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a b s t r a c t 

Supercritical-fluid chromatography (SFC) is regaining popularity in various fields of analytical chemistry 

owning to significant advances in instrumentation made in the past decade. However, due to the CO 2 

based mobile phase and the high flow rates often employed, detection of trace amounts of analytes and 

coupling with certain detectors or other chromatography techniques are still difficult under many cir- 

cumstances. In this study we propose a post-column re-focusing approach for SFC analysis to achieve 

not only signal enhancement in UV-Vis detection, but also actual concentration enhancement of the ana- 

lyte. By heart-cutting and transporting a selected fraction from the SFC flow into a trapping column with 

a flushing solvent, re-focusing of the collected analytes can be achieved by re-mobilization with another 

solvent once the depressurized CO 2 is eliminated. By carefully selecting the trapping stationary phase and 

the two solvents, signal-enhancement ratios between 2.2 and 6.4 were realized for four representative 

compounds eluting with very different percentages of SFC modifier (methanol). The actual concentration 

enhancement was lower (ratios between 1.7 to 2.9), because the UV response of the analytes was found 

to differ significantly under SFC and LC conditions. 

© 2021 The Author(s). Published by Elsevier B.V. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

In the past decade we have witnessed an increased prolifera- 

ion of supercritical-fluid chromatography (SFC) in many applica- 

ion fields, thanks to significant advances in instrumentation and 

olumn technology [1] . Most SFC applications utilize compressed 

O 2 as the major constituent of the mobile phase, with a polar 

rganic solvent added as modifier. Compared with reversed-phase 

iquid chromatography (RPLC) and normal-phase liquid chromatog- 

aphy (NPLC), which are widely used in chemical analysis at the 

oment, SFC type mobile phases offer a much lower viscosity, de- 

pite having a liquid-like density [2] . This allows high flow rates 

o be used in SFC. Since a low viscosity concurs with a high diffu-

ivity, the mass transfer of analytes is also greatly enhanced and 

igh flow rates are optimal. These unique properties, combined 

ith the possibility of using both non-polar and polar stationary 

hases, make SFC a viable option for the analysis of a wide range 

f compounds [ 3 , 4 ]. 
∗ Corresponding author. 

E-mail addresses: m.sun@uva.nl , mingzhe.sun023@gmail.com (M. Sun), 

.j.schoenmakers@uva.nl (P. Schoenmakers). 
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Despite the advantages SFC offers over other chromatographic 

echniques, analyte band dilution arising from the high flow fea- 

ure of SFC together with noise caused by fluctuations in mo- 

ile phase density can lead to poor detection limits in many ap- 

lications, especially when the detector is concentration depen- 

ent or has a limited active detection volume [5–7] . The high flow 

ate and CO 2 -based SFC mobile phases also raise various techni- 

al challenges for the realization of hyphenated systems, such as 

he coupling of SFC with different types of mass spectrometers and 

n-line two-dimensional (heart-cut SFC-LC or comprehensive two- 

imensional SFC × LC) [ 8 , 9 ]. To mitigate these negative effects of 

FC mobile phases on detection and hyphenation, an additional an- 

lyte focusing step after the SFC separation is desirable. 

While analyte focusing has been very rarely investigated in SFC, 

elevant studies in HPLC have been abundant in two main cate- 

ories, viz. on-column focusing and post-column re-focusing [10–

5] . The generic HPLC post-column re-focusing approach involves 

he use of a strongly retentive trapping column installed after the 

nalytical column to focus the analytes and of a strong solvent 

o re-mobilize the trapped analyte bands [12] . To adopt this ap- 

roach in supercritical-fluid chromatography, the trapping column 

ust be placed after the back-pressure regulator (BPR). However, 

his does cause a number of complications. The depressurized ef- 
 under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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Fig. 1. SFC-UV system without (A) and with (B) post-column re-focusing. 
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uent, consisting of CO 2 and co-solvent flows through the trapping 

olumn at a much higher linear velocity than that in the analytical 

olumn. The adiabatically expanded CO 2 cools down the trapping 

olumn. The combination of cold CO 2 and cold co-solvent cannot 

e smoothly transported through the trapping column at very high 

elocities. Besides, when the SFC mobile phase contains only a low 

oncentration of co-solvent, analyte precipitation may take place 

n the BPR. Finally, if a significant amount of CO 2 remains in the 

rapping column it will have to be removed before re-mobilizing 

he analytes, to avoid a noisy baseline. It is also highly unlikely to 

nd one trap that accommodates the vast range of properties of 

ompounds analysed in SFC. This makes efficient and reliable ana- 

yte focusing a challenging issue in SFC. 

The objective of the present work is to develop an SFC post- 

olumn re-focusing approach that is generally applicable to a wide 

ange of analytes, with collection and subsequent trapping of an 

FC peak performed in a 2D “heart-cutting” fashion. We aim to 

valuate the re-focusing performance of the proposed approach, 

he UV signal enhancement and concentration enhancement using 

 small number of representative compounds. We also aim to elim- 

nate all CO 2 from the trapping column, using a flushing solvent, 

efore the trapped analytes are re-mobilized by a flow of strong 

olvent. Different combinations of trapping chemistry and solvent 

ystems are tested as to their potential to successfully re-focus the 

epresentative compounds that vary in polarity and elute at differ- 

nt SFC mobile-phase compositions. 

