Journal of Chromatography A, 732 (1996) 1-15

JOURNAL OF
CHROMATOGRAPHY A

Amino acid separation by preparative temperature-swing
chromatography with flow reversal'

Gabor Simon™”, Laszlo Hanak”, Georges Grévillot*'*, Tibor Szanya®, Gyula Marton”

* Laboratoire des Sciences du Génie Chimique, CNRS, ENSIC, BP 451, Nancy 54001, France
® Department of Chemical Engineering, University of Veszprem, Veszprem, Hungary

Received 3 November 1994; revised 7 October 1995; accepted 17 October 1995

Abstract

A special type of adsorptive parametric pumping called temperature-swing chromatography is experimentally
investigated for a new application: the separation of amino acids. Experiments have been done with a mixture of arginine,
histidine and lysine in acidic solution (HCI). A multicomponent equilibrium model has been used to simulate the
experimental results and to investigate some possible ways to improve the separation. It is shown that it is possible to
separate these amino acids, and the composition of the products strongly depends on the experimental conditions. Arginine
with purity greater than 95% can be obtained by applying these methods.
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1. Introduction

Due to both the more and more rigorous require-
ment of environmental protection and the raw-ma-
terial need of fine chemical industry, increasing
attention is paid to the utilization of biomass origin
wastes. After acidic, basic or enzymatic hydrolysis of
protein containing materials, a mixture of amino
acids is obtainable, which can be used as natural
source for producing pure amino acids.

Generally the individual amino acids are isolated
by multistep adsorption, ion-exchange methods.

*Corresponding author.
' Presented at the 11th International Symposium on Preparative
and Industrial Chromatography, Baden-Baden, 3—6 October 1994.

These processes have in common the necessity of
using several chemical reagents even to buffer the
mixtures during the saturation or to elute the fixed
amino acids and regenerate the bed. It can therefore
be said that these chemicals provide the driving force
of the separation. Due to the use of chemical
regenerants, regeneration effluents are produced
which must be reprocessed in order to eliminate
polluting products and/or to recover the reagents.
A class of processes called ‘‘thermofractionation’’
[1] allows substituting low-temperature energy for
chemicals. This is analogous to distillation [2,3] in
which the mixture is separated into two or more
fractions without the intervention of other chemical
species. In thermofractionation heat provides the
driving force of the separation and it uses the
displacement of a separation equilibrium between the
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phases under the influence of a temperature vari-
ation. The advantages of thermofractionation are the
following: (i) it does not consume chemical prod-
ucts, (ii) it does not dilute the products, (iii) it uses
heat at a low level: 10 to 90°C, and (iv) it is possible
to reach very high-grade separation. Among these
processes parametric pumping is a technique which
has been studied extensively.

In this article a new type of adsorptive parametric
pumping, called temperature-swing chromatography
(described later), is experimentally investigated from
the point of view of separating basic amino acids
(arginine, histidine, lysine), and a multicomponent,
nonlinear equilibrium model is used to predict the
separation and to search the optimum conditions of
the operation. Usually the amino acid mixtures to be
separated are acidic. We consider here HCI as acidic
medium.

2. Parametric pumping

Parametric pumping is a separation process in-
vented by Wilhelm et al. in 1966 [4] which consists
of a mobile phase percolated through a fixed phase
alternating in one direction and then in the other, and
the changes in temperature are applied to the phases
in contact simultaneously with the changes in flow
direction. It makes possible the enrichment of a
given component at one end of the column and its
depletion at the other end.

The principle of parametric pumping is illustrated
in Fig. 1. In this figure the steps of the cyclic
operation are illustrated with the help of a McCabe—
Thiele-type diagram.

Among other things, the two isotherms (hot and
cold) can be seen in the figure and it is clear that the
uptake is higher at low temperature than at high
temperature.

The operation starts with a first step to obtain the

initial conditions:
Step 1: the column is equilibrated at the cold
temperature with the solution to be separated and the
bottom reservoir is filled with the same solution
(point A on the isotherms).

After this a cycle consists of the following steps:
Step 2: the column is heated to the hot temperature
(point B on the isotherms).

o
\ o

concentration in solid phase

Q —_—

concentration in liquid phase o

Activated Carbon column A Top reservor

S. step

sz‘:z S

Fig. 1. Principle of parametric pumping.

Step 3: the solution from the bottom reservoir is
pumped to the top reservoir through the column at
the hot temperature (points C and B on the iso-
therms).

Step 4: the column is cooled to the cold temperature
(points D and A on the isotherms).

Step 5: the solution from the top reservoir is pumped
to the bottom reservoir through the column at the
cold temperature (points E and D on the isotherms).
Steps 2 to 5 are repeated until the desired cycle
number is reached.

It can be also seen in the ngure that the con-
centration of component i increases in the top
reservoir and decreases in the bottom reservoir. This
model gives a good qualitative understanding of how
the separation develops, but it is usually insufficient
to represent results quantitatively.

