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T hermodynamic and kinetic models for the extraction of essential
oil from savory and polycyclic aromatic hydrocarbons from soil

with hot (subcritical) water and supercritical CO2
1 *´ ´Alena Kubatova, Boris Jansen , Jean-Franc¸ois Vaudoisot, Steven B. Hawthorne

Energy and Environmental Research Center, Campus Box 9018,University of North Dakota, Grand Forks, ND 58202,USA

Abstract

Mechanisms that control the extraction rates of essential oil from savory (Satureja hortensis) and polycyclic aromatic
hydrocarbons (PAHs) from historically-contaminated soil with hot water and supercritical carbon dioxide were studied. The
extraction curves at different solvent flow-rates were used to determine whether the extractions were limited primarily by the
near equilibrium partitioning of the analyte between the matrix and solvent (i.e. partitioning thermodynamics, or the
‘‘elution’’ step) or by the rate of analyte desorption from the matrix (i.e. kinetics, or the ‘‘initial desorption’’ step). Two
simple models were applied to describe the extraction profiles obtained with hot water and with supercritical CO : (1) a2

model based solely on the thermodynamic distribution coefficientK , which assumes that analyte desorption from the matrixD

is rapid compared to elution, and (2) a two-site kinetic model which assumes that the extraction rate is limited by the analyte
desorption rate from the matrix, and is not limited by the thermodynamic (K ) partitioning that occurs during elution. For hotD

water extraction, the thermodynamic elution of analytes from the matrix was the prevailing mechanism as evidenced by the
fact that extraction rates increased proportionally with the hot water flow-rate. This was also confirmed by the fact that
simple removal calculations based on a singleK (for each essential oil compound) gave good fits to experimental data forD

flow-rates from 0.25 to 4 ml /min. In contrast, supercritical CO extraction showed only minimal dependence on flow-rate,2

and the simpleK model could only describe the initial 20–50% of the extraction. However, a simple two-site kinetic modelD

gave a good fit for all CO flow-rates tested. The results of these investigations demonstrated that very simple models can be2

used to determine and describe extractions which are limited primarily by partitioning thermodynamics, or primarily by
desorption kinetics. Furthermore, these results show that the time required for the recovery of essential oil from savory with
hot water can be minimized by increasing flow-rate, with little change in the total volume of water required. In contrast,
raising the flow-rate of supercritical CO has little effect on the mass of essential oils recovered per unit of time, indicating2

that optimal recovery of these compounds with supercritical CO (amount recovered for the lowest amount of CO ) requires2 2

longer extraction times rather than faster flow-rates.
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1 . Introduction 12,18–20]. Therefore, kinetic models describing the
rates of the desorption step such as the diffusion-

The desire to obtain faster extractions with en- based ‘‘hot-ball’’ model [1,2] and simple two-site (or
vironmentally-friendly solvents has led to a great more sites) kinetic models [10,18] have been used to
deal of work with supercritical CO , and more describe the supercritical extraction process. In con-2

recently with hot (subcritical) water. Both solvents trast to SFE, the accelerated solvent extraction with
have been applied to a wide range of biological and toluene of polychlorodibenzo-p-dioxins from fly ash
environmental samples, but little effort has been was modeled based only on the thermodynamic
spent on understanding the fundamentals of the partition coefficient (K ), and no kinetic factors wereD

extraction process. Even though it is obvious that needed to model the results [13]. Similarly, super-
both the thermodynamics and kinetics of the ex- critical fluid extraction with CO of the total lipid2

traction process must be favorable, the majority of mass from fat and soybean matrices showed good
modeling studies focus only on one of those factors. agreement with predictions based on solubility
Investigating these extraction mechanisms should not [16,17]. These results indicate that the mechanism
be viewed as an academic exercise, since even a that controls extraction can change based on the
minimal understanding on the relative importance of extraction fluid employed and/or matrix extracted.
thermodynamics and kinetics on extraction rates can It can be difficult to determine the relative impor-
help greatly with optimizing extraction conditions. tance of desorption kinetics and thermodynamic