. Material and methods 

.1. Chemicals, columns and equipment 

The four representative compounds phenanthrene, phenol, 

heobromine and p-coumaric acid were all purchased from Sigma- 

ldrich (Zwijndrecht, The Netherlands). Acetonitrile (ACN) and 

ethanol were obtained from Biosolve (Valkenswaard, The Nether- 

ands). n-Hexane and diethyl ether were purchased from VWR 

Amsterdam, The Netherlands). Ethanol was obtained from Merck 

Darmstadt, Germany). All organic solvents were of HPLC grade 

r better. Water purified using Sartorius Arium 611 UV system 

as used for all experiments. SFC-grade carbon dioxide (4.8) was 

btained from Praxair (Vlaardingen, The Netherlands). Individual 

tandards of phenanthrene, phenol and p-coumaric acid of dif- 

erent concentrations were prepared in acetonitrile. Standards of 

heobromine of different concentrations were prepared by dilut- 

ng a 1 mg/mL dimethyl sulfoxide (DMSO) solution with acetoni- 

rile. Standard mixtures of the four compounds were prepared in 

cetonitrile in different concentrations. All standard solutions were 

tored at -20 °C when not being used. Five columns were used ei- 

her as SFC separation column or trapping column in this work, 

iz. Waters BEH (ethylene-bridged silica, 100 mm × 3 mm i.d.; 1.7 

m particle size), Waters Torus DIOL (100 mm × 3 mm; 1.7 μm), 

aters Torus 2-PIC (2-picolylamine, 100 mm × 3 mm; 1.7 μm), 

gilent ZORBAX Eclipse Plus C18 (30 mm × 2.1 mm; 1.8 μm), and 

gilent ZORBAX Eclipse Plus C18 (50 mm × 3 mm; 1.8 μm). 

SFC experiments were carried out on a Waters Ultra- 

erformance Convergence Chromatography (UPC 

2 ) System (Waters, 

ilford, MA, USA) with a binary solvent pump, an auto-sampler, a 

olumn oven, a back-pressure regulator, and a diode-array detec- 

or (DAD). A 10- μL injection loop was used for injection. An ad- 

itional Waters UPLC binary pump was used when a liquid flow 

as needed in post-column re-focusing experiments. Two sam- 

ling loops of 160 μL and 230 μL were prepared to collect SFC 

ractions in the re-focusing experiments. The SFC column oven 

ad two channels that were employed to control the temperature 

f the SFC and trapping columns separately. For all experiments 

stand-alone SFC and SFC with post-column re-focusing), the same 
2 
AD was used and spectral data from 200 to 450 nm were col- 

ected with a resolution of 1.2 nm. The sampling rate was 20 Hz 

nd the filter time was set at 0.1 s. Signal data used for plotting 

hromatograms were collected at 280 nm, compensated by a ref- 

rence signal from 400 nm to 450 nm. System control and data 

rocessing were performed with Empower 3 software (Waters). 

.2. SFC system design with and without post-column re-focusing 

Fig. 1 A shows the simple SFC-UV system without the post- 

olumn re-focusing process. It is used to generate chromatograms 

or peak-height comparison and for acquiring UV-Vis spectra. 

ig. 1 B shows the SFC-UV system with post-column re-focusing 

mbedded. The valve is in Position 1 to collect the peak of inter- 

st in a sample loop. After the collection is completed, the valve 

s switched to Position 2 . Then the first step (Step 1) involves 

 flushing solvent to transport the collected fraction to the trap- 

ing column and to remove any remaining CO 2 from the trap. In 

he next step (Step 2), a re-mobilizing solvent flow is applied to 

uickly elute the trapped compounds to the UV detector. After the 

nalysis is done, the valve is switched back to Position 1 to re- 

ondition the trapping column and prepare for the next injection. 

.3. SFC separation and post-column re-focusing of four 

epresentative compounds 

.3.1. SFC separation of the four compounds 

The SFC separation of the four representative compounds was 

erformed with the BEH column. The gradient started with 2% 

ethanol (with 0.1% formic acid), ramped up to 26% methanol in 4 

in, then decreased to the starting composition in 1 min after a 1 

in hold at 26%. The flow rate was 1 mL/min, with a column tem- 

erature of 50 °C and back pressure of 13 MPa (130 bar). To gener- 

te the SFC chromatograms of the separation, a standard mixture 

f the four compounds (phenanthrene, phenol and p-coumaric acid 

ll having a concentration of 0.25 mg/mL, while theobromine was 

f 0.05 mg/mL) was used and the injection volume was 1 μL. All 

njections were performed in triplicate. 
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Fig. 2. SFC separation of four representative compounds. Refer to Section 2.3.1 for 

detailed SFC conditions. (A) no extra connection between the column outlet and the 

DAD; (B) 160- μL loop placed between the column outlet and DAD; and (C) 230- μL 

loop placed between the column outlet and DAD. Peak identity: 1. Phenanthrene; 2. 

