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ABSTRACT
A novel on-line micro pressurized liquid extraction (µPLE) method is introduced, which directly interfaces miniaturized solid sample preparation with HPLC for fast analysis. The technique employs rapid heating to remove analytes from 5-10 mg samples in typically 20-40 seconds using only about 300 µL of solvent. The resulting extract is then internally transferred to an HPLC injector for chromatographic analysis. Results show that good analyte recoveries can be achieved, similar to conventional PLE and off-line µPLE approaches, without manual sample handling. For example, 103 ± 3% (n= 4) of the acetylsalicylic acid present in pharmaceutical tablets was extracted into methanol after 20 seconds at 180 oC. Further, 105 ± 9% (n= 4) of the caffeine present in a green tea sample was extracted into methanol after 40 seconds at 275 oC. Typical time to analysis was about 95 seconds total for most samples and solvents could also be easily alternated during trials to increase extract selectivity. The on-line µPLE system was applied to the extraction of model PAHs from a biochar matrix and was found to extract 97  5% (n= 4) of anthracene present in the sample after a 30 second static and 60 second dynamic extraction at 220 oC. This yield is much better than results obtained by previous approaches and is attributed to the small size, high temperature, low thermal mass, and dynamic flow of the system. Findings indicate that the on-line µPLE system can greatly assist in such extractions and provide a useful method for rapidly preparing solid samples for analysis using little solvent.
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1. INTRODUCTION
Sample preparation is an important part of the analytical process focused on providing representative and homogenous solutions suitable for analysis.1,2 Ideally, the samples generated are free of interference, compatible with the detection method used, and will not damage instrumentation.1 While direct analysis is sometimes possible, most samples require some form of pre-treatment and in many instances this preparative step can consume up to 80% of the total analysis time.2 In particular, solid samples often encompass a large variety of matrix interactions that necessitate numerous processing steps and result in lengthy, solvent intensive procedures.2-5 For example, Soxhlet extraction remains a very widely used solid/liquid sample preparation method, and often requires hundreds of milliliters of solvent and several hours per extraction.6-10 As a result, there has been continued development of novel extraction techniques that can help reduce sample preparation time and solvent consumption.11
One of the most effective methods developed in this regard is pressurized liquid extraction (PLE), which utilizes enhanced fluid properties to improve analyte recoveries and reduce analysis times.12 In essence, PLE employs elevated temperatures and pressures to improve mass-transfer rates and disrupt analyte-matrix effects resulting in improved extraction kinetics.12 While examples of larger volume PLE systems exist, analytical scale PLE is normally more efficient and typically only requires 10 to 15 minutes per extraction and 10 to 25 milliliters of solvent per sample, which represents a great improvement over Soxhlet methods,6,8 and often compares well with or better than other pressurized solvent methods such as microwave assisted extraction. 11 However, even so, such requirements can still present limitations to the sample throughput of large analytical laboratories that routinely analyze numerous samples. As such, continued developments in PLE that can further improve efficiency are useful.  For instance, although extraction times were unchanged, some miniaturization strategies have been shown to further reduce solvent consumption in PLE to only a few milliliters.13,14 
Recently, we introduced a novel micro pressurized liquid extraction (µPLE) method that uses a single static extraction step to rapidly prepare solid samples for analysis.15,16 Comparatively, µPLE uses greatly reduced sample sizes (~5-10 mg) and solvent volumes (~125 µL) to prepare such samples in about 10 to 20 seconds. Further, the µPLE method was employed to prepare many samples for analysis including pharmaceutical tablets, dried blood spots, various foodstuffs, and soils, all with good recoveries and results that compare well to conventional Soxhlet and PLE. However, since the method used relatively small sample sizes and solvent volumes, it was found that a format requiring less sample handling would be more desirable and efficient. Further, it appeared that adding dynamic rinsing to μPLE could benefit certain samples that were difficult to quantitatively extract, such as PAHs from biochar surfaces.16 Together these motivations suggested a new approach where μPLE extractions might be performed dynamically ‘on-line’ coupled directly to the chromatographic instrument. In this way, samples could be readily delivered for measurement with minimal handling and efficiency might be enhanced by preventing analyte repartitioning to the sample upon cooling after static extraction.
While most extraction methods are operated ‘off-line’ with separation/quantification at a  later stage, it has been demonstrated that coupling the extraction/analysis step can be very beneficial, for example, when sample is limited or high sensitivity is required.17,18 On-line PLE techniques are relatively little explored. For instance, some reports have used subcritical water extraction on-line with analyte trapping on a solid phase sorbent.17 However, on-line PLE using organic solvents is far less investigated as the extract is often too large for direct injection and solid phase trapping of these volumes is difficult.18 Therefore, methods of coupling such extractions on-line are useful to explore. Since µPLE uses very small quantities of organic solvent, it could potentially lend itself well to incorporation with on-line analysis methods. 
Here, we explore a new on-line µPLE method, where extractions are performed in direct connection with HPLC, to assess the extent to which extraction efficiency and performance parameters can be improved. The overall process functions on a similar micro scale to the earlier static µPLE approach. As such, it allows extraction, injection and analysis to be accomplished with reduced sample handling while providing improved analytical results. The general operating characteristics of the method are described and its use in several applications is presented.

