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SEPARATION OF NITFUXEN ISOTOPES BY 
DISPLXEMENT BAND CHFCM?i"lPHY 

Woo K. Park and Edward D. Michaels 
m--* 
Miamisburg, Ohio 45342 

A study of the separation of I4N and I5N isotopes via 
displacenent band chranatography was conducted using 
sulfonatd styrene-divinylbenzene resins. Starting 
y&th a feed solution of 0.5 N NH40H (containing 51% 
N), a band was developed that generatef5a concen- 

tration profile ranging fran 11 to 85 % N. The 
separative p e r  and HEl'P (height equivalent to a theo- 
retical plate) were found to be dependent on the resin 
characteristics (size, crosslinkage) and operating par- 
ameters (superficial velocity, concentration). The 
use of a 7/10-micraneter-size, high performance resin 
increased the separative power by a factor of 17 and 
decreased the HETP by a factor of 10, when canpared to a 
100/200 mesh Dowex SOW-x12 resin under similar process 
conditions. The HEXP could further be reduced by lowering 
the superficial velocity awor eluant concentration. 

This laboratory is involved in the developnent of chemical 
exchange isotope separation processes to enrich isotopes of inter- 
est in physical and bianedical research. Since these isotopes are 

=-Mound is operated by the Monsanto Research Corp for the 
u. s. Department of Energy under contract No. 
DE-IIco4-76DPOOO53. 
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1876 PARK AND MICHAELS 

often of low natural abundance their separation requires a large 
nunber of stages and a high reflux ratio to produce significant 
enrichents. 
that the process holdup (or stage residence time) be held to a 
minimum. Although liquid-liquid chanical exchange chenistry is 
generally developed to a higher degree than analogous liquid-solid 
chemical exchange chemistry, it has been suggested (1) that 
liquid-solid processes offer more opportunity to minimize stage 
residence time and hence holdup. 

Cascade dynamics and control considerations dictate 

The liquid-solid nitrogen chemical exchange developed by 
Spedding et.al (2) was selected as a process on which to study the 
factors which might lead to low stage residence time processes. 
This chemical exchange process is well characterized and should be 
analogous in many ways to the metal isotope chemical exchange 
chemistries which are now the subject of current research ( 3 ) .  

Chemistry 

The separation of nitrogen isotopes via displacement band 
chromatography is accanplished through the formation of an amnonium 
band and the distribution of nitrogen isotopes within this band. A 
small amount of amnonium hydroxide solution is fed into a colunn of 
resin in the hydrogen state and eluted by a sodim hydroxide solu- 
t i on ,  forming a moving band, as shown in Figure 1. 

Thus, as in a reflux unit, amnonimn ions are continuously 
released from the resin and converted to amnonim hydroxide at the 
rear boundary of the band. 
down along the band at a velocity faster than that of the band 
itself until it reaches the front of the band. At the front 
boundary, on the other hand, the amnonim hydroxide solution is 
converted to monium ions, which are retained in the resin phase 
and f a l l  behind in the band mvement. 
are, 

The ammnium hydroxide solution moves 

The controlling reactions 

at the front of the band; 
+ + 

4 H -R + NH OH = NH4 -R + H20 
where -R denotes resin phase, 

within the band; 

1 4 N H l - R  + l5W4OH = +-R + 14 NH40H 4 

at the rear of the band; 
+ + + 

NH4 -R + lJa + OH- = Na -R + NH40H 
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SEPARATION OF NITROGEN ISOTOPES 1877 
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Fig. 1. Process scheme for chromatographic 
separation of nitrogen isotopes 
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1878 PARK AND MICHAELS 

All three reactions are reasonably fast ( 2 ) .  
constants for Reactions (1) and (3) are much greater than one, so 
that replacement of hydrogen ions by ammnim ions and amnoniun 
ions by sodium ions are quantitative. The equilibrium constant for 
Reaction ( 2 )  is slightly greater than one so that a slight separa- 
tion of nitrogen isotopes occurs between the resin and aqueous 
phases. The countercurrent movement of amnonim ions in two phases 
fkus develops a longitudinal isotopic profile within the&nd. 

isotope in the front. 