Phenol; 3. p-Coumaric acid; 4. Theobromine. 
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.3.2. Post-column re-focusing of phenanthrene 

The post-column re-focusing experiments of phenanthrene 

ere performed with the 30 mm long C18 column as the trapping 

olumn. Trap temperatures of 35 °C, 45 °C and 55 °C were tested. 

he flushing solvent for CO 2 removal was H 2 O with a constant 

ow rate of 0.2 mL/min. To study the influence of flushing time 

n the re-focusing performance, different end times of the flushing 

ere employed, ranging from 2.05 to 6.05 min. The re-mobilizing 

olvent used was acetonitrile and different times were tested to 

witch the solvent from 100% H 2 O to 100% ACN, viz. 0.01 min, 0.5

in and 1.0 min. The flow rate of the re-mobilizing solvent was 

lso varied (from 0.12 mL/min to 0.35 mL/min) to study its effect 

n the re-focusing. All re-focusing experiments were performed in 

riplicate with 1 μL injection of 0.2 mg/mL phenanthrene solution 

n ACN. 

.3.3. Testing the trapping system for other compounds 

The C18 trap and H 2 O/ACN solvent system were also tested for 

e-focusing of the other three compounds. Only the small loop (160 

L) was used for SFC peak collection. The 50 mm long C18 column 

as used and the trap temperature was set at 55 °C. The flushing 

ow of H 2 O was set at 0.2 mL/min and the end time of the flush-

ng was 3.5 min, 5.2 min and 5.6 min for phenol, p-coumaric acid 

nd theobromine, respectively. The re-mobilizing flow of ACN was 

elivered at 0.2 mL/min with a solvent switch time of 0.01 min. 

he same standard mixture of the four compounds (phenanthrene, 

henol, p-coumaric acid and theobromine; 1 μL injection volume; 

riplicate injections) that was described in Section 2.3.1 was used 

n the experiments. 
3 
.3.4. Evaluation of polar trap with hexane/ethanol solvent system 

In order to compare the trapping performance of the three rel- 

tively polar compounds on the DIOL and 2-PIC columns, 1D-LC 

xperiments were performed with hexane and ethanol as weak 

nd strong solvents, respectively. The mobile-phase flow rate was 

.3 mL/min, with a gradient from 100% hexane to 100% ethanol 

n 5 min. After 5 min, the mobile phase was held at 100% 

thanol to elute strongly retained compounds. Column tempera- 

ure was set at 40 °C. The same standard mixture of the four com- 

ounds (phenanthrene, phenol, p-coumaric acid and theobromine; 

 μL injection volume; triplicate injections) that was described in 

ection 2.3.1 was used in the experiments. 

.3.5. Post-column re-focusing of phenol 

The re-focusing experiments of phenol were carried out using 

he 2-PIC column as the trap. 30 °C, 40 °C and 50 °C were investi-

ated as trap temperatures. The flushing solvent was hexane, deliv- 

red at 0.4 mL/min. Three flushing end times were used and com- 

ared in the re-focusing experiments, i.e. 2.5, 3.0, and 3.5 min. The 

e-mobilizing solvent was ethanol and three flow rates were stud- 

ed, i.e. 0.3, 0.4, and 0.5 mL/min. The influence of solvent-switch 

ime was also assessed, by setting it at 0.01, 0.5, and 1.0 min. 

ll re-focusing experiments were done with 1 μL injection of 0.2 

g/mL phenol solution in ACN in triplicate. 

.3.6. Post-column re-focusing of p-coumaric acid 

The DIOL column was utilized as the trapping column for re- 

ocusing experiments of p-coumaric acid. 30 °C, 45 °C and 55 °C 

ere used as trap temperatures. Hexane at a flow rate of 0.4 

L/min was employed as the flushing solvent, while ethanol was 

sed as the re-mobilizing solvent at three different flow rates, i.e. 

.3, 0.4, and 0.5 mL/min. Different end time of hexane flushing 

ere studied and compared, i.e. 4.5, 5.5, and 6.5 min. Also, dif- 

erent solvent-switch times were adopted to study its influence, 

.e. 0.01, 0.5 min and 1.0 min. All re-focusing experiments were 

erformed with 1 μL injection of a solution of 0.05 mg/mL p- 

oumaric acid in ACN in triplicate. 

.3.7. Comparison of ethanol and methanol as re-mobilizing solvents 

or theobromine 

To compare the retention of theobromine on the DIOL column 

ith ethanol and methanol as re-mobilizing solvents, 1D-LC injec- 

ions of 1 μL of a solution of 0.1 mg/mL theobromine in acetoni- 

rile were made. The column temperature was set at 30 °C. The 

socratic mobile phase consisted of either 100% ethanol or 100% 

ethanol, with a flow rate of 0.4 mL/min. For each experiment, 

riplicate injections were performed. 

