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ABSTRACT

This work deals with the separation of nitrogen isotopes by chemical exchange
between ammonia in an aqueous solution and a cation-exchange resin in the
NH4 form. Using this system, a continuous process in a simulated moving bed
(SMB) is developed. Two operations, the column under total reflux and a continu-
ous feed operation, have been studied. In the latter, the product enriched in heavy
nitrogen °N was removed from the unit. The operating conditions (2.1-30.5 cm/
s superficial liquid velocity, 0.7 mm average resin granules size, and 0.98 N solu-
tion of a displacement agent) were close to those used in industrial applications.
By studying the separation of nitrogen isotopes, it was shown that displacement
ion-exchange chromatography in a practically standard liquid-phase SMB unit
provides the opportunity for the flexible production of a number of isotopes of
light elements. We found that flow converting is robust, and the operation and
control are simple. It appears that the process design proposed in this work may
also be applied for efficiently separating substances other than isotopic mixtures
whenever a proper displacement band chromatographic system with nondispersive
ends of the band is found.

* To whom correspondence should be addressed.
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INTRODUCTION

Isotope fractionation has been one of the most interesting subjects in
separation science, and the importance of isotopic separation is increasing
due to the wide use of isotopes in energy and life science applications. A
large number of stable isotopes and isotope-related materials is available
today. For instance, Oak Ridge National Laboratory is responsible for
isotope enrichment and the distribution of approximately 225 nongaseous
stable isotopes from 50 multi-isotopic elements (1). Both traditional meth-
ods, such as electromagnetic isotope separation, and state-of-the-art tech-
niques, such as plasma and molecular laser isotope separations, are being
developed to achieve special isotopic chemical and physical requirements.

While most stable isotopes are produced in relatively small quantities,
afew are used in large quantities and have dedicated enrichment processes
to meet their volume needs. This group primarily includes heavy isotopes
of hydrogen, nitrogen, carbon, and oxygen. In practice, fractionation of
these isotopes is carried out by counter-current processes in vapor-liquid
or gas-liquid systems. The world production of these materials (except
for deuterium) lies in the range of 10'-10? kg/year (2-4). In all cases the
heavy isotope is much less abundant in the nature. Thus, the natural abun-
dance of N is 0.365 at.%, 180 0.204 at.%, and '3C 1.11 at.%, whereas
commodity chemicals commonly contain 90-99.9 at.% of the correspond-
ing isotopic forms.

Mixtures of isotopes are characterized by a very small difference in the
physicochemical properties of distinct isotopic species. If two phases are
in equilibrium, one of the isotopes is distributed more abundantly in one
of the phases with respect to the other. The applicability of a specific
system for separating isotopes may be characterized by the equilibrium
separation factor «, defined as

a = [y = »Vx1 - x)] (N

with y being the atomic fraction of the isotope of interest in the enriched
phase and x being the atomic fraction of this isotope in the phase which
is exhausted with this species. For most systems suitable for separating
isotopes of the light elements, the values of « are in the 1.01 to 1.05 range.
Bearing in mind the low natural abundance of the isotopes of interest, it
is clear that hundreds of theoretical separation stages must be applied to
obtain the desired enrichment factors. A considerable chemical processing
industry is required to achieve this on a commercial scale. Distillation,
chemical exchange, and thermal diffusion have proved to be among the
most satisfactory techniques for separating isotopes of the light elements
(3-5).
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Heavy nitrogen, *N, is a very valuable commercial product for which
there is presently a growing demand in many research and industry appli-
cations. The primary use of the 1°N isotope is as a chemical tracer in the
study of various agricultural, ecological, and physiological processes (6,
7). For example, the efficacy of nitrogen-containing fertilizers can be read-
ily determined by measuring the degree of plant uptake of a fertilizer
labeled with the relatively rare '°N isotope.

Currently the production of °N is by cryogenic distillation of NO (8,
9). Isotopic separation by this technique uses the principle that the rate
of condensation and evaporation of NO gases differ slightly among the
various isotopic components of this gas. Cryogenic distillation requires a
substantial capital investment, and separation columns are typically tens
of meters in height (10). The equipment is highly complex, and the process
control must be very robust to avoid the formation of solid N,O, in the
column because of its close boiling and freezing points at the operating
pressure (1 atm).

The other technique brought into industrial operation employs a chemi-
cal isotopic exchange between NO and HNO; (11). Sulfur dioxide is con-
sumed by chemical refluxing for the purpose of converting nitric acid into
NO at one of the column ends, and the dilute sulfuric acid formed is a
by-product in this process. This process results in an increased ecological
hazard and a large volume of waste.