The equilibrim 

The 
N isotope is enriched in the rear of the band and the N 

Resin Characteristics and Operating Parameters 

A n&r of resin characteristics are considered to affect the 
performance of the resin colunn for isotope separation. 
clude the physical and chemical features of the resin such as resin 
particle size, pore structure, crosslinkage, ionic group and 
capacity . 
tant factor because the smaller size resin offers larger specific 
surface area, shorter diffusion distance, and smaller void volune 
when packed in a column; this helps separation efficiency. 

These in- 

Among these characteristics, resin size is considered an impor- 

The degree of crosslinking, represented by the percentage of 
crosslinking agent in the copolymer matrix, affects both the mobil- 
ity of ions in the resin (and hence separation) and the physical 
stability of the resin. The mpeting effects (hence selecting the 
crosslinkage) require tradeoff to ensure the desired separation 
efficiency while maintaining physical stability. 

Because of its proven ability to separate nitrogen isotopes, 
the sulfonated polystyrene-divinyl benzene copolymer was selected 
as the primary resin type (2). The resins in this category offer 
several advantages: high chanical and mechanical stability, high 
exchange capacity, fast exchange rate and wide availability. 
total of ten resins with various size and crosslinkage were 
obtained (fran Bio-Rad Laboratories and Benson Co.) and studied. 
Their perfonnance was rated in terms of separative power, HETP and 
concentration profile. The effects of operating parameters, flow 
rate and feed and eluant concentrations were also determined for a 
representative resin. 

A 

EXPERIMENTXI -- 
Apparatus and PI Ocedure 

A schematic diagram of the apparatus used €or the separation 
of nitrogen isotopes is shown in Figure 2 .  In this experimental 
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r'- - - - - 

H C l  
co 1 urn 

De 1 oni zed Metering 
Water Pump 

W40H 
Feed 
LOOP 

s 
Fraction 
Collector 

Fig. 2. Schematic diagram of nitrogen 
isotopes separation system 

system, a NH40H solution containing about 50% 15N isotope was 
processed along the resin. 
Table 1, lists the test variables and their ranges used in the 
experiment. The superficial velocity, regulated by a 
microprocessor-controlled metering punp, was typically set at 2.0 
cm/min. Havever, other rates were also tried. The pressure ranged 
fran 60 to 553 psia, depending on the flaw rate and the resin 
characteristics. 
heat of reaction and maintain the colunn temperature at 23 C. 
TZle resin colunn was a glass tubing, 6.3 mn i.d. and 33 cm long, 
fitted with two adjustable length bed supports, except for Run 
Number 1 which was 6.6 m i.d. and 33 an long. 
distributors held the resin in place. 

A NaOH solution was used as the eluant. 

Water jacket cooling was employed to r q v e  the 

Retaining frits and 
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1880 PARK AND MICHAELS 

Table 1. Variables and Their Ranges 

Variables Ranges 

Resin Size 
Resin Crosslinkage 
Eged Concentration 

Eluant Concentration 
Eluant/Feed Concentration Ratio 
Flow Rate 
Superficial velocity 
Temperature 
Pressure 
Bed Height 
Column ID 
Bed Volmne 
Void Fraction 
Resin Capacity 

N in Feed 

7 - 150 micraneters* 
8, 12,  14,  16% 
0.25  - 0.75  N NH40H 
47 - 51% 
0 . 3  - 0.9  N NaOH 
1 .0 ,  1 . 2  
0 .31  - 0.76 inL/min 
1.8 - 2 . 2  &in 
23 C 
60 - 553 psia 

0.63,  0.66 09 

2.34 - 2.60 meq/mL 

20.7 - 23 CIII 

6 .5  - 7.9 
0.18 - 0.40 

-- 
*150 micraneters = 100 mesh 

A 1 . 5  N Hc1 solution was used to regenerate the resin on the 
exchange c o l m  after eqch run (Figure 2 ) .  
resin are replaced by H ions during regeneration; as carrier 
water pushes the HC1 solution onto the exchange colunn. Once 
regeneration is cmplete (pH indicates endpoint), a water flush 
removes excess HC1 solution. 

