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Equilibrium Behavior in Acid-Base Chromatography for 
Carbon Isotope Separation 

KUNIHIKO TAKEDA,* HEIICHIRO OBANAWA, 
and NAOKI MORITA 
URANIUM ENRICHMENT RESEARCH LABORATORY (KAWASAKI) 
ASAHI CHEMICAL INDUSTRY CO., LTD. 
1-3-2, YAKO, KAWASAKI-KU, KAWASAKI 210, JAPAN 

Abstract 

The separation of 'k and 13C isotopes by acid-base chromatography using an 
anion-exchange resin was investigated. In order to design the separation system, 
equilibria with respect to a carbon band were examined with reduction potential 
strength. Simulation and analysis with the potential strength and the newly 
derived S and L potentials were found useful for determining experimental 
conditions. Isotopic separation factors between CO, and HCO; observed in the 
chromatographic experiments were nearly equal to those in the corresponding 
solutions. The experiments at 25 or 90°C gave values of about 1.25 to 1.26 X lo-, 
as the isotropic molar ratio of I3C at the rear boundary of the carbon band. 

INTRODUCTION 

Isotope separation of carbon, nitrogen, and oxygen elements has been 
actively studied (1). Several chemical exchange reactions have been 
investigated for recovering I3C. An equilibrium between HCN(gas) and 
NaCN(so1ution) is an effective reaction with the isotopic separation 
factor reported to be comparatively large, 0.012 (2). It could be applied to 
separation methods such as distillation and chemical exchange (3). 

The isotope equilibrium of COdHCO; in Eq. (1) was also studied by 

+To whom correspondence should be addressed. 
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104 TAKEDA, OBANAWA, AND MORITA 

Urey (4) and Reid (5) who reported the isotopic separation factor to be 
0.007-0.0 16 

HI2CO; + 13C02 = HI3CO; + 12C02 (1) 

This reaction is suitable for a practical separation process because the 
chemical species involved are nontoxic. We applied our methods of 
analyzing chemical equilibria and separating uranium isotopes (6-8) to 
carbon isotope separation. In this study, chemical equilibria were 
analyzed through reduction potential strength and newly derived S and L 
potentials, and acid-base chromatography was designed by analogy of 
the redox chromatography for uranium isotope separation. 

PRELIMINARY CONSIDERATIONS 

Isotope separation using an ion-exchange resin can be accomplished 
by elution chromatography, where a solution containing the sorbable 
materials is fed to the top of an ion-exchange column, and then the 
materials are eluted by a developing agent. Generally speaking, elution 
chromatography is a simple and convenient procedure, but it is not 
always a superior method for isotope separation. Displacement chroma- 
tography, where the materials to be separated are inhibited from 
diffusing through both boundaries of an adsorption zone, is an excellent 
method for separating isotopes, including carbon isotopes. The reason is 
as follows: Even under the condition of a large development distance, 
which is essential for isotope separation due to the small separation 
factor, displacement chromatography keeps material concentrations 
high, while in elution chromatography the material concentrations are 
greatly decreased, resulting in an impractical dilution of the material. 

Two agents which react with carbonic species at both boundaries are 
necessary for displacement chromatography, and an acid and an alkali 
were selected as those reactive agents. As for the two chemical species in 
Eq. (1), HCO; is adsorbed on the anion-exchange resin and C02  is 
dissolved in the solution under pressure. The solubility of C02 in an 
aqueous solution is 0.033 mol/dm3 at P = 9.80 X lo4 Pa and 0.33 mol/dm3 
at P = 9.80 X lo5 Pa. The acid dissociation constants are pK,, = 6.4 for 
HCO;/C02 and pK,, = 10.5 for CO;-/HCO; at 298 K. The pH depend- 
ence of distribution of the carbonic species in an aqueous solution is 
shown in Fig. 1, where the dashed lines show the proportions of 
dissociated forms of a weakly anionic exchange resin (A) with a pK, of 5.6 
and a strongly anionic exchange resin (B). Since HCO; must coexist with 
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EQUILIBRIUM BEHAVIOR IN ACID-BASE CHROMATOGRAPHY 105 

carbon dioxide in solution in order to form a bicarbonate adsorption 
band, a pH range from 4 to 5 seems preferable, judging from the 
distribution curves in Fig. 1. 

