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A new device to accurately deliver small amount of modifier into supercritical carbon dioxide fluid is des
cribed. Carbon dioxide, the most widely used mobile phase in supercritical fluid chromatography, is a re
latively non-polar fluid, and hence the addition of small amount of polar modifiers could be necessary to mi
grate polar solutes. In this work, supercritical CO2 and modifier are delivered from the pump to a 100 卩L mix
ing chamber in which a small magnetic bar is rotating. After passing through the mixing chamber, supercritical 
CO2 is changed to a new mobile phase with different polarity. The amount of modifier added into supercritical 
CO2 is measured by an amperometric microsensor, which is prepared from a thin film of perfluorosulfonate 
ionomer.

Introduction

In 1962, the idea of using dense gases for the transport of 
nonvolatile substances through a chromatographic column 

was conceived and reduced to practice by Klesper et 시.' in 
a simple chromatographic apparatus using porphyrins as the 
eluates. Many developments have been made since then, 
especially during the 1980s, supercritical fluid chromato
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graphy (SFC) has progressed from a laboratory curiosity to 
a viable analytical technique for solving many otherwise in
tractable problems.

Carbon dioxide is widely used as a primary mobile phase 
in SFC because of its low critical temperature, low toxicity, 
chemical inertness and nonflammability. However, because 
of its nonpolar nature,2,3 neat CO2 is limited in its ability to 
elute polar compounds.

Therefore, a major objective of research into SFC has 
been directed towards increasing the range of solute polarity 
that can be handled by the technique. To bring the SFC 
technique into routine use, mobile phases that are more po
lar than the commonly used CO2 are necessary. Polar 
mobile phases such as NH3 exhibit useful properties,4 but a 
more practical way to extend the range of compounds separ
able by SFC is the use of mixed mobile phases. The ad
dition of modifiers (generally organic solvents) to super
critical CO2 changes the polarity of the mobile phase and 
also leads to a deactivation of the column packing material.5

Janssen and co-workers6 explained the effects of adding 
polar modifiers to supercritical fluid CO2 mobile phase in 
three different ways: (A) increasing mobile phase polarity, 
(B) increasing mobile phase density, (C) deactivation of ac
tive sites on the surface of the stationary phase. In capillary 
SFC, most separations are carried out with pure CO2 be
cause of its compatibility with a flame-ionization detector 
(FID); indeed, except for formic acid and water the addition 
of any common modifier precludes the use of an FID.7 Al
though it is desirable to use FID in SFC, only water and 
formic acid produce acceptably low background noise and 
enable the use of this universal detector. Water and formic 
acid have been suggested by some investigators as very use
ful modifiers in packed column SFC89 because they sig
nificantly improve the separation of some polar compounds.

One of the simple and effective ways for the addition of 
modifiers to supercritical fluid mobile phase reported in the 
literature is to use a saturator c이umn'° which is usually a 
silica column saturated with polar modifiers.

In our laboratory, |i-Porasil column11 and highly porous 
stainless-steel filters12,13 which are saturated with polar mod
ifiers have been used successfully as a modifier mixing dev
ice. One problem with these kinds of saturation type mixing 
devices is that the amount of polar modifiers dissolved in 
supercritical fluid CO2 can not be changed easily because 
the principle of mixing is based on the saturation.

In this paper, a new mixing device is introduced, in 
which small mixing chamber with magnetic bar was used to 
generate water-modified carbon dioxide mobile phase. With 
this device, the amount of polar modifier (water) added can 
be changed easily by controlling the flow rate of modifier 
pump.

Experimental

A Micro-LC pump (Micro-Tech Scientific, Model Pro- 
digix 4P) and Syringe pump (ISCO, Model 260D) were 
used to add modifier to supercritical fluid CO2. SFC-grade 
carbon dioxide (Scott Specialty Gases) was used as a pri
mary fluid and water (Fisher Scientific, Water-HPLC grade) 
was used as a modifier. The mixing device was manufac
tured in our laboratory through modification of Dynamix-
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Figure 1. Mixing Device.

Plus mixer (Micro-Tech Scientific, Sunnyvale CA, USA).
Figure 1 shows the cross section of the mixing device de

veloped in oyr laboratory. The characteristics of this mixing 
device are the following: (A) small volume of mixing 
chamber (100 卩L) (B) use of small magnetic bar for un
iform mixing (C) u동e of a frit to add a small amount of 
modifier to supercritical fluid CO2.

To measure the amount of modifier dissolved in the su
percritical fluid, an amperometric microsensor was designed 
and made of perfluorosulphonate ionomer (PFSI).11 A con
stant-current power supply (0.1 |丄A) (Sungeun, Seoul, South 
Korea) was used to measure output was recorded on a strip
chart recorder (Knauer). Figure 2 shows the cross section of 
the modifier sensor used. Platinum wire was wrapped with 
PFSI thin film and another platinum wire was wound in a 
coil over the assembly. The sensor made in this way 'was 
placed in a plastic tube and the entire modifier measuring 
device was assembled as shown in Figure 3.