The extraction of any compound from a solid partitioning during the elution step by only observing
matrix requires two steps. First, the compound must the shape of the extraction curve, since it is possible
be desorbed from its original binding site in (or on) for both kinetic and thermodynamic models to give
the sample matrix (generally modeled by rate pro- good agreement with the experimental data. How-
cesses such as diffusion [1–12]), then the compound ever, observing the effect of extraction fluid flow-
must be eluted from the sample in a manner analo- rate on the extraction rates can be a simple approach
gous to frontal elution chromatography (controlled to determining the relative importance of the two
by the thermodynamic partitioning coefficient,K ) steps. Simply stated, if an extraction is limited by theD

[12–17]. For the purposes of this study,K is kinetics of the initial desorption step as described byD

defined as the equilibrium concentration in the solid various kinetic models for SFE [1–11], then dou-
(stationary phase) divided by the concentration in the bling the extraction fluid flow-rate should have little
extraction fluid (mobile phase). In systems where the effect on the actual extraction rate (versus time) of
extraction fluid is saturated, such as the extraction of the target compound. Similarly, if doubling the
fat from potato chips or extraction of triglycerides extraction fluid flow-rate doubles the extraction rate
from soybean meal, simple saturation solubility of the desired compound, then the partitioning
calculations can be used to predict extraction rates thermodynamics (K ) limits the extraction rateD

[9,16,17]. However, in systems where the bulk [9,13–17].
solubility of the analyte is sufficient for the ex- The purpose of this paper is to investigate the
traction to occur, analyte solubility largely affects the mechanisms controlling the extraction rates achieved
extraction rate by its effect onK . In such cases, with two different extraction solvents, hot water andD

either the desorption or elution steps (or a combina- supercritical carbon dioxide. These investigations
tion of both steps) may limit extraction rates [9]. were performed using samples typical of plant tissue

Depending on the extraction conditions and sam- (the extraction of essential oil from savory (Satureja
ple matrix, either the rate of the initial desorption hortensis) and environmental samples (the extraction
step or the elution step can control the actual of PAHs from historically-contaminated soil). The
extraction rates [9]. Several studies have focused on relative importance of the desorption (kinetic) step
explaining and modeling release mechanisms of a and the elution (thermodynamic) step were deter-
supercritical extraction using carbon dioxide (SFE) mined with both fluids by varying the extraction fluid
[1–18]. For SFE, the contribution of the desorption flow-rate. Two simple models were employed to
step is usually (but not always) predominant [1– describe the data. One model attempts to predict the



´ ´A. Kubatova et al. / J. Chromatogr. A 975 (2002) 175–188 177

extraction rates based on the thermodynamic dis- extraction, and supplied to the system with the pump
tribution coefficient (K ), and the other model tries at a constant flow of 0.25, 0.5, 1, 2 and 4 ml /min. AD

to predict the extraction rates using a fast (k ) and a second pump delivered methylene chloride at a flow1

slow (k ) kinetic rate constant. of 1 ml /min to a mixing tee installed in the oven2

after the outlet of the extraction cell to collect the
extracted compounds as the water cooled after

2 . Materials and methods exiting the extraction oven. Finally, a miniature
back-pressure regulator (Upchurch Scientific, Oak

Summer savory (Satureja hortensis) obtained from Harbor, WA, USA) was placed at the outlet of the
Penn Herb (Philadelphia, PA, USA), was used as extraction system (outside of the oven) to maintain
received (air dried and coarsely ground). Sample the system pressure, thus ensuring that the water was
sizes were approximately 1.0 g for each extraction in the liquid state at all temperatures tested.
method. After every extraction, the extraction ef- All water extractions of savory were carried out in
ficiencies of each method were confirmed by ex- a 3.47-ml SFE cell (5039.4 mm I.D., Keystone
tracting the plant tissue residues using 18 h of Scientific, Bellefonte, PA, USA) equipped with a
sonication in 15 ml of acetone. Individual com- 0.5-mm frit at the inlet, and a 2-mm frit at the outlet.
pounds ranged from|300 to 1200 mg/kg [21]. The larger pore frit was installed at the outlet to