EXPERIMENTAL 

Carbon dioxide gas was 99.5% pure and contained H,O, N,, and CH, as 
impurities. NaOH and HCl were obtained from Merck Co. The starting 
polymer, which was subsequently transformed to the ion-exchange resin, 
was prepared by polymerizing 83 parts of chloromethylstyrene with 17 
parts of rn-divinylbenzene. The polymer was reacted with diethylamine to 
give a weakly basic anion-exchange resin and with triethylamine to give a 
strongly basic anion-exchange resin. The ion-exchange resin thus 
prepared was packed in a stainless steel column that was 10 mm in 
diameter and 1000 mm in length. 0.1 mol/dm3 aqueous NaOH and an 
aqueous solution of C02 at 9.80 X 10’ Pa were fed successively into the 
column at the top. The adsorption band of HCO; was developed by 0.1 

1 

FIG. 1. Distributions of carbonate, bicarbonate, and carbon dioxide, and anion-exchange 
resin as a function of pH. p = distribution ratio of carbonic species (%), a = ratio of 
dissociated form of ion-exchange resin (%), A = weakly anionic exchange resin, B = 

strongly anionic exchange resin. 
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106 TAKEDA, OBANAWA, AND MORITA 

mol/dm3 HCI. The temperature and the pressure of operation were 
changed as necessary. The eluant was recovered from the bottom of the 
column and fractionated into several tens of portions under pressure. The 
samples were analyzed by a mass spectrometer to measure the isotopic 
ratio. 

Some devices and cautions in operating the instrument were required 
to measure isotopic ratios accurately. 

(a) It was essential to avoid the intrusion of moisture into the ion 
source. Otherwise some chemical species, which had the same 
mass number as "CO: or '3C02+, were introduced or generated 
there. The peaks of mass numbers 44 and 45 apparently tended to 
increase with increasing water content. 

(b) The flow rate of a gasified sample introduced into the ion source 
should be kept constant. Otherwise, separation of 13C02 and I2CO2, 
which occurs at the nozzle located in the upstream part of the ion 
source, was not efficient. 

A double trap for freezing water and carbon dioxide separately was 
connected through the vacuum line with the ion-source inlet for the first 
requirement (a), and a specially devised gas inlet line with both a carbon- 
dioxide reservoir and a precision needle valve was installed for the 
second requirement (b). The extent of experimental errors was checked. 
The isotopic ratios of the natural carbon dioxide samples were found to 
be (1.177 k 0.005) X lo-* reproducibly. 

BASIC PRINCIPLE OF ACID-BASE CHROMATOGRAPHY 

Acid-base chromatography has a mechanism similar to redox chroma- 
tography whose basic principle was described in a previous paper (9). 
Protons force ions to be desorbed from the stationary phase in acid-base 
chromatography just as electrons do in redox chromatography. The 
procedure and the basic principle of acid-base chromatography are 
briefly described below. 

Solutions containing 1) alkali, 2) dissolved carbon dioxide, and 3) acid 
are fed into a column successively. Three zones are formed in the column 
as shown in Fig. 2: the alkaline zone, the carbon zone, and the acid zone. 
At the front boundary of the carbon zone, COz flowing down in the 
mobile phase reacts with a hydroxide ion on the anion-exchange resin 
and is changed to HCO; which stays in the stationary phase. At the rear 
boundary the HCO; loaded on the resin reacts with the acid and is 
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EQUILIBRIUM BEHAVIOR IN ACID-BASE CHROMATOGRAPHY 107 

Rear boundary 

RN+* HCO3- + HCI - RN+- CI-+ COz + H10 

Carbon zone 

HI*CO~-  + ‘3c02 - ~ ‘ 3 ~ 0 , -  + ‘zcol 
( isotopic exchange reaction) 

Front boundary 

RN+.OH- + coz - RN+.HCO~- 

Phase I Phase I 

FIG. 2. Basic composition and principle of acid-base chromatography for carbon isotope 
separation. 

transformed to CO, which flows downward in the mobile phase. In the 
bicarbonate adsorption zone (termed “carbon zone” in Fig. 2), the 
isotope-exchange reaction (as shown in Eq. 1)  occurs in the mobile phase 
in each imaginary equilibrium stage. As the carbon zone is forced down 
by acid fed at the top of the column, the reactions at both boundaries are 
repeated. 