The analogy with distillation has been described



G. Simon et al. | J. Chromatogr. A 732 (1996) 1-15 3

by Grévillot and Tondeur [2,3]. In parametric pump-
ing, the upward flow during the hot half-cycle is
analogous to the vapour in distillation and the
downward flow during the cold half-cycle is analo-
gous to the liquid in distillation. The adsorption
isotherms at the two temperatures play the role of the
liquid—vapour equilibrium curve. Parametric pump-
ing can be operated either at total reflux (batch) or at
partial reflux in several ways (continuous, semi-
continuous, intermediate feed position, ...). The
temperature change can be applied to the column
itself (direct mode) or by the fluid itself (recuperative
mode).

Since 1966 many experimental and theoretical
extensions have been made to the basic technique.

The potentiality of the technique was demon-
strated by Wilhelm and Sweed [5] when they ob-
tained a separation factor of 10° in a toluene—n-
heptane—silica gel system under total reflux con-
ditions.

Pigford et al. [6] originated an important and
simple equilibrium theory (two primary assumptions
of the theory were: instantaneous local equilibrium
throughout the adsorption column with linear
equilibria and absence of axial dispersion), and
derived mathematical expressions for the perform-
ance of the batch parametric pump.

By extending the equilibrium theory, Chen et al.
[7-9] have derived mathematical expressions for the
performance of batch, continuous, and semi-continu-
ous parametric pumps.

For getting more realistic results than by using the
equilibrium theory, Gupta and Sweed [10] worked
out a model which takes into account the non-
equilibrium effects.

Sabadell and Sweed [11] carried out separation by
a recuperative mode pH pump in which pH control
was maintained by acid addition at one of the end
reservoirs. Shaffer and Hamrin [12] combined affini-
ty chromatography and parametric pumping to re-
duce enzyme concentration in an aqueous solution.
Also, pH pumping was used by Chen et al. [13-17]
for the separation of proteins like hemoglobin and
albumin.

Oren and Soffer [18-21] extended parametric
pumping to electrochemical systems for water desalt-
ing and separating isotopes.

Several other reviews [22-25] also show the

interest in using parametric pumping for different
kinds of separations.

3. Adsorption isotherms

To obtain a separation by parametric pumping it is
necessary that the adsorption isotherms vary with
temperature. We measured these isotherms for ar-
ginine, histidine and lysine on Reanal activated
carbon at two temperatures, 288 and 363 K, by
frontal method in a column {26]. Physical charac-
teristics of the adsorbent are collected in Table 1.

Before use, the activated carbon was washed with
HCI and rinsed with demineralyzed water. For each
isotherm point the feed was a pure amino acid at the
desired concentration in 0.1 M HCI solution. For a
given amino acid, a first point of the isotherm was
obtained by measuring the breakthrough curve using
a feed with a low amino acid concentration. After
this, the next point was obtained with a feed of
greater amino acid concentration. Several points for
each isotherm were determined in this way.

For each point the volume of breakthrough (de-
fined as the inflexion point of the front) allows to
calculate the amino acid uptake, which is:

(Vs = Vp)(Ch — CL)
da, = v (@9)

C

where V; is the volume of breakthrough, V,, is the
bed dead volume V. is the volume of adsorbent in
the column, C) a, and C are the concentrations of
amino acid in the ]quId phase before and after the
frontal chromatographic run, and g, is the amount of
adsorbed amino acid expressed on the basis of a
volume unit of adsorbent.

The results are shown in Fig. 2—-4. The following
facts are clearly seen in these figures: (i) the amino
acid uptake at cold temperature is always greater
than at hot temperature, (ii) at cold temperature the

Table 1

Physical characteristics of the adsorbent

Specific surface area Sy, (m*/g) 330.33
Pore volume (cm’/g) 0.16
Average pore diameter (nm) 1.95
Particle size (g m) <60
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Fig. 4. Hot and cold isotherms of lysine.

decreasing order of amino acid uptake is arginine,
histidine, lysine, (iii) decreasing order of the tem-
perature dependence of the isotherm is also arginine,
histidine, lysine, and (iv) the histidine uptake seems
to exhibit a sigmoid-type isotherm with a slope
which first increases and then decreases.

At cold temperature Langmuir-type isotherms
were fitted to the measured values:

_ ka,Ca, )
=TTk, G, 2)

where O A, and kA‘_ are the parameters of a Langmuir-
type isotherm, C, is the concentration of amino acid
i in liquid-phasel and g, is the amino acid con-
centration in adsorbent phase.

In the case of histidine, the sigmoid shape of the
isotherm was fitted by two Langmuir-type isotherms.
The first one is valid when the histidine concen-
tration is less than 3 mmol/l and the second one is
used when the concentration is greater than 3 mmol/
L

At hot temperature linear isotherms were assumed,
which is close to the reality as Figs. 2—-4 show:

g, =Kh C, (3)

i i i

where K:‘. is the slope of the hot, linear, adsorption
equilibrium isotherm. The equilibrium data are
shown in Table 2.

Considering a thermal direct-mode parametric
pumping device with a hot upward half-cycle and a
cold downward half-cycle, all of the amino acids will
mainly concentrate in the top reservoir and deplete in
the bottom reservoir if there is not too much
competition between amino acids (that is the case if
the initial amino acid concentrations are low, as in

Table 2

Parameters of the isotherms at 288 and 363 K

Amino acid 288 K 363K
QAi kAi K:ﬁ

Lysine 396 0.004 0.664

Histidine 19.4 0.376 1.57

88.8 0.0436
Arginine 111 0.184 259
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our experiments). In this way, concentration of
amino acids in different degrees is available, but the
method is not suitable for separating them. For this
purpose it is necessary to use a special type of
parametric pumping called temperature-swing chro-
matography.