The PAH-contaminated soil was obtained from a prevent plugging with matrix material. In addition,
manufactured gas plant (MGP) site, which had been seven layers of glass microfiber filter (1mm, What-
abandoned for several decades and treated for 1 year man, Maidstone, UK) were placed inside of the cell
by bioremediation [18,22]. Individual PAH concen- to protect the outlet frit. The extraction cell was
trations ranged from|5 to 80 mg/kg with a total completely filled with savory (|1.0 g) and mounted
PAH concentration of 520 mg/kg. The samples were vertically in the oven with water flowing from top to
used as received (air dried). Approximately 2 g of bottom. The extractions of PAHs were performed in
soil were used for hot water and supercritical CO a 2 ml SFE cell (3039.4 mm I.D., Keystone2

extractions. After every extraction, the extraction Scientific) equipped with 0.2-mm frits. To prevent
efficiencies of each method were confirmed by 18 h plugging, one layer of filter paper and 0.5 g of sea
Soxhlet extraction of soil residues with 150 ml of a sand (Fisher) was added at the outlet of the cell.
methylene chloride–acetone (2:1, v /v). The extraction procedure started by pressurizing

the system with water to|60 bar at a flow of
2 .1. Hot water extraction 1 ml /min (for PAHs the system was pressurized to

50 bar at a flow of 0.5 ml /min) and heating the oven
Extraction conditions were chosen to yield a to the required temperature, a process that required

moderate extraction rate for both the essential oils 3–5 min. At this time, the back-pressure regulator
from savory (1008C and|60–70 bar) and the PAHs (set to 60 bar) opened, the water flow-rate was set to
from soil (175 8C and 50 bar) so that any changes the desired rate, the methylene chloride collection
which might occur with different flow-rates could be solvent flow was started, and collection of the eluent
observed [21]. Hot water extraction was performed began (extraction time50). For the extraction rate
in a laboratory-built apparatus previously described experiments, the collection vial was replaced at
in detail [23,24]. In brief, the extraction system frequent time intervals. For savory, the single se-
consists of two ISCO model 100D syringe pumps quential experiment for each flow-rate was normal-
(ISCO, Lincoln, NE, USA) delivering water and ized to the triplicate experiments stopped at 80 min
methylene chloride at a constant flow-rate to an HP for flow-rates of 0.25 and 5 ml /min, and at 40 min
5890 gas chromatograph oven (Hewlett-Packard, for 1 and 2 ml /min. After each extraction, the
Wilmington, DE, USA), where the extraction cell methylene chloride fraction was collected and the
was mounted. The water (HPLC grade, Fisher Sci- water fraction rinsed once more with an additional
entific, Pittsburgh, PA, USA), was purged with aliquot of methylene chloride. The methylene chlo-
nitrogen to remove dissolved oxygen prior to the ride fractions were analyzed to determine extraction
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efficiencies. Since a system void volume of|1.25 ml min to the final temperature of 3208C. Quantitations
existed between the extraction cell and collection were based on the addition ofn-dodecane as the
vessel, hot water extraction curves were time ad- internal standard to each extract and on standard
justed, e.g. by 5 min (for the 0.25 ml /min flow) and calibration curves generated from pure standard
0.6 min (for the 2 ml /min flow). compounds.

PAH analyses were also performed on a GC–FID
2 .2. Supercritical CO extraction equipped with a 25 m HP-5 column with a 0.25 mm2

I.D. and a 0.17mm film thickness (Hewlett-Packard)
As for the hot water extractions, the experimental with injections in the splitless mode (0.2 min). The

conditions selected for SFE were chosen to give oven temperature was held at 708C for 1 min and
moderate extraction rates to allow for better com- was then heated with a gradient of 68C/min to the
parison of the extraction curves. For savory, ex- final temperature of 3208C and held for 2 min. The
tractions were performed at 508C and 400 bar internal standard was 1-chloronaphthalene. All es-
[21,25]. For the PAH-contaminated soil, extractions sential oil compound and PAH identifications, and
were performed at 508C and 200 bar [18]. SFE was the lack of other interfering hydrocarbons for both
performed using SFE-grade CO (with helium head- savory essential oil and PAH analyses were con-2

space, Scott Specialty Gases, Plumsteadville, PA, firmed by GC–MS using the same chromatographic
USA) supplied to an ISCO SFX 210 extraction unit conditions.
with a model 260D syringe pump (ISCO). All
extractions were performed using the 10-ml cells