The principle of separation in acid-base chromatography is similar to 
that of distillation because the reactions at both boundaries can be 
regarded as reflux and reboil. Carbon-I3 isotope, which corresponds to a 
lighter component in distillation, accumulates at the rear boundary, 
while carbon-1 2 isotope, corresponding to a heavier component, accumu- 
lates at the front boundary. 

BASIC EQUILIBRIA OF ACID-BASE CHROMATOGRAPHY 

The individual reactions of the carbonic species occurring in this type 
of chromatography can be expressed as follows. (a) Acid-base reactions: 
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108 TAKEDA, OBANAWA, AND MORITA 

C02 + OH- * HCO; 

HCO; + OH- == C0:- + H 2 0  
(2) 

(3)  

(b) Ion-exchange reactions: 

where RN' is a fixed ionic group on the anion-exchange resin. At the 
front boundary, Reactions (2), (4), and (5) occur simultaneously, and the 
overall exchange reaction is 

At the rear boundary, Reactions (2), (5 ) ,  and (7) occur concurrently, and 
the overall exchange reaction can be written 

RN' * HCO; + H' + C1- * RN' * C1- + C 0 2  + H 2 0  (9) 

At both boundaries as well as in the bicarbonate adsorption band, 
Reactions ( 3 )  and (6) are negligible since a carbonate ion cannot exist at 
pH = 7 or less as shown in Fig. 1 .  

In the bicarbonate adsorption band, the carbon-carbon isotopic 
exchange reaction occurs stepwise: the first step is a proton-exchange 
reaction between a bicarbonate ion and carbon dioxide dissolved in the 
solution, where the isotope effect is probable; the second step is the ion- 
exchange reaction shown in Eq. (5) ,  where an appreciable isotope effect is 
not observed. 

Equations (2)-(7) can be uniformly expressed in addition form as 

where A is C02, HCO;, or C0:- (an acceptor); X is OH-, H+, or RN' (an 
addend); D is any species on the right-hand side of Eqs. (2)-(7) (an 
adduct); and v is the stoichiometric coefficient of the addend, X 

Since the standard reduction potential strength Ap&, and the potential 
strength Apx are defined as 
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EQUILIBRIUM BEHAVIOR IN ACID-BASE CHROMATOGRAPHY 109 

and 

the equilibrium relationship of Eq. (10) is expressed quantitatively as 

QUANTITATIVE CONSIDERATION OF ACID-BASE 
CHROMATOGRAPHY 

The molar ratio of an arbitrary adduct D that is a mixed-addend 
complex of a given ith species of A with ni units of an arbitraryjth species 
of X, to the “naked ith species of A, can be expressed as 

where 

and 

s, - L, 
RT 

Ti, ni = exp 

The distribution function given by Eq. (14) is seemingly complicated, and 
this new theoretical derivation is regarded as a trivial or overcomplicated 
attempt. However, the numerical solution can be easily obtained because 
the function is always of a monotonous increase and leads to only one 
solution, which is important for computer simulation of chromato- 
graphy. The conventional methods, where functions containing equil- 
ibrium constants K are used, are not suitable for practical use since 
several roots are obtained, making it hard to select a true solution. 
Because a procedure for reaching the solution must be repeated for each 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
1
7
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



110 TAKEDA, OBANAWA, AND MORITA 

imaginary equilibrium stage in chromatography, its efficiency results in a 
great difference in the quantity of work needed. 

The S, (S potential) is specific to each adduct species formed and thus 
constant, since it is the sum of standard reduction potential strengths, 
AM,: of stepwise addition reactions of individual addends to a given 
acceptor, as is evident from Eq. (15). The L, (L potential) is characteristic 
of the state of a solution that is determined by the activity of each addend 
species in the solution. Semiquantitative consideration can be made with 
S, and L,, and a more detailed simulation of chromatography is made 
from computer calculations with the distribution function r.,,,, for 
imaginary equilibrium stages in a chromatography column. 