4. Temperature-swing chromatography

Temperature-swing chromatography (TSC) is a
kind of batch parametric pumping. In contrast with
traditional direct-mode batch parametric pumping, in
this case the column is not equilibrated with the
solution to be separated before starting the experi-
ment (first step in Fig. 1 is missing), so the column
is filled with fresh adsorbent. Before starting the
experiment the whole solution to be separated is
poured into the top reservoir. In TSC, a cycle
consists of the following steps: (i) cold flow (V)
from the top reservoir to the bottom reservoir, (ii)
heating, (iii) hot flow (V,,,) from the bottom reser-
voir to the top reservoir (V,,<V,_,), and (iv)
cooling. As a result of each cycle V., —V,  net
volume leaves the top reservoir. The cycles are
repeated until the top reservoir becomes empty, then
the column is regenerated at the hot temperature.

In Grévillot’s terms, this is analogous to batch
rectification. The cold flow of TSC is analogous to
the upward flow of vapour in batch rectification and
the hot flow of TSC is analogous to the downward
flow of liquid in batch rectification. In batch rectifi-
cation there is no feed and a part of the top product
is withdrawn and this happens also in temperature-
swing chromatography, since the volume of hot flow
is less than the volume of cold flow. The adsorption
isotherms at the two temperatures play the role of the
liquid—vapour equilibrium curve. In batch rectifica-
tion only the ‘light’ components can reach the top of
the column and the ‘heavy’ components remain at
the bottom of the column. In TSC the components
with less affinity to the adsorbent break through the
column and the components with higher affinity
remain at the top reservoir end of the column. In
batch rectification the reflux makes the separation
sharper and in TSC the hot flow, which regenerates
the column, also sharpens the separation. Batch

rectifications may be carried out in two ways: (i)
constant overhead product composition, variable
reflux ratio; (ii) variable overhead product com-
position, constant reflux ratio. The same operation
types exist in TSC.

It follows from the foregoing that TSC is capable
to use the differences between the individual cold
isotherms and the degree of temperature dependence
of adsorption isotherms to separate arginine, his-
tidine and lysine as shown later in the Experimental
section.

4.1. Theory of temperature-swing chromatography

Let us consider temperature-swing chromatog-
raphy with a cold downward half-cycle and a hot
upward half-cycle. We assume instantaneous local
equilibrium, plug flow, instantaneous heating and
cooling and flow reversal in phase with temperature
change.

In our case the system contains three amino acids:
arginine, histidine and lysine, in 0.1 M HCI. The
material balance over a differential volume element
of an adsorption column is:

aCA, aCA, 1—€ an‘

"2 Y or T o 70 (4)

where C, is the concentration of a given amino acid
in the ﬂﬁid-phase, g, is the amino acid concen-
tration in the solid-phaée, v is the interstitial velocity
and € = 0.35 is the bed void fraction.

To solve these equations it is necessary to have a
description of the uptake equilibrium on the ad-
sorbent. The multicomponent uptake of amino acids
at the cold temperature can be expressed as:

k, C,
9r, = Qa3 (5)
1+ 2k, C,
i=r !

The amino acid uptake at the hot temperature is
expressed by Eq. 3. The concentrations before and
after the temperature change are related by:
c QAlkAICZI h h h
Cotvr———=C, + K, C,, (6)
1+ 2k, CS,
k=1 "
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where v is the mass capacity ratio in the bed, and
C,, and C " are the liquid-phase concentrations at
cold and hot temperatures, respectively.

The model was solved with a finite-difference
method. To carry out the numerical computation, the
boundary conditions and the initial conditions are
assigned. These conditions always change when a
new half-cycle is started, so there is no reason to go
into details. The model was used to predict the
amino acid separation and to investigate possible
ways to improve the separation.

5. Experimental
5.1. Materials and methods of analysis

For experiments the activated carbon and the
amino acids were obtained from Reanal Factory of
Laboratory Chemicals (Budapest, Hungary). The
purity of the amino acids were greater then 99%, and
other chemicals were of analytical reagent grade.

The amino acid concentrations were measured by
an amino acid analyzer (Aminochrom II, OE-914,
Labor-MIM, Budapest, Hungary). The analyzer oper-
ates on the base of the colour reaction of amino acids
with ninhydrin solution.

5.2. Experiments

The schematic diagram of the experimental ap-
paratus is shown in Fig. 5. A jacketed glass column
(25 cmX1.0 cm ID) was filled with activated
carbon and reservoirs were connected to both ends
(the extra-column void volume was 1 cm®). Constant
temperature of the column was maintained by use of
thermostatted baths, which supplied water at 288 and
363 K. The movement of the solution through the
column was accomplished by use of a peristaltic
pump. The flow-rate was 2 cm’/min.