.3.8. Post-column re-focusing of theobromine 

The trapping column for post-column re-focusing experiments 

ith theobromine as analyte was the DIOL column. Only 20 °C 

as used as the trap temperature. The flushing solvent was di- 

thyl ether, delivered at 0.5 mL/min, and three flushing end-times 

ere investigated and compared, i.e. 5.0, 6.0, and 7.0 min. The re- 

obilizing flow of methanol was delivered after the flushing flow 

ith three different solvent-switch times (0.01, 0.5, and 1.0 min). 

hree flow rates were studied for the re-mobilizing solvent, i.e. 0.3, 

.4, and 0.5 mL/min. All re-focusing experiments were performed 

n triplicate with 1- μL injections of a solution of 0.1 mg/mL theo- 

romine in ACN. 

.4. Translating peak-height ratio to concentration ratio 

Standard mixtures of the four compounds at different concen- 

rations were analysed (in triplicate) by SFC using the same condi- 

ions as described in section 2.3.1 . Thereafter, the system was con- 

erted into a one-dimensional UPLC system with the same DAD 
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Fig. 3. (A) Re-focusing chromatogram (orange) of phenanthrene, with SFC chromatogram (black) for comparison. The identities of the peaks are confirmed with UV-Vis 

absorption spectra (bottom). (B) Re-focusing chromatogram generated from a blank injection under the same experimental conditions as (A). (C) Overlapped re-focusing 

chromatograms of three repeated injections. Refer to Table S-1 for specific experimental conditions used for re-focusing experiments. 

Fig. 4. Investigation of the parameters influencing post-column re-focusing of phenanthrene: (A) sampling-loop volume; (B) H 2 O flushing time; (C) trapping temperature; 

(D) solvent-switch time and (E) ACN flow rate. Refer to Table S-2 for specific experimental settings used for re-focusing experiments in each case. 
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s used for SFC injections. Phenanthrene standard solutions of dif- 

erent concentrations were analysed using the 30-mm C18 col- 

mn with isocratic elution with 100% acetonitrile at 0.25 mL/min. 

he column temperature was set at 55 °C. Phenol standard solu- 

ions of different concentrations were analysed using the 2-PIC 

olumn with isocratic elution with 100% ethanol at 0.25 mL/min. 

he column temperature was set at 50 °C. Standard solutions of 

he other two compounds were injected into the DIOL column. 

socratic elution at 0.25 mL/min was adopted for p-coumaric 

cid with 100% ethanol at 45 °C, and for theobromine with 100% 

ethanol at 20 °C. All the 1D-LC injections were performed in 

riplicate. 
4 
. Results and discussion 

.1. SFC separation of the four representative compounds 

The four compounds selected in this study present a wide range 

f physio-chemical properties. For example, the logarithms of their 

ctanol-water distribution coefficients (log P ) range from -0.78 to 

.46. As can be seen in Fig. 2 A, the four compounds elute at very

ifferent methanol percentages in the gradient SFC run. Together 

ith their varying polarities, this makes the effective trapping and 

e-mobilizing of all four compounds using one trapping column ex- 

remely difficult. It should also be noted that severe peak broad- 
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Fig. 5. Re-focusing of the three relatively polar compounds using H 2 O and ACN as flushing and re-mobilizing solvent, respectively, with the 50-mm C18 column as trap: (A) 

SFC chromatogram of the four compounds for comparison; (B) re-focusing of phenol; (C) re-focusing of p-coumaric acid and (D) re-focusing of theobromine. Refer to Table 

S-3 for specific experimental settings used for re-focusing experiments in each graph. (E) and (F) 1D-LC evaluation of the polar trap - hexane/ethanol system; (E) DIOL, (F) 

2-PIC. See Section 2.3.4 for parameter settings. Peak identity: 1. Phenanthrene; 2. Phenol; 3. p-Coumaric acid; 4. Theobromine; 5 and 6. Background peaks. 
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ning is unavoidable once the collection loop is added between 

he SFC column outlet and the DAD for fraction collection. Fig. 2 B 

nd 2 C show the broadened SFC peaks when the 160 μL and 230

L collection loops were used, respectively. The peaks are much 

roader than when the column outlet was directly connected to 

he DAD ( Fig. 2 A). To allow for a fair comparison in this study,

he re-focused peaks are always compared with the SFC peaks ob- 

ained when the column is directly connected to the DAD. 

.2. Post-column re-focusing of phenanthrene 

The successful re-focusing of a compound requires that both 

rapping and re-mobilizing steps are efficient. As the outlet of the 

rapping column is not pressurized, the transferred SFC fraction 

ill undergo a phase separation when it reaches a certain point in 

he trapping column. This leads to CO 2 becoming a gas and losing 

ts solvation power, while most of the compounds are dissolved 

n the precipitated (liquid) methanol. The methanol phase is dis- 

ersed on the surface of the stationary phase, which must pro- 

ide strong enough interactions with the analytes to retain them 

n the trapping column. This is increasingly important for the rel- 

tively late-eluting compounds from the SFC, as the methanol con- 
5 
ent in the SFC mobile phase increases during the gradient. Both 

he flushing and re-mobilizing solvents have to be carefully chosen 

o match the following criteria: ( i ) the flushing solvent is miscible 

ith the re-mobilizing solvent; ( ii ) the flushing solvent must be a 

eak eluent for the analytes to ensure trapping on the stationary 

hase; ( iii ) the re-mobilizing solvent must be a strong eluent to 

uickly wash the analytes off the trapping column. 