2 .4. Data analysis
supplied with the unit. SFE flow-rates were main-
tained at|0.25, 1 and 2 ml /min (measured as liquid

The simple thermodynamic model is based on a
CO at the pump) using a variable flow restrictor2 single distribution coefficient defined asK 5D(ISCO) heated to 808C. Extracted analytes were

(concentration of analyte in the matrix)4
collected in 15 ml methylene chloride placed in a

(concentration of analyte in the extraction fluid) at
22-ml glass screw-top vial. For the extraction rate

equilibrium [13]. For this model, it is assumed that
experiments, the collection vial was replaced at

the kinetics of the initial desorption step and sub-
frequent time intervals. For savory, the single se-

sequent fluid–matrix partitioning are rapid, and thus
quential experiment for each flow-rate was normal-

do not significantly affect the extraction rate. Essen-
ized to the triplicate experiments stopped at 120 min.

tially, the mass of analyte in each unit mass of
For PAHs, the single sequential experiment for each

extraction fluid and the mass of analyte remaining in
flow-rate was normalized to the triplicate experi-

the matrix at that period in the extraction time is
ments stopped at 80 min.

calculated for the entire extraction time based on the
K value determined for each compound. Therefore,D2 .3. Gas chromatographic analysis
if the K model applies to a certain extraction, theD

shape of an extraction curve would be defined by:
Quantitative analyses of savory essential oil com-

pounds were performed using GC with flame ioniza- S S K m Sb a D a
] ] ]]] ]5 12 4 1 1 1 (1)S D S Dtion detection (GC–FID) on a Hewlett-Packard S S S(V 2V )d0 0 0b a

model 5890 Series II gas chromatograph equipped
with an autosampler. Chromatographic separations where S is the cumulative mass of the analytea

were accomplished with a 30 m DB-5 column with a extracted after volumeV (ml), andS is the cumula-a b

0.25 mm I.D. and a 0.25mm film thickness (J&W tive mass of the analyte extracted after volumeVb

Scientific, Rancho Cordova, CA, USA) with injec- (where the data pointV , S is the next sequentialb b

tions in the splitless mode (0.2 min). The oven data point afterV , S ). S is the initial total mass ofa a 0

temperature was held at 358C for 0.2 min and was analyte in the matrix.S /S and S /S are theb 0 a 0

then increased to 608C with a gradient of 308C/min, cumulative fractions of the analyte extracted by the
followed by 68C/min to 2008C and then by 308C/ extraction fluid of the volumeV andV , respectively.b a
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K is the distribution coefficient,d is the density of volume of fluid) yields a simple method to determineD

extraction fluid at given conditions (g/ml), andm is the major factor controlling a particular extraction.
the mass of the extracted sample (g). The Microsoft
EXCEL Solver regression routine was used to fit
extraction data to Eq. (1). The parameter of fit was 3 . Results and discussion
K . Note that the K model does not includeD D

extraction time, but only relies on the volume of Fig. 1 shows extraction curves generated from
extractant fluid used (assuming a constant sample SFE and hot water extraction of representative
size). Therefore, doubling the extraction fluid flow- savory compounds and PAHs from soil (all at a flow
rate should double the extraction rate versus time if of 1 ml /min). The general shape of these curves are
the extraction is described by thermodynamic parti- fairly typical of extraction rate curves shown in the
tioning (and if all other extraction parameters remain literature [1–15,17–21,25–28], i.e. SFE typically
the same). (but not always) shows an initial extraction phase