Before starting the experiment all the solution to
be separated was poured into the top reservoir, in all
cases it was 1000 cm’, and the column was thermos-
tatted at the cold temperature. The experiment was
started by displacing V_ , volume of the solution at

RESERVOIRS

TOP BOTTOM
Soiution to be
separated (1000 mi)

cold flow (Veu)
Hot flow (Vher)

inner diameter: 1cm -

WATER

(288 *K or 363 °K)

Fig. 5. Schematic diagram of the experimental apparatus.

the cold temperature from the top reservoir to the
bottom reservoir. Then the column was heated and
Vit Voot <V.oia) volume of the bottom reservoir
solution was displaced back from the bottom reser-
voir to the top reservoir. The first cycle was finished
by cooling the column. These operations were re-
peated until the whole solution was displaced from
the top reservoir to the bottom. Then the column was
regenerated at the hot temperature with 100 cm® of
0.1 M HCI solution. In this way two products were
obtained: one was the solution in the bottom reser-
voir (P1) and the other (P2) was the solution
obtained after the hot regeneration with HCl. During
the experiments, after every half-cycle samples were
taken from the mixed reservoirs for analytical ‘pur-
poses.

Five chromatographic runs were carried out under
the conditions shown in Table 3. In runs 1-3 the
effect of the cold displaced volume on the separation
was investigated, while the ‘reflux ratio’ (defined as
Vio! Voora) Was kept constant: 0.625. In runs 3-5 the
effect of the ‘reflux ratio’ was investigated while the
cold displaced volume was constant: 120 cm’.
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Table 3

Experimental conditions

Run Voo Vier Amino acid Initial amino HCl conc. Volume of

(cm’) (cm’) acid conc. (mol/1) the bed
(mmol/1) (em")

1 40 25 arginine 1 0.1 245
histidine i
lysine [

2 80 50 arginine 1 0.1 23
histidine 1
lysine 1

3 120 75 arginine 1 0.1 21
histidine 1
lysine !

4 120 60 arginine 1 0.1 21
histidine 1
lysine 1

5 120 40 arginine i 0.1 23.5
histidine 1
lysine 1

6. Discussion

6.1. Advantage of temperature-swing
chromatography in amino acid separation

It was mentioned before that traditional thermal
batch parametric pumping is not suitable to separate
the amino acids, but only to concentrate them in
different degrees in one reservoir.

The advantage of TSC compared with simple
frontal chromatography (FC) is well visible in Fig. 6.
This figure shows the concentration of arginine in the
bottom reservoir as a function of the effluent volume.
In the frontal chromatographic experiment 1000 cm’
solution was displaced from the top reservoir to the
bottom without changing the temperature and the
flow direction. All the effluent was collected and
mixed in the bottom reservoir. In the case of TSC
also 1000 cm’ solution was displaced from the top
reservoir to the bottom, but several temperature and
flow direction changes were applied (run 4). One can
see that, in the case of FC, the concentration in the
bottom reservoir increases after some delay. At the
end, the reservoir contains 1000 cm” of a solution at
about 0.73 mmol/l and about 0.27 mmol are on the
adsorbent. In the case of TSC, the concentration of

arginine in the bottom reservoir remains zero until
900 ml and thereafter starts to increase. Thus, the
appearance of arginine in the bottom reservoir is
delayed relatively to FC. In fact, FC can be consid-
ered as a limiting case of TSC where only one
half-cycle (cold) is performed. Therefore, by adjust-
ing the operating parameters in TSC (cold and hot
displacement volumes), the arginine appearance in
the bottom reservoir can be chosen.

038
ARGININE

£
EN
L

Concentration in bottom reservoir (mmol/1)
s -2
2 :

TSC (ruly

T T ¥

0,0 +
0 200 400 600 800 1000 1200

effluent volume (ml)

Fig. 6. Advantage of temperature-swing chromatography.
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6.2. Effect of cold flow

The results of the experiments and calculations are
shown in Fig. 7-11 and in Table 4. Every figure
consist of a part ‘a’, which shows the concentrations
in the bottom reservoir (the volume of this solution
increases from cycle to cycle), and a part ‘b’ which
shows the concentrations in the top reservoir. The
amino acid concentrations are lower than the initial
concentrations in the bottom reservoir and greater
than the initial concentrations in the top reservoir.

In Figs. 7-9 the results of runs 1-3 are shown. It
is clear in the parts ‘a’, that according to the cold
isotherms the lysine concentration is the greatest, the
histidine concentration is less and there is only little

" Lysine

¢ Histidine Lys
08 ™ Arginine

— calculated

— calculated
064 — calculated

0.4 e =

concentration (mmol/)

021 »

0.0

L
L
L

0 200 400 600 800 1000 1200
effluent volume (mi)

20

Lysine
Histidine
Arginine
calculated
calculated 3
calculated

Arg

J ]| men

concentration (mmol/l)

effluent volume (ml)

Fig. 7. (a) Bottom reservoir concentration in run 1. (b) Top
reservoir concentration in run 1.

a
1.2
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i = Arginine
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— calculated
0.2 1 — calculated
*
0,0 T » «
0 200 400 600 1200
effluent volume (ml)
12 ®  Lysine
¢ Histidine Arg
104 T Arginine
= — calculated
% — calculated
84 —
E calculated
E
=
2
g
E
:
1] T T T T
0 200 400 600 800 1000
effluent volume {mtl)

Fig. 8. (a) Bottom reservoir concentration in run 2. (b) Top
reservoir concentration in run 2.

or no arginine in the bottom reservoir. It can also be
seen that in run 1 (Fig. 7, V,,,, = 40 cm) the lysine
and histidine concentrations in the bottom reservoir
are less than in run 2 (Fig. 8, V., =80 cm®) or in
run 3 (Fig. 9, V.,,, = 120 cm’). Simultaneously, in
the top reservoir the concentration of lysine is the
least, that of histidine is greater and the arginine
concentration is the greatest, as can be observed in
the parts ‘b’.

