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3.11 LIQUID AND SUPERCRITICAL CO2 

CO2 is a non-toxic, non-flammable substance that is used commercially for 

carbonating beverages and food packaging. CO2 is inexpensive and readily available from 

industrial sources. While CO2 exists as a gas at ambient temperatures, it can be liquefied 

at temperatures below 31°C if the pressure is around 800 psig. CO2 is commonly stored 

and delivered from steel tanks at ambient temperature. Above the critical point, 31.1°C and 

74 atm, CO2 exists as a supercritical fluid (58). Figure 3.19 shows the region which 

encompasses both liquid and supercritical states used in the solubility of the most abundant 

component of three essential oils in this study. 

 

 

Figure 3.19: Phase diagram for Carbon Dioxide (59). 

3.12 VALIDATION OF EXPERIMENTAL TECHNIQUE 

There are no known data available on the solubility of terpinen-4-ol and α-cedrene. 

However, there is some solubility data on α-pinene but not at the temperatures and densities 

performed in this research. Akgun et. al (45) used the static solubility method to report 

vapor mole fraction solubility at 323.15 K and 9.18 MPa as 0.0076.  
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Reported vapor mole fraction solubility at the same temperature of 323.15K and 

density of 0.6 g/mL using the dynamic solubility method reported a vapor mole solubility 

of 0.0078 which is in exact agreement with those of Akgun et al (60). These results validate 

experimental technique used from the modified extractor and UV-VIS. 

3.13 SOLUBILITY OF TERPINEN-4-OL IN SUPERCRITCAL CO2  

The mole fraction of a given component was computed for each experimental 

temperature and density. Both the mass of ethanol and the total mass of CO2 were measured 

for a given experimental run, allowing calculation of the component mole fraction by mass 

balance. Solubility versus density curves were generated by conducting multiple 

experiments at specified temperatures and CO2 density. The vapor mole fraction (y2) of 

terpinen-4-ol is plotted against the pure CO2 density at supercritical temperatures in Figure 

3.20. At a given density, increasing temperature increases the solubility due to the 

increased vapor pressure of the solute. 

 

 

Figure 3.20: Solubility of terpinen-4-ol in SC-CO2 
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3.14 SOLUBILITY OF α-CEDRENE IN LIQUID AND SUPERCRITCAL CO2  

The vapor mole fraction (y2) of alpha-cedrene in CO2 is plotted against the density 

at various temperatures in Figure 3.21. The values are in good agreement with the PR-EOS. 

At a given density, increasing temperature increases the solubility as a result of the 

increased vapor pressure of the solute. 

 

 

Figure 3.21: Solubility of α-cedrene in SC-CO2 

3.15 SOLUBILITY OF α-PINENE IN LIQUID AND SUPERCRITCAL CO2  

The solubility of α-pinene in supercritical CO2 was measured at several densities 

at 313K, 323K and 333K shown in Figure 3.22. The vapor mole fraction (y2) of alpha-

pinene is plotted against the pure CO2 density at each supercritical temperature. 
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Figure 3.22: Solubility of α-pinene in supercritical CO2 

There are two phenomena that we gather from the solubility data. First, as the 

density increases, the solubility increases and secondly, as the temperatures increases so 

does the solubility increase along each isotherm. 

Table 3.15 shows the vapor mole fraction for each of the 3 most abundant 

components in the studied essential oils at 60ºC at various densities.  The vapor mole 

fraction increases as the density increases. α-pinene has a higher vapor mole fraction over 

α-cedrene with terpinen-4-ol having the highest vapor mole fractions (Figure 3.23). This is 

what we would expect as α-pinene is the most volatile out of the 3 most abundant oil 

components. We suspect terpinen-4-ol as having the highest vapor mole fraction due to 

hydrogen bonding. 

0.2 0.3 0.4 0.5 0.6 0.7

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

y
2

Pure CO
2
 Density (g/mL)

60 C

50 C

40 C



 

96 

 

Table 3.15: Component solubility at 60°c 

 

ρ (g/mL) Y2 α-cedrene 

C15H24 

Y2 

α-pinene C10H16 

Y2 terpinen-4-ol 

C10H18OH 

0.2 0.004 0.006 0.011 

0.3 0.016 0.018 0.063 

0.4 0.023 0.031 0.111 

0.6 0.042 0.057 0.226 

0.7 0.061 0.125 0.240 

 

3.16 SOLUBILITY OF TERPINEN-4-OL AND PR-EOS 

 

 

Figure 3.23: Solubility of terpinen-4-ol with PR-EOS in SC-CO2 
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Table 3.16: Solubility of terpinen-4-ol in supercritical CO2 at T= 40°C with PR-EOS 

 

Density (g/mL) Y2 Y2 PREOS 

0.2 1e-4 1e-4 

0.3 0.007 0.001 

0.4 0.023 0.020 

0.6 0.068 0.068 

0.7 0.120 0.120 

 

Table 3.17: Solubility of terpinen-4-ol in supercritical CO2 at T= 50°C with PR-EOS 

 

Density (g/mL) Y2 Y2 PREOS 

0.2 0.007 1e-4 

0.3 0.019 0.010 

0.4 0.072 0.072 

0.6 0.150 0.150 

0.7 0.160 0.160 

 

Table 3.18: Solubility of terpinen-4-ol in supercritical CO2 at T= 60°C with PR-EOS 

 

Density (g/mL) Y2 Y2 PREOS 

0.2 2e-4 2e-4 

0.3 0.050 0.020 

0.4 0.100 0.100 

0.6 0.225 0.225 

0.7 0.240 0.240 

 

The chemical structure for terpinen-4-ol includes a hydroxyl group whereas α-

cedrene and α-pinene do not. Terpinen-4-ol is soluble in water and therefore, the solubility 

in liquid and supercritical CO2 is much higher than for α-cedrene (Figure 3.24) and α-

pinene (Figure 3.25) at higher temperatures and density. The correlation of the 

experimental data in this work agrees with the PR-EOS at each supercritical CO2 

temperature and density. 
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3.17 SOLUBILITY OF α-CEDRENE AND PR-EOS 

 

 

Figure 3.24: Solubility of α-cedrene with PR-EOS in SC-CO2 

 

 

Figure 3.25: Solubility of α-pinene with PR-EOS in SC-CO2 
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Tables 3.19-3.21 show the measured y2 experimental data compared for each PR-

EOS value. 

Table 3.19: Solubility of α-cedrene in supercritical CO2 at T= 40°C with PR-EOS 

 

Density (g/mL) Y2 Y2 PREOS 

0.2 1e-4 1e-4 

0.3 0.003 0.003 

0.4 0.014 0.014 

0.6 0.036 0.036 

0.7 0.044 0.044 

 

Table 3.20: Solubility of α-cedrene in supercritical CO2 at T= 50°C with PR-EOS 

 

Density (g/mL) Y2 Y2 PREOS 

0.2 0.001 0.001 

0.3 0.006 0.005 

0.4 0.018 0.018 

0.6 0.037 0.037 

0.7 0.054 0.054 

 

 

Table 3.21: Solubility of α-cedrene in supercritical CO2 at T= 60°C with PR-EOS 

 

Density (g/mL) Y2 Y2 PREOS 

0.2 0.003 0.001 

0.3 0.008 0.008 

0.4 0.021 0.021 

0.6 0.040 0.040 

0.7 0.122 0.122 

 

The correlation of the experimental data of this work agrees with the PR-EOS at each 

supercritical temperature. 
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3.18 SOLUBILITY OF α-PINENE AND PR-EOS 

Reported vapor mole fraction solubility at 323.15K and 9.18 MPa is 0.008 in exact 

agreement with those of Akgun et al.(60). Results again are well correlated with the PR-

EOS in Tables 3.22-3.24. 