Phenanthrene eluted with approximately 3% methanol in CO 2 

rom the SFC column. C18 can be used to effectively trap the 

henanthrene after transfer from the sampling loop, given the low 

mount of methanol present and the non-polar character of the 

ompound. Phenanthrene has a log P value of 4.46, so water is 

 very weak eluent and can be used as a flushing solvent to re- 

ove the remaining CO 2 , without severely disturbing the band of 

rapped analyte. Acetonitrile would be a suitable re-mobilizing sol- 

ent. 

A typical re-focusing chromatogram is shown in Fig. 3 A. Peak 1 

black line) is the phenanthrene peak obtained in an SFC-UV run 

ithout the re-focusing process. In the re-focusing chromatogram, 

he complex noisy signals from around 1 to 3.6 min originated 

rom depressurized CO 2 passing through the detector, as well as 

he remaining CO 2 that was flushed out by water. Once all the 
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Fig. 6. Investigation of the parameters affecting the post-column re-focusing of phenol: (A) sampling-loop volume; (B) re-focusing chromatogram of a blank injection for 

comparison; (C) solvent-switch time; (D) trapping temperature; (E) hexane flushing time and (F) ethanol flow rate. Refer to Table S-4 for specific experimental settings used 

for re-focusing experiments in each graph. 
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O 2 was eliminated from the trapping column, the background re- 

urned to normal. The sudden solvent switch from 100% H 2 O to 

00% ACN gave rise to a small peak that can be seen at around

 min, after which the trapped analyte was re-mobilized to the 

AD by the ACN flow, generating peak 2. The identity of the re- 

ocused peak can be verified both by matching the UV-Vis absorp- 

ion spectra of peak 1 and 2, and by comparing the re-focused 

hromatogram of phenanthrene with one acquired from a blank 

njection under the same experimental settings ( Fig. 3 B). As can be 

een from comparing Fig. 3 A and 3 B, the CO 2 noise pattern was

ot repeatable and varied greatly from injection to injection. How- 

ver, the re-focused peak presented good repeatability in terms of 

lution time, peak height and peak area, as shown by the over- 

apped re-focusing chromatograms of repeated injections of the 

ame phenanthrene solution ( Fig. 3 C). 

Some parameters that may potentially influence the final re- 

ocusing results have been investigated in this study. Two sampling 

oops (160 μL and 230 μL) were compared to investigate whether 

he volume of the collected SFC fraction affected the trapping. As 

an be seen in Fig. 4 A, the size of the sampling loop hardly af-

ected the height of the re-focused peak. There was a shift in elu- 

ion time, because of the different dwell volumes of the loops. 

he invariable peak height in Fig. 4 A indicated that the trapping 

rocess was successful. Both peaks were equally high and equally 
6 
road, despite the broader starting profile (before trapping) that 

esulted from using a larger loop (see Fig. 2 ). The 160- μL loop was

hen picked for the other experiments. Compared with sampling- 

oop size, an increase in H 2 O flushing time brought a clear in- 

rease in peak height ( Fig. 4 B). However, the improvement is not 

ramatic when considering the longer time needed. Possibly, the 

ore-efficient removal of the SFC co-solvent leads to a sharper 

 2 O/ACN front at the elution stage. The trap temperature certainly 

lays an important role, not only during the trapping process, but 

lso during re-mobilization. As shown in Fig. 4 C, increasing the 

rapping temperature led to higher re-focused peaks, especially 

hen the temperature was changed from 45 °C to 55 °C. An increase 

n the solvent-switching time resulted in only a slight decrease in 

he height of the re-focused peaks ( Fig. 4 D). The peak-compression 

ffect normally encountered in gradient-elution HPLC was not ob- 

erved here, but somewhat sharper peaks were obtained with a 

aster transition from the flushing solvent to the re-mobilizing sol- 

ent. A change in the flow rate of the re-mobilizing solvent flow 

ate greatly influenced the area of the re-focused peak, as ex- 

ected, but led to very small changes in peak height ( Fig. 4 E). This

eans that the concentration of phenanthrene at the top of the 

e-focused peak was almost unchanged, regardless of the varying 

CN flow rate. A high re-mobilizing flow is preferred to shorten 

he analysis time, as long as column pressure is not a concern. 
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Fig. 7. Investigation of the parameters influencing the post-column re-focusing of p-coumaric acid: (A) sampling loop volume; (B) re-focusing chromatogram of a blank 

injection for comparison; (C) trap temperature; (D) hexane flushing time; (E) ethanol flow rate and (F) solvent-switch time. Refer to Table S-5 for specific experimental 

settings used for re-focusing experiments in each graph. 
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.3. Re-focusing of phenol, p-coumaric acid and theobromine with 