2. EXPERIMENTAL
2.1 On-line µPLE Apparatus
A schematic of the on-line µPLE system used here is shown in Figure 1. Nitrogen gas (Praxair, Calgary, CAN) was introduced to the system through a stainless-steel shutoff valve (1/16”, model SS-41GS1; Swagelok, Calgary, CAN) which was then connected to a Valco zero dead volume tee (VICI-Valco, Houston, USA). All connections were made using 1/16” o.d. x 0.02” i.d. stainless-steel tubing (VICI-Valco). µPLE extraction solvent was also delivered through this tee by a Waters 515 HPLC reciprocating pump (Waters Corporation, Milford, USA). The outlet of this tee then led into a stainless-steel reducing union (1/16” to 1/8”, Swagelok) which served as the connection point for the µPLE extraction vessel.
Each µPLE vessel was constructed from a stainless-steel tube measuring 51 mm long x 2.4 mm i.d. x 3.0 mm o.d. with an approximate volume of 230 µL. A resistively heated oven was used to heat the vessel. It was made from a quartz tube (3.9 mm i.d. x 6.4 mm o.d.) that formed a sleeve around the vessel and was wound with nickel-chromium wire (65 cm long x 0.25 mm o.d.) with 1 mm separations per wind. The exterior of the coiled quartz tube was thinly coated in ceramic adhesive (2 mm thick, Contronics Corp, Brooklyn, USA) for thermal and electrical insulation. Power to the coil was provided by a laboratory grade variable transformer (140 V supply, 10 A max, model 3PN 1010; Staco, Dayton, USA) coupled to a step-down transformer (25 V, 1.5 A; Hammond, Guelph, CAN) that was connected to the nickel-chromium leads by alligator clips.
The vessel outlet was connected to a Swagelok shutoff valve (1/8”, model SS-2P4T-BK; Swagelok). Both the inlet and outlet vessel connections were made using polyimide ferrules (1/8”; Chromspec, Brockville, CAN) to provide a removable, reusable vessel seal. A stainless-steel frit (1/8”, 0.5 µm, Supelco, Bellefonte, USA) was placed inside the fitting on the shutoff valve to retain the solid sample in the vessel. Using a PEEK sleeve connector (1.6 mm o.d. x 0.8 mm i.d., Chromspec), a stainless-steel capillary (0.5 mm o.d. x 0.4 mm i.d.; McMaster-Carr, Elmhurst, USA) was extended from the vessel/shutoff valve outlet, through a Swagelok tee (Swagelok), and into a stainless-steel cylinder (46.4 mm long x 6.4 mm i.d. x 9.3 mm o.d.) that acted as a µPLE collection vessel. This extended tube allowed the extract to be delivered directly to the base of the collection vessel. During the subsequent extract purge process, where N2 gas exited this tube, it further facilitated in-situ mixing of the sample as gas moved through the liquid and out the large bore tubing (1/16” o.d. x 1 mm i.d.) that joined the collection vessel to the Swagelok tee and a N2 vent valve (1/8”, model SS-2MG; Swagelok). Finally, the collection vessel outlet was connected to a shutoff valve (1/16”, model SS-41GS1; Swagelok) which then led into a Valco model C4 injector with a 0.5 µL internal sample loop (Valco) that delivered injected samples to the HPLC system for analysis.
2.2 Extraction Procedure
Prior to extractions, a 5 µL aliquot of benzyl alcohol was placed inside the collection vessel where it later acted as an internal calibrant of the collected extract volume. A small plug of quartz wool (Chromspec) was then placed into the extraction vessel followed by a weighed solid sample (~5-10 mg). Next, the µPLE vessel was sealed in-line with the extraction system and filled with organic solvent to a pump pressure of approximately 30 bar. Methanol was used as the extraction solvent here, unless stated otherwise. The extraction vessel was then rapidly heated to operating temperature and extraction of the sample