Table 3.22: Solubility of α-pinene in supercritical CO2 at T= 40°C with PR-EOS 

 

Density (g/mL) Y2 Y2 PREOS 

0.2 0.004 0.004 

0.3 0.010 0.010 

0.4 0.012 0.012 

0.6 0.017 0.017 

0.7 0.020 0.020 

 

Table 3.23: Solubility of α-pinene in supercritical CO2 at T= 50°C with PR-EOS 

 

Density (g/mL) Y2 Y2 PREOS 

0.2 0.006 0.006 

0.3 0.012 0.012 

0.4 0.020 0.020 

0.6 0.030 0.030 

0.7 0.040 0.040 

 

Table 3.24: Solubility of α-pinene in supercritical CO2 at T= 60°C with PR-EOS 

 

Density (g/mL) Y2 Y2 PREOS 

0.2 0.008 0.008 

0.3 0.018 0.018 

0.4 0.030 0.030 

0.6 0.050 0.050 

0.7 0.060 0.060 
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3.19 SOLUBLITY OF MAJOR COMPONENTS IN LIQUID CO2 

The apparent vapor mole fractions for each of the three essential oil components 

are tabulated in Table 3.25 for liquid CO2 at a density of 0.1781 g/mL at 25°C as well as 

for the vapor mole fraction for liquid CO2 at a density of 0.7105 g/mL at 25°C. The results 

show experimental solubilities in agreement with the PREOS in the vapor phase for each 

of the most abundant oil components. 

Table 3.25: Experimental and PR prediction of solubility of major components of 

essential oils in CO2 in liquid CO2 

 

 ρ=0.1781 g/mL and 25°C ρ=0.7105 g/mL and 25°C 

Component Exp. PR Exp. PR 

Terpinen-4-ol 0.0100 0.0100 0.0597 0.0597 

α-cedrene 0.0009 0.0009 0.0125 0.0125 

α-pinene 0.0020 0.0020 0.0189 0.0189 

 

3.20 ESSENTIAL OIL AND MOST ABUNDANT COMPONENT COMPARISON 

The vapor mole fraction of each essential oil was then compared with the vapor 

mole fraction of the most abundant component of the essential oil at T=50°C and ρ=0.6 

g/mL. Calibrations for each essential oil can be found in section 3.9. 

3.21 SOLUBILITY OF ESSENTIAL OIL COMPARED TO ITS MOST 

ABUNDAMENT COMPONENT 

Table 3.26 shows that the mole fractions of the most abundant component well 

represent the total essential oil component.  
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Table 3.26: Y2 comparison of essential oil with most abundant component at 50°C 

and 12.26 MPa 

 

Oil/Key Component Y2 Oil Y2 Key Component 

Hinoki / α - pinene 0.344 0.344 

Tea tree / terpinen-4-ol 0.167 0.160 

Cedar wood/ α - cedrene 0.037 0.032 

The results correlate well with the Gas Chromatogram results reported earlier. Tea tree oil 

peaked at 8 minutes and 59 seconds from Figure 2.5. A very close peak came out at 8 

minutes and 76 seconds which explains why the solubility of the entire oil and most 

abundant oil vary slightly. Cedar wood oil peaked at 11 minutes and 12 seconds with very 

close peaks at both 10 minutes and 89 seconds and 10 minutes and 98 minutes from Figure 

2.8. The solubility of the entire oil and the most abundant component varied slightly. 

Hinoki oil peaked at 8 minutes and 59 seconds with no other peaks near it in Figure 2.11.  

This is why the solubilities of the most abundant component came out to be exactly the 

same solubility of 0.344 at 50°C and 12.26 MPa. 

3.22 NEW KNOWLEDGE ON PHASE EQUILIBRIUM OF TERPENIN-4-OL, α-

CEDRENE, α-PINENE IN LIQUID AND SUPERCRITICAL CO2 

The most abundant components in tea tree, cedar wood and hinoki oils have been 

identified as terpinen-4-ol, α-cedrene and α-pinene, respectively. Specifically, the boiling 

temperature, critical temperature, critical pressure and acentric factor are now reported for 

α-cedrene as 566.64 K, 792.2 K, 21.2 bar and 0.212 respectively using The Joback 

Contribution Method. 

The binary interaction parameters for CO2/terpinen-4-ol, CO2/α-cedrene, CO2/α-

pinene have been identified at temperatures of 298.15 K, 313.15 K, 323.15 K and 333.15 

K at various pressures. Mean absorbance values as a function of temperature and density  

have also been recorded in this research. 
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The vapor mole fraction of terpinen-4-ol in both liquid and supercritical CO2, as 

well as the vapor mole fraction of α-pinene using the dynamic solubility method at densities 

of 0.2, 0.3, 0.4, 0.6 and 0.7 g/mL are now known. Results show an increase in the solubility 

of each oil with an increase in density as well as a solubility increase as the temperature 

increases along a given isotherm. The experimental data correlates well with the PR-EOS. 

In addition, the vapor mole fraction of each essential oil well represents the most abundant 

component of each essential oil. Table 3.27 shows the correlation of the molecular weight, 

the boiling point and vapor pressure of each of the most abundant component compared to 

its highest solubility. 

Table 3.27: Solubility characterization 

 

Most 

Abundant 

Component 

Boiling Point 

(°C) 

Molecular 

Weight 

(g/mol) 

Vapor 

Pressure (mm 

Hg) at 25°C 

Highest 

Solubility y2 

α-pinene 156 136.2 4.750 0.13 

Terpinen-4-ol 209 154.3 0.040 0.25 

α-cedrene 262 204.4 0.018 0.06 
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CHAPTER 4: DEACTIVATION OF ALLERGENIC PROTEINS WITH 

ESSENTIAL OILS 

 

4.1 MOTIVATION 

The motivation behind the final chapter of this research was to test to see if indeed, 

essential oils themselves could in any way, inactivate allergenic protein using an Enzyme-

Linked Immunosorbent Assay (ELISA) response. Dust samples were gathered from a local 

home in Columbia, South Carolina with known cat allergens. The goal of this work is to 

test the hypothesis that an essential oil may inactivate the allergenic proteins Fel d 1 and 

Der f 1 as measured by sandwich ELISA. Another hypothesis tested in this work is to 

determine whether prolonged exposure to dry ice temperatures (-70°C) will affect the 

ELISA response of Fel d 1. The statistical analytical tool used in this work is a one-way 

repeated ANOVA analysis using IBM SPSS Statistics Software. The confidence level was 

set to 95% with α = 0.05. The Sandwich ELISA assay was the primary tool for evaluating 

the activity the cat allergen protein (61). 

4.2 LITERATURE REVIEW 

Domestic cats (Felis domesticus) are a popular pet in United Stated homes, but cat 

allergens are one of the major triggers of asthma worldwide. Cat allergens are particularly 

prevalent and mobile, 99.9% of homes have measurable levels of cat allergens, even though 

only 49.1% of homes had either a dog or a cat (6). Cat allergens are adhesive meaning that 

they stick to clothes and to very small particles that can become aerosolized. The highest 

levels of cat allergen are found in living rooms (10). The dominant cat allergen, Fel d 1, is 
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produced largely in cat saliva and sebaceous glands (11). The protein is of an unknown 

function in the animal but causes an IgG or IgE reaction in sensitive humans. 

Essential oils are volatile and limpid. They are lipid soluble and soluble in organic 

solvents, having a generally lower density than that of water. Essential oils can be 

synthesized by plant organs including buds, flowers, leaves, stems, twigs, seeds, fruits, 

roots, wood, or bark and are stored in secretory cells, cavities, canals, epidermic cells, or 

glandular trichomes. At present, promising approaches have been reported using essential 

oils or components thereof in medicinal products for human or veterinary use (62). 

Essential oils have several biological properties, (63) such as larvicidal action (64), 

antioxidant (65), analgesic and anti-inflammatory (66), fungicide (67), and antitumor 

activity (68). The in vitro antimicrobial activity of essential oils has been researched 

extensively against a variety of microorganisms (69). 

There is a long history related to the use of plants in treatment of human diseases 

(70). For example, licorice (Glycyrrhiza glabra), myrrh (Commiphora species) and poppy 

capsule latex (Papaversomniferum), have written historic record to be used in 2600 B.C. 

and these plants are still used in treatments either as a part of drug or as herbal preparations 

in traditional medicine (71). Traditional use of plants as a therapeutic tool, especially those 

with ethnopharmacological uses, serve as basis for their use in modern medicine (70). 