Na ions left on the 

Figure 2 shows the actual flaws for loading the loops and 
feeding the exchange cdm. A 10-port, 2-position switching valve 
is set up at the heart of the f law system to enable the loading and 
feeding schemes shown. During loading, the NH40H feed loop (typi- 
cally 5 rnL @ 0 . 5  N) and NaOH eluant loop (typically 30 mL @ 0.6  N) 
are filled while water is flushing the exchange colunn. When the 
valve switches to feeding, carrier water pushes the NaOH eluant, 
which in turn pushes the NH40H feed. 
sees NH OH feed first, then a slug of NaOH eluant, and finally 
the carher water (Figure 1). 

Thus, the exchange colunn 

The conductivity of the colunn effluent was used to monitor an 

ions {displaced fran the resin by Mi4 
actual exchange+run (Figure 3 ) .  
ing the feed, H 
were indicated by a slight increase in conductivity. 

Rcughly five minutes Pter start- 
ions) 

A large in- 
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SEPARATION OF NITROGEN ISOTOPES 1881 

t 
E l u a n t  
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Deionized C a r r i e r  
Hz0 Conta in ing 
C a r r i e r  H+ Ions 

\ + 
-1 I I 1- 
0 5 65 73 94 

ELUTION TIME, min 

Fig. 3. Liquid phase chrmatogram 

crease in conductivity (at approximately one hour) indicated the 
appearance of the amnonium band. A final step change in+conduct- 
ivity showed the breakthrough of NaOH eluant. When NH4 ions 
were detected, a fraction collector was activated to collect sam- 
ples for isotopic enrichent vs. distance along the band length. 

The NHqOH liquid samples collected were converted to dry 
N gas for isotopic analysis. Several proven methods for the 
conversion (4,5) were d i n e d  and adapted to a batch type prep 
aration scheme. In this scheme the NH OH sample was first con- 
verted to NH4C1 using excess (0.5 - 1 mL) 1.5 N HC1 solution, and 
evaporated to dryness under a stream of He gas. 
was later reacted with 1-2 mL of NaOBr solution under vacuum $0 
give N2 gas. 
container for s-e&ent isotopic analysis on a mass spectraneter 
(MS). 
system. 

2 

4 

The dried NH C1 

The N generated was transferred to a N2 gas 

Figure 4 shows canponents of the nitrogen sample preparation 

The ion currents atm/e = 28, m/e = 29 and m/e = 30 were 
measured for each gas sample on the M S .  These nLnnbers were used 
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1882 PARK AND MICHAELS 

Fig. 4. Schematic diagram of nitrogen 
sample preparation apparatus 

for the corresponding concentration terms 

Atan % I5N = [1/2( 14 N 15 N) + (15N2)] 

of the equation, 

to calculate the I5N concentration. 

Application of the principle of conservation of mass to the 
transient, displacement band, chgnical exchange process without 
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SEPARATION OF NITROGEN ISOTOPES 1883 

feed or product withdrawal results in the following equation 
describing the distribution of isotopes within the band ( 6 ) :  

where x(s,t) =,mole fraction of 15N 
,p = inventory per stage, g 
E = a -  1, separation factor, 0.0257 
B = interstage mass flow rate, g/s 
s = stage nunber 
t = time, s 

Note that this equation is only valid when E is small and the 
cascade can be considered to be a continuum in the nwlber of 
stages, s. 

Equation (5) can be solved nlnnerically (7) to describe the 
evolution of the isotopic profile in the displacanent band. 
the interstage flow rate, 

When 

B = SUbA 
3 resin capacity per unit of bed volune, g/an $ 7  where 

2 - band velocity, an/s B = co~m cross-sectional area, an 

and the total holdup in the band are determined fran the conditions 
of the experiment, only the nunber of stages remains as an unknown 
parameter. 
fitting the experimentally measured isotopic profile to profiles 
mnputed frum J3quation (5). Figure 5 shows a typical result ob- 
tained by this procedure. 