he C18 trap 

The implementation of the C18 trapping with H 2 O and ACN as 

ushing and re-mobilizing solvent, respectively, did not provide 

ood performance for the three more polar compounds, despite 

he use of a longer C18 column for trapping. As shown in Fig. 5 (B-

), only very small re-focused peaks could be observed for phe- 

ol and p-coumaric acid, while theobromine was not trapped at 

ll. This was to be expected, as these compounds were trans- 

erred to the trapping column with higher amounts of methanol 

phenol, p-coumaric acid and theobromine eluted with approxi- 

ately 8%, 18% and 21% methanol in CO 2 , respectively). In these 

ases, the methanol may lead to partial or total breakthrough of 

he compounds from the trapping column. Furthermore, water is 

o longer an appropriate flushing solvent as the compound po- 

arity increases, especially for theobromine, which is more solu- 

le in H 2 O than in most organic solvents. While the H 2 O flow re-

oved the remaining CO 2 from the trap, the analytes could also be 

ushed away. 

.4. Evaluation of polar trap with hexane/ethanol solvent system 

Polar stationary phases (DIOL and 2-picolylamine, 2-PIC) were 

hen considered in order to achieve more effective trapping of phe- 
7 
ol, p-coumaric acid and theobromine. To reduce the probability 

f losing analytes during the flushing step, n -hexane was selected 

s the flushing solvent. Acetonitrile was replaced by ethanol for 

olvent-miscibility reasons. Before using these NPLC systems in re- 

ocusing experiments, 1D-LC experiments with hexane and ethanol 

s weak and strong solvents were performed on the DIOL and 2- 

IC columns to compare their trapping performance for the three 

olar compounds ( Fig. 5 E and 5 F). When subjected to the same 

olvent gradient, phenol and theobromine presented very similar 

etentions on the two columns. p-Coumaric acid was much-more 

etained on the 2-PIC column than on the DIOL column, while dis- 

laying much more severe peak broadening. For the sake of peak 

idth and analysis time, the 2-PIC column was selected as the 

rapping column for re-focusing of phenol and the DIOL column 

as used for re-focusing of p-coumaric acid and theobromine. 

.5. Post-column re-focusing of phenol 

The system consisting of the 2-PIC trapping column and n - 

exane and ethanol as flushing and re-mobilizing solvents, respec- 

ively, was evaluated for the re-focusing of phenol. As displayed 

n Fig. 6 A, two peaks close to each other appeared after the back- 

round returned to normal from the CO 2 noise. A blank injection 

evealed that the second peak was the re-focused phenol peak, 

hile the first one was most likely caused by the fast solvent 
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Fig. 8. (A) 1D-LC comparison of methanol and ethanol as re-mobilizing solvents for theobromine. (B). Re-focusing chromatogram of a blank injection. Investigation of the 

parameters influencing the post-column re-focusing of theobromine: (C) sampling-loop volume; (D) diethyl-ether flushing time; (E) MeOH flow rate and (F) solvent-switch 

time. Refer to Table S-6 for specific experimental settings used for re-focusing experiments in each graph. 

Table 1 

Overall best re-focusing conditions and enhancement ratios for the four representative compounds achieved in this study. 

Interface Flushing & re-mobilizing conditions 

UV peak 

height 

enhancement 

Concentration 

enhancement 

Phenanthrene 

Loop size: 160 μL Valve pos. 1 

to 2: 0.75 min 

Trapping column: 30 mm C18, 55 °C Flushing solvent: H 2 O, 0 - 3.05 

min, 0.2 mL/min Re-mobilizing solvent: ACN, 3.06 - 5.06 min, 0.2 

mL/min 

6.4 times 2.6 times 

Phenol Loop size: 230 μL Valve pos. 1 

to 2: 1.69 min 

Trapping column: 2-PIC 50 °C Flushing solvent: Hexane, 0 - 3 min, 0.4 

mL/min Re-mobilizing solvent: Ethanol, 3.5 - 5.5 min, 0.5 mL/min 

6.4 times 2.2 times 

p-Coumaric 

acid 

Loop size: 160 μL Valve pos. 1 

to 2: 3.36 min 

Trapping column: DIOL 45 °C Flushing solvent: Hexane, 0 - 5.5 min, 

0.4 mL/min Re-mobilizing solvent: Ethanol, 5.51 - 7.5 min, 0.3 

mL/min 

3.2 times 2.9 times 

Theobromine 

Loop size: 160 μL Valve pos. 1 

to 2: 3.67 min 

Trapping column: DIOL 20 °C Flushing solvent: Diethyl ether, 0 - 6 

min, 0.5 mL/min Re-mobilizing solvent: Methanol, 6.01 - 8 min, 0.3 

mL/min 

2.2 times 1.7 times 

s

h

i

h  

s

t

n

o

w

b

e

t

y

3

p

b

witch from hexane to ethanol. The bigger loop gave rise to a 

igher re-focused peak height, as evidenced by Fig. 6 A. An increase 

n the solvent-switch time brought a very slight increase in the 

eight of the re-focused peak ( Fig. 6 C). Similar to the trend ob-

erved with re-focusing of phenanthrene, an increase in the trap 

emperature led to an increase in the height of the re-focused phe- 

ol peak, although the effect is much weaker than in the case 

f phenanthrene ( Fig. 6 D). Practically no difference was observed 

hen the hexane flushing time was varied ( Fig. 6 E), which could 

e attributed to the poor solvation power of hexane for phenol. By 
s

8 
mploying a higher re-mobilizing ethanol flow, a slight increase in 

he height of the re-focusing peak was achieved in a shorter anal- 

sis time ( Fig. 6 F). 