According to a recent analysis 80% of 122 plant-derived drugs are related to their original 

traditional uses (72). 

As a motivation for this work, a patent has been published that supports some 

evidence that cedar wood oil and hinoki oil are of potential value in deactivating 
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variousallergens. Hinoki oil and cedar wood essential oils are used against one or both of 

Der p 1 and Der f 1 allergens (27). 

There is some evidence that essential oils can act as an antimicrobial or antioxidant 

agent or have a pharmacological effect on various tissue (17). McDonald and Tovey (19) 

initially reported that several essential oils could be emulsified in low concentrations in the 

laboratory detergent Tween to form effective acaricides. However, Tween is not available 

to the general public (19). Their follow-up study (20) shows it possible to make a simple, 

effective, inexpensive laundry acaricidal wash that eliminates the need for very hot water 

and also maintains low allergen levels in bedding for longer than normal laundering alone. 

By using eucalyptus oil, which is a widely available essential oil, with a specific kitchen 

detergent concentrate, McDonald and Tovey (19) formulated an inexpensive acaricidal 

wash. Table 4.1 shows that more than 80% of mites were killed after immersion in 0.2% 

and 0.4% solutions of eucalyptus oil for 30 and 60 minutes. 

Table 4.1: Efficacy of Eucalyptus oil formulations for killing dust mites (20) 

 

Minutes Control 5% 

treatment 

10% 

treatment 

20% 

treatment 

40% treatment 

7.5 20 30 35 35 40 

15 15 35 30 45 70 

30 25 50 50 75 90 

60 15 20 70 85 90 

 

We are primarily interested in these phenomena due to a patented technology for 

allergy abatement in the home called “The CarboNix Triple Phase Treatment”. CarboNix 

uses jets of air and dry ice powder to freeze dust mites in mattresses and carpet. The jets 

also loosen the dust triggers, which are then vacuumed away. This work is primarily 
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focused on essential oil in the hope that they will prevent re-infestation and regrowth of cat 

allergen. 

4.3 ENZYME LINKED IMMUNOSORBENT ASSAY TECHNOLOGY 

The sandwich ELISA illustrated in Figure 4.1 quantifies antigens between two layers 

of antibodies (i.e. capture and detection antibody). ELISAs are plate-based assays designed 

for detecting and quantifying substances such as peptides, proteins, antibodies and 

hormones (73). Performing an ELISA involves at least one antibody with specificity for a 

particular antigen. The sample with an unknown amount of antigen is immobilized on a 

solid support (usually a polystyrene micro titer plate) (73). 

After the antigen is immobilized, the detection antibody is added, forming a complex 

with the antigen. The detection antibody can be covalently linked to an enzyme or can itself 

be detected by a secondary antibody that is linked to an enzyme through bioconjugation. 

Between each step, the plate is washed with a mild detergent solution to remove any 

proteins or antibodies that are not specifically bound. After the final wash step, the plate is 

developed by adding an enzymatic substrate to produce a visible signal, which indicates 

the quantity of antigen in the sample (73). 

 

 

 

Figure 4.1: Sandwich ELISA steps (73) 
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While ELISA has been one of the primary methods for detecting antigens for over 

40 years, the Mutliplex Array for Indoor Allergens (MARIA) has recently been employed 

by Indoor Biotechnologies for greater sensitivity and reproducibility (74). The MARIA 

analysis combines Indoor Biotechnologies proprietary panels of monoclonal antibodies 

with multiplexing technology. MARIA technology uses polystyrene microspheres that are 

internally dyed with distinct fluorophores to create as many as 100 distinctly coded bead 

sets. Capture antibodies are covalently coupled to different bead sets and then used to 

develop quantitative immunoassays using biotinylated detector antibodies and a reporting 

fluorophore. Up to 11 common allergens can currently be measured simultaneously using 

this technology (74). According to Indoor Biotechnologies, the typical variability in 

MARIA assay is quite low. The variability of response in a given sample is generally less 

than 10% however, results for replicate dust samples can vary as much as 30% because of 

the variability between dust samples collected in a home. 

Preliminary ELISA tests done in the lab show that the highest inactivation resulted 

at supercritical conditions, where 80% inactivation for Der p 1 and 37% for Fel d 1 were 

observed. Table 4.2 shows that with dry heat treatment only 2.6% Der p 1 was measured 

and no deactivation of Fel d 1 was seen. Because Der p 1 and Fel d 1 have different 

structure and molecular weights, we expected the level of inactivation would be different 

(11). 

Table 4.2: Percent inactivation of protein, as quantified by ELISA 

 

CO2 State Der p 1 Fel d 1 

Liquid CO2 5% 2% 

Dry Heat 2.6% None 

Supercritical CO2 80% 37% 
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The shortcoming with this preliminary data lies in the fact that the allergens were 

dissolved in water while being exposed to supercritical CO2. Pillows and mattresses in 

homes where dust mites live contain allergens bound to dry dust particles. However, the 

results tell us that the deactivation of the proteins using supercritical CO2 is promising. 

4.4 EVAPORATION RATE OF ESSENTIAL OILS 

The evaporation rate for each oil was determined over four days. Each of the dust 

samples were placed in a vacuum chamber at 30° and then measured each day over four 

days. Mineral oil was initially used as a control to compare its volatility with that of 

essential oils. There is no single chemical formula for mineral oil because it is a blend of 

various hydrocarbons and additives. They are typically light mixtures of alkanes in the 

C15 to C40 range. The phase is typically solid when alkanes begin at C18. The masses of 

each oil/initial mass versus time in hours were plotted, as shown in Figure 4.2. The mass 

of oil represents the mass of the sample – mass of dry dust. Mineral oil is not volatile and 

takes a longer time to evaporate. C10H22 served better from its low number of carbons, its 

high volatility, non-polar nature and lack of chemical functionality. 

 

 

Figure 4.2: Evaporation rate of essential oils at 30°C with mineral oil as control 

0 20 40 60 80 100

0.0

0.2

0.4

0.6

0.8

1.0

M
a

s
s

 o
f 

O
il

 /
 I

n
it

ia
l 

M
a

s
s

 o
f 

O
il

Time in hours

 Tea tree

 Cedar wood

 Hinoki

 Mineral



 

110 

 

Tables 4.3-4.6 show the four-day evaporation rate for each oil with mineral oil serving as 

a control. 

Table 4.3: Evaporation rate over four days for mineral oil 

 

Time in hours Mass of sample – Mass of 

dry dust= mass of oil 

(mg) 

Mass of oil / initial mass 

0 0.0932 1.0000 

24 0.08912 0.9562 

48 0.08890 0.95386 

72 0.08869 0.95161 

96 0.08869 0.95161 

 

Table 4.4: Evaporation rate over four days for tea-tree oil 

 

Time in hours Mass of sample – Mass of 

dry dust= mass of oil 

(mg) 

Mass of oil / initial mass 

0 0.1113 1.0000 

24 0.0756 0.6792 

48 0.0421 0.3791 

72 0.0282 0.2531 

96 0.0103 0.0923 

Tea tree oil   C10H18O; ρ = 0.878 g/mL  

 

Table 4.5: Evaporation rate over four days for cedar wood oil 

 

Time in hours Mass of sample – Mass of 

dry dust= mass of oil 

(mg) 

Mass of oil / initial mass 

0 0.1110 1.0000 

24 0.0979 0.8902 

48 0.0861 0.7823 

72 0.0861 0.7823 

96 0.0861 0.7823 

Cedar wood oil C15H24; ρ = 0.952 g/mL  
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Table 4.6: Evaporation rate over four days for hinoki oil 

 

Time in hours Mass of sample – Mass of 

dry dust= mass of oil 

(mg) 

Mass of oil / initial mass 

0 1.1087 1.0000 

24 0.4904 0.4423 

48 0.2614 0.2358 

72 0.0301 0.0271 

96 0.0000 0.0000 

Hinoki oil C10H16; ρ=0.8821 g/mL  

 

Tables 4.7-4.10 show the four-day evaporation rate for each oil with n-decane serving as a 

control. 