commenced. Due to the rapid nature of this approach, all extraction times quoted herein reflect the period during which the external heating was applied. For static extractions, once complete, the heating system was turned off and the extraction vessel outlet valve was opened. A light nitrogen flow was immediately introduced to move the extract from the extraction vessel into the collection vessel where extract/calibrant mixing occurred for approximately 30 seconds. For static/dynamic extractions, a brief low flow (100 µL min-1) of extraction solvent was first pumped through the matrix after the static step, and then the pump and heating systems were turned off and the extract was purged to the collection vessel using nitrogen. For both, once the bulk solution was well mixed, the nitrogen vent valve was closed and the collection vessel outlet valve was opened. Nitrogen pressure then moved the extract into the injector for subsequent HPLC analysis.
2.3 Samples
Several sample types were explored in the system. Crushed and accurately weighed portions (5-10 mg) of commercially available pharmaceutical tablets (acetylsalicylic acid [ASA], caffeine, and acetaminophen with caffeine) were examined by placing them directly inside the vessel for each extraction. Similarly, tea samples were investigated by taking the contents of dry, bagged green tea and homogenizing it as described previously,21,22 through grinding it to an approximate 40-70 mesh and then accurately weighing a portion (5-10 mg) and placing it in the vessel for extraction. For the analysis of anthracene and naphthalene, a small amount of biochar (5-10 mg) was weighed into the extraction vessel and spiked with a 5 µL solution containing either anthracene (3 μg μL-1 in acetone) or naphthalene (120 μg μL-1 in chloroform). This was then dried for 45 minutes at room temperature before extractions were performed. The PAH extractions used toluene as the solvent.
2.4 HPLC Analysis
All standards and extracts were analyzed using an HPLC system comprised of a Waters model 515 HPLC reciprocating pump (Waters Corporation) and a Waters model 2487 UV-Vis absorbance detector (Waters Corporation). Data acquisition was performed using Peak Simple software (SRI Instruments, Torrance, USA). All separations were performed using a Vydac C18 column (250 mm x 4.6 mm i.d.; 5 µm particles; Phenomenex, Torrance, USA). The mobile phase flow was normally set at 1.0 mL min-1. For ASA, a mobile phase consisting of 40% methanol/60% aqueous acetic acid (1.5% wt/wt) was used. For the analysis of acetaminophen with caffeine and caffeine tablets, a mobile phase consisting of 30% methanol/70% water was used. For the analysis of caffeine in green tea leaves a mobile phase consisting of 20% methanol/80% water was used. For anthracene spiked biochar, an 80% methanol/20% water eluent was used. For naphthalene spiked biochar, a 60% methanol/40% water eluent was used.
2.5 Quantification of Extracts
Determination of the amount of analyte and solvent present in each extract was achieved through calibration with external standards. This entailed construction of calibration curves for each analyte, where the middle range of the curve was targeted and used to quantify the analyte mass. The analyte mass present was then referenced against the quantity originally placed in the extraction cell (based on product specifications or spiking level used) in order to gauge analyte recovery. To verify the labeled amount of analyte present in a product (e.g. tablets and green tea leaves), exhaustive liquid extractions and analyses were first performed on bulk solid samples. Extraction recoveries for µPLE trials were then calculated as:


Extraction blanks performed without analyte present were monitored for all samples to account for any potential background interference or signal contributions.
2.6 Reagents and standards
HPLC grade water was purchased from Honeywell Burdick & Jackson (Muskegon, USA). Activated biochar (8–12 mesh coconut charcoal) and benzyl alcohol were purchased from BDH chemicals (Toronto, CAN). Chloroform (99.94%) and toluene (99.5%) were purchased from EMD Chemicals Inc. (Mississauga, CAN). Glacial acetic acid (99.7%) was purchased from VWR International (Edmonton, CAN). Anthracene was purchased from Kodak (Rochester, NY, USA). Naphthalene and Ottawa sand (20-30 mesh) were obtained from Fisher Scientific (Fair Lawn, NJ, USA). HPLC grade methanol, caffeine (anhydrous), acetaminophen (98%), and ASA (99%) were all purchased from Sigma-Aldrich (Oakville, CAN). Commercial tablets of ASA (325 mg dose), caffeine (200 mg dose), and acetaminophen with caffeine (500 mg and 65 mg dose, respectively) were purchased from a local drugstore. Dried green tea leaves (25 mg g-1 measured caffeine content) were purchased from a local grocery store. Any further details are described in the text.

3. RESULTS AND DISCUSSION
3.1 General Operating Characteristics
One of the first operating characteristics to examine here in the assembled on-line µPLE system was temperature, since it has great impact on extraction efficiency.15,16 Specifically, the vessel heating characteristics were investigated in order to optimize the rate at which system temperatures could be achieved, for rapid sample extractions.
 To evaluate this, a thermocouple was placed inside an empty extraction vessel, which was positioned in-line with the extraction system. The vessel temperature was then monitored as a function of the voltage applied to the heating coil/quartz enclosure surrounding it. Similar to other works employing this heating approach,23 it was found here that even moderate applied voltages were adequate to yield useful vessel temperatures for extraction. For example, this arrangement could readily provide extraction temperatures up to 300 oC, which encompasses a wider operating range than that typically employed by conventional PLE methods.15 As well, depending on the initial applied voltage, the system was found to yield quite rapid heating rates. Of note, typical rates of about 7-20 oC s-1 were routinely achieved, which facilitated the rapid ascent of the system to the set extraction temperature. As such, most extraction temperatures could be easily realized in 20 seconds or less, depending upon the heating rates. Further, once the set temperature was achieved it was found to remain quite stable and only varied within 1% RSD or less over time. Thus, even with moderate heating protocols, the system was able to achieve a wide range of stable operating temperatures in a minimal amount of time. Figure 2 demonstrates this with a modest heating rate near 7 oC s-1 used to achieve a set temperature of 155 oC, which is realized in only about 20 seconds. Further, due to their relatively low thermal mass, the vessels were cool enough to handle within about 3 minutes after extraction, without any active cooling applied. This facilitated fast extraction cycles and cleaning methods, and also compares favorably to some conventional PLE methods that can require around 15 minutes of cooling time before the extraction cell can be safely handled.24
Another operating characteristic that was necessary to investigate was the homogeneity of the sample extract prior to injection, and the total quantity of solvent dispensed in producing it. In conventional PLE this is less of a concern since extracts are often subjected to careful concentration, processing, and/or dilution steps before analysis. However, in the on-line µPLE method here, the extract is analyzed directly in a neat format without any further manipulation. Therefore proper quantification would ideally necessitate delivering a homogenous extract of known volume to the HPLC for analysis. To monitor this in-situ, a chemical standard was added to the µPLE collection vessel and referenced against external standard solutions of the same, which provided a convenient means of tracking both parameters. In these experiments benzyl alcohol was selected for this due to its non-interfering retention characteristics on the C18 columns used and its low volatility, which provides stable solution concentration.
It was found that this approach worked quite well for determining the total system solvent volumes, which on average were determined to be about 500 µL for an empty vessel without sample present. Subsequent trials weighing the delivered solvent further confirmed this. Moreover, the procedure was also seen to deliver these volumes with good reproducibility from run to run. Of note, in replicate experiments, the volumes agreed within 1.4% RSD (n= 3). Therefore, this indicated reliable and satisfactory solvent delivery over multiple trials and so this approach was used for the extractions going forward.
With regard to extract homogeneity, initial experiments had the stainless-steel capillary carrying the extract from the extraction vessel into the inlet at the top of the collection vessel where it was deposited. To test its characteristics in this aspect, an aliquot of benzyl alcohol was spiked into the collection vessel. Next, using a blank extraction vessel, the system was filled/pressurized with methanol, which was then ejected to the collection vessel using nitrogen as per the typical extraction procedure. The extract was then delivered on column for analysis using nitrogen pressure to load it into the HPLC injector. The resulting chromatogram shown in Figure 3A illustrates multiple injections and analyses of this mock extract solution. As seen, the results show that the solution concentration was initially quite heterogeneous and unsuitable for analysis, yielding signals that varied within about 15 % RSD. Eventually homogeneity and a steady response was reached after about 25 minutes. Therefore, the extract solution required better mixing before analysis in order to fully represent the bulk extract.