It is known that high values of the equilibrium separation factors for
isotopes of many light elements, and for nitrogen isotopes in particular
(12, 13), are also observed in systems with a solid phase. These systems
have some very interesting applications with exchanging resins. In fact,
various isotopes have been successfully enriched and separated on a labo-
ratory scale by displacement band chromatography (14~16). This is a pro-
cess in which a band of feed-containing mixed species of isotopes is moved
for segregation through a column packed with an ion-exchange resin (17).
Nitrogen isotopes were separated using this technique by Spedding et al.
(12), who were the first to study the chemical exchange in a system consist-
ing of an aqueous solution of ammonia and a cation-exchange resin in the
NHZ form. This system was adopted in our study, and so its chemistry
along with the separating principles will be discussed in detail in the next
section.

As was pointed out above, in order to multiply a small single separation
effect and to carry out separation continuously, a countercurrent process
has to be used. Referring to systems with a solid phase, the moving-bed
operation encounters many problems because of the difficulties associated
with actual solids movement (attrition, cumbersome solids handling sys-
tem for recycling, nonuniformity of solid flow, etc.).
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The solids problems may be avoided by using a simulated moving-bed
technique (SMB) (18) instead of the moving-bed operation. This technol-
ogy has recently emerged as a very efficient technique for handling some
separations in the chemical, food, and pharmaceutical industries (19). In
SMB units the solid beds are fixed and their continuous movement is
simulated by a discrete movement obtained by shifting the feed and with-
drawal points at discrete times along the column axis in the same direction
as the fluid flows.

In this context it is worthy to note that during the last few years the SMB
principle has been intensively investigated to separate racemic mixtures of
enantiomers (20). This problem is very similar to isotope separation be-
cause it also deals with binary mixtures characterized by very small sepa-
ration factors.

In a previous paper (21) we studied the gas-phase separation of isotopes
of the light elements with the use of solid adsorbents. This work applies
simulated moving-bed technology for liquid-phase continuous isotope sep-
aration by displacement band chromatography. We report the results of
the separation of nitrogen isotopes by chemical exchange in the system
formed by an aqueous ammonia solution and a strong acid ion-exchange
resin in the NHS form.

SEPARATION PRINCIPLES

If an aqueous solution of ammonium hydroxide is placed in contact with
a suitable exchanging resin, the following exchange reaction occurs:

“NH; + “NH,OH & “NH; + “NH,OH (2)

the result of which, under equilibrium conditions, is that the heavy nitro-
gen, by means of the ammonium ion, is distributed more abundantly in
the solid phase, which is the resin. Spedding et al. (12), at ambient temper-
ature and using Dowex 50X12 resin, found the value K = 1.0257 = 0.0002
for the equilibrium constant in this equation, which in this case is equiva-
lent to the elementary separation factor a. In order to multiply the elemen-
tary effect for separating '’N, they arranged the Dowex 50X12 resin in a
column and first treated it by passing a dilute acid through the column
until the bed was completely saturated with H*, and the resin was then
washed with water. At the top of the column, a quantity of solution of
NH,OH was then added until a band of ammonia was formed (sce Fig.
1). The lower end of this band was quite clear, thanks to the reaction

HR + NH,OH < NH.R + H,0O 3

occurring in that region, whose equilibrium constant is ~10°. Once a band
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FIG. 1 Diagram of the batch displacement band chromatographic process for separating
nitrogen isotopes with the use of a cation-exchange resin.

of the desired length had been formed, it was moved from the top of the
column to the bottom by feeding the head of the column with an eluant
solution of NaOH. At this point, the following reaction takes place:

NH4R + NaOH < NaR + NH,OH 4)

which, having an equilibrium constant of about 10°, in turn guarantees a
very clear rear end to the band. The band of adsorbed ammonia thus shifts
downward, still between two clear limits, and it is in equilibrium with a
solution of NH4OH along its entire length. As the band gradually drops,
the '°N tends to accumulate toward the rear end and the *N toward the
front end. It was concluded (12) that chemical exchange with resins is a
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separation method mainly suited for producing, in laboratory quantities,
isotopes of elements that are not too heavy.