Table 4.7: Evaporation rate over four days for n-decane 

 

Time in hours Mass of sample – Mass of 

dry dust= mass of oil 

(mg) 

Mass of oil / initial mass 

0 0.0859 1.0000 

24 0.0599 0.6973 

48 0.0347 0.4039 

72 0.0098 0.1141 

96 0.000051 0.0059 

N-decane C10H22; ρ = 0.73005 g/mL  

Table 4.8: Evaporation rate over four days for tea-tree oil 

 

Time in hours Mass of sample – Mass of 

dry dust= mass of oil 

(mg) 

Mass of oil / initial mass 

0 0.1116 1.0000 

24 0.0811 0.7268 

48 0.0535 0.4794 

72 0.0251 0.2249 

96 0.0082 0.0735 

Tea tree oil   C10H18O; ρ = 0.878 g/mL  
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4.5.6 PROTOCOL FOR TREATING DRY DUST SAMPLES WITH ESSENTIAL 

OILS 

The objective of this work was to analyze the effect of essential oils on the ELISA 

response of Fel d 1 and Der p 1 protein. Prior to the ELISA assay analysis, a “Miele vacuum 

cleaner” was used to gather dust samples from a home with known cat allergen, following 

the protocol recommended by the U.S. Department of Housing and Urban Development. 

(75) Two home rugs were thoroughly vacuumed as dust was collected in filters. Fine dust 

particles were isolated using a No. 45 mesh (355 um) screen to remove large particles and 

cat hair fibers. To produce a homogenous sample, all individual collections of fine dust 

were mixed together. The ELISA response was quantified for 18 dust samples including 

controls. The treatments included exposure to dry ice temperature, tea tree oil, cedar wood 

oil, hinoki oil, and n-decane.  

 

 

Figure 4.6: Linear regression on plate reader 2 
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 Two 300 mg homogenous sample of fine dust were placed in a closed vial and left 

to sit for 5 days. After 5 days, the vials were then put into a vacuum chamber at 30°C for 

7 days to produce a desiccated sample. Six replicates of 100 mg each were treated.  Three 

of the six samples were then exposed to dry ice at -70°C for 5 days and three untreated 

samples were used as a control.  

Similarly, for the essential oil treatment, a homogenous sample of 300 mg of fine 

dust for each essential oil was placed into a closed vial for 5 days. After 5 days, the vials 

were desiccated under vacuum at 30°C and 30 psig for 7 days to produce a dry, oil-free 

sample. Finally, the treated oils were portioned into three 100 mg aliquots for MARIA 

analysis. Three 100 mg replicates were created for each essential oil with n-decane serving 

as the negative control. 

MARIA analysis was conducted on aqueous extracts by Indoor Biotechnologies. 

To isolate Fel d 1 from dust, samples were extracted according to protocols supplied by 

Indoor Biotechnologies. The extraction procedure was as follows. 

Each individual dust aliquot (nominally 100 mg) was extracted by weighing out 

100 mg (±5 mg) of fine dust into a 75 mm x 12 mm plastic test tube. Then 2.0 mL of PBS-

T (0.05% Tween 20 in phosphate buffered saline) was added to each sample followed by 

re-suspension using a vortex mixer. The samples were then placed on a laboratory rocker 

and mixed for 2 hours. Next each sample was centrifuged for 20 minutes at 2,500 rpm. 

Using a Pasteur pipette, about 1.5 mL of supernatant was removed for ELISA measurement 

of the antigen. Prior to shipment, aqueous extracts, were stored at -20°C in a freezer vial 

with each sample labeled and coded. Sample extracts were ultimately analyzed by Indoor 

Biotechnologies (INDOBIO) via MARIA analysis (76). 
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4.6 EFFECT OF ESSENTIAL OIL EXPOSURE ON ALLERGENIC PROTEINS 

ON WET DUST SAMPLES 

Table 4.11 and 4.12 show the concentrations of each sample and oil from the two 

plate readers following application of dilution factor and conversion from ng/mL to μg/g. 

Table 4.12: Effect of essential oil exposure on Fel d 1 ELISA response (μg of cat 

allergen / total gram on wet dust sample from plate reader 1 

 

Sample (μg/g) Tea tree oil(μg/g) Cedar wood(μg/g) Hinoki (μg/g) 

3.44 3.92 12.3 10.9 

4.57 66.8 23.4 20.7 

 

Table 4.13: Effect of essential oil exposure on Fel d 1 ELISA response (μg of cat 

allergen / total gram on wet dust sample from plate reader 2 

 

Sample (μg/g) Tea tree oil(μg/g) Cedar wood(μg/g) Hinoki (μg/g) 

3.55 3.94 12.3 10.9 

4.56 6.72 23.4 20.9 

 

The shortcoming with the above data lie in the fact that cat allergen in homes are 

typically dry. The dust exposed to essential oil is not typical in a home. There is also high 

variability within each sample. Essential oils on wet dust samples do nothing to inactivate 

dust allergenic levels with ELISA measurement. In addition, the response levels are very 

low, and we cannot conclude that the oils are effective or not. 

A home dust sample was sent out to INDOBIO for analysis. Extraction protocol, 

shown in Appendix L, were performed in lab. The same protocol was followed as above 

with a sample having no oil added compared to 2.1 mL /100 mg of oil added for three 

essential oils. Table 4.14 shows the result confirming essential oil on wet dust does nothing 

to the concentration level of Fel d 1. 
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Table 4.14: Effect of essential oil exposure on Fel d 1 ELISA response (μg of cat 

allergen / total gram on wet dust sample from INDOBIO 

 

Sample (μg/g) Tea tree oil(μg/g) Cedar wood(μg/g) Hinoki (μg/g) 

2.11 4.39 2.13 3.8 

 

4.7 EFFECT OF ESSENTIAL OIL EXPOSURE ON ALLERGENIC PROTIENS 

ON DRY DUST SAMPLES 

A one-way repeated ANOVA test was conducted to compare each essential oil with 

dry, n-decane and dry ice as controls. The Wilks’ Lambda model served as the determinant. 

The Wilks’ Lambda model is a test statistic used in multivariate analysis of variance 

(MANOVA) which is used todetermine if there are differences between the means of 

identified groups of subjects on a combination of dependent variables (77). 

4.7.1 CASE STUDY 1 FOR ELISA RESPONSE ON FEL D 1 

 Table 4.15 shows the concentration of dust sample in micrograms of Fel d 1 per 

gram of dry dust. The mean and standard deviation for each test are shown as well. 

Exposure to essential oils generally reduced the ELISA concentration response of 

household dust containing Fel d 1.  

Table 4.15: Effect of essential oil exposure on Fel d 1 ELISA response (ug of cat 

allergen/total gram of dry sample dust) 

 

Sample Dry dust Dry ice Tea tree Hinoki Cedarwood N-decane 

Sample 1 974.1 649.5 174.9 575.8 103.3 1,181.3 

Sample 2 1,098.9 888.8 91.2 282.2 104.9 240.3 

Sample 3 1,556.2 1,488.9 84.8 401.4 127.4 327.50 

Mean 1,209.7 1,009.1 116.9 419.8 111.9 583.4 

Std. Dev. 306.5 432.4 50.3 147.7 13.5 519.7 
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4.7.2 STATISTICAL ANALYSIS 

There is a statistically significant effect on dry dust exposed to tea tree (p=0.031) 

and cedar wood oil (p=0.023) shown in Table 4.16. Hinoki oil showed a marginal statistical 

significance (p=0.069). Between each oil, results show statistical significance for tea tree 

and hinoki oil treatments with a p-value of 0.038. Cedar wood, tea tree and hinoki oils were 

marginally significant at 0.066 and 0.071. Dry dust samples compared with the samples 

that were exposed to dry ice sample show no statistical significance. Dry dust samples 

relative to n-decane also show no statistical significance. Dry ice samples compared with 

n-decane and hinoki oil show no statistical significance. Dry ice samples compared with 

tea tree oil, cedar wood and hinoki oil also show no statistical significance. 