	To address this, the stainless-steel capillary carrying the extract was extended to terminate inside at the bottom of the collection vessel. Further, after performing a similar blank extraction as above, it was followed with approximately 30 seconds of low nitrogen flow through the capillary, which facilitated greater sample mixing with the aim of further homogenizing the solution. Figure 3B illustrates the typical results of this approach, and shows that the signals produced were much more consistent as a result. As seen, the analyte response obtained over the whole trial shows little variation for each injection, and the signals generated agree within less than 1% RSD. To gain further context around this result, an externally mixed solution of benzyl alcohol and methanol was manually added to the collection vessel and then delivered to the HPLC injector in similar fashion. These trials also yielded signals with a variation of less than 1% RSD. Thus, this approach of low flow nitrogen assisted mixing was used going forward.
3.2 Performance of On-line μPLE System
With the on-line µPLE system assembled and operating, it was next evaluated for its ability to extract samples relative to the previous static ‘off-line’ µPLE approach. In order to do this, some representative samples that have previously been explored with the former static µPLE system15 were also examined here. Each was optimized for quantitative analyte extraction in the shortest possible time and the results are presented in Table 1. Initially, a couple of different pharmaceutical tablets were explored. The first was a pain relief tablet containing ASA. This presented an interesting challenge since ASA is known to be thermally labile and can display significant degradation in conventional PLE even after short extractions of a few minutes at the typical maximum operating temperature of 150 oC.15 Further, conventional methods can also be comparatively quite slow, as the current U.S. Pharmacopeia method for extracting ASA [USP29-NF24] requires over 20 mL of organic solvent and approximately 10 minutes of extraction time per sample. Using the on-line µPLE system here, it was found that 103 ± 3% (n= 4) of ASA was recovered from tablets after only 20 seconds of extraction at 180 ºC with no degradation detected. This also agrees well with previous static µPLE results for ASA tablets, which similarly demonstrated quantitative analyte recoveries after only very brief extractions at unconventionally higher temperatures.15
Similar findings were also obtained with an energy enhancement tablet containing caffeine. Initially, even at a relatively aggressive condition of 160 °C, just beyond the typical temperature limit of conventional PLE, an extraction time of 35 seconds was only able to recover 80% of the caffeine present. To improve this, the temperature was notably increased to 210 °C where it was found that after 25 seconds of extraction at this higher temperature, 105 ± 6% (n= 3) of caffeine was recovered from the tablet. 
As in previous work,15 caffeine was also investigated in a green tea sample to examine the system with a more complex matrix. The extraction of caffeine from green tea presented a rather difficult sample for preparation due to the relatively strong interactions of the analyte with this lignocellulosic matrix. For instance, previously even 30 second static µPLE extractions at 150 °C were insufficient to recover all of the caffeine from the samples. Further, after five minutes or more at this temperature, conventional PLE methods were also not able to recover all of the caffeine present.15 With the current method, quantitation was again achieved at significantly higher temperatures than typically realized in conventional PLE. Specifically, using the on-line µPLE system, 105 ± 9% (n= 4) of the caffeine was recovered from the green tea samples after just 40 seconds of extraction at 275 °C, which agrees with the optimal temperatures found using the static µPLE system as well.15 Therefore, these results indicate that the on-line µPLE system performs well and can provide favorable recoveries after short periods at high temperatures similar to the previous static µPLE method. Favorable detection limits can also be obtained. For instance, the above green tea µPLE extraction yielded a caffeine detection limit of 870 ng/mL and a lower limit of quantification of 2175 ng/mL (an upper limit of quantification was not explored as the calibration curve was not required to extend to that range). These values compare well with other methods established for the green tea extraction of caffeine.22 Since the sample mass to solvent volume ratio will largely determine the detection limit obtained, µPLE may be expected to provide similar results to conventional methods in this regard. However, given the small volumes utilized in µPLE, it could be very advantageous to employ pre-concentration approaches with µPLE in the future as this could offer potentially large improvements to detection limits.