Since the lysine uptake at the cold temperature and
the temperature dependence of its isotherm are the
smallest, lysine breaks through the column, and the
greater the displaced volume is, the more lysine is
transferred to the bottom reservoir. Consequently,
increasing the volume of cold flow, the lysine
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Fig. 9. (a) Bottom reservoir concentration in run 3. (b) Top
reservoir concentration in run 3.

concentration increases in the bottom reservoir, and
in runs 2 and 3 (Fig. 8 and Fig. 9) it practically
reaches the initial concentration (the total amount of
lysine is pushed to the bottom reservoir). In the
meantime the lysine concentration in the top reser-
voir is the least due to its greatest concentration in
the bottom reservoir. In terms of distillation analogy
lysine is the ‘light’ component which is mainly in the
top product (or in the P1 product, that is the bottom
reservoir solution in our case).

Histidine isotherms and the temperature depen-
dence of its isotherm occupy an intermediate position
between lysine and arginine. Due to this fact its
concentrations in the two reservoirs are also between

a
12
Lys
101 L) )
- -
=3 »
%0'” ® Lysine His
E ° * Histidine .
-,E_, 0.6 1 ®  Arginine .
g = caiculated .
g ~— calculated
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g .
0,21 . . b
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0.0 u T y T T
Q 200 400 600 800 1000 1200
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10
®  Lysine u
* Histidine
g ™ Arginine Arg
P — calculated
% ~— calculated
E 64 — calculated
e
2
g
E 44
8
[
g
24
0 T —— T —
0 200 400 600 800 1000

effluent volume (ml)

Fig. 10. (a) Bottom reservoir concentration in run 4. (b) Top
reservoir concentration in run 4.

the concentrations of lysine and arginine. In run 1|
(Fig. 7) — when the volume of cold flow V__, is the
least — histidine does not break through the column,
so its concentration in the bottom reservoir is
practically zero and in the top reservoir it is practi-
cally equal to the concentration of arginine. In runs 2
and 3 (Fig. 8 and Fig. 9), while increasing V__;, more
and more histidine breaks through the column, and
therefore the histidine concentration increases in the
bottom reservoir. In the distillation analogy histidine
is a ‘medium’ component, which can be either in the
top product or in the bottom (or either in the Pl
product or in the P2 in our case), depending on the
experimental conditions.
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Fig. 11. (a) Bottom reservoir concentration in run 5. (b) Top
reservoir concentration in run 5.

Since arginine has the greatest affinity for the
adsorbent and its isotherm has the greatest tempera-
ture dependence in runs 1-3 arginine never breaks
through the column. That is the reason why its
concentration in the bottom reservoir is zero, and the
greatest in the top reservoir. In terms of distillation
analogy arginine is the ‘heavy’ component, which is
mainly in the bottom product (or in the P2 product in
our case).

Comparing the products P1 (1000 cm” solution in
the bottom reservoir) and P2 (100 cm’ solution,
obtained after the hot regeneration) in runs 1-3 (see
Table 4), we can conclude that the compositions of
the products strongly depend on the volume of cold

Table 4

Experimental final amino acid concentrations

Experiment Amino acid P1 (1000 cm’) P2 (100 cm’)

(mmol/1) (mmol/1)

Run 1 arginine 0.0 6.4
histidine 0.075 6.5
lysine 0.65 1.5

Run 2 arginine 0.13 6.24
histidine 071 1.355
lysine 0.984 0.21

Run 3 arginine 0.22 6.22
histidine 0.83 0.93
lysine 1.0 0.22

Run 4 arginine 0.11 8.15
histidine 0.81 1.17
lysine 1.0 0.23

Run 5 arginine 0.21 3.57
histidine 0.81 0.79
lysine 1.0 0.12

flow. If it is small, like in run 1, then P1 is almost
pure lysine and P2 is a mixture of mainly arginine
and histidine. If it is large, like in run 3, then P1 is a
mixture of lysine and histidine and a little arginine,
but P2 is mainly arginine. Another thing which can
be pointed out is that P1 product concentrations
depend only on the operating parameters of TSC
while P2 product concentrations depend in addition
on the elution parameters. There are thus several
degrees of freedom to optimize any separation by
this method.

6.3. Effect of ‘reflux ratio’

In runs 3-5 the effect of ‘reflux ratio’ (V,/V_.4)
on the separation was investigated. The volume of
cold flow was 120 cm’ in these experiments and the
volume of hot flow was the varied parameter. In fact
in this way the ‘‘reflux ratio”” was changed from
0.625 to 0.5 and 0.33 in runs 3-35, respectively. The
results are shown in Figs. 9-11.