Recently, Park et al. (22) studied this process under various operating
conditions, using columns packed with sulfonated polystyrene-divinyl-
benzene cation-exchange resins. The average resin size was from 10 to
113 pm, the operating temperature from 23 to 70°C, the displacing solution
concentration from 0.3 to 0.9 N, and the superficial velocity from 1.0 to
2.0 cm/min. The maximum separative power for nitrogen isotopes was
directly proportional to the stage velocity (band velocity/height equivalent
to a theoretical stage). Their results indicate that separation is more effi-
cient with a smaller size resin, an increased operating temperature, and
an increased displacing solution concentration.

SMB PROCESS FOR SEPARATION OF ISOTOPES BY
DISPLACEMENT BAND CHROMATOGRAPHY

The displacement band chromatographic system outlined above was
utilized to achieve a continuous separation, and this sections describes
the simulated moving-bed process developed in our work.

A schematic representation of a generic countercurrent column under
total reflux, i.e., when neither feed nor products are introduced or with-
drawn, is given in Fig. 2(a). It consists of a countercurrent contactor
(separation zone) and two flow converting units. In the case of distillation,
for instance, the flow converting units are the condenser and reboiler. In
isotope fractionation the flow converting units are designated for transfer-
ring isotopes to be separated from one phase to the other. Figure 2(b)
shows the equivalent SMB process for nitrogen isotope separation in the
system involved. Each box in this scheme represents a fixed-bed section
packed with resin. The resin in the separation zone is in the NH{ form,
and the aqueous solution of ammonia is in the liquid phase.

A solution of NaOH is continuously fed to the bottom of the lower flow
converting unit, where Reaction (3) occurs. As a result, the Na*/NH,
ion-exchange front moves upward. The addition of each equivalent of
NaOH to the lower flow converting unit shifts an equivalent of NH; into
solution in the ion-exchange front region. The consequence is adsorption
of an equal quantity of NH4 in the upper flow converting unit, where
Reaction (2) takes place. The two ion-exchange fronts thus advance along
the SMB column with equal velocities. Periodically, when these two fronts
pass a distance equal to the length of a single section, a switch of flows
is made. Accordingly, each fixed-bed section moves one position down-
ward, giving rise to a countercurrent movement between the liquid and
solid phases. The resin leaving the lower flow converting unit is in the
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FIG.2 Schematic representation of a countercurrent separation column under total reflux
(a) and the equivalent SMB process for nitrogen isotope separation with the use of an ion-
exchange resin (b).

Na+* form. It is then converted to the H* form in the regeneration zone
by a hydrochloric acid solution (see Fig. 2).

By means of the periodic switching of flows, the solids recirculates in
the column, so the resin moves from the regeneration zone to the upper
flow converting unit where it adsorbs NH;" ions in accordance with Reac-
tion (2). Due to this countercurrent operation, the heavy nitrogen, being
distributed more abundantly in the resin phase, is concentrated at the
bottom of the column. In turn, the light isotope N, being less strongly
adsorbed, is concentrated in the top of the column.
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EXPERIMENTAL SECTION

A schematic diagram of the experimental setup is presented in Fig. 3.
The simulated moving bed consisted of 12 uniform sections packed with
the strong acid cation exchanger KU1x8. Some properties of the resin are
given in Table 1. Each section was 10 mm in diameter and 50 mm in
height. Two sections constituted the upper flow converting unit. There
were three sections in the lower flow converting unit. Five fixed beds
formed the separation zone where the chemical isotope exchange between
NH,OH and NH4R occurred. Finally, two sections were in the regenera-
tion zone (see Fig. 2), to which a solution of hydrochloric acid was fed
to convert the resin to the H* form:

NaR + HCl & HR + NaCl 5)

All sections were placed in a thermostat bath and maintained at a tempera-
ture of 298 K. Configuration of the simulated moving bed along with the
values of the operating parameters used in the experiments are summa-
rized in Table 2.

FIG. 3 Schematic diagram of the experimental setup. RV = rotary valve; P = peristaltic
pumps; D = conductivity detector; M = step motor; C = computer.
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TABLE 1
Physicochemical Properties of Dry Resin KU2 x 8
Skeleton Styrene—divinylbenzene
Structure Macroreticular
Functional groups SO;H
Crosslinking degree 8%
Average particle size 0.7 mm
Swelling in water 85%
Internal porosity 0.34

Concentration of acid sites 4.31 meg/g dry resin

To operate flow switching in the simulated moving-bed system, a spe-
cially designed multichannel disk rotary valve has been built. Details of
the construction may be found elsewhere (21). All the fixed-bed sections
were connected to the turning part of the valve, whereas the communica-
tions between them along with the external streams were connected to
the stationary part of the valve (see Fig. 3). Countercurrency between the
solid and gas phases was achieved by periodically rotating the moving
part of the valve (together with the sections) in the direction opposite to
that of the fluid flow. The liquid flows in the apparatus were maintained
with peristaltic pumps.