It is worth noting that the on-line µPLE system here also has a relatively short time to analysis. This can be considered the total time (including the extraction time) required to place the first sample injection onto the HPLC column. This largely amounted to transferring the extract to the HPLC by systematically opening and closing valves. On average this only required an additional 75 seconds or so beyond the extraction time and could likely be further reduced in the future if adapted towards automation. Still, as a result, most extractions were completed and injected onto the HPLC column within 1-2 minutes of total time. The volume of organic solvent used in each extraction of Table 1 was also only about 300 µL. This is in contrast to conventional PLE methods that generate 10 to 25 mL of solvent per sample.6,8 Further, many only utilize a minute fraction of that in analysis and dispose of the remaining bulk portion, resulting in tremendous waste. As such, by combining the extraction and separation steps with the small volume approach of µPLE in the current method, the solvent used and the extraction times realized can be greatly reduced.
3.3 Alternating Solvents
In conventional PLE it is often of interest to sequentially extract the same sample with different solvents in order to increase the selectivity of the extracts and improve analyses. While this action was not easily achievable in the previous static µPLE system, it should be more compatible with the on-line nature of the current approach. As such, it was necessary and interesting to examine the issues (if any) of using different solvents in this fashion with the on-line µPLE system.
To examine this, a pain relief tablet primarily containing acetaminophen plus a minor caffeine supplement was explored. In this case, both acetaminophen and caffeine are readily soluble in methanol. For instance, figure 4A shows the analysis of an extract obtained from completely dissolving a tablet in pure methanol. As seen, a prominent partially off-scale peak appears after about 3.5 minutes for acetaminophen followed by a minor peak near 5 minutes for caffeine, which comprises only about 4% of the former component. In contrast to methanol, chloroform is a more selective solvent for these components. Of note, the solubility of acetaminophen in chloroform is 2 mg mL-1 while that of caffeine is 182 mg mL-1.25 Therefore, the on-line µPLE system was used to perform a sequential extraction of a tablet sample using a dual solvent approach employing chloroform and then methanol. Analysis of the initial extract using chloroform is depicted in figure 4B. As can be seen, due to its high solubility in this solvent, nearly 90% of the caffeine is recovered in this trial, while only 15% of the acetaminophen was co-extracted. When a second extraction employing methanol was then performed on the same sample, signals from the analysis (figure 4C) show that the dominant portion of acetaminophen is recovered in this trial along with only a minor presence of the residual caffeine remaining after the first extraction. Therefore, as expected, no major issues were found or should be anticipated when using different solvents to extract the same sample with the on-line µPLE system. This is advantageous as such approaches can facilitate improving analyte selectivity and removing matrix interference in analyses.
3.4 Dynamic On-Line µPLE Extractions
While static extractions often result in quantitative recoveries, some difficult samples can require both aggressive conditions and a dynamic rinsing step to achieve this. An example to this effect from the previous static µPLE work concerned the extraction of polycyclic aromatic hydrocarbons (PAHs), which are an important class of analytes due to their widespread, environmentally persistent nature and carcinogenic properties.26 
Using the previous static µPLE system it was found that a number of PAHs could only be recovered from heavily charred (e.g. biochar) matrices with about 65% efficiency, which was also similar to results using conventional Soxhlet and PLE methods.16 This is because of the strong analyte-matrix interactions that occur between PAHs and such surfaces.27 As such, the sample cooling/collection step inherent to the previous static µPLE method resulted in the PAHs repartitioning onto the charred surface and reducing the extraction efficiency.16
Since dynamic rinsing is known to generally improve analyte recoveries and overall extraction efficiencies,28 it was wondered if this could improve the PAH recovery using the on-line µPLE system here, which is conducive to performing such a step. To evaluate the impact of a dynamic extraction in on-line µPLE, two representative PAHs (anthracene and naphthalene) were extracted from a pure biochar matrix using the system. Prior to this, the efficiency with which they could be removed using the previous static µPLE method was first re-evaluated for reference. It was again confirmed that even at high temperatures of 200 to 220 °C only about 33-36% of analyte could be removed from the matrix even after 60 seconds of extraction with toluene. Therefore, the static µPLE system alone could only afford a low recovery of the PAHs from a pure biochar matrix.
The on-line µPLE system with a dynamic step was then explored with the biochar sample. After optimization, it was found that a 30 second static extraction with toluene at 220 °C followed by a 60 second dynamic extraction (at 100 µL min-1) could indeed greatly improve the analyte yields. Of note, using these conditions, the on-line µPLE system recovered 97 ± 5% (n= 4) of anthracene and 118 ± 6% (n= 4) of naphthalene from the pure biochar matrix. Figure 5 displays the resulting chromatogram from the anthracene extraction, which nominally shows the toluene solvent followed by a prominent anthracene peak near the seven minute mark. This further demonstrates that the extract was reasonably clean and free of degradants/interferents despite the aggressive extraction conditions used. As well, only a minor analyte carryover of about 3% was observed in these experiments, and was easily eliminated with rinsing between trials. Therefore, a dynamic extraction step can greatly assist in boosting the efficiency of on-line µPLE extractions as anticipated, and can lead to high recoveries for PAHs (using minimal time and solvent) that were not previously seen in static µPLE or other conventional methods.16, 29