Kinetic desorption models typically require two which is substantially faster than a subsequent slow
steps to define an extraction curve, i.e. a certain phase. In contrast, hot water extraction typically
fraction (F ) of the analytes desorb at a fast rate shows little drop in extraction rates until the target
defined byk , and the remaining fraction (12F ) analyte is nearly depleted from the matrix. While it is1

desorbs by a slower rate defined byk [18,22] The tempting, based on these plots, to assign the thermo-2

simple two-site kinetic model consists of two first- dynamicK model to the hot water extractions, andD

order expressions [18]: the two-site kinetic model to the SFE curves, we
cannot make that interpretation based only on theSt 2k t k t1 2]5 12 fF e g2 (12F ) e (2) results in Fig. 1. The reason is that, without know-f gS0 ledge of the effect of flow-rate, the relative impor-

where t is time (min), S is the mass of the analyte tance of the desorption kinetics and the extractiont

removed by the extraction fluid after timet, S is the curves for hot water could be described by a single0

total initial mass of analyte in the matrix.S /S is the site kinetic model, as well as the singleK modelt 0 D

fraction of the analyte extracted after the timet, F is proposed above. Similarly, the SFE curves could be
the fraction of the analyte released quickly, (12F ) described by a two-site thermodynamic model (i.e. if
is the fraction of the analyte released slowly;k is the matrix had two types of sorption sites, one with a1

the first-order rate constant describing the quickly lowerK and one with a higherK ), as well as theD D
21released fraction (min ); andk is the first-order two-site kinetic model proposed above.2

rate constant describing the slowly released fraction
21(min ). Note that the kinetic model includes no 3 .1. Effect of flow-rate

factor describing extraction flow-rate, but relies
solely on time. Therefore, doubling the extractant Based on the discussion above, the importance of
flow-rate should have little effect on the extraction K and desorption kinetics was determined byD

efficiency per unit time if the extraction efficiency is comparing the effects of changing flow-rate on the
controlled by the kinetics of the initial desorption extraction rate of the same samples (Fig. 2). Note
step (assuming the other extraction parameters re- that with hot water, the extraction rates of the
main constant). The MicrosoftEXCEL Solver regres- essential oil showed an increase in extraction rate
sion routine was used to fit release data to Eq. (2). that was proportional to the extraction fluid flow-rate
The parameters of fit wereF, k , andk as previous- regardless of whether the compound was extracted1 2

ly described [18,22]. rapidly (e.g. thymol) or slowly (e.g.p-cymene). The
While it is possible that a single-site kinetic model hot water curves all show the behavior expected

and aK model could yield similar fits to extraction based on theK model equation (above), i.e. directD D

curve data, the dependence of theK model on dependence of extraction rate on flow-rate and nearD

extraction fluid volume (not time) and the depen- linear extraction curves until the target compounds
dence of kinetic models on extraction time (not are nearly depleted from the matrix.
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Fig. 1. Comparison of hot water and supercritical CO extraction profiles for representative essential oil compounds from savory (top) and2

PAHs from contaminated soil (bottom).

In contrast, the extraction curves for SFE only 3 .2. Model based on the distribution coefficient,
show a change in extraction rate during the initial KD

(|20–30% extracted) portion of the curve, and
mostly when the flow-rate was increased from 0.25 The effect of different values of the thermody-
to 1 ml /min. At flow-rates more typically used for namic distribution coefficient (K ) on extractionD

SFE (1 and 2 ml /min), there was only small rates (with a constant flow-rate of 1 ml /min) is
differences in the extraction rates. This demonstrates shown in Fig. 3. As expected, a higherK (strongerD

that the SFE process was controlled primarily by competition of the matrix versus the fluid for the
kinetics of the desorption process for both essential solute) yields slower extraction rates. Based on a
oil compounds from savory. (Flow-rates higher than comparison of Fig. 3 with the experimental data
2 ml /min were not tested for SFE, because of less shown in Figs. 1 and 2, it appears that theK modelD

than quantitative collection efficiencies for the more shows the general extraction curve shape behavior
volatile compounds.) typical of hot water extraction, regardless of whether

Note that in addition to the flow-rate behavior, the compound is extracted rapidly (e.g. thymol) or
other features expected for the two-site kinetic model slowly (e.g.p-cymene). In addition, visual com-
are observed for SFE curves, regardless of the parisons of Figs. 2 and 3 indicates that the com-
compound being extracted. That is, after the initial pounds extracted by hot water have a range ofKD

fast fraction is removed (|20–30% extracted), the values from|10 (oxygenated essential oil com-
portion of the curves controlled by the slow desorp- pounds such as thymol) to|100 (e.g.p-cymene).
tion rate become increasingly parallel, regardless of The effects of flow-rate on extraction curves for
flow-rate. the representativeK 510 andK 5100 are shownD D
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Fig. 2. Effect of extraction fluid flow-rate on hot water and supercritical CO extraction of thymol andp-cymene from savory.2