Prior to the experiments the resin in all 12 sections was converted to
the H* form by feeding a 0.35 N solution of hydrochloric acid to the

TABLE 2
Configuration of the Simulated Moving Bed for Nitrogen
Isotope Separation

Number of sections:
In the upper flow converting unit 2
In the separation zone b
In the lower flow converting unit 3
In the regeneration zone 2
Single fixed-bed section:

Height Scm

Diameter 1cm
Operating temperature 298 K
Liquid flow rate 0.56-8.14 mL/min
Displacement agent NaOH (0.98 N)

Regeneration agent HCl (0.35 N)
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unit. Then five sections were saturated with 0.98 N aqueous solution of
ammonium hydroxide to form the separation zone. When the first flow
switch occurred, the lowest section in the separation zone moved down
to the lower flow converting unit. By applying the NaOH solution to the
unit, the ion-exchange front Na*/NH4 was advancing up and finally
broke through the fixed bed. This was registered by a conductivity detec-
tor placed in between the lower flow converting unit and the separation
zone. The signal was passed over to the computer which was interfaced
with a step motor, which executed the next flow switch in the system
(Fig. 3). In this way the Na*/NH{ ion-exchange front was shifted back
to the lower flow converting unit, and so on. Simultaneously, in the upper
flow converting unit the development of the NHi /H™ ion exchange front
took place in a basically identical manner. The separation experiments
were performed until a steady-state isotope concentration profile along
the unit was formed. The heavy isotope >N was concentrated in the lower
part of the separation zone, and the light isotope N was concentrated
in the upper part.

The connections between the sections on the stationary part of the
rotary valve were provided with special microports so that the liquid could
be sampled from each port for analysis in order to determine the distribu-
tion of isotopes along the column.

The Reagent-grade purity NaOH, NH,OH, and HCI solutions were
used for the experiments. Solutions of the desired concentrations were
prepared by mixing the initial chemicals with distilled water. Analysis of
nitrogen isotopes was done with an isotopic mass-spectrometer MI-1101.

RESULTS AND DISCUSSION

1t was pointed out earlier that because of the low values of a for isotopic
mixtures, very effective flow refluxing is necessary to obtain good separa-
tion. Specifically in our case it is important that all nitrogen is completely
transferred from solids to liquid in the lower flow converting unit, likewise
all nitrogen should be quantitatively adsorbed by resin in the upper flow
converting unit. To verify this we studied the cyclic development of the
ion-exchange fronts in the SMB unit by measuring concentrations of so-
dium and ammonium ions in between fixed-bed sections. Figure 4 shows
the Na* and NH4 ion concentration profiles in both flow converting units
just before and just after two successive flow switches. It can be seen
that within the switching time interval the development of ion-exchange
fronts in both ends of the SMB column occurs in a ‘‘constant pattern”’
regime, i.e., without dispersion in time. This confirms the system works
satisfactorily, and all the nitrogen can be recycled without loss within the
separation zone.
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FIG. 4 Na™ (O) and NH{ (X) ion concentration profiles in the lower and upper flow
converting units at cyclic steady-state just after switching flows (solid curves) and just before
switching flows (dashed curves).

The experiments on nitrogen isotope separation under total reflux were
carried out using natural abundance ammonia (0.365 at.% of '°N). The
flow rate of liquid was varied from 0.56 to 8.10 mL/min. The corresponding
superficial velocity values lie in the 2.1-30.5 cm/min range that is typical
for industrial applications. Figure 5 shows the average *N concentration
profiles in the separation zone of the SMB after cyclic steady-state is
reached.

On the basis of the steady-state isotope concentration profiles, the over-
all separation factor K was calculated:

xl/(l - x)
Xl(1 = %) ©

where x; and x, are the atomic fractions of !°N isotope measured in the

K =
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FIG.5 Average N concentration profiles in the SMB column under total reflux at steady-
state. 1: v = 0.714 c/min; 2: v = 5.51 co/min; 3: v = 10.37 co/min.

lower and the upper ends of the separation zone, respectively. In our case
X1, Xu <€ 1, so we can use K = xy/x,. The height equivalent to a theoretical
plate (HETP) was then computed (4):

Ina
K N

It was found that HETP grows in a linear fashion with the liquid flow
rate, and Fig. 4 shows the effect of the superficial velocity on HETP.