Since there are no significant differences between
these figures, we can conclude that in this range the
effect of ‘reflux ratio’ is not considerable. This is no
longer true out of this range, as we will show later
by simulations with the model.
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6.4. Discussion of the calculated results and
simulations

The results of the calculations are also shown in
Figs. 7-11. We might as well say at first sight that
the calculated results are in good agreement with the
measured ones; however, it is worth to arrange the
results into groups and to investigate them according
to the volume of cold flow.

6.4.1. Low volume of cold flow (V,,,, =40 cm’,
Fig. 7)

In this case the cold flow is so small that neither
arginine nor histidine break through to the bottom of
the column (except a little histidine at high effluent
volume). Accordingly, the descriptions of arginine
and histidine concentrations both in the top and in
the bottom reservoir are good; histidine is a little bit
underestimated in the bottom reservoir and overesti-
mated in the top reservoir, but this can be explained
by the neglect of dispersive effects (mass transfer
kinetics and flow hydrodynamics).

The most critical component in this group is the
lysine, because this V, ,, value is very close to the
breakthrough volume one can calculate according to
its cold isotherm; therefore, the effect of dispersion
and the accuracy of the description of the isotherms
might be very important. It can be seen in Fig. 7 that
the prediction of lysine concentration is qualitatively
good. Some discrepancy can probably be attributed
to the inaccurate description of the isotherms and the
dispersion.

6.4.2. Medium volume of cold flow (V_,, = 80 cm’,
Fig. 8)

V.. being greater than the breakthrough volume
of lysine, it breaks through completely. It can be
seen in the figure that the descriptions of lysine
concentration profiles, both in the bottom and in the
top reservoir, are better than in the previous case.
Since its breakthrough is complete, the dispersion
effects are not so important, therefore the slight
differences may be caused by the inaccurate isotherm
description.

In this case, when the experiment starts, the
breakthrough volumes of arginine and histidine are
greater than V. After 600 cm’ solution has been

displaced to the bottom reservoir, histidine begins to
appear in the solution pumped through the column
due to the following: the concentrations in the top
reservoir increase, the isotherm is not linear so the
increase of the adsorbent capacity is not directly
proportional to the concentration increase and since
the volume of cold flow is constant the breakthrough
volume of histidine becomes less than V_,, (and in
the meantime arginine also pushes histidine from the
top end of the column to the bottom end, due to the
increasing competition with increasing concentra-
tion). At first the appearance of histidine ir the
bottom reservoir is underestimated (and the con-
centration in top reservoir is overestimated) due to
the neglect of dispersion and maybe due to the
inaccurate description of the isotherms. After 900
cm’ solution has been displaced to the bottom
reservoir the histidine concentration in this reservoir
becomes overestimated (and underestimated in the
top reservoir), and this is undoubtedly due to the
inexact isotherm description in the higher histidine
concentration range.

Arginine does not break through the column, so
the predictions of arginine concentrations in the
reservoirs are as good as in the previous case, that is
for low volume of cold flow.

6.4.3. High volume of cold flow (V..,, = 120 cm’,
Figs. 9-11)

The calculated results of histidine and lysine and
the measured ones are in good agreement, since both
of them break through the column completely.

Since arginine does not break through the column
(except a little at high effluent volume), the predic-
tions of its concentrations in the reservoirs are very
good. It can be also observed that decreasing the
reflux ratio, the calculated arginine concentration in
the bottom reservoir increases, and this is also
because of the less effective hot regeneration.

The effect of reflux ratio has been studied by
specific simulations. For these simulations, the bed
volume is 20 cm’, V., = 120 cm’ and V,, is raised
from 20 to 100 cm’. Initial composition and volume
of the solution are the same as in the experiments.
Results of calculations are shown in Fig. 12 for
arginine. One can see in this figure that the ‘reflux
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ratio’ has no significant effect on the separation in a
wide range (from 0.33 to 0.83), but at extremely
small value (0.166) the separation goes to ruin. This
behaviour is analogous to distillation, where a de-
crease in reflux ratio leads to less separation. In the
present system, there are two joined reasons: first, at
constant volume of cold flow a decrease of reflux
ratio means a decrease of the volume of hot flow,
that is an insufficient regeneration of the column;
thus the concentration fronts are closer to the bottom
reservoir end of the column than in case of a larger
hot flow. Second, the number of cycles required to
pump 1000 cm’ from the top reservoir to the bottom
reservoir decreases with the reflux ratio. Thus the
column is submitted to less cycles when the reflux
ratio decreases and, consequently, the separation is
WOrse.

7. Possible ways to improve the separation of
basic amino acids

This part of the paper is clearly theoretical work
and the aim is only to flash some ideas how to
improve the separation, therefore the discussions are
not so detailed. We stressed the separation of ar-
ginine from lysine and histidine, so the expression
‘improve the separation’ means how to produce
purer arginine. Note that the results presented here
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Fig. 12. Effect of ‘reflux ratio’ on the arginine concentration in the
bottom reservoir.

for the different methods are examples only and
probably not the optima of the given method.

7.1. First possibility to improve the separation:
varied volumes of flow

In the earlier experiments and calculations we
used constant volumes for cold and hot flow in a
given experiment, and we could produce P1 and P2
products with a certain composition. If the goal of
the work is to separate arginine from lysine and
histidine, then it is necessary to move the most
possible of histidine and lysine to the bottom reser-
voir, because the purity of arginine in P2 becomes
better in this way.