Figure 4 shows the overall schematic diagram of on-line 
modifier addition system using a new mixing device. Mod
ifier is delivered to the mixing device by the Micro-LC 
pump and CO2 is pressurized and delivered by Syringe 
pump.
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Figure 3. Schematic diagram of the mixing device used to meas
ure water content: Ch, charcoal; Si, silica gel; MP, magnesium 
perchlorate; PPC, programmable process controller; V, solenoid 
valve; M, multimeter; R, recorder; CS, current source; S, sensor; 
FM, flow meter; P, pump.

Figure 4. Schematic diagram of on-line modifer addition system 
using new mixing device.

Results and Discussion

Binary mobile phases can be obtained either by premixed 
cylinders or generated on-line during the chromatographic 
run. When dealing with premixed cylinders, it should be 
mentioned that some problems always arise. First, the gra
dual change in modifier concentration takes place in the 
premixed cylinder with time.14 Second, a binary mixture of 
eluents can contaminate the instrument. In particular, mod
ifiers remaining in a pump can cause corrosion of the pump 
and be slowly eluted during the next run. This can affect 
the time required to achieve chemical equilibrium for the 
subsequent separations. Third, many modifiers can diffuse 
in the laboratory and contaminate the laboratory air. In our 
previous work,8 to overcome these problems, we used the 
|i-Porasil column which was saturated with a modifier and 
located between syringe pump and injector. Since a polar 
modifier (water) is added to the pressurized carbon dioxide 
fluid after the pump, no modifier remains in the pump. 
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When supercritical CO2 passes through the g-Porasil 
column, H2O, retained on the -OH groups of g-Porasil by 
hydrogen bonding, can dissolve in the pressurized su
percritical fluids. With this method, non-polar supercritical 
CO2 can have the characteristics of a polar mobile phase be
cause it can absorb p이ar solvent (H2O). Therefore, after 
passing through the g-Porasil column, supercritical CO2 is 
changed to a new mobile phase with different polarity, and 
it is possible to separate p이ar samples using this new 
mobile phase. However, when dealing with the use of |1- 
Porasil column, we found a serious problem always arise. 
The problem was a bad reproducibility of the amount of 
modifier dissolved in the supercritical carbon dioxide. When 
the same experiments were repeated several times, it was 
very difficult to obtain reproducible results in the chro
matograms since the amount of modifier in the mobile 
phase does not remain constant with time. For these reason, 
another mixing device12,13 was developed, in which high 
porous stainless steel filters which are manufactured for in
line filters for HPLC were used to hold a large amount of 
water. While in the |i-Porasil column water can be held on 
the stationary phase by hydrogen bonding, with this device 
water can be held physically inside small pores of filters. 
After being saturated with water, the device is also placed 
between a pump and an injector. With this design, su
percritical CO2 is delivered from the pump to the device 
which is saturated with water. When supercritical CO2 goes 
through the device, water held within the small pores of the 
filter can be dissolved in the pressurized supercritical fluids.

These mixing devices mentioned above were very suc
cessful to generate modified mobile phase for SFC. Howev
er, with these kinds of mixing devices, we can not change 
the amount of modifier added in supercritical CO2. This is a 
serious drawback of these devices since the amount of mod
ifier added into supercritical mobile phase could change 
mobile phase polarity and mobile phase density which is 
crucial for the separation of polar compounds.

For these reasons, we tried to develop a new type of mod
ifier mixing device (Figure 1). In Figure 1, a small volume 
of mixing chamber (100 卩L) and a magnetic bar were used 
to allow rapid equilibration of the CO^water mixture, a frit 
(2 cm x 0.3 mm i.d.) was also utilized to inject a small 
amount of water into the mixing chamber. Using the des
cribed modifier mixing device, 0.2%-1.2% water mixture 
could be generated without problems (Figure 8). The 
amount of water added can be controlled by changing the 
flow rate of Micro-LC pump and the pressure of super
critical CO2.

To measure the amount of water dissolved in supercritical 
CO2 after the new mixing device, a modifier sensor11 which 
consists of a polymer film15 i.e. film of a perfluorosulfonate 
ionomer (PFSI) was used. PFSI p이ymer has high affinity 
for water. When PFSI film was in contact with two elec
trodes and a constant current flows through the film, the 
water that partitions into the film from the surrounding en
vironment was electrolytically decomposed. The change of 
voltage across two electrodes was used as a measure of the 
water content of the environment surrounding the sensor. 
The resistance of PFSI film was changed according to the 
water content of supercritical CO2 fluid and the voltage diff
erence between two Pt-wire was recorded and measured.
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Figure 5. Restive peak heights at different time intervals for air 
saturated with water.

Figure 6. Sensor response with various relative humidity levels.
(18.8%, 37.1%, 47.2%, 58.3%, 70.4%, 100% RH)

Graphs in Figure 6 were used as standard curves in 
which the sensor outputs were measured with six different 
standard relative humidity streams on various temperature. 
H2SO4 solutions of known composition16 was used to gen
erate the standard relative humidity streams. Figure 5 shows 
the relative peak heights at different time interval for air sa
turated with water. Air saturated with w자er was generated 
by passing air, with bubbling, through water contained in 
two sequential bottles, and was injected directly into the sen
sor.