Table 4.16: Statistical significance in reduction of Fel d 1 levels in dry dust for each 

treatment within subjects 

 

 Control TTO HO CWO DI N-Decane 

Control  0.031 0.069 0.023 0.057 0.14 

TTO   0.038 0.066 0.082 0.228 

HO    0.071 0.182 0.536 

CWO     0.066 0.261 

DI      0.485 

N-decane       

 

4.7.3 CASE STUDY 2 FOR ELISA RESPONSE ON FEL D 1 

In the same home, another study revealed the effect tea tree oil has on Fel d 1 

allergen with n-decane as a control oil. Table 4.17 shows the concentration of dust sample 
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in µg of Fel d 1 per gram of dry dust. The mean and standard deviation for each test are 

shown as well. Exposure to essential oils generally reduced the ELISA concentration 

response of household dust containing Fel d 1. 

Table 4.17: Effect of essential oil exposure on Fel d 1 ELISA response (ug of Fel d 

1/total gram of dry sample dust) 

 

Sample Dry dust Tea tree N-decane 

Sample 1 1193.9 728.6 779.1 

Sample 2 1165.8 1470.1 1555.4 

Sample 3 708.3 647.7 1103.9 

Mean 1022.7 948.8 1146.1 

Std. Dev. 272.6 453.3 389.9 

 

4.7.4 TEA TREE OIL ON DER F 1 ELISA RESPONSE 

Another study showed the effect of tea tree oil on Der f 1 allergen with n-decane as 

a control. Table 4.18 shows the concentration of dust sample in µg of Der f 1 per gram of 

dry dust. Both mean and standard deviation for each test are shown. Exposure to tea tree 

oil generally reduced the ELISA concentration response on household dust containing Der 

f 1. 

Table 4.18: Effect of tea tree oil exposure on Der f 1 ELISA response ( ug of Der f 1/ 

total gram of dry sample dust) 

 

Sample Dry dust Tea tree N-decane 

Sample 1 4.134 3.674 3.281 

Sample 2 6.771 3.682 6.881 

Sample 3 4.434 3.806 4.052 

Mean 5.113 3.721 4.738 

Std. Dev. 1.179 0.060 1.548 
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Statistical analysis, shown in Table 4.19, indicates that Der f 1 was not statistically 

significant (p=0.167). Future studies would include more sample tests of essential oils on 

this allergen. 

Table 4.19: Statistical significance in reduction of Der f1 levels in dry dust for each 

treatment within subject. 

 

 Control TTO N-decane 

Control  0.167 0.207 

TTO   0.208 

N-decane    

 

4.8 NEW KNOWLEDGE ON ALLERGENIC PROTEIN DEACTIVATION WITH 

ESSENTIAL OILS 

An attempt has been made to determine whether essential oils, alone, inactivate 

allergenic proteins on both wet and dry dust samples quantified in μg/total grams of house 

dust, specifically for cat allergen, Fel d 1. The results confirm essential oils do nothing to 

inactivate allergenic proteins levels on wet dust samples.  Although results on dry dust 

show statistical significance for essential oil treatment, the small sample size as well as a 

negative result on a second test make the results uninterpretable. More tests with larger 

sample sizes would be needed to formulate a valid conclusion. This work employed ELISA 

as the assay to determine inactivation, however other assays would need to be employed to 

determine if essential oils have a particular role in inactivating allergens.  
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APPENDIX A: GAS CHROMATOGRAM INSTRUCTIONS 

 

1) Turn on the Helium valve. 

2) Check to see if the flow rate from the GC or the flow meter is about 20 

mL/min. 

3) Turn on the following: 

a. Oven temperature to ON position. 

b. Injector A to ON positon. 

c. Det. A to ON positon. 

4) Once the above items are ON, turn on the hydrogen and air valves and 

ignite. 

5) Press SIGNAL 1. This should be a high number. This number says that it is 

ready for an injection and a run. 

6) Do a blank run with only a solvent such as ethanol or acetone. Inject and 

press START. 

7) To start up the computer: 

a. Press START 

b. HP CHEMSTATION 

c. INSTRUMENT 1 ONLINE 

8) To start a new file: 

a. RUN CONTROL
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b. SAMPLE INFO 

c. CHANGE ANY EXISTING FILE NUMBER TO THE NEXT 

NUMBER

d. RUN METHOD 

e. HIT THE START BUTTON ON THE GC 

9) To see the GC graph (Area counts versus Time) 

a. VIEW 

b. ONLINE SIGNALS 

c. SIGNAL 1 

10) To change a method 

a. METHOD 

b. NEW METHOD 

c. CREATE A FILENAME 

d. EDIT ENTIRE METHOD
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APPENDIX B: CALIBRATION DATA 

 

Terpinen-4-ol : ρ= 0.933 g/mL at no dilutions. 

 

To make x10 dilution, put 9 mL of EtOH and 1 mL of tea tree oil in a small vial. 

The density becomes 0.0933 g/mL = 93.3 mg/mL = 93.3 ug/uL 

 

To make x 20 dilution, put 3 mL of EtOH and 3 mL of tea tree oil in a small vial. 

The density becomes 46.7 ug/uL 

 

To make x 50 dilution, put 4 mL of EtOH with 1 mL of tea tree oil in a small vial. 

The density becomes 18.7 ug/uL. 

 

To make x100 dilution, put 4.5 mL of EtOH with 0.5 mL of tea tree oil in a small 

vial. The density becomes 9.33 ug/uL. 

 

To make x1,000 dilution, put 4.5 mL of EtOH with 0.5 mL of tea tree oil in a small 

vial. The density becomes 0.933 ug/uL. 

 

To make x 10,000 dilution, put 4.5 mL of EtOH with 0.5 mL of tea tree oil in a 

small vial. The density becomes 0.0933 ug/uL. 

 

To make x 100,000 dilution, put 4.5 mL of EtOH with 0.5 mL of tea tree oil in a 

small vial. The density becomes 0.00933 ug/uL 

 

α- cedrene ; ρ= 0.932 g/mL at no dilutions 

To make x10 dilution, put 9 mL of EtOH and 1 mL of cedar wood oil in a small 

vial. The density becomes 0.0932 g/mL = 93.2 mg/mL = 93.3 ug/uL 

 

To make x 20 dilution, put 3 mL of EtOH and 3 mL of tea tree oil in a small vial. 

The density becomes 46.6 ug/uL 

 

To make x 50 dilution, put 4 mL of EtOH with 1 mL of tea tree oil in a small vial. 

The density becomes 18.7 ug/uL. 

 

To make x100 dilution, put 4.5 mL of EtOH with 0.5 mL of tea tree oil in a small 

vial. The density becomes 9.32 ug/uL.
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To make x1,000 dilution, put 4.5 mL of EtOH with 0.5 mL of tea tree oil in a small 

vial. The density becomes 0.932 ug/uL. 

 

To make x 10,000 dilution, put 4.5 mL of EtOH with 0.5 mL of tea tree oil in a 

small vial. The density becomes 0.0932 ug/uL. 

 

To make x 100,000 dilution, put 4.5 mL of EtOH with 0.5 mL of tea tree oil in a 

small vial. The density becomes 0.00932 ug/uL 

 

α- pinene : ρ = 0.858 g/mL at no dilutions. 

To make x10 dilution, put 9 mL of EtOH and 1 mL of tea tree oil in a small vial. 

The density becomes 0.858 g/mL = 93.3 mg/mL = 85.8 ug/uL 

 

To make x 20 dilution, put 3 mL of EtOH and 3 mL of tea tree oil in a small vial. 

The density becomes 42.9 ug/uL 

 

To make x 50 dilution, put 4 mL of EtOH with 1 mL of tea tree oil in a small vial. 

The density becomes 17.2 ug/uL. 

 

To make x100 dilution, put 4.5 mL of EtOH with 0.5 mL of tea tree oil in a small 

vial. The density becomes 8.58 ug/uL. 

 

To make x1,000 dilution, put 4.5 mL of EtOH with 0.5 mL of tea tree oil in a small 

vial. The density becomes 0.858 ug/uL. 

 

To make x 10,000 dilution, put 4.5 mL of EtOH with 0.5 mL of tea tree oil in a 

small vial. The density becomes 0.0858 ug/uL. 

