO3 system, at 25oC and 730 torr NO pressure were calculated for nitric acid concentration 1.5 ( 10 M.l-1 (Table 4), considering [HNO3]e, [N2O3] and k = 0.022 M-2.l2.s-1 [4].
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Fig. 5. Nitrogen isotope exchange rate versus partial nitric oxide pressure for 2 M·l-1 HNO3: (a) overall pressure 0.4 MPa with helium; (b) overall pressure 0.4MPa with N2
Table 4

Rate of nitrogen isotope exchange in NO - HNO3 system
[HNO3]i
M.l-1
[HNO3]e, [3]

M.l-1
[N2O3], [3]

M.l-1
R

M.l-1.s-1

1.5

2.0

3.0

4.0

5.0

6.0

8.0

10.0
1.40

1.90

2.89

3.68

4.85

5.90

7.77

9.72
0.150

0.170

0.210

0.245

0.280

0.320

0.395

0.470
6.47.10-3

1.36.10-2
3.86.10-2
7.30.10-2
1.45.10-1
2.45.10-1
5.25.10-1
9.77.10-1

The kinetic data presented above are of interest in 15N separation by chemical exchange in NO - HNO3 system.


At the Institute of Isotopic and Molecular Technology, Cluj-Napoca, Romania a 15N production plant using the method of isotopic exchange in NO, NO2 - HNO3 system began to operate in 1968 at atmospheric pressure. Tacking into account that recent kinetic data presented above showed that 15N/14N exchange rate in this system has a linear dependence on NO pressure, it is important to know what happens during the 15N separation process at higher pressure than atmospheric one, when the isotopic transport between the two phases is improved.


The schematic diagram of the laboratory experimental plant for the determination of 15N separation process at different pressure is presented in Fig.6. On the top of the stainless steel column (1),(1000 mm long, 18 mm i.d., packed with triangular wire springs 1.8(1.8(0.2 mm, thermostated at 25 oC), 10M nitric acid solution was supplied. In the hastelloy refluxer (2) (700 mm long, 52 mm i.d., with 3 - 4 mm ceramic packing ) nitric acid is quantitatively converted into nitrogen oxides:



2HNO3 + 3SO2 + 2H2O ( 2NO + 3H2SO4 

(21)



2HNO3 + SO2 ( 2NO2 + H2SO4 



(22)


The ratio between nitric oxide and nitrogen dioxide concentrations in the gaseous mixture depends on the water flow rate in the top of refluxer (2) (3) [10]. The increase of nitric oxide concentration leads to the increase of the effective overall single stage separation factor [9], while the nitrogen dioxide concentration decreases under a certain value [10], diminishes the chemical exchange rate in the separation column.


The exothermic reactions (2) and (3) take place in the refluxer (2) Fig.6, on the ceramic packing, the height of the reaction zone is 5 to 10 cm; the refluxer wall temperature, which attains 40 to 80oC, is continuously registered using platinum thermoelement (T) connected to the recorder (R), Fig.6.

The plant pressure was fixed by a regulator (3) connected to a SO2 cylinder and measured with a gauge (4). At the bottom of the column the gas samples are taken off in evacuated glass ampoules for nitrogen isotopic analysis.


After the nitrogen oxides leave the top of the column (1), they enter into flowmeters (5) and (6), each of them have regulating valves, which allow the plant to operate at desired pressure. The main nitrogen oxide flow (about 90 %) passes through the flowmeter (5) and the rest through the solenoid valve (7), automatically control by means of recorder (R ) and controller (C). By proper adjustment of the main and by -pass flows of nitrogen oxides, a fair control of the plant can be achieved. Finally the NO,NO2 gaseous mixture is converted into nitric acid solution in an oxidation and absorption tower.

Before starting operation of the exchange system, column (1) was flooded with 10M nitric acid to ensure proper wetting of the packing. Then the column was drained slowly with a flow of 10M HNO3. When the column was free of excess nitric acid solution, SO2 was introduced into refluxer (2). For all experimental measurements presented in this paper a water flow, representing 30% of the nitric acid flow rate flow, was fed to the top of the refluxer.