The dependence of HETP upon the operating parameters for a counter-
current adsorber was derived by Ruthven (23). By considering a linear
adsorption isotherm, the axially dispersed plug flow model, and the linear
rate expression, the following expression for HETP was obtained:

HETP = L(Pe~! + St~ Hlny/(y — 1) (8)

HETP = L

where v is the ratio of the sorbate flow in the solid and fluid phases, L is
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the length of the separation zone, and Pe and St are the Péclet and Stanton
numbers. For separation under total reflux, y = 1, so Eq. (8) takes simple
form

HETP = L(Pe~! + St 1) )

Two parameters, the axial diffusivity Dp. and the overall mass transfer
coefficient k,, have to be known to apply Eq. (9). These values were
determined from pulse experiments (24). The measurements were done
directly in the SMB unit so that the 12 sections, connected in series,
were used as a single fixed-bed column. For the overall mass transfer
coefficient, the value k, = 8.3 x 1073 s~ ! was obtained. Assuming that
the mass transfer is limited by diffusion of NH,OH in the macroreticular
resin granule pores, and using the correlation for &, obtained by Glueckauf
and Coates (25):

k, = 15D.4/R? (10)

2.4 T T T T T

HETP, CM

0.4 1 ). 1 1 1
0 2 4 6 10 12

8
SUPERFICIAL FLUID VELOCITY, CM/MIN

FIG. 6 Effect of the superficial fluid velocity on HETP.
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FIG.7 Schematic representation of a continuous feed process concentrating only one com-
ponent of the mixture (a) and the equivalent SMB process for concentrating heavy nitrogen
15N (b).

with D.g = (¢'/4')Dp a reasonable value of 2.1 was obtained for the resin
granule tortuosity factor.

The axial dispersion coefficient was determined by fitting the following
expression to the experimental data (26):

ePe = 0.2 + ARe®*® 08))
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The parameter A was found to be equal to 0.42 instead of 0.011, the value
known from the literature (26). The higher overall axial diffusivity ob-
served in our system was probably due to the end effects in the sections
and dispersion in the connecting tubes, as compared against a single fixed
bed of the same length.

The prediction obtained by Eq. (8) (solid line in Fig. 6) appears to be
quite satisfactory. The deviation from the experimental data can be attrib-
uted to the relatively low number of fixed-bed sections in the separation
zone.

In addition to the experiments under total reflux, which are necessary
to estimate the system separative efficiency, we also attempted a continu-
ous feed operation. For this a process for concentrating only the heavy
nitrogen, °N, has been adopted. The schematic of a generic countercur-
rent process, having as its purpose the concentration of only one compo-
nent of the mixture, along with the corresponding scheme of the SMB

0.65 T T T T T T T

0.55F D

0.5 E

N15 CONC,, AT.%

0.451 4

0.4r 4

0.35 L il . 1 1 1 il
0 50 100 150 200 250 300 350 400

THE NUMBER OF SWITCHES

FIG.8 !N concentration in the bottom of the separation zone during start-up in the contin-
uous feeding experiment. Arrow indicates the time when product began being removed.



11: 52 25 January 2011

Downl oaded At:

486 KRUGLOV, ANDREEV, AND POJIDAEV

column are presented in Fig. 7. The feed to the SMB column in this case
is basically composed of solids: the natural abundance ammonia solution
(0.365 at.% of >’N) is applied to the first section in the upper flow convert-
ing unit so that the resin in it becomes saturated with nitrogen of approxi-
mately the same isotope composition. When the flows are switched, this
section ‘‘feeds’ the column, joining the separation zone. The flow of
liquid leaving the separation zone is exhausted with the heavy isotope
(waste). The product, enriched in '*N, is removed from the bottom. This
is the so-called ‘‘transit’” scheme: the feed and waste streams are of the
same chemical composition (aqueous ammonia solution) but differ in the
concentrations of nitrogen isotopes.