 

To make x 100,000 dilution, put 4.5 mL of EtOH with 0.5 mL of tea tree oil in a 

small vial. The density becomes 0.00858 ug/uL 
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APPENDIX C: Tr1, Pr1, a AND b CONSTANTS AS A FUNCTION OF T AND P IN 

DETERMINING K12 VALUES FOR TERPINEN-4-OL 

 

Table C.1: Design Parameter for 273.15 K 

T=298.15 K ;  

ρ (g/mL) P(MPa) Pr1=
𝑷

𝑷𝒄
 

0.2 5.69 0.7720 

0.7 6.43 0.8725 

Tcr1=304.2 K ; Tcr2= 754.3 K ; Pcr1 = 7.37 MPa ; Pcr2 = 3.32 MPa ; Tr1 = 0.980112 ; 

a1=402516.985 ; a2= 10687349.4 ; b1 = 26.698 ; b2 = 146.960 

 

Table C.2: Design Parameter for 283.15 K 

T = 313.15 K ;  

ρ (g/mL) P(MPa) Pr1=
𝑷

𝑷𝒄
 

0.2 7.03 0.9539 

0.3 8.18 1.110 

0.4 8.69 1.179 

0.6 9.67 1.312 

0.7 11.43 1.551 

Tcr1=304.2 K ; Tcr2= 754.3 K ; Pcr1 = 7.37 MPa ; Pcr2 = 3.32 MPa ; Tr1 = 1.029421 ; 

a1=388716.133 ;  a2= 10429878.4 ; b1 = 26.698 ; b2 = 146.960 

 

Table C.3: Design Parameter for 293.15K 

T = 323.15 K   

ρ (g/mL) P(MPa) Pr1=
𝑷

𝑷𝒄
 

0.2 7.63 1.035 

0.3 9.18 1.246 

0.4 10.12 1.373 

0.6 12.26 1.664 

0.7 15 2.035 

Tcr1=304.2 K ; Tcr2= 754.3 K ; Pcr1 = 7.37 MPa ; Pcr2 = 3.32 MPa ; Tr1 = 1.062295 ; 

a1=379828.561 ;  a2= 10263340.1 ; b1 = 26.698 ; b2 = 146.960 
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Table C.4: Design Parameter for 303.15K 

T = 333.15 K  

ρ (g/mL) P(MPa) Pr1=
𝑷

𝑷𝒄
 

0.2 8.21 1.114 

0.3 10.16 1.379 

0.4 11.56 1.569 

0.6 14.89 2.020 

0.7 18.64 2.530 

Tcr1=304.2 K ; Tcr2= 754.3 K ; Pcr1 = 7.37 MPa ; Pcr2 = 3.32 MPa ; Tr1 = 1.095168 ; 

a1=371177.896 ; 

 a2= 10100668.9 ; b1 = 26.698 ; b2 = 146.960 
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APPENDIX D: Tr1, Pr1, a AND b CONSTANTS AS A FUNCTION OF T AND P IN 

DETERMINING K12 VALUES FOR α-CEDRENE 

 

Table D.1: Alpha-Cedrene at 298.15 K 

 

T=298.15 K   

ρ (g/mL) P(MPa) Pr1=
𝑷

𝑷𝒄
 

0.2 5.69 0.7720 

0.7 6.43 0.8725 

Tcr1=304.2 K ; Tcr2= 792.2 K ; Pcr1 = 7.37 MPa ; Pcr2 = 2.12 MPa ; Tr1 = 0.980112 ; 

a1=402516.985 ; a2= 15008896 ; b1 = 26.698 ; b2 = 241.708 

 

Table D.2: Alpha-Cedrene at 313.15 K 

 

T = 313.15 K  

ρ (g/mL) P(MPa) Pr1=
𝑷

𝑷𝒄
 

0.2 7.03 0.9539 

0.3 8.18 1.110 

0.4 8.69 1.179 

0.6 9.67 1.312 

0.7 11.43 1.551 

; Tcr1=304.2 K ; Tcr2= 792.2 K ; Pcr1 = 7.37 MPa ; Pcr2 = 2.12 MPa ; Tr1 = 1.029421 ; 

a1=388716.133 ;  a2= 14760840.9 ; b1 = 26.698 ; b2 = 241.708 

 

Table D.3: Alpha-Cedrene at 323.15 K 

 

T = 323.15 K  

ρ (g/mL) P(MPa) Pr1=
𝑷

𝑷𝒄
 

0.2 7.63 1.035 

0.3 9.18 1.246 

0.4 10.12 1.373 

0.6 12.26 1.664 

0.7 15 2.035 

 Tcr1=304.2 K ; Tcr2= 792.2 ; Pcr1 = 7.37 MPa ; Pcr2 = 2.12 MPa ; Tr1 = 1.062295 ; 

a1=379828.561 ;  a2= 14599879.7 ; b1 = 26.698 ; b2 = 241.708 
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Table D.4: Alpha-Cedrene at 333.15 K.  

 

T = 333.15 K  

ρ (g/mL) P(MPa) Pr1=
𝑷

𝑷𝒄
 

0.2 8.21 1.114 

0.3 10.16 1.379 

0.4 11.56 1.569 

0.6 14.89 2.020 

0.7 18.64 2.530 

Tcr1=304.2 K ; Tcr2= 792.2 K ; Pcr1 = 7.37 MPa ; Pcr2 = 2.12 MPa ; Tr1 = 1.095168 ; 

a1=371177.896 ;  a2= 14442244.7 ; b1 = 26.698 ; b2 = 241.708 
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APPENDIX E: Tr1, Pr1, a AND b CONSTANTS AS A FUNCTION OF T AND P IN 

DETERMINING K12 VALUES FOR α-PINENE 

 

Table E.1:T=298.15 K 

ρ (g/mL) P(MPa) Pr1=
𝑷

𝑷𝒄
 

0.2 5.69 0.7720 

0.7 6.43 0.8725 

Tcr1=304.2 K ; Tcr2= 644.0 K ; Pcr1 = 7.37 MPa ; Pcr2 = 2.77 MPa ; Tr1 = 0.980112 ; 

a1=402516.985 ; a2= 7095416.68 ; b1 = 26.698 ; b2 = 150.383 

 

Table E.2: T = 313.15 K 

ρ (g/mL) P(MPa) Pr1=
𝑷

𝑷𝒄
 

0.2 7.03 0.9539 

0.3 8.18 1.110 

0.4 8.69 1.179 

0.6 9.67 1.312 

0.7 11.43 1.551 

Tcr1=304.2 K ; Tcr2= 644.0 K ; Pcr1 = 7.37 MPa ; Pcr2 = 2.77 MPa ; Tr1 = 1.029421 ; 

a1=388716.133 ;  a2= 6958480.67 ; b1 = 26.698 ; b2 = 150.383 

 

Table E.3: T = 323.15 K 

ρ (g/mL) P(MPa) Pr1=
𝑷

𝑷𝒄
 

0.2 7.63 1.035 

0.3 9.18 1.246 

0.4 10.12 1.373 

0.6 12.26 1.664 

0.7 15 2.035 

Tcr1=304.2 K ; Tcr2= 644.0 K ; Pcr1 = 7.37 MPa ; Pcr2 = 2.77 MPa ; Tr1 = 1.062295 ; 

a1=379828.561 ;  a2= 6869726.08 ; b1 = 26.698 ; b2 = 150.383 
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Table E.4: T = 333.15 K  

ρ (g/mL) P(MPa) Pr1=
𝑷

𝑷𝒄
 

0.2 8.21 1.114 

0.3 10.16 1.379 

0.4 11.56 1.569 

0.6 14.89 2.020 

0.7 18.64 2.530 

Tcr1=304.2 K ; Tcr2= 644.0 K ; Pcr1 = 7.37 MPa ; Pcr2 = 2.77 MPa ; Tr1 = 1.095168 ; 

a1=371177.896 ;  a2= 6782891.07 ; b1 = 26.698 ; b2 = 150.383 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

APPENDIX F: EXPERIMENTAL DATA FOR TERPINEN-4-OL 

Extraction Time:180 minutes 

Wavelength:290 nm 

Ethanol injection: 4000 μL 

 

 
 

 

 

 

 