[image: image8.wmf]HNO

3

NO, NO

2

1

2

3

4

T

R

C

5

6

7

vacuum

gas sample

H

2

O

SO

2

H

2

SO

4

NO

x

to oxidation and

adsorption tower


Fig. 6. Schematic diagram of the experimental plant: 1 – stainless steel column, 2 – hastelloy refluxer, 3 – pressure regulator, 4 – pressure gauge, 5,6 – flowmeters, 7 – solenoid valve, 

C – controller, R – recorder, T – platinum thermoelement


In Table 5 the experimental data are presented the separation carried out at atmospheric pressure in the plant (Runs 1, 2, 3, Table 5) allowed the determination of steady -state overall separation (S() and that of the height equivalent to a theoretical plate (HETP),which were calculated from the following relations, valid for total reflux:
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(23)




S( = n 



(24)
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where Nb is the 15N concentration at the bottom of the column, (at.% 15N); 0.365 is the isotopic concentration of the nitric acid fed on the top of the column; H is the height of the packed column,1000 mm; n is the number of the stages.

Table 5.

Experimental data for 15N separation

Run

 No.
10M 

HNO3 flow

ml.h-1
10M HNO3 

flow rate

ml.cm-2.min-1
H2O

flow

ml.h-1
Pressure

atm.abs.
Isotopic

Conc.

at.% 15N
Overall

separation

( S()
HETP

cm

1

2

3

4

5

6
240

380

480

360

480

600
1.57

2.49

3.14

2.36

3.14

3.93
80

100

150

110

145

200
1

1

1

1.5

1.8

2.5
1.338

1.024

0.919

1.470

1.320

1.007
3.665

2.80

2.52

4.02

3.61

2.76
4.13

5.20

5.79

3.85

4.17

5.27


It is considered that for pressure range utilised in this paper the single stage separation factor, (, is constant[11].


At atmospheric pressure and 2.49 ml.cm-2.min-1 10M HNO3 flow rate, HETP increased 25 % in comparison with the value measured at 1.57 ml.cm-2.min-1 (Table 5), optimum flow rate determined for the same packing was 1.86 ml.cm-2.min-1 [12]. At 1.5 atm. (absolute), (Run 4) and 2.36 ml.cm-2.min-1 flow rates HETP was 7% smaller than at atmospheric pressure and 1.5 times smaller flow rate (Run 1).


HETP at 3.14 ml.cm-2.min-1 flow rate and at 1.8 atm.(absolute), (Run 5) is practically equal with that obtained at atmospheric pressure and two times smaller flow rate (Run 1).


At 2.5 atm.absolute and 3.93 ml.cm-2.min-1 there is a 26 % increase of HETP in comparison with that obtained at 1.8 atm.absolute and 3.14 ml.cm-2.min-1 flow rate.


For all pressures and nitric acid flow rates utilised in this paper the nitrogen oxides refluxer did operate well with a stable reaction zone, the sulphuric acid was free of nitrogen losses and SO2 did not enter in the separation column.


The pressure increase in the 15N separation plant using chemical exchange in the system NO, NO2 - HNO3 improved the isotopic transport between the two phases circulated in countercourrent in a packed column. This was possible owing to chemical exchange rate increase at higher nitrogen oxide pressure.


The operation of the 15N separation plant at a pressure of 1.8 atm. (absolute) instead of an atmospheric one, will permit doubling of the 10M nitric acid flow rate and of the 15N production of a given column.


The improved performance at higher pressure is significant for a large scale 15N separation, which would be utilised for production of nitride fuels for FBRs.


An experimental plant with hastelloy refluxer, instead of a glass unit, does operate well, the reaction zone position being automatically controlled at higher pressure.