Figure 8 shows the concentration of >N in the bottom of the separation
zone during start-up for the experiment with continuous feeding. Note
that the unit reaches cyclic steady-state only after approximately 280
switches. We see that attaining a cyclic steady-state with this process

0.6 T T T 1 T T T T T

o
n

CONC. OF N15, AT.%

0.4

0 0.5 1 1.5 2 2.5 3.5 4 4.5 5
NUMBER OF SECTION IN SEPARATION ZONE

FIG.9 Average "°N concentration profile in the SMB column at steady-state for the contin-
uous feeding experiment.
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takes a very long time. Because of the low initial concentration of heavy
nitrogen in the feed stream, a large volume of the feed material has to be
processed during start-up to accumulate *N in the unit.

After 290 switches (indicated by an arrow in Fig. 8) we started to remove
the product. That was done with a low flow rate piston pump. The flow
rate of the product was 0.014 mL/min, which is only 0.51% in terms of
the flow rate in the separation zone. Due to this operation, the enrichment
attained in the unit dropped by approximately 30%. It is worth pointing
out that the transient from the first to the second stationary regime oc-
curred much faster than the transient following the start-up of the unit.

At the end of the experiment the liquid phase from the sections was
analyzed, and Fig. 9 shows the >N concentration profile along the separa-
tion zone of the SMB. The results of the continuous feeding experiment
show that the operation is robust and the process is simple to control.

CONCLUDING REMARKS

A continuous liquid phase process for separating nitrogen isotopes by
displacement band chromatography in a simulated moving bed is devel-
oped and investigated. Two operations, the column under total reflux and
a continuous feed operation with product enriched in '*N, were studied.

Based on the resuits obtained, we conclude that a liquid-phase SMB
process for separating isotopes with the use of ion-exchange displacement
band chromatography has some advantages if compared with the tradi-
tional fractionation processes in vapor-liquid or gas-liquid systems. They
are as follows.

1. The separating system is very compact because of a very small HETP
(compared with those typical for gas-liquid countercurrent con-
tactors).

2. The chemical refluxing occurs virtually in-situ: these are basically two
narrow ion-exchange fronts adjoining the separation zone. As a result,
there is no hold-up in the flow converting units. This is a very nice
feature of our process because in traditional techniques such as distil-
lation, the start-up procedure, carried out under total reflux, takes a
rather long time, substantially because of hold-up in the condenser
and reboiler.

3. The arrangement of the SMB system as a series of fixed beds instead
of as a single vertical column also makes this process quite attractive
for application, since a large column height and, therefore, tall build-
ings are typically required for such processes. Another advantage of
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subdividing the column into a series of ‘‘compartments’’ is that in
case of shutdown or a halt in operation, isotopic profiles may be ‘‘con-
served”’ inside the SMB, and a new long-time start-up without actual
processing can be avoided. That is impossible for the case of gas—
liquid contactors.

By studying nitrogen isotope separation it was shown that displacement
ion-exchange chromatography in a practically standard liquid-phase SMB
unit provides the opportunity for the flexible production of a whole num-
ber of isotopes of the light elements. We found that operation and control
of such unit are simple, and flow converting is robust.

Analysis of the literature shows that ion-exchange band chromatogra-
phy as an application for isotopic separation has been the recent focus of
many investigations. Thus, isotopes of calcium (27), strontium (28), lith-
ium (29), potassium, rubidium, and magnesium (30), tin (31), boron (32),
and some others were separated using conventional fixed-bed columns
packed with ion-exchanging materials. It is noteworth that isotopes of
metals are much more difficult to separate, for these elements commonly
do not have gaseous or volatile compounds, and so traditional isotope
separation techniques cannot be applied here.

It appears that our proposed process design may also be applied for
separating substances other than isotopic mixtures, whenever the proper
displacement band chromatographic system with nondispersive ends of
the band is found.
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SYMBOLS
Dy axial diffusivity (cm?%s)
Dess = (€'/v')Dn, effective pore diffusivity (cm?/s)

Dy, molecular diffusivity (cm?/s)

HETP height equivalent to a theoretical plate (cm)

k., overall mass transfer coefficient (s™!)

K = [x/(1 — x)V[x./(1 — xu)], overall separation factor
Pe = vL/Dy , Péclet number

St = k,L/v, Stanton number

T temperature (K)

L length of the separation zone (cm)
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X atom fraction of heavy nitrogen in the solid phase
y atom fraction of heavy nitrogen in the liquid phase

Greek Letters

a = [x/(1 — x))[y/(1 — y)], equilibrium separation factor

€ internal porosity of the resin granule

v ratio of the sorbate flow in the solid and fluid phases

¥ tortuosity factor

v liquid velocity (cm/min)

Subscripts

Lu lower and upper ends of the countercurrent separation column
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