in Fig. 4. Note that the general agreement of the To further test theK model’s ability to match hotD

theoretical curves with the experimental curves from water extraction curves,K values were calculatedD

the hot water extraction (Fig. 2) is good, but theK using two methods. First, the slope of the straightD

theoretical curves do not agree with the SFE curves initial portion of the extraction curve is proportional
shown in Fig. 2. It is important to note that thex axis toK , and can be most easily measured at the lowestD

values are in units of time (not volume). If the same flow-rate. Therefore,K values were calculated byD

data were plotted in terms of volume, the theoretical dividing the concentration in the sample matrix after
curves from all flow-rates would overlap completely, the initial extraction time (i.e. the fraction remaining
as is required by theK model since no time in the matrix divided by the sample mass) by theD

parameter is included in the calculations. average concentration in the extraction fluid passed
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through the sample during the same initial extraction
time (i.e. the fraction extracted divided by the water
mass). Second, the model Eq. (1) (above) and the
experimental data from all flow-rate plots were used
to determine theK value by minimizing the errorsD

between the measured data and theK model dataD

results.
As shown in Table 1, theK values obtained withD

the two methods (at 0.25 ml /min) agreed well, and
demonstrated that individual essential oil compounds
have a range ofK values from|4 to |250. TheD

variations in K values shown in Table 1 (forD

different flow-rates) for a single compound have
little effect on the calculated extraction curve, as
shown in Figs. 3 and 4. For example, in Fig. 5 the
calculatedK values determined at 0.25 ml /min forD

Fig. 3. Theoretical curves calculated using Eq. (1) for extractions thymol (K 512) and p-cymene (K 5215) wereD D
controlled by thermodynamic partitioning at a flow of 1 ml /min. used to calculate the model curves for all flow-rates.

As shown in Fig. 5, the use of the singleK valueD

yielded model extraction curves which agree well
with the experimental data at all flow-rates. In
addition, when theK model was applied to the hotD

water extraction of PAHs from the contaminated soil,
the calculated extraction curve and the experimental
curves also show good agreement as shown in Fig. 6.

Although all of the compounds extracted from
savory with water agreed with theK model, theD

most striking example isp-cymene since its ex-
traction rates are slow enough that the extraction
curves are near linear at all flow-rates. As shown in
Fig. 5, each increase in flow-rate brought a propor-
tional increase in extraction rate forp-cymene, and
model curves based on theK determined from theD

0.25 ml /min data gave good agreement with the
experimental curves at all flow-rates.

Based on the results shown in Fig. 5, it could be
objected that the recovery ofp-cymene is controlled
by saturation of the water during the extraction,
rather than by near-equilibrium partitioning between
the sample matrix and the water during the ex-
traction. However, as discussed above, we ensured
that all analytes reported in this work were below
saturation conditions, both in the hot water and in the
supercritical CO . The compoundp-cymene has the2

lowest solubility in water of all compounds extracted
from savory, i.e. 80mg/ml at the conditions used for
savory extraction [29]. Since the concentration ofFig. 4. Theoretical extraction curves forK values of 10 and 100D
p-cymene in this savory sample is 55063 mg/g [21],for extractions controlled by thermodynamic partitioning at flow-

rates of 0.25, 0.5, 1, 2 and 4 ml /min. saturation of the water withp-cymene would yield a
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Table 1
K values for the hot water extraction of savoryD

KD

a bMeasured Model curve fitting

Flow (ml /min) 0.25 0.25 0.5 1.0 2.0 4.0

Thymol 12 12 12 11 12 11
Carvacrol 11 10 11 10 10 9

cBorneol 9 7 7 7 8 –
Thymoquinone 4 3 3 3 3 –
p-Cymene 230 215 230 240 222 228

a MeasuredK values were calculated based on the initial slope of the extraction curves obtained at 0.25 ml /min.D
b Model curve fittingK values were based on fitting the experimental data with Eq. (1).D
c No K value was determined because the extraction rate was too fast to obtain multiple data points before 100% extraction.D

slope of 14% extracted per ml of water. As shown in of SFE, the two-site kinetic model described above
Fig. 5, the maximum slope of thep-cymene curves is was tested by curve fitting the savory extraction data
,1% extracted per ml of water (or,|5 mg p- using the fast fraction (F ), the fast desorption rate
cymene per ml) which is substantially below the constant (k ) and the slow rate constant (k ) as1 2

saturation point. previously described for the SFE of PAHs from soil
Similarly, the PAHs extracted from soil (Fig. 6) [18].