REFERENCES

[1] D.Axente, O.Piringer, J.Inorg. Nucl.Chem., 33, 665 (1971)

[2] S.Jordan, F.T.Bonner, Inorg.Chem.12, 1369 (1973)

[3] D.Axente, M.Abrudean, A.Bâldea, J.Radioanal.Nucl.Chem. 207, 1, 163 (1996)

[4] D.Axente, M.Abrudean, A.Bâldea, J.Radioanal.Nucl.Chem. 222, 1-2, 149 (1997)

[5] a W.Spindel, T.I.Taylor, J.Chem.Phys., 33, 981 (1955)

 b W.Spindel, T.I.Taylor, Trans.N.Y.Acad.Sci.Ser.I., 19, 3 (1958)

 c T.I.Taylor, W.Spindel, Proc.Symp.on Isotope Separation, Amsterdam 1957, North Holland Publ.Co., Amsterdam, p.158 (1959)

[6] D.Axente, A.Bâldea, C.Teacă, M.Abrudean,R.Horga, J.Radioanal.Nucl.Chem., 240, 3, 987 (1999)

[7] D.Axente, G.Lacoste, J.Mahenc, J.Inorg.Nucl.Chem., 36, 2057 (1974)

[8] H.Abel and H.Schmid, Z.Physik 132, 55 (1928); 134, 279 (1928); 136, 135 (1928)

[9] M.J.Stern, Lois Nash Kauder, W.Spindel, J.Chem.Phys., 36, 3, 764 (1962)

[10] D.Axente, T.Fodor, Isotopenpraxis, 5, 273 (1969)

[11] T.Ishida, W.Spindel, ”Separation of 15N”, Annual Progress Report to U.S.Atomic Energy Commission for Contract AT (30-1)-3462, NYO-3462-4, (1968)

[12] D.Axente, A.Bâldea, M.Abrudean, Proc.Symp.on Isotope Separation and Chemical Exchange Uranium Enrichment, Tokyo 1990, Buletin of the Res.Lab.for Nuclear Reactor, Tokyo Institute of Technology, Tokyo, p.357 (1992)

100
99

_1064567632.vsd
T = 25�C
p = 91.125 torr NO�

0�

0.5�

1�

1.5�

2�

2.5�

3�

3.5�

4�

0.01�

0.02�

0.03�

0.04�

0.05�

0.06�

HNO�

3�

, M�l�

-�

1�

N�

2�

O�

3�

, M�l�

-�

1�


_1064567635.vsd
1 M�l-1 HNO3�

(b) Overall Pressure 0.4 MPa with N2�

(a) Overall Pressure 0.4 MPa with He�

0�

0.05�

0.1�

0.15�

0.2�

0.25�

0.3�

0.35�

0.4�

0.6�

0.8�

1�

1.2�

1.4�

1.6�

1.8�

P�

N�

O�

, MPa�

R x 10�

3�

, M�l�

-�

1�

�s�

-�

1�


_1064567637.vsd
HNO3�

NO, NO2�

1�

2�

3�

4�

T�

R�

C�

�

5�

�

6�

�

7�

vacuum�

gas sample�

H2O�

SO2�

H2SO4�

NOx�

to oxidation and adsorption tower�


_1064567638.unknown

_1064567639.unknown

_1064567636.vsd
2 M�l-1 HNO3�

(b) Overall Pressure 0.4 MPa with N2�

(a) Overall Pressure 0.4 MPa with He�

0�

0.05�

0.1�

0.15�

0.2�

0.25�

0.3�

0.35�

0.4�

0�

5�

10�

P�

N�

O�

, MPa�

R x 10�

3�

, M�l�

-�

1�

�s�

-�

1�


_1064567633.vsd
1 M�l-1 HNO3�

0.05�

0.1�

0.15�

0.2�

0.25�

0.3�

0.35�

0.4�

0.8�

1�

1.2�

1.4�

1.6�

1.8�

P�

N�

O�

, MPa�

R x 10�

3�

, M�l�

-�

1�

�s�

-�

1�


_1064567630.unknown

_1064567631.vsd
T = 25�C
p = 730 torr NO�

0�

2�

4�

6�

8�

10�

12�

0.1�

0.2�

0.3�

0.4�

0.5�

0.6�

0.7�

HNO�

3�

, M�l�

-�

1�

N�

2�

O�

3�

, M�l�

-�

1�


_1064567629.unknown