.6. Post-column re-focusing of p-coumaric acid 

Although the 2-PIC column provided the strongest retention of 

-coumaric acid, it was not deemed a good option for re-focusing, 

ecause re-mobilizing the trapped compound with ethanol in a 

harp band would be extremely difficult. Therefore, the DIOL col- 
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mn was chosen, together with hexane and ethanol as the flush- 

ng and re-mobilizing solvents. The re-mobilizing p-coumaric acid 

eak was observed after the background peak that resulted from 

he solvent switch ( Fig. 7 A and 7 B). The use of sampling loops

f two different volumes did not yield any apparent differences 

n the height of the re-focused peak. The 160- μL loop was used 

or the rest of the tests, as it required a shorter total analysis 

ime. Surprisingly, changes in the trap temperature, hexane flush- 

ng time and ethanol flow rate did not induce any clear differences 

n the re-focused peak ( Fig. 7 C-E). A shorter solvent-switching time 

immediate switch or 0.5-min gradient) yielded slightly better re- 

ocusing performance than the longer gradient (1.0 min; Fig. 7 F). 

.7. Post-column re-focusing of theobromine 

The DIOL trapping - hexane/ethanol flushing/re-mobilizing sys- 

em was also evaluated in the re-focusing of theobromine. How- 

ver, the results from the preliminary runs were not satisfac- 

ory. The re-focused peaks were too broad. This was not totally 

nexpected, as theobromine eluted with the largest concentra- 

ion of methanol from the SFC column among the four test com- 
ig. 9. (A) SFC/LC UV response ratio (PHE - Phenanthrene; PH - Phenol; COU - p-Couma

olvents. The SFC UV signal and spectra for each compound were measured under their 

easured under the optimized re-mobilizing conditions described in Table 1 , except that 

9 
ounds, which might lead to a significantly broadened trapped- 

omponent band. Also, ethanol could possibly be ineffective in re- 

obilizing the trapped compound, as the solubility of theobromine 

n ethanol is limited. Methanol displays much higher solubility of 

heobromine than ethanol [16] . Therefore, methanol was investi- 

ated as the re-mobilizing solvent for theobromine. To avoid sol- 

ent immiscibility issues, it was combined with diethyl ether as 

he flushing solvent. 1D-LC experiments were performed to com- 

are the elution of theobromine using methanol and ethanol from 

he DIOL column. As can be seen in Fig. 8 A, methanol eluted the 

ompound faster and in a narrower band. 

One benefit of using diethyl ether as the flushing solvent could 

e that it can potentially remove precipitated methanol from the 

ransferred SFC fraction. However, its high volatility is a concern 

or pumping, as can be observed in Fig. 8 (B-F). A comparison of 

ig. 8 B and 8 C revealed that the re-focused peak eluted right after 

he noisy baseline returned to normal. Fig. 8 D shows that this was 

he case, regardless of the diethyl-ether flushing time. Thus, it was 

vident that the fluctuations in the baseline originated from the 

umping of diethyl ether. They disappeared right after the solvent 

witch to methanol and before the elution of the re-focused peak. 
ric acid; THEO - Theobromine). (B) Compound UV spectra in SFC-type and LC-type 

elution conditions in SFC. The LC UV signal and spectra for each compound were 

0.25 mL/min was used for all analytes. 
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o minimize the problems related to solvent volatility, only 20 °C 

as later used as trap temperature to study the factors influencing 

he re-focusing performance. 

The volume of the sampling loop did not lead to any signifi- 

ant variations in the re-focusing performance ( Fig. 8 C), with the 

maller loop yielding slightly higher re-focused peaks. The diethyl- 

ther flushing time had almost no effect on the re-focusing of 

heobromine ( Fig. 8 D), likely due to the limited elution strength 

f diethyl ether, which caused the theobromine band in the trap- 

ing column to remain unaltered. Similar to what was observed 

ith the other compounds, re-mobilizing flow rate and solvent- 

witch time hardly had any impact on the re-focused peak height 

 Figs. 8 E-F). 

