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Abstract

Two capillary columns of different polarities were coupled in series by means of a coupling restrictor. The pressure of the first column and
the midpoint pressure (between the coupling restrictor and the second column) were controlled independently of each other using two pumps.
The selectivity of this separation system was highly dependent on the pressure difference and could be continuously changed between those
of two columns. The pressure difference could be changed even in course of separation for fine tuning of the selectivity. Several examples
were shown to demonstrate the utility of this method.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction ied for controlling the selectivity. Recently, we have reported
a simple method of controlling the selectivity of the coupled

The serially coupled column system has been extensively column system by using a coupling restrictor in capillary
studied for tuning the selectivity in capillary gas chromatog- SFC, where the contribution of the second column to the
raphy (GC)J1-5]and recently applied for high speed analysis selectivity increased with increasing resistance of the cou-
[6-8]. The simplest configuration is constructed by connect- pling restrictor[9]. However, dismantling the columns was
ing two capillary columns of different selectivities in seriesby required to replace the coupling restrictor, and it was impos-
means of a simple coupling element and the desired selectiv-sible to continuously change the selectivity.
ity is obtained by adjusting the length of each column. Using  In this study we developed a more flexible coupled col-
double oven allows to tune the selectivity by independent umn systemin capillary SFC. The system included a midpoint
control of the temperature of each column. The sophisticated pressure control between the coupling restrictor and the sec-
version allows to control the pressure at the midpoint of the ond column, and the midpoint pressure was controlled inde-
coupled column system and then to tune the selectivity by pendently of the pressure of the first column. This allowed
independent control of the flow rate and/or the temperature to continuously change the selectivity of the coupled column
of each column. Thus, the selectivity of the separation sys- system without dismantling the columns.
tem can be varied between the extremes of two constituent
columns simply by changing the operation conditions.

Since the mobile phase is often confined to carbon diox- 2. Experimental
ide in capillary supercritical fluid chromatography (SFC), the
coupled column system may be one of approaches to be stud2.1. Instrumental setup
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Fig. 1. Schematic diagram of serially coupled capillary columns SFC system with midpoint pressure control.

pumps (Shimadzu, Kyoto, Japan) equipped with a pump ing a homemade software written by Microsoft Visual Basic
head cooler (MC-28T, Netsudenshi Kogyo, Tokyo, Japan), ver-5 via a Shimadzu C-R4A integrator. The pressures of two
two Rheodyne 7520 injectors (Cotati, CA, USA) with a pumps were controlled and monitored with PC using another
0.2pl rotor, and a GC-14A gas chromatograph (Shimadzu) homemade software via a AD-DA converter (J.J. Joker-E2,
with a flame ionization detector (FID). An additional FID Nippon Filcon, Tokyo), which was equipped with two AD
of same type was attached to the GC oven. Two capil- and two DA ports. In this study, the pressure of pump-1 was
lary columns of different polarities from J & W Scientific, usually programmed in a linear fashion at 5 bar/min after a
DB-1 (column-1, 100% methyl, 10 m 100pm i.d., 0.4um 10 min isobaric period, and the pressure of pump-2 was pro-
film thickness) and DB-WAX (column-2, polyethylenegly- grammed so as to give the predetermined pressure difference
col, 10mx 100pm i.d., 0.2um film thickness) were seri-  on the basis of the pressure of pump-1.
ally coupled using a coupling restrictor. The coupling re- Daily correction of pump pressure was performed based
strictor was a fused silica capillary (25 cel5um i.d.). on one of pressure sensors of two pumps. Pressures of two
Two FID restrictors were of integral type, which were pre- pumps were measured at a 50bar interval in the range of
pared from a 3@m i.d. fused silica capillary. They were 100-350 bar with one of pressure sensors of two pumps, and
prepared so as to give the flow rates of about 1 and 3 ml/minthey were correlated in a linear relationship with the input
for nitrogen gas at 25 bar for FID restrictor-1 and restrictor- signals for two pumps. Then, the input signals for two pumps
2, respectively. These restrictors and columns were con-required to perform a given pressure programming were cal-
nected by using butt connectors (DKK-TOA, Tokyo, Japan) culated from the relationships. Calibration of the pressure
and a stainless steel capillary (0.1 mm i.d., 0.3mm o.d., sensors was done by using a pressure regulator (YR-506,
GL Science, Tokyo, Japan). The tee connections were com-Yamato, Osaka) connected to a nitrogen tank when neces-
prised of a homemade joint which was prepared by sol- sary.
dering two stainless steel capillaries into a short stainless
steel tubing (0.76 mmi.d., 1.06 mm o.d., Nilaco, Tokyo, 2 3. Samples and data handling
Japan)10].
Following several samples were used. A mixture contain-
2.2. Operation conditions and correction of pump ingn-alkanes (C18—-C24), fatty acid methyl esters (C16—C22)
pressure and n-alcohols (C12-C18) was used for the basic study
on the selectivity. Other samples were a mixture of fatty
High purity carbon dioxide (Showa-Tansan, Yokkaichi, acid methyl esters containing saturates (C16, C18 and C20)
Japan) was used as mobile phase. The column temperaturand unsaturates (C18:1, C18:2 and C18:3), a mixture of
was 100°C and the FID temperature 35G. Chromato- polyoxyethylene alkylether oligomers (R(O@EH,),OH,
graphic datawere collected with a personal computer (PC) us-R=C12, C14 and C16,(average) = 4) and a mixture as listed