The standard reduction potential strengths are shown in Table 1, where 
the potential strengths in Reactions (17) to (20) are calculated using 
published data (ZO), and those in Reactions (21) to (24) were measured in 
this study. The potential strength for C1- ion exchange is set at 0 kJ/mol 
since it is chosen as the standard ion for ion-exchange reactions. Figure 3 
shows the systematic diagram of the Avo of the carbonic species, where 
CO, is the "naked acceptor species and OH- and RN' are addends. The 
S potentials, which were calculated from this diagram, are shown in 
Table 2. The second column of Table 2 shows the abbreviated notation of 
the chemical species, where the first number in parentheses is the 
addition numbers of OH- and the second the numbers of RN'. In Fig. 3 
and Table 2, C 0 2  * (OH-), C02 .  (OH-),, C 0 2 .  (OH-)(RN+), and 
C02 . (OH-),(RN+), denote HCO;, COi-, RN+ . HCO;, and (2RN'). 
CO:-, respectively. Generally speaking, the addition of OH- (acid-base 

TABLE 1 
Standard Reduction Potential Strength of Various Reactions in a C02-Containing 

Chromatography System 

Reaction Ap' (kJ/mol) 

COz + OH- + HCO; 
HCO; + OH- + C0:- + H2O 
Na' + OH- + NaOH 
H' + C1- + HCl 
OH- + RN' -+ RN' . OH- 
a- + RN+ + RN+ . el- 
HCO; + RN' + RN' . HCO; 
C0:- + 2RN' -+ (2RN'). COi- 

Ap?: 43.64 
Ap:: 20.92 
Ap$ -39.96 
A&: -39.96 
A&: -5.98 
A@ 0.00 
A$: -2.79 
Ap;: -15.23 
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coz no adduct no adduct 

/ 43.64 / / 
co2. (oH-)(RN+) no adduct 

/ / / 

FIG. 3. Systematic diagram of standard reduction potential strengths (A$, kJ/mol) of 
carbonic species. 

reaction) and ion exchange cannot be treated on a common scale, and 
the equilibrium constants of both reactions are defined by different 
notations with different dimensions. Both of these reactions, however, 
can be treated with the same equilibrium factor (All"), and the 
stabilization energy of each species can be directly represented by S,. 

The results of chromatography simulation using the values of S, listed 
in Table 2 are shown in Fig. 4. The scale on the horizontal axis denotes 
the order of a successive equilibrium state determined along the 
imaginary flow, and the vertical axis represents potentials S, and L,. 
Here, it should be remembered that the potential difference, S, - L,, of a 
given adduct is the scale of its stability, as shown in Eq. (14). In the 
notation Lp( l,O), the first number in parentheses refers to the addition 
number of OH- to carbon dioxide in solution and the second that of 
RN+, as in the notation of the chemical species for S ,  in Table 2. Thus, 
L,(l,O) refers to the L, of a bicarbonate ion. 

The simulation shown in Fig. 4 started with imaginary feeding of a 
carbon dioxide solution to the top of the column which is packed with an 
anion-exchange resin regenerated in advance by an alkaline solution. 

In the steps from the 380th to the 500th, COz is considered to be the 
main carbonic species in the mobile phase since S,(l,O) < L,(I,O) and 
S,(2,0) < L,(2,0), while HCO; is considered to be predominant in the 
stationary phase from the relations S,(l,l) > Lp(l,l), Sp(2,2) < L,(2,2), and 
most probably S,(O,l) << L,(O,l). 

In the steps up to the 370th, HCO; could be the main mobile-phase 
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112 TAKEDA, OBANAWA, AND MORITA 

TABLE 2 
S Potentials of Carbonated Chemical Species in the Case Where C02 Is a Standard 

Chemical Species 

Chemical species S potential (kJ/mol) 

0 
43.64 
64.56 
40.84 

34.10 

species since the Sp(l,O) Z Lp(l,O) relation is reversed to S,(l,O) > LJl,O), 
which means descending C 0 2  may be transformed to HCO;. However, 
most HCO; ions in the mobile phase will not stay there but migrate into 
the stationary phase, from the relation Sp(l,l) >> L,,(l,l), resulting in the 
formation of the front boundary. 

Passing the 500th step, the stationary-phase bicarbonate ions will 
disappear because the potential difference, S,( 1,1) - Lp( l,l), turns nega- 
tive, and carbon dioxide also disappears rapidly from the mobile phase. 
This rapid disappearance of all carbonic species ensures the formation of 
the rear boundary around the 500th step. It can be understood that after 
the 500th step, bicarbonate ions on the resin are desorbed, undergoing 
simultaneous transformation to carbon dioxide which then flows 
downward. 