Temp Density Grams Moles Volume Flow rate Moles of y T-4-ol std. D

°C g/mL Absorb. ug/uL ug extracted extracted mL mL/min CO2 mole frac Deviation Max Min

25 0.2 0.004 1.71 6857.14 0.0069 0.0000 4.0000 0.0222 0.0843 0.0005 0.001 0.002 0.000

25 0.7 0.087 41.24 164952.38 0.1650 0.0011 0.8000 0.0044 0.0169 0.0597 0.002 0.062 0.058

40 0.2 0.005 2.19 8761.90 0.0088 0.0001 0.9000 0.0050 0.0190 0.0030 0.002 0.005 0.001

40 0.3 0.013 6.00 24000.00 0.0240 0.0002 0.8200 0.0046 0.0173 0.0089 0.002 0.011 0.007

40 0.4 0.014 6.48 25904.76 0.0259 0.0002 0.2000 0.0011 0.0042 0.0383 0.004 0.042 0.034

40 0.6 0.027 12.67 50666.67 0.0507 0.0003 0.1700 0.0009 0.0036 0.0840 0.003 0.087 0.081

40 0.7 0.390 185.52 742095.24 0.7421 0.0048 1.8000 0.0100 0.0379 0.1126 0.027 0.140 0.086

50 0.2 0.003 1.24 4952.38 0.0050 0.0000 0.3800 0.0021 0.0080 0.0100 0.002 0.012 0.008

50 0.3 0.032 15.05 60190.48 0.0602 0.0004 0.5500 0.0031 0.0116 0.0326 0.007 0.040 0.026

50 0.4 0.040 18.86 75428.57 0.0754 0.0005 0.2000 0.0011 0.0042 0.1040 0.090 0.194 0.014

50 0.6 0.200 95.05 380190.48 0.3802 0.0025 0.6500 0.0036 0.0137 0.1526 0.007 0.160 0.146

50 0.7 0.653 310.76 1243047.62 1.2430 0.0081 2.0000 0.0111 0.0421 0.1606 0.006 0.167 0.155

Tea tree 50 0.6 0.238 105.45 421818.18 0.4218 0.0027 0.6500 0.0036 0.0137 0.1665 0.030 0.196 0.136

60 0.2 0.033 15.52 62095.24 0.0621 0.0004 1.7900 0.0099 0.0377 0.0106 0.015 0.026 -0.004

60 0.3 0.035 16.48 65904.76 0.0659 0.0004 0.3000 0.0017 0.0063 0.0633 0.003 0.066 0.060

60 0.4 0.011 5.05 20190.48 0.0202 0.0001 0.0500 0.0003 0.0011 0.1105 0.008 0.119 0.103

60 0.6 0.150 71.24 284952.38 0.2850 0.0018 0.3000 0.0017 0.0063 0.2262 0.021 0.247 0.205

60 0.7 0.270 128.38 513523.81 0.5135 0.0033 0.5000 0.0028 0.0105 0.2402 0.025 0.265 0.215

1
3
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APPENDIX G: EXPERIMENTAL DATA FOR α-CEDRENE 

Extraction Time:180 minutes 

Wavelength:290 nm 

Ethanol injection: 4000 μL 

 

 
 

 

 

 

 

 

Temp. Density Grams Moles Volume Vol. flow Moles of Mole STD

Inj(uL) °C g/mL Absorb. ug/uL ug extracted extracted mL mL/min CO2 Fraction DEV. MAX MIN

25 0.2 0.035 0.252976 1011.905 0.001012 4.95182E-06 0.27 0.0015 0.005687 0.00087 0.001 0.002 -0.001

25 0.7 0.064 0.684524 2738.095 0.002738 1.3399E-05 0.05 0.000278 0.001053 0.012563 0.001 0.014 0.011

40 0.2 0.193 2.604167 10416.67 0.010417 5.09746E-05 0.8 0.004444 0.016851 0.003016 0.002 0.005 0.001

40 0.3 0.298 4.166667 16666.67 0.016667 8.15594E-05 1.2 0.006667 0.025276 0.003216 0.003 0.006 0.001

40 0.4 0.529 7.604167 30416.67 0.030417 0.000148846 0.8 0.004444 0.016851 0.008756 0.003 0.012 0.006

40 0.6 0.533 7.66369 30654.76 0.030655 0.000150011 0.2 0.001111 0.004213 0.034385 0.002 0.036 0.032

40 0.7 0.826 12.02381 48095.24 0.048095 0.000235357 0.25 0.001389 0.005266 0.042783 0.006 0.049 0.037

50 0.2 0.044 0.386905 1547.619 0.001548 7.57337E-06 0.1 0.000556 0.002106 0.003583 0.001 0.005 0.003

50 0.3 0.084 0.982143 3928.571 0.003929 1.92247E-05 0.09 0.0005 0.001896 0.010039 0.007 0.017 0.003

50 0.4 0.462 6.607143 26428.57 0.026429 0.00012933 0.35 0.001944 0.007372 0.017241 0.003 0.020 0.015

50 0.6 0.659 9.53869 38154.76 0.038155 0.000186713 0.24 0.001333 0.005055 0.035619 0.001 0.037 0.035

50 0.7 1.093 15.99702 63988.1 0.063988 0.00031313 0.25 0.001389 0.005266 0.056127 0.002 0.058 0.054

Cedar wood 50 0.6 0.688 9.965774 39863.1 0.039863 0.000195073 0.24 0.001333 0.005055 0.037155 0.002 0.039 0.036

60 0.2 0.109 1.354167 5416.667 0.005417 2.65068E-05 0.3 0.001667 0.006319 0.004177 0.001 0.005 0.003

60 0.3 0.132 1.696429 6785.714 0.006786 3.32063E-05 0.1 0.000556 0.002106 0.01552 0.008 0.024 0.008

60 0.4 0.269 3.735119 14940.48 0.01494 7.31122E-05 0.15 0.000833 0.00316 0.022617 0.006 0.029 0.017

60 0.6 1.530 22.5 90000 0.09 0.000440421 0.48 0.002667 0.01011 0.041743 0.004 0.046 0.038

60 0.7 1.400 20.56548 82261.9 0.082262 0.000402554 0.11 0.000611 0.002317 0.148024 0.070 0.218 0.078

1
3
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APPENDIX H: EXPERIMENTAL DATA FOR α-PINENE 

Extraction Time:180 minutes 

Wavelength:290 nm 

Ethanol injection: 4000 μL 

 
 

 

Y2 mole fraction at 50°C and 0.3 g/mL of 0.008 is in agreement with Akgun(45) 

 

y2

Temp. Density Grams Moles Volume Vol. flow Moles of Mole

Waveleng. °C g/mL Absorb. ug/uL ug extracted extracted mL mL/min CO2 Fraction Std. Max Min

25 0.2 0.008 1.451613 5806.452 0.005806 4.26224E-05 0.95 0.005278 0.02001 0.002126 0.001 0.003 0.001

25 0.7 0.017 2.903226 11612.9 0.011613 8.52448E-05 0.21 0.001167 0.004423 0.018907 0.001 0.020 0.018

40 0.2 0.007 1.290323 5161.29 0.005161 3.78866E-05 0.51 0.002833 0.010742 0.003514 0.002 0.005 0.002

40 0.3 0.010 1.774194 7096.774 0.007097 5.20941E-05 0.37 0.002056 0.007793 0.00664 0.007 0.014 0.000

40 0.4 0.012 2.096774 8387.097 0.008387 6.15657E-05 0.33 0.001833 0.006951 0.008779 0.005 0.014 0.004

40 0.6 0.013 2.258065 9032.258 0.009032 6.63015E-05 0.15 0.000833 0.00316 0.020553 0.003 0.024 0.017

40 0.7 0.024 4.032258 16129.03 0.016129 0.000118396 0.23 0.001278 0.004845 0.023856 0.003 0.027 0.021

50 0.2 0.015 2.580645 10322.58 0.010323 7.57732E-05 0.73 0.004056 0.015376 0.004904 0.004 0.008 0.001

50 0.3 0.018 3.064516 12258.06 0.012258 8.99807E-05 0.54 0.003 0.011374 0.007849 0.005 0.012 0.003

50 0.4 0.044 7.258065 29032.26 0.029032 0.000213112 0.52 0.002889 0.010953 0.019086 0.005 0.024 0.014