The nmnber of stages in the band may be determined by 

The important parameters derived f ran 
stage residence time, Tr, 

T r = v/290UbA 

and the height equivalent to a theoretical 

HETp = v n  

where $ = band length, an 
n = n&r of equilibriwn stages 

the experiments are the 

The performance of any chanical exchange separation process is 
completely characterized by the separative power per unit volune, 

6U = c2F/8Tr (9) 

where E = 2~cJ(~+c0) 
3 

‘0 = aqueous m n i a  concentration, g/an 
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Fig. 5. Canparison of calculated ar& experiinental 
concentration profiles for N isotope 

(Run Number 17) 

This parameter ccmbines both the separative characteristics of the 
process and the throughput capacity of the process. 
plant required to perform a given isotope separation is inversely 
proportional to 6U. 
this reason, been expressed in terms of separative p e r  per unit 
volune. 

The size of 

The results of our experimental work have, for 

RESULTS 

Effects of Resin Characteristics 

1 

In this study the resin size and degree of crosslinking were 
chosen as the key resin characteristics which would affsct isotopic 
separation as measured by separative p e r r  HETP, and N con- 
centration profile. The 100/200 mesh (75-150 m) W e x  5OW-Xl2 
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F i g .  6 .  Effects of r e s i n  size on sepa ra t ive  power 

resin which was used by Spedding et. a1 served as the reference 
resin in determining the effects of other resins. 

Generally, separative p e r ,  as defined by Equation (9) ,  
increased as resin size decreased, as shown in Figure 6, although 
sane data shcwed scatter, probably fran differences in operating 
parameters and other resin characteristics. Run Numbers 1 (Dowex 
50W-X12) and 13 (Benson BC-X12) show an increase in the separative 
power by a factor of 17 for a factor of 13 decrease in resin size 
(Table 2 ) .  Thus, the extent of isotope separation can be greatly 
enhanced with smaller resins. This is attributed to the exchange 
rate being contro4led by resin phase diffusion, in which smaller 
resins enable NH ions to inter-diffuse faster. Aminex A-9 
resin, used for Aun Number 9, showed an even greater effect on 
separative power and HEW, clearly indicating it as the best 
performing resin among the resins tested. However, its high 
purchase price limited its use. 

Because smaller resins increased both colunn pressure buildup 
and bed canpression, the superficial velocity and bed height were 
limited, for later runs, to 2.0 cm/rnin and 22 an, respectively. At 
these conditions, the pressure buildup remained below the limit for 
the glass colunns used. 

The degree of crosslinking in polymer resins was another 
important factor that controlled the hydration capacity, gel phase 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
0
2
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



TA
BL

E 
2:

 
D

ET
AI

LS
 O

F 
SE

LE
CT

ED
 C

HR
CU

AT
OC

RA
PH

IC
 R

UN
S 

RU
N 

# 
R

ES
IN

 
R

ES
IN

 
R

ES
IN

 
R

ES
lN

 D
RY

 
BE

D 
N

-1
5 

Na
O

H 
N

H
 

TY
PE

 
SI

ZE
, 

Y
 

E
IG

H
T

, 
g

 
HE

IG
HT

, 
CR
I 

IN
 F

EE
D,

 
X 

SP
N 

CW
C,

 
N 

1
 

M
X

 
5W

-X
l2

 
10

0-
20

0 
HE

SH
 

3.
22

 
23

.0
 

47
.4

 
0.5

 
0.

6 

6 
BE

NS
O

N 
BC

-X
16

 
7-

10
 

3.
65

. 
21

.4
 

47
.4

 
0.5

 
0.

6 

9 
AI

IIY
EX

 
A

-9
 

11
.5

 
3.

16
 

21
.4

 
47

.4
 

0.5
 

0.
6 

10
 

W
UE

X 
5W

-X
l2

 
4

0
0

 M
ES

H 
3.