were not limited by saturation in the hot water. For Only a single rate constant is required to describe
example, the least soluble PAH shown in Fig. 6, the curves for the extraction of savory at the lowest
benzo[a]pyrene has a concentration of 40mg/g in flow-rate (0.25 ml /min) since the extraction efficien-
the soil which would result in 80mg of ben- cies (and extraction times) were not high enough to
zo[a]pyrene from the 2-g soil sample. As shown in see both ‘‘fast’’ and ‘‘slow’’ parts of the curve (Fig.
Fig. 6, the maximum concentration found in the 8). Thus, a single rate constant was sufficient to
water is |10% (or 8mg) of the benzo[a]pyrene in describe the 0.25 ml /min curves. (As noted above, it
the first 10 ml of water, which corresponds to a is also possible that the 0.25 ml /min curve from 0 to
maximum concentration in water of,1 mg/ml. This |50% extracted is controlled byK , rather thank ,D 1

concentration is considerably below the solubility butK control does not explain the extraction curvesD

limit of |45 mg/ml (estimated from the solubility at the higher flow-rates.) However, the two-site
data in Ref. [24]). kinetic model applies well to the higher flow-rates as

Finally, the K model was applied to the SFE shown in Fig. 8, compared to the failure of theKD D

extraction curves by calculating theK value of each model shown in Fig. 7.D

compound based on the initial linear portion of the Inspection of the 1 and 2 ml /min flow-rate data in
extraction curve generated at the slowest flow-rate as Fig. 8 demonstrates that the extraction rates are not
described above. As shown in Fig. 7, the model completely independent of flow-rate. As discussed
curves generated from theK values calculated from above, demonstrating that desorption kinetics haveD

the 0.25 ml /min plots (up to 120 min) fail to predict no significant effect on extraction rates is straight-
the behavior obtained at higher flow-rates, thus forward using the flow-rate experiments for extrac-
proving that the elution step (or thermodynamic tions controlled by theK mechanism. However,D

partitioning) does not control the supercritical CO while theK model depends directly on the ex-2 D

extraction of essential oil compounds from savory. traction flow-rate (at a constant sample size), the
Similar behavior was observed for PAHs. actual processes controlling extraction rates are not

totally independent of the flow-rate for samples
3 .3. Two-site kinetic model controlled by desorption kinetics. Since the driving

force of the desorption from the matrix into the fluid
Because the model based on the distribution is the concentration gradient from the soil to the

coefficient,K , was not suitable for the description extraction fluid [1,11], a faster flow-rate will give aD
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Fig. 5. Comparison of theK model fit with experimental data forD

the hot water extraction of thymol andp-cymene from savory.
Symbols represent the experimental data and the solid lines are
calculated from Eq. (1) based on theK values obtained at aD

flow-rate of 0.25 ml /min.

somewhat faster extraction rate, particularly in the
early part of the extraction where the analyte con-
centration is the highest. A second flow-rate in-
fluence is that a higher flow-rate will cause a faster
elution of more rapidly-desorbed molecules from