.8. Peak height enhancement and concentration enhancement of all 

ompounds 

Table 1 summarizes the parameters employed to obtain the 

est overall re-focusing performances for the four compounds 

chieved in this study, together with the UV peak height and con- 

entration enhancement ratio. As a compound’s UV-detector re- 

ponse at a specific concentration may vary greatly in different sol- 

ents, a straightforward translation of peak-height enhancement to 

oncentration enhancement may be erroneous. To accurately calcu- 

ate the concentration enhancement brought by the post-column 

e-focusing approach, calibration lines (peak area vs. concentra- 

ion) were obtained for the four compounds under SFC and LC 

lution conditions, respectively (Figures S1 and S2). After correc- 

ion with the different flow rates employed in LC and SFC, the 

V response differences of the compounds in SFC and LC type 

obile phase were revealed. For example, a phenanthrene frac- 

ion of the same concentration showed an approximately twice as 

igh UV response in 100% acetonitrile than in supercritical CO 2 

ith a small amount of methanol ( Fig. 9 A). The response differ- 

nce can be partially attributed to a shift in compound UV ab- 

orption spectra ( Fig. 9 B). For phenanthrene, an obvious red shift 

an be observed when the solvent changed from SFC-type to LC- 

ype, which enhances the absorption at 280 nm. It should be noted 

hat the signal-enhancement ratios can change drastically if signals 

re determined at different wavelengths that lead to maximum ab- 

orbance under SFC and LC elution conditions, respectively. 

. Conclusions, limitations and perspectives 

A trapping approach has been developed to achieve SFC post- 

olumn re-focusing of compounds of a wide polarity range. Ad- 

quate re-focusing can be achieved for relatively non-polar com- 

ounds by using a C18 trapping column, combined with water as 

ushing solvent and acetonitrile as re-mobilizing solvent. For effec- 

ive trapping and focusing of more polar compounds, polar station- 

ry phases were proven successful, in combination with n -hexane 

r diethyl ether as flushing solvent and ethanol or methanol as re- 

obilizing solvent. The effects of flushing time, sampling-loop size, 

rap temperature, re-mobilizing flow rate and solvent switch time 

ere studied. In most cases the effects of these parameters were 

ound to be negligible or small. UV peak height enhancement ra- 

ios of 6.4, 6.4, 3.2, 2.2 were achieved for phenanthrene, phenol, 

-coumaric acid and theobromine, respectively. Concentration en- 

ancement ratios of 2.6, 2.2, 2.9, 1.7, respectively, were obtained 

or the same four analytes, taking into consideration differences in 

V absorption between SFC and LC conditions. 

Since most SFC separations are completed within 5-15 mins 

ith contemporary instruments and columns, one obvious limita- 

ion of the current post-column re-focusing design is its low speed. 

ractically, only one or two peaks can be re-focused if one sam- 

ling loop is used for collection of the SFC eluents. This is perfectly 
10 
ne if only a single fraction is selected for further analysis, as in 

ommonly applied heart-cut 2D approaches. However, it is a draw- 

ack for multiple-heart-cut approaches. This drawback may feasi- 

ly be overcome by using a multiple-loop collector to store frac- 

ions [17] . However, this will unavoidably prolong the total analy- 

is time. The drawback is even greater for comprehensive 2D chro- 

atography, where many fractions must be collected and modula- 

ion times must be kept short. 

Besides the use of columns packed with sub-2- μm particles to 

chieve highly efficient and fast separations, another current trend 

n SFC is the use of mobile phase containing high concentrations 

more than 50%) of modifier [ 18 , 19 ]. This type of mobile phase that

s intermediate between supercritical and liquid solvents extend 

he range of compounds that can be analysed by SFC systems. The 

se of the post-column re-focusing approach proposed in this work 

nder such conditions will be extremely challenging, as a very high 

rapping capacity would be needed to successfully retain the com- 

ounds. In such a situation, the design may have to be modified 

o include an extra solvent-dilution step before trapping, similar to 

he concept of active solvent modulation in 2D-LC [20] . 

The main purpose of this work was to propose a strategy for 

chieving SFC post-column re-focusing, with emphasis on the pos- 

ibility of nuclear-magnetic-resonance (NMR) spectroscopy as a 

uantitative structure-elucidative detector for SFC. NMR can be a 

owerful chemical analysis tool when coupled with LC separations 

21] . However, one of the biggest challenges of this hyphenation is 

he sample dilution in the LC mobile phase, which makes the de- 

ection of low-abundant analytes very difficult [22] . This issue is 

ven more challenging in the on-line coupling of SFC with NMR, 

s much higher flow rates are often employed than in (U)HPLC [6] . 

 controlled-expansion type SFC-NMR interface has been proposed 

n recent years for analyte re-focusing after SFC separation and be- 

ore NMR detection [ 6 , 23 , 24 ]. The basic idea was to retain the com-

ounds in small amount of precipitated SFC modifier, while letting 

he CO 2 expand in a controlled fashion. In comparison, the post- 

olumn re-focusing approach presented minimizes the effects of 

he SFC modifier on the NMR measurements and eliminates the 

eed to use deuterated modifiers in SFC. 

The influencing parameters assessed were not exhaustive. Other 

arameters may potentially improve the re-focusing performance, 

uch as the length of the trapping column and direction of the re- 

obilizing flow (forward flush or backflush). Such factors may be 

econsidered if the proposed post-column re-focusing approach is 

dopted in real applications in future work. 
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