25
 

20
.7

 
47

.4
 

0.
5 

0.
6 

13
 

BE
NS

ON
 

BC
-x

12
 

7-
10

 
3.

04
 

21
.3

 
47

.4
 

0.
5 

0.
6 

17
 

BE
NS

ON
 

B
C

-x
12

 
7-

10
 

3.
04

 
22

.0
 

51
 .O

 
0.

5 
0.

6 

18
 

BE
N-

 
e

c-
xi

2
 

7-
10

 
3.

04
 

22
.0

 
51

 .O
 

0.
25

 
0.

3 

19
 

BE
NS

ON
 

BC
-x

12
 

7-
 1

0 
3.

04
 

22
.0

 
51

 .O
 

0.
5 

0.
6 

24
 

AG
 

5W
-X

l2
 

20
0-

40
0 

M
ES

H 
3.

12
 

22
.0

 
51

 .O
 

0.
5 

0.
6 

25
 

Mi
 

50
U

-X
l2

 
10

0-
20

0 
HE

SH
 

3.
57

 
22

.0
 

49
.0

 
0.

5 
0.

6 

RU
N 

# 
TE

M
PE

RA
TU

RE
, 

PR
ES

SU
RE

, 
FL

W
 R

AT
E, 

EA
NO

 L
EN

GT
H,

 
BA

N0
 V

EL
O

CI
TY

, 
SE

PA
RA

TI
 

HE
TP

, 
N

-1
5 

RA
NG

E,
 

.C 
p

s
i0

 
m

L/
ni

n 
am 

W
n

in
 

e
R

.
 g

/c
3

/y
r 

m
 

x 

1
 

23
 

60
 

0.
76

0 
2.2

 
0.

51
 

3.
27

 
0.

07
1 

35
-5

4 

6 
23

 
15

5 
0.

69
2 

2.5
 

0.
47

 
29

.8
 

0.
01

6 
24

-7
2 

9 
23

 
30
0 

0.
62

3 
2.5

 
0.

46
 

74
.4

 
0.

00
54

 
13

-8
3 

10
 

23
 

10
1 

0.
62

3 
2.4

 
0.

44
 

26
.7

 
0.

01
5 

26
-7

2 

13
 

23
 

55
3 

0.
62

3 
2.

6 
0.

46
 

55
 .8

 
0.

00
74

 
22

-7
8 

17
 

23
 

49
5 

0.
46

7 
2.

6 
0.

35
 

53
.9

 
O.

OO
S6

 
14

-8
0 

18
 

23
 

51
5 

0.
46

7 
2.

8 
0.

18
 

20
.0

 
0.

00
45

 
13

-8
9 

19
 

23
 

41
5 

0.
31

2 
2.

6 
0.

24
 

50
.4

 
0.

00
42

 
11

-8
5 

24
 

23
 

32
5 

0.
46

7 
2.

7 
0.

36
 

23
.0

 
O

.O
li3

 
32

-7
2 

25
 

23
 

23
5 

0.
46

7 
2.

75
 

0.
36

 
8.5

 
0.

04
7 

37
-5

9 

* 
RE

FE
RE

NC
E 

R
ES

IN
 

3 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
0
2
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



SEPARATION OF NITROGEN ISOTOPES 1887 

porosity and rigidity of the resins; these factors directly affect 
both resin bed strength and the rate of isotopic ion exchange. 
When crosslinkage decreased fran 16 to 12%, at a fixed flow rate 
and eluant concentration, the Benson resin showed: 1) increased 
pressure buildup (frm 155 to 553 psia) ; 2) increased bed cmpres- 
sion (fran 0.7 t0~1.5 
29.8 to 55.8 g/cm /Yr). 
buildup at a given flow rate, an optimum crosslinking resin needed 
to be chosen. 
which provided high separative power within a safe pressure limit, 
hence subsequent runs were performed with the 12% crosslinked 
Benson resin. 