Table 1

List of compounds with varying polarities

Compound number

Compound name
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column. Thus, the contribution of the second column to the
selectivity of the system increased with increasing resistance
of the coupling restrictor. Although the method was very sim-

1 Tetradecane ple, the coupling restrictor must be replaced in orderto change
2 Hexadecane the selectivity.

3 Octadecane In the present system shownFig. 1, the flow rate of the

g g'(‘)‘gj:;‘ne first column is determined by the resistance of the coupling
6 Octacosane restrictor and the pressure difference between the pump-1
7 Decyl benzene and the midpoint, because the pressure drop along the col-
8 Dodecylbenzene umn is negligibly small. The flow rate of the second col-
9 Dibutyl phthalate umn is determined by the midpoint pressure and the resis-
12 glﬁ;ﬂ éﬂﬂfﬁ ate tance of the FID restrictor-1. Therefore, the mass flow rates
12 Hexyl benzoate for both columns are not always the same as in the previ-
13 p-Cresol ous simple coupling system. In association with this point,
14 p-Propylphenol the FID restrictor-2 plays an important role. When the mass
15 Naphthalene flow rate of the first column is higher than that of the sec-
1(73 .?g:‘;lyéanol ond column, the excess is split and vented from the FID
18 Hexadecanol restrictor-2, so that a part of sample is detected with FID-
19 Methyl palmitate 2. When the mass flow rate of the first column is lower than
20 Methyl stearate that of the second column, the effluent of the first column

is made-up with the flow from the pump-2, so that no sam-
ple enters FID-2. When both mass flows are the same, the
condition should correspond to that of the simple coupling
in Table 1 All the samples were prepared as dichloromethane system.
solution. Once a given coupling restrictor is selected, the pressure
Selectivity of the coupled column system was evaluated difference is only parameter to change the flow rate of the first
by means of the retention indices of fatty acid methyl esters column. Therefore, in order to get proper linear velocity as
andn-alcohols. As the separations in this study were carried well as pressure difference, the selection of coupling restric-
out under the pressure programmed mode, retention indicegor is critical. In this study, the mobile phase linear velocity
for the solutes were calculated by: was in a range of 3—5cm/s in consideration of the analysis
IRS — IRZ time, although it was considerably faster than the optimum
I=—"—"2 100+ 100Z (1) [11]. The flow rate of the first column was examined at var-
fR(z+1) — IRZ ious pressure differences using various size of coupling re-
wheretrs, trz andtr(z+1) are the retention times for the solute ~ strictors, and the present coupling restrictor (25ctbum
and forn-alkanes wittzandz+ 1 carbon atoms, respectively. i.d.) was selected. The mobile phase linear velocity of the
second column was regulated to about 3cm/s by the FID
restrictor-1.
3. Results and discussion
3.2. Effect of pressure difference on selectivity
3.1. Characteristics of present system and selection of
coupling restrictor Figs. 2 and 3how the effect of pressure difference on
the separation of a test mixture composed-aikanes, fatty
In the previous coupled column system where two acid methyl esters angalcohols. Here, a non-polar column
columns were connected simply by a coupling restrictor, the (DB-1) was followed by a polar column (DB-WAX). It is
mobile phase passed all the way through two columns, there-seen that the retentions of polar solutes relative to those of
fore the mass flow rates of two columns were the s§@he alkanes or the polarity of the separation system increase with
Since the resistance of the FID restrictor in the system wasincreasing pressure difference. The results indicate that the
several times larger than that of the coupling restrictor, the contribution of the second column to the selectivity of the
flow rate which passed through two columns was determined coupled column system increases with increasing pressure
virtually by the resistance of the FID restrictor and the pres- difference. It should be noted that even a small change in the
sure difference between the two columns was determinedpressure difference results in a drastic changes in resolution
by the resistance of the coupling restrictor. Increase in the as shown irFig. 3. The retention indices oftetradecanol are
resistance of the coupling restrictor lead to the decrease ofplotted against the pressure differenc&ig. 4. The data for
the second column pressure at the time when the solutes wersingle-column SFC are also plotted for comparison. Itis seen
eluted from the first column in the pressure programmed sep-that the polarity of the coupled column system almost linearly
arations, resulting in increase in the retention on the secondincreases with the pressure difference. Thus, the selectivity
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Fig. 4. Plots of the retention indicesmtetradecanol versus pressure differ-
Fig. 2. SFC chromatograms of a test mixture at the pressure difference of ence for the serially coupled column SFC. The data for single-column SFC
20 and 40 bar. Peaks: &;alkanes (C18-C24); B, fatty acid methyl esters are also plotted for comparison. Conditions aFiig. 2
(C16-C22); Cn-alcohols (C12-C18). Conditions: first column, DB-1; sec-
ond column, DB-WAX; coupling restrictor, 25 csn15umi.d.; columntem-

perature, 100C. Pressure of the first column was programmed at 5 bar/min )
after a 10 min isobaric period at 100 bar. sure of the second column is always lower than that of the

first one.

of the coupled column system can be easily and continuously
changed between those of two columns merely by changing
the midpoint pressure.