For achieving greater purity of arginine, a method
was developed where the volumes of cold and hot
flow were not constant but depended on the arginine
concentration at the outlet of the column. The
solution is kept flowing at the cold temperature until
the arginine concentration reaches a certain value at
the outlet of the column, and then half of this V, , is
made to flow at the hot temperature in the opposite
direction to regenerate the column. In this way the
most histidine and lysine is moved to the bottom
reservoir without arginine breaking through.

The results, compared with the results of constant
streaming TSC (with V,_,, = 120 cm’ and V, , = 60
cm’), are shown in Table 5. Slight improvement in
quality of P2 can be seen.

7.2. Second possibility to improve the separation:
columns at different temperatures

In the previous cases the solution of hot flow
which regenerated the column was a histidine and
lysine containing solution and in this way we moved
these back to the top reservoir. We tried to avoid this
return of the two components to the top reservoir by
simulating a system of two columns at different
temperatures. The schematic diagram of the system
is shown in Fig. 13. Column 1 is thermostatted at the
cold temperature and column 2 at the hot tempera-
ture. Varied volumes of flow are used (like in the
previous case) and the concentration of arginine is
controlled at the output of column 1. Since column 2
is thermostatted at the hot temperature, its amino
acid uptake is not significant. After the arginine
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Table 5
Results of the improved amino acid separations
Method Arginine in P2 Histidine in P2 Lysine in P2
(mmol/1; mol%) (mmol/1; mol%) (mmol/1; mol%)
TSC (with constant flow) 9.41 1.55 0.15
84.6% 13.9% 1.41%
TSC (with varied flow) 9.33 1.27 0.16
86.7% 11.8% 1.5%
TSC (columns at different temperatures) 9.25 0.98 0.15
89.13% 9.43% 1.42%
Parametric pumping (PP) 36.89 0.19 0.012
99.45% 0.51% 0.03%

For PP, values are for the top reservoir after 25 cycles.

concentration has reached a certain value the hot
column 2 is cooled, the cold column 1 is heated and
the direction of the flow is changed. In such a way,
column 1 is regenerated by a solution which has just
left the cold column 2, so its histidine and lysine
content is lower. P2 product of the method is
obtained by hot regeneration of column 1.

The results, compared with the results of the
previous calculations, are shown in Table 5. Further
slight improvement of arginine purity was available
in this way.

It is interesting to observe that while the histidine
mole fraction — comparing with the results of TSC —
decreases in both methods, the lysine mole fraction
increases a little bit. This can be explained by the
competition for the adsorbent active sites. When the
histidine concentration is greater in the top reservoir
(consequently the histidine mole fraction in P2 is
also greater), then the lysine uptake decreases be-
cause of the competition. If histidine in the top
reservoir is less, then the adsorbent can adsorb more
lysine, thus its concentration (or mole fraction) in P2
becomes greater.

7.3. Third possibility to improve the separation:
traditional batch parametric pumping after TSC

We have mentioned before that traditional batch
parametric pumping is not good for separating the
amino acids, but only to concentrate them to differ-
ent degrees. This is true when the initial concen-
trations are so low (each of them was 1 mmol/]l in
the previous cases) that the isotherms are linear. In
that case the components behave independently. If

the concentrations are higher, then due to the effect
of the competition for the adsorbent active sites a
separation can be achieved. The product P2 of the
previous case, in Section 7.2, has such high con-
centrations. Thus traditional batch parametric pump-
ing on this solution can be applied in order to
separate its components. Simulations were performed
with the solution P2 of Section 7.2 using a 20 cm’
bed volume and 10 cm® displaced volume. The
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Bottom reservoir
First half-cycle Second half-cycle

Fig. 13. Temperature-swing chromatography with two columns at
different temperatures.
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results of the batch parametric pumping calculation
are shown in Table 5 and in Fig. 14.

It can be seen in Fig. 14 that the concentrations
(log scale) of histidine and lysine in the top reservoir
fall to very low values. Since the concentrations of
histidine and lysine are very small compared with the
concentration of arginine (the histidine initial con-
centration is 0.1 times the arginine initial concen-
tration, and the lysine initial concentration is 0.016
times the arginine one), they are pushed from the top
reservoir end of the column to the bottom reservoir
end of the column by arginine. This is very advan-
tageous for further improving the purity of arginine,
and it can be seen in Table 5 that almost pure
arginine can be obtained in this way.

8. Conclusions

Amino acid separation by a special type of
parametric pumping called temperature-swing chro-
matography was experimentally and theoretically
studied.

The effects of two parameters on the separation of
basic amino acids (arginine, histidine and lysine) —
namely the effect of the volume of cold flow and the
effect of ‘reflux ratio’ (V,_,/V.,,) — were investi-
gated.

It was shown that the compositions of the products
strongly depend on the volume of cold displaced
solution. Either a solution of pure lysine (P1) and a

conceniration in top reservoir (mmal/l)
S
‘Q i ~

-2,

107 - arginine
~* histidine
~#  Jysine

number of cycies

Fig. 14. Batch parametric pumping on P2 product.

mixture of arginine and histidine (P2) can be ob-
tained, if V_,, is small, or a mixture of lysine and
histidine (P1) and an arginine-rich solution (P2), if
V.14 is large.