4. CONCLUSIONS
A novel on-line µPLE method was presented, which uses small quantities of sample and solvent to remove analytes in about 20 to 40 seconds and directly transfer them to HPLC for analysis. The required instrumentation and procedure are relatively simple and robust in operation. The method was explored with different test samples and the results compared well to conventional off-line PLE and µPLE approaches. As an application, the on-line µPLE system was used to quantitatively extract some model PAHs from a pure biochar sample in only a fraction of the time required conventionally for such samples and with much greater yields. Overall, the results indicate that this on-line µPLE approach may be a useful and simple means of rapidly preparing samples for analysis using little solvent, and could potentially be compatible with sample automation procedures in the future.
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Table 1:	On-Line µPLE Extraction Recoveries
	Analyte (Sample)
	Extraction Time
	Extraction Temperature
	Recovery

	ASA (Tablet)
	20 s
	180 oC
	103 ± 3% (n=4)

	Caffeine (Tablet)
	25 s
	210 oC
	105 ± 6% (n=3)

	Caffeine (Green Tea)
	40 s
	275 oC
	105 ± 9% (n=4)






FIGURE CAPTIONS

Figure 1:	Diagram of the on-line µPLE apparatus in A) schematic and B) pictorial form showing the assembled operational instrument and components.

Figure 2:	Extraction vessel temperature as a function of time. Conditions: set temperature of 155 °C, nominal heating rate of 7 °C s-1.

Figure 3:	Replicate injections of a blank methanol extraction with 5 µL of benzyl alcohol placed in the collection vessel. The stainless-steel tube carrying the extract terminates A) at the inlet to the collection vessel, and B) inside at the bottom of the collection vessel and includes 30 sec of nitrogen assisted mixing. The peaks in order of elution for each injection are benzyl alcohol (*) followed by a smaller benzaldehyde impurity.

Figure 4:	Chromatograms for extractions of an acetaminophen tablet containing a caffeine supplement using A) methanol and B) chloroform. A second extraction of the sample shown in B) using methanol is shown in C). Conditions for µPLE are 120 oC for 30 seconds. Analytes in order of elution are acetaminophen and caffeine.

Figure 5:	Chromatogram for the on-line µPLE extraction of anthracene from a pure biochar sample using toluene. Conditions are a temperature of 220 oC for a 30 second static extraction followed by a 60 second dynamic rinse at 100 µL min-1. The peaks are: unknown matrix components (2.6 and 2.8 min), toluene extraction solvent (3.4 min), and the anthracene analyte (7.2 min). Note that the off-scale solvent peak continues to 1857 mV (not shown) but the scale is expanded for ease of viewing the analyte peak.
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