It is interesting to note that the amount of water added 
into the supercritical CO2 at the pressure of 2000 psi is less 
than at 1500 psi (Figure 7). This can be explained in the fol
lowing: high pressure of supercritical CO2 fluid results in 
the high pressure of the mixing chamber, and the pressure 
of the mixing chamber prevents modifier from flowing into 
the mixing chamber. In another words, the pressure of the 
mixing chamber works as a back-pressure for the delivery 
of modifier by Micro-LC pump.

In our laboratory, the SFC separations of polar samples 
using this new mixing device will be studied extensively in 
the near future. The new mixing device developed in this 
work is simple, convenient, and reliable, and should con
tribute to progress in various studies on modified su-

Flow Rate of the Micro-LC Pump (uL/min)

Figure 7. Plots of the sensor response versus various flow rate 
of the Micro-LC pump.

Flow Rate of the Micro-LC Pump (uL/min)

Figure 8. Measurements of the water content in supercritical 
CO2 at various flow rate of Micro-LC pump.

percritical fluid chromatography.
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Gelation time, gel structure and volatility of by-products during gelation of PZT sol-gel processing were in
vestigated by FT-IR spectroscopy. FT-IR spectroscopic study was performed on PZT gels with the various 
H2O contents (1, 2 and 3 mol) and the several types (HN03, NH40H) and amounts (0.1, 0.2 mol) of catalysts, 
monitoring temporal (0, 1, 3, 10 weeks, 3 months and 3 years) and thermal (100-700 °C) changes of FT-IR 
spectra. The interpretation of temporal change of the spectra revealed two trends. One is under the condition of 
1 mol H2O, 1 mol H2O+0.1 m이 HNO3, 3 m이 H2O and the other is for 1 mol H2O+0.1 mol NH4OH, 2 m이 

H2O, 1 mol H2O+0.2 mol HNO3. The gel structures and the gelation times for these conditions were discussed 
in comparison with the reported results of SiO2, and we suggested the reaction mechanisms for these structural 
characteristics. Thermal variation of FT-IR spectra was interpreted as the evolution processes of gel by in
vestigating the evaporation of solvent and the decomposition of organic residues.

Introduction

An increasing attention has been focused in last few 
years on ferroelectric thin films for the potential ap
plications of electronic and electro-optic devices, which can 
be used as pyroelectric sensors,1 non-volatile memories,2 
substrate materials for surface acoustic wave (SAW) ele
ments,3 decoupling capacitors4 and ferroelectric gate field-ef- 
fect-transistors (FETS).5 These devices employ ferroelectric 
thin films such as Pb(Zr,Ti)O3, (Pb,La)(Zr,Ti)O3, PbTiO% 
BaTiO3, KNbO3, (Sr,Ba)Nb2O6, (Pb,Ba)Nb2O6.^ In the 
present study, the gelation process of PZT, prepared by a 
sol-g이 processing for the thin films, was investigated with 
the FT-IR spectra of PZT gels under various different con
ditions. That is, the evaporation of solvent and/or by-pro
ducts, and the structure and gelation time of PZT gel were 
studied. The composition of PZT was chosen to be 
Pb(Zr(l52Tio48)03, the morphotropic boundary (MPB) of 
rhombohedral and tetragonal structure. It is well known that 
PZT shows optimized dielectric properties at this com
position by the dielectric constant, polarization, piezoelec
tricity and SAW propagation.910

PZT thin films have been fabricated using highly 
equipment-dependent vacuum deposition technique, such as 

RF sputtering,1112 ion beam deposition,13 electron beam eva
poration,14 but these techniques are very costly and hard to 
obtain the stoichiometric composition of PZT thin films. Sol
gel processing, on the contrary, provides remarkable ad
vantages such as low-cost, high purity, high homogeneity, 
low temperature synthesis and versatile formation of various 
shapes. Sol-gel processing is a chemical method based on 
inorganic polymerization of appropriate precursors in or
ganic or inorganic solvent.15 Thin film of PZT can be fa
bricated by coating a stock solution on substrates using spin 
coater or dip coater, and by subsequent pyrolysis to pro
mote polymerization, to remove solvent and to decompose 
organic residues, and by final heat treatment to form desired 
perovskite structure.

The properties of sol-gel derived PZT powders or thin 
films are closely related to the structure of gel, while gel 
structure depends on the amount of H2O and the catalyst 
(type, amount) used in gelation process.16-18 Therefore, we 
studied in this paper the progress of PZT gelation with vari
ous H2O contents (1, 2 and 3 mol) and the several types 
(HNO3, NH4OH) and amounts (0.1, 0.2 mol) of catalysts, 
by monitoring temporal (0, 1, 3, 10 weeks, 3 months, 3 
years) and thermal (100-700 °C) changes of FT-IR spectra. 
The structure of polymer and the evaporation of solvent and/ 
or by-products and the gelation time were discussed with 
peak positions and shifts of the FT-IR spectra.