RESULTS AND DISCUSSION 

Based on the theoretical considerations and a number of computer 
simulations, several experiments were conducted under different condi- 
tions. The variable parameters were 1) the concentrations of base, acid, 
and carbon dioxide in solution; 2) the basicity of the anion-exchange 
resin; 3) temperature and pressure, and 4) column length. Table 3 shows 
the experimental conditions and Table 4 shows the experimental results. 
Plots of total carbon concentration and isotopic molar ratio vs elution 
volume, measured in Experiment 4, are shown in Fig. 5. Dissolved CO, 
appeared in the fraction at 0.11 dm3 of elution volume, and a plot of the 
total carbon concentration vs elution volume formed a trapezoidal shape 
which is characteristic of displacement chromatography. The isotopic 
ratio of 13C was the lowest when a C0,-containing solution began to flow 
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\ 
A 

0 

0 

0 

FIG. 4. Potentials (Lp and Sp) from computer simulations and concentration of dissolved 
C02 (C). (0) L,,(l,O) observed, (0) measured concentration of dissolved COz. 

out and increased with increasing elution volume. The ratio of I3C 
recorded the highest value of 1.248 X lo-' at the moment the total carbon 
concentration of effluent was reduced drastically. The degree of separa- 
tion was found to be 5.4% while the isotopic separation factor of I3C was 
observed to be 0.012. The corresponding plots for all the other experi- 
ments also formed a trapezoid with steep hillsides. The experimental 
results thus obtained are considered to support the predictive analysis of 
the separation mechanism based on the equilibrium consideration and 
the computer simulations. 
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114 TAKEDA, OBANAWA, AND MORITA 

TABLE 3 
Experimental Conditions of Acid-Base Chromatography 

Concentration (mol/dm3) 
Type of Temperature 

Experiment ion-exchange resin ("C) NaOH HCI 

1 Strongly basic 25 0.1 0.1 
2 Strongly basic 25 0.01 0.0 1 
3 Weekly basic 25 0.1 0.1 
4 Weekly basic 25 0.01 0.01 
5 Weekly basic 90 0.1 0.1 
6 Weekly basic 90 0.01 0.01 

Similar results were obtained in the other experiments, as shown with 
Experiment 4 in Table 4. The observed isotopic separation factors were 
within a narrow range from 0.009 to 0.013. This indicates that the isotope 
exchange reactions in the imaginary equilibrium stages seem to have 
been stable due to the constancy of the total carbon concentration. The 
degree of separation was also in a narrow range of 5 to 6% at both front 
and rear boundaries. The acid-base displacement chromatography is 
excellently stable during operation because the reactions at both 
boundaries are very fast and the changes of the two potentials (L, and S,) 
are very discrete at both boundaries. 

TABLE 4 
Results of the Separation of Carbon Isotopes 

Isotopic molar ratio (X 10-2) 

Experiment Front Rear factor 

1 1.119 1.245 0.0 12 
2 1.117 1.247 0.013 
3 1.113 1.250 0.0 12 
4 1.113 1.248 0.0 12 
5 1.098 1.259 0.009 
6 1.099 1.258 0.009 

Separation 
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- 1.3 - 
O n  (3 v 4  0 
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1 . 1  
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V (dm3) 

FIG. 5. Plots of total carbon concentration (C) and isotopic molar ratio of I3C(p) vs elution 
volume in Experiment 4. (0) Total carbon concentration, (0) isotopic molar ratio, 

V = elution volume. 

PRELIMINARY CONSIDERATIONS OF CHROMATOGRAPHIC 
KIN E l l  C S 

If we denote with C the concentration of each isotope species and with 
2 the vertical axis of the column, the microscopic movement can be 
accurately expressed by the following equation ( 2 2 ) :  

where v and D are the mean migration velocity of band and the effective 
diffusion coefficient, respectively. 