Effects of Operating Parameters 

The major operating parameters varied for this study were flow rate 
and NaOH concentration (which controlled the aqueous W40H concen- 
tration within the band). 
Tables 1 and 2. 

cm); and 3 )  increased separative p e r  (fran 
To balance separative power and pressure 

At 2.0 an/min, 12% was near optimal for most runs, 

Their operational ranges are shown in 

The effects of superficial velocity on the process and iso- 
topic separation were chiefly obtained fran Run Numbers 17 and 19. 
These runs were made using the same resin colmn pre-conditioned at 
the same bed height. As expected, the pressure drop, bed shrinkage 
and band velocity were all reduced as the superficial velocity was 
lawered. The band length,&wever, was not affected. As sham in 
Table 2, the range of the 
farther and HEll? was decreased by 25% as a result of the 1-r 
(33%) superficial velocity. This trend was confirmed in other 
similar runs including Run Number 13. Figure 7 shows the linear 
change of HETP with respect to band velocity for Run Numbers 13, 17 
and 19. 

N isotope distribution was expanded 

The effects of eluant concentration on the process c be seen 
by canparing two runs, Numbers 17 and 18. The ranges of '% iso- 
tope distribution for these runs reveal a greater total enrichent 
for the lower eluant concentration run (Table 2 ) .  The resultant 
HETP was 20% smaller for the 50% lower eluant concentration. Simi- 
lar concentration effects were observe3 with two other runs made at 
0.5 N and 0.9 N eluant concentrations. 

An effort was made to mpare the relative magnitudes of the 
influences exerted by reducing the eluant concentration and the 
superficial velocity (Run Numbers 18 and 19). 
controls HFPP appears to be band velocity,.which is a function of 
concentration and superficial velocity. 
decreasing pattern of HETP for decreasing band velocity. 
separative power is proportional to band velocity (U ) and in- 
versely proportional to 
(8), the ratio, U HEXP, can be used as a guiding parameter in 

ficial velocity on the separative power. 

A mrmon factor that 

Figure I shows a generally 
Since 

as expected fran EguatiBns (7)  and 

determining the r d lative effects of eluant concentration and super- 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
0
2
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



1888 PARK AND MICHAELS 

BAND VELOCITY (U,), cm/rnin 

Fig. I .  Effects of band velocity on H!dTP 

Figure 7 indicates that the decrease of superficial velocity 
(Run Number 19 relative to Run Number 17) had little effect on 
separative p e r ,  while the decrease of eluant concentration (Run 
~ l r m b e ~  18) lwered separative power. The dotted lines representing 
UdWlT at 50 and 75 signify the upper category of the separative 
p e r  achieved for mst runs. 

CONCLUSLON AND DISCUSSION - -I----- 

The use of smaller size resins greatly enhances the extsnt of 
nitrogen isotope separation, increases separative pcrwer and dec- 
reases HE'I'P. By selecting an optimm degree of crosslinking for 
these resins, an enhanced isotope separation can be achieved within 
reasonable process conditions. The HE;*rp can further be decreased 
by lowering the superficial. velocity and/or eluant concentration. 
However, this may reduce the separative power also. The band 
velocity, which is a function of superficial velocity and concen- 
tration may be used as a process variable in controlling W.. 
Furthemre, the ratio, band velocity/HETP, may be adjusted in 
optimizing the process conditions for a desired separation. 
on the large separative pwer associated with the small resins, the 
size of resin colmn required to perform a given isotope separation 

Based 
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may be greatly reduced using small resins with an optimun crosslink- 
age. The colunn size requirement may also be reduced to a certain 
extent by increasing the eluant concentration. However, the super- 
ficial velocity appears to have insignificant impact on the column 
sizing while having much influence on the process conditions within 
the range studied. 

The liquid holdup is very small in both the resin bed and the 
internal refluxes when capared to liquid-liquid contacting process- 
es; thus less transient time is required for system equilibrium. 
Control over the process appears to be easier than in liquid-liquid 
Precesses, although a scaled-up system would require autmtion for 
multi-colimns. 

Ac- 
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