Fig. 6. Comparison of theK model fit with experimental data forsimple void volume considerations. D

the hot water extraction of representative low and high-molecular-Since the two-site kinetic model does not attempt
mass PAHs from contaminated soil. Symbols represent the ex-

to directly account for flow-rate, these two influences perimental data and the solid lines are calculated from Eq. (1)
would be expected to result in somewhat higher based on theK values obtained by curve fitting the experimentalD

values of F when comparing the 2 ml /min to 1 data.
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Table 2
Values ofF, k andk for SFE of essential oil from savory based1 2

on the two-site kinetic model
aF k k1 2

Flow (ml /min) 1.0 2.0 1.0 2.0 1.0 2.0

Thymol 0.37 0.48 0.12 0.09 0.005 0.006
Carvacrol 0.36 0.48 0.12 0.09 0.005 0.005
Borneol 0.25 0.37 0.12 0.07 0.006 0.007
Thymoquinone 0.20 0.53 0.15 0.05 0.011 0.013
p-Cymene 0.26 0.50 0.11 0.06 0.006 0.007

a The fast fractionF and the fast and slow desorption rate
constants (k and k ) were obtained by curve fitting the ex-1 2

perimental data with Eq. (2).

Similar to the savory results, when the PAH
contaminated soil is extracted by supercritical CO ,2

there is little or no dependence on flow-rate, and the
two-site kinetic model must be applied to describe
the extraction rates, as shown by the extraction for
different PAHs in Fig. 9.

4 . Summary and conclusions

Although the kinetics of extraction with hot water
have not been studied for a large number of samples,
examples in the literature [13,26–28], and the au-
thors’ experience indicate that theK model general-D

ly appears to fit hot water extractions (although
kinetically-limited extractions will almost certainly

Fig. 7. Failure of the simpleK model to fit experimental SFED occur with some samples). Conversely, many of the
extraction profiles of essential oil compounds from savory. kinetic curves reported for supercritical CO appear2Symbols represent the experimental data, and the solid lines are

to have ‘‘fast’’ and ‘‘slow’’ regions consistent withcalculated from Eq. (1) based onK values calculated from theD

the two-site kinetic model, but some curves con-initial slope of the 0.25 ml /min curves.
sistent with theK model are also reported [1,14–D

17]. Generally speaking, it appears that supercritical
ml /min extractions. Similarly, once the ‘‘fast’’ (k ) CO extraction tends to show ‘‘fast’’ and ‘‘slow’’1 2

molecules are depleted (|30–40% extraction ef- extraction behavior of compounds which are less-
ficiency in Fig. 8), the influence of flow-rate should strongly and more-strongly associated with the sam-
become negligible since the kinetics of desorption ple matrix, likely because SFE has less tendency to
(k ) are now very slow compared to flow-rate extract matrix organics than hot water [30]. Thus,2

effects. This would result in thek values being the SFE with pure CO can yield information as to the2 2

same for the 2 and 1 ml /min flow-rates. In other relative ‘‘availability’’ of compounds on a sample
words, the extraction curves become parallel after matrix. For example, PAHs which extract in the
the fast fraction is depleted. Comparison of theF ‘‘fast’’ fraction from historically contaminated soil
andk values for all of the compounds studied from under mild SFE have been shown to be bioavailable2

savory support this argument, as shown in Table 2. during treatment of contaminated sites, while PAHs
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Fig. 8. Two-site kinetic model fit of supercritical CO extraction data of essential oil compounds from savory. Symbols represent the2

experimental data, and the solid lines are based on curve fitting the experimental data using Eq. (2) as described in the text.

which are ‘‘slow’’ under the same SFE conditions effective at altering sample matrices and displacing
are not bioavailable [18]. analytes from their original binding sites than super-

In contrast to SFE, hot water extraction appears to critical CO . Unfortunately, generalizations are dif-2

make all analyte binding sites more equivalent as ficult to support since there have been few attempts
evidenced that the simpleK model can describe the reported in the literature to differentiate the relativeD

extraction behavior. Presumably, hot water is more influence of elution thermodynamics and the kinetics
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Fig. 9. Two-site kinetic model fit of supercritical CO extraction data of representative PAHs from contaminated soil. Symbols represent the2

experimental data, and the solid lines are based on curve fitting the experimental data using Eq. (2) as described in the text.

of desorption on extraction rates and recoveries from and the evaluation of simpleK and two-site kineticD

real-world samples. models can also provide very practical direction on
To some readers, modeling of extraction data to what parameters to address in developing extraction

provide insights into extraction mechanisms may conditions. This can be especially useful when it is
appear to be only useful for academic purposes. important to reduce the volume of extraction solvent.
However, the simple flow-rate study discussed above For example, the results shown in Fig. 8 for SFE
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