The reverse configuration, where the polar column pre-
cedes the non-polar one, may be utilizable, although the rela-
tive retentive power of two columns (or their film thickness)

3.3. Separation of various samples

Fig. 5shows the separations of a mixture containing sat-
urated and unsaturated fatty acid methyl esters. The relative
retention of the unsaturates to the saturates increased with
: . 7 increasing pressure difference and their increasing rate was
must be considered. If the second column is more retentive . .

lager for the solutes with more double bonds, since the po-

than the first one, the solutes will be too strongly retained on ,_ = . o :
. larity of the solutes increases with increasing double bonds.
the second column, because in the present system the pres-
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Fig. 3. SFC chromatograms of a test mixture at the pressure difference of Fig. 5. SFC chromatograms of fatty acid methyl esters. Conditions as in
28 and 30 bar. Peaks and conditions aBig 2 Fig. 2
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Fig. 6. SFC chromatograms of polyoxyethylene laurylether oligomers. Con-
ditions as inFig. 2
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Fig. 7. SFC chromatograms of the mixture listedable 1 Pressure of the
first column was programmed at 5 bar/min after a 10-min isobaric period at
140 bar. Pressure difference: (A), 25; (B), 50; (C), 40 bar for 10 min, varied
to 50 bar in 10 min, then kept at 50 bar. Other conditions d5dgn2 Peak
assignments as ifable 1

273

Fig. 6 shows the separations of polyoxyethylene laurylether
oligomers. Itis seen that the contribution of oxyethylene unit
to the retention increased with increasing pressure differ-
ence, compared with ethylene uriig. 7 shows the sepa-
rations of a relatively complex mixture with a wide range
of polarity listed inTable 1 It was difficult to resolve all
the solutes under the conditions of constant pressure dif-
ference as irFig. 7A and B, although the selectivity was
largely different each other. Ifig. 7C, the pressure dif-
ference was initially set at 40bar, and then gradually in-
creased to 50 bar. In practice the pressure of the first column
was always programmed at 5bar/min, while the midpoint
pressure was programmed at 4 bar/min from 10 to 20 min
and then at 5 bar/min. This operation allowed the fine tun-
ing of the selectivity resulting in the resolution of most of
peaks.

4. Conclusions

The coupled column system with a midpoint pressure con-
trol is a flexible method to change the selectivity. With the
present system, the selectivity can be easily and continuously
changed between those of two columns merely by changing
the pressure difference. Various combinations of two columns
with varying selectivities should be examined in the future
study.

References

[1] F. Garay, Chromatographia 51 (2000) S108.

[2] P. Sandra, F. David, in: H.J., Cortes, (Ed.), Multidimensional Chro-
matography: Techniques and Applications, Chromatographic Science
Series, vol. 50, Marcel Dekker Inc., New York, NY, 1990, Chapter
4,

[3] V.M. Demmbitsky, I. Shkrob, I. Dor, J. Chromatogr. A 862 (1999)
221.

[4] E.B. Bakeas, P.A. Siskos, J. High. Resolut. Chromatogr. 19 (1996)
277.

[5] E.B. Bakeas, P.A. Siskos, Anal. Chem. 68 (1996) 4468.

[6] C. Leonard, R. Sacks, Anal. Chem. 71 (1999) 5501.

[7] C. Coutant, R. Sacks, Anal. Chem. 73 (2000) 5450.

[8] M. McGuigan, R. Sacks, Anal. Chem. 73 (2001) 3112.

[9] Y. Hirata, E. Imamura, Y. Yazawa, Anal. Sci. 19 (2003) 727.

[10] S. Hishimoto, Y. Hirata, Analusis 26 (1998) M23.

[11] M.L. Lee, K.E. Markides, (Eds.), Analytical Supercritical Fluid
Chromatography and Extraction, Chromatography Conferences Inc.,
Provo, UT, 1990, Chapter 2.



	Serially coupled capillary columns supercritical fluid chromatography with midpoint pressure control
	Introduction
	Experimental
	Instrumental setup
	Operation conditions and correction of pump pressure
	Samples and data handling

	Results and discussion
	Characteristics of present system and selection of coupling restrictor
	Effect of pressure difference on selectivity
	Separation of various samples

	Conclusions
	References