In the present case, where a reversible chemical reaction takes place 
between a bicarbonate ion and a molecule of carbon dioxide, the plate 
height H depends on the rate constants of chemical change of the 
carbonic species in both the mobile and stationary phases as well as 
those of the adsorption-desorption processes. The plate height here refers 
to the height of a compartment small enough to allow an isotopic 
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118 TAKEDA, OBANAWA, AND MORITA 

equilibrium between the stationary-phase species and the mobile-phase 
species, as given by Eq. (1). The latter species eventually leaves the 
compartment as soon as equilibrium is attained. The kinetic picture of all 
these processes is shown in Fig. 6. 

The plate height expression is normally complex, but in this case it 
reduces in the first approximation to a rather simple equation: 

where kI2 = 60D/dp2, where dp is the average resin diameter, D is the 
effective diffusion coefficient within a resin particle, and k3* is the ligand 
exchange rate constant, kL This simplification is justified because both 
kl4 and kN are much smaller than the other rate constants. 

In our preliminary measurements, the effective diffusion coefficient (0) 
was about 1.5 X cm2/s at 25°C and 3.7 X low6 cm2/s at 90°C, and its 
activation energy was 12.6 kJ/mol. The rate constant of ligand exchange 
(kL) was found to be 6.0 X lo-' s-' at 25°C and 5.4 s-' at 90"C, and its 
activation energy was 62.4 kJ/mol. 

The third term on the right-hand side of Eq. (26), H, is very 
complicated, being composed of several separate terms such as a long- 
range interaction term and a short-range interaction term. In our 
experiments up to now, H ,  was determined to be about 1200 pm, but 

k21 

k ~ 3  

Chemical "'11 "2 change kl4 11 k41 
A c02 ( X L )  <- c02 ( x 3 )  

k 34 

Phase change 

FIG. 6. Kinetic picture of equilibria between C02 and HCO; in the presence of anion- 
exchange resin. 
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EQUILIBRIUM BEHAVIOR IN ACID-BASE CHROMATOGRAPHY 117 

much remains to be done to analyze it more precisely. We are now 
studying the kinetics. 

The first and second terms on the right-hand side of Eq. (26) can be 
estimated by taking advantage of these values of D and kL together with 
the distribution constant of each chemical species between both phases. 

INDUSTRIAL APPLICATION OF "C ISOTOPE SEPARATION 

Figure 7 shows a flow diagram of the actual configuration in which the 
carbon band is developed continuously. The separation module in the 
center of the figure is composed of more than two columns with two 
selector values attached to each column, which together effectively form 
the circular path. The feed and recovery section of the carbonic solution 
is shown on the left of the separation module. One selector valve in the 
recirculation path of the carbon band is used for both feeding the natural 
carbon dioxide solution to the band and for recovering enriched and 
depleted I3C from the band. The acid-base section is shown on the right 
of the module. The salt produced in the column is disposed of while fresh 
acid and base solutions necessary for continuous separation are fed. 
Electric power is required to pump the acid and base solutions into the 
separation module. 

The economics of I3C enrichment by the acid-base chromatography 
process still remain to be proved. However, the outlook is very promising 
because of the simplicity of the process and the nontoxicity of the carbon 
compounds involved, unlike cyanide-containing carbon compounds. 

The principle of acid-base chromatography applied to the separation 
of carbon isotopes can also be applied to those materials for which 
conventional separation technologies are not effective. One successful 
application is chromatographic separation of rare-earth elements (12). 
This technology can also be applied to the separation of isotopes utilizing 
a reaction between solid and liquid phases which exhibits a clear isotope 
effect like that of bicarbonate. 

CONCLUSIONS 

1. The standard reduction potential strengths of ion-exchange and 
acid-base reactions were introduced and determined according to 
the definition. 

2. The S potential of each carbonic species was calculated and 
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FIG. 7. Flow diagram of acid-base chromatography for carbon isotope separation. Section A 
is the feed and recovery section, Section B is the separation module, and Section C is the 

acid-base section. 

conveniently used to determine its distribution by the function 

3. The values of L potential sharply varied at both boundaries of the 
bicarbonate adsorption band, which resulted in forming the stable 
band and refluxing at both boundaries. 

4. The separation factor observed in acid-base chromatography had 
the same value as that in solution. 

5. Effective separation of I3C was attained, and the '3C-enriched 
solution could be recovered from the rear boundary of the 
bicarbonate band. 

Ti,nj. 
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