The effect of ‘reflux ratio’ is not significant in a
wide range, but if it is too small then the separation
is lost.

Three possibilities to improve the separation were
also theoretically investigated. In these cases we
stressed the separation of arginine from histidine and
lysine, and we were able to produce arginine with a
purity of 95-99%. Experimental investigation and
optimization of these methods will be the object of
future work.

As conclusions, we have shown that TSC is
potentially promising for the separation of amino
acids, and there are several methods to operate such
a system using one or more columns. This work can
also be extended to the separation of other mole-
cules.

9. Notation

C, liquid-phase amino acid concentration
(mmol/1)

C,  liquid-phase amino acid concentration at cold
temperature (mmol/1)

C%  liquid-phase amino acid concentration at hot
temperature (mmol/l)

K%  slope of the hot isotherm

k, parameter of a Langmuir-type isotherm (1/
mmol)

(O maximum of a Langmuir-type isotherm
(mmol/1 adsorbent)

qa adsorbent amino acid concentration (mmol/l

adsorbent)

time (s)

volume of the solution to be separated (1)

volume-of breakthrough (1)

volume of adsorbent (1)

bed dead volume (1)

volume of cold flow (1)

volume of hot flow (1)

interstitial velocity (cm/s)

bed axial position (cm)

bed void fraction

mass capacity ratio in the bed

<SS <"

o
2
[~

Q
-

I
v m <<



G. Simon et al. | J. Chromatogr. A 732 (1996) 1-15 15

Acknowledgments

The experimental work in this study was
carried out at the University of Veszprem, Vesz-
prem, Hungary, and the computer calculations were
performed at Laboratoire des Sciences du Genie
Chimique, Nancy, France. The financial support of
the Hungarian Foundation ‘‘Peregrinatio I'’, which
made the bilocal work possible, is gratefully ack-
nowledged.

References

[1] G. Grévillot, M. Bailly and D. Tondeur, Int. Chem. Eng., 22
(1982) 440.

[2] G. Grévillot and D. Tondeur, AIChE J., 22 (1976) 105S.

(3] G. Grévillot and D. Tondeur, AIChE J., 23 (1977) 840.

[4] R.H. Wilhelm, AW. Rice and A.R. Bendelius, Ind. Eng.
Chem. Fund., 5 (1966) 141.

[5] R.H. Wilhelm and N.H. Sweed, Science, 159 (1968) 522.

{6] R.L. Pigford, B. Baker and D.E. Blum, Ind. Eng. Chem.
Fund., 8 (1969) 144,

[7] H.T. Chen and F.B. Hill, Sep. Sci., 6 (1971) 411.

[8] H.T. Chen, J.L. Rak, J.D. Stokes and F.B. Hill, AIChE J., 18
(1972) 356.

[9] H.T. Chen, E.H. Reiss, J.D. Stokes and F.D. Hill, AIChE J.,
19 (1973) 589.

[10] R. Gupta and N.H. Sweed, Ind. Eng. Chem. Fund., 12 (1973)
335.

[11] J.E. Sabadell and N.H. Sweed, Sep. Sci., 5 (1970) 171.

[12] A.G. Shaffer and C.E. Hamrin, AIChE J., 21 (1975) 782.

[13] H.T. Chen, T.K. Hsieh, H.C. Lee and F.B. Hill, AIChE J., 23
(1977) 695.

[14] H.T. Chen, YW. Wong and J.S. Wu, AIChE J.,, 25 (1979)
320.

[15] H.T. Chen, W.T. Yang, U. Pancharoen and R. Parisi, AIChE
J., 26 (1980) 839.

[16] H.T. Chen, U. Pancharoen, W.T. Yang, C.O. Kerobo and R.
Parisi, Sep. Sci. Technol., 15 (1980) 1377.

[17] H.T. Chen, W.T. Yang, C.M. Wu, C.O. Kerobo and V. Jajalla,
Sep. Sci. Technol., 16 (1981) 43.

[18] Y. Oren and A. Soffer, J. Electrochem. Soc., 125 (1978) 869.

[19] Y. Oren and A. Soffer, J. Appl. Electrochem., 13 (1983) 473.

[20] Y. Oren and A. Soffer, J. Appl. Electrochem., 13 (1983) 489.

[21] Y. Oren and A. Soffer, Sep. Sci. Technol., 19 (1984) 575.

[22] R. Rice, Sep. Purif. Methods, 5 (1976) 139.

[23] P. Wankat, Sep. Sci., 9 (1976) 85.

[24] H.T. Chen, in P.A. Schweitzer (Editor), Handbook of Sepa-
ration Techniques for Chemical Engineers, McGraw-Hill,
New York, 1979, Section 1.15, p. 467.

[25] G. Grévillot, in N.P. Cheremisinoff (Editor), Handbook of
Heat and Mass Transfer, Vol. 2, Gulf Publ., Houston, TX,
1986, Ch. 36.

[26] J.M. Jacobson, J.H. Frenz and Cs. Horvath, Ind. Eng. Chem.
Res., 26 (1987) 45.