50 0.6 0.051 8.387097 33548.39 0.033548 0.000246263 0.35 0.001944 0.007372 0.032325 0.004 0.036 0.028

50 0.7 0.058 9.516129 38064.52 0.038065 0.000279414 0.3 0.001667 0.006319 0.042345 0.004 0.046 0.039

Hinoki oil 50 0.6 0.038 9.976744 39906.98 0.039907 0.000292938 0.39 0.002167 0.008215 0.034432 0.002 0.036 0.032

60 0.2 0.016 2.741935 10967.74 0.010968 8.0509E-05 0.65 0.003611 0.013691 0.005846 0.005 0.011 0.001

60 0.3 0.023 3.870968 15483.87 0.015484 0.00011366 0.3 0.001667 0.006319 0.017669 0.007 0.024 0.011

60 0.4 0.062 10.16129 40645.16 0.040645 0.000298357 0.45 0.0025 0.009479 0.030517 0.010 0.041 0.020

60 0.6 0.077 12.58065 50322.58 0.050323 0.000369394 0.29 0.001611 0.006108 0.057025 0.001 0.058 0.056

60 0.7 0.098 15.96774 63870.97 0.063871 0.000468847 0.3 0.001667 0.006319 0.069071 0.098 0.167 -0.029

1
4
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APPENDIX I: PENG ROBINSON Y2 FOR TERPINEN-4-OL @ K12=0.124 

T=25°C  
P MPa ρ(g/mL) X1 X2 Ф1

liquid Ф1
vapor Ф2

liquid Ф2
vapor K1=ф1

liquid/ 

ф1
vapor 

K2=ф2
liquid/ 

ф2
vapor 

Y1 Y2 Y1+Y2 

5.69 0.2 0.7 0.3 1.2263 0.7070 1.2e-6 0.0254 1.7345 4.7e-5 1.2142 0.00001 1.2142 

6.43 0.7 0.95 0.05 0.7001 0.7086 1.765e-5 1.429e-5 0.9880 1.235 0.9386 0.0618 1.0000 

 

T=40°C  

P MPa ρ(g/mL) X1 X2 Ф1
liquid Ф1

vapor Ф2
liquid Ф2

vapor K1=ф1
liquid/ 

ф1
vapor 

K2=ф2
liquid/ 

ф2
vapor 

Y1 Y2 Y1+Y2 

7.03 0.2 0.70 0.30 1.251 0.6938 3.5e-6 0.0176 1.803 0.0002 1.262 0.0001 1.2611 

8.18 0.3 0.80 0.20 0.9269 0.6511 5.5e-6 0.00085 1.424 0.0065 1.139 0.0013 1.1405 

8.69 0.4 0.85 0.150 0.8013 0.6506 8.4e-6 8.2e-5 1.232 0.1024 1.047 0.0154 1.0626 

9.67 0.6 0.89 0.11 0.6801 0.6474 1.3e-5 2.1e-5 1.051 0.6190 0.9354 0.0681 1.0034 

11.4 0.7 0.90 0.10 0.5875 0.6015 1.4 e-5 1.2e-5 0.9767 1.1667 0.8790 0.1167 1.0000 

 

T=50°C  

P MPa ρ(g/mL) X1 X2 Ф1
liquid Ф1

vapor Ф2
liquid Ф2

vapor K1=ф1
liquid/ 

ф1
vapor 

K2=ф2
liquid/ 

ф2
vapor 

Y1 Y2 Y1+Y2 

7.93 0.2 0.75 0.25 1.173 0.6919 8.8e-6 0.0171 1.6953 5.1e-4 1.271 0.0001 1.272 

9.18 0.3 0.82 0.18 0.9142 0.6804 1.3e-5 0.0003 1.3436 0.0433 1.1018 0.0078 1.109 

10.13 0.4 0.84 0.16 0.8129 0.7273 1.42e-5 3.14e-5 1.117 0.4522 0.938 0.0723 1.010 

12.26 0.6 0.85 0.15 0.6886 0.6920 1.5e-5 1.5e-5 0.9951 1.0000 0.8458 0.1500 1.0000 

15 0.7 0.86 0.14 0.5541 0.5672 8.02e-6 7.02e-6 0.9769 1.1425 0.8401 0.1599 1.0000 

 

 

 

 

 

1
4
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T=60°C  

P MPa ρ(g/mL) X1 X2 Ф1
liquid Ф1

vapor Ф2
liquid Ф2

vapor K1=ф1
liquid/ 

ф1
vapor 

K2=ф2
liquid/ 

ф2
vapor 

Y1 Y2 Y1+Y2 

8.2 0.2 0.70 0.30 1.378 0.715 1.4e-5 0.021 1.927 6.7e-4 1.349 0.0002 1.349 

10.2 0.3 0.71 0.29 1.1322 0.7304 1.3e-5 0.0002 1.550 0.0650 1.105 0.0189 1.119 

11.6 0.4 0.72 0.28 1.0061 0.7362 1.3e-5 5.4e-5 1.367 0.2407 0.984 0.0674 1.052 

14.9 0.6 0.74 0.26 0.8069 0.7631 1.3e-5 1.5e-5 1.057 0.866 0.782 0.2252 1.007 

18.6 0.7 0.75 0.25 0.6808 0.67033 1.3e-5 1.4e-5 1.016 0.9286 0.7620 0.2400 1.001 

1
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APPENDIX J: PENG ROBINSON Y2 FOR α-CEDRENE @ K12=0.110 

T=25°C  

P MPa ρ(g/mL) X1 X2 Ф1
liquid Ф1

vapor Ф2
liquid Ф2

vapor K1=ф1
liquid/ 

ф1
vapor 

K2=ф2
liquid/ 

ф2
vapor 

Y1 Y2 Y1+Y2 

5.69 0.2 0.65 0.35 0.7485 0.7059 5.1e-5 0.01236 1.060 0.0041 0.6897 0..0014 1.0000 

6.43 0.7 0.985 0.015 0.6694 0.6687 7.0e-5 7.6e-5 1.001 0.9211 0.9860 0.0138 1.0000 

 

T=40°C  

P MPa ρ(g/mL) X1 X2 Ф1
liquid Ф1

vapor Ф2
liquid Ф2

vapor K1=ф1
liquid/ 

ф1
vapor 

K2=ф2
liquid/ 

ф2
vapor 

Y1 Y2 Y1+Y2 

7.03 0.2 0.75 0.25 0.9349 0.6938 2.1e-5 0.0087 1.348 0.0024 1.011 0.00001 1.011 

8.18 0.3 0.88 0.120 0.7312 0.6454 3.6e-5 0.0016 1.133 0.0225 0.9970 0.0027 1.000 

8.69 0.4 0.90 0.100 0.6824 0.6252 4.2e-5 0.0003 1.091 0.1400 0.9819 0.0140 1.000 

9.67 0.6 0.94 0.060 0.6035 0.5898 6.5e-5 0.00011 1.023 0.5909 0.9616 0.0355 1.000 

11.4 0.7 0.953 0.047 0.5287 0.5269 7.7e-5 8.2e-5 1.003 0.9390 0.9558 0.0441 1.000 

 

T=50°C 

P MPa ρ(g/mL) X1 X2 Ф1
liquid Ф1

vapor Ф2
liquid Ф2

vapor K1=ф1
liquid/ 

ф1
vapor 

K2=ф2
liquid/ 

ф2
vapor 

Y1 Y2 Y1+Y2 

7.93 0.2 0.72 0.28 0.9705 0.6919 3.4e-5 0.0088 1.403 0.0039 1.010 0.0011 1.011 

9.18 0.3 0.878 0.122 0.7470 0.6501 6.2e-5 0.0014 1.149 0.0443 1.009 0.0054 1.014 

10.13 0.4 0.92 0.08 0.6624 0.6196 9.2e-5 0.00042 1.069 0.2190 0.983 0.0175 1.001 

12.26 0.6 0.94 0.06 0.5674 0.5553 0.00011 0.00018 1.004 0.6111 0.9438 0.0367 1.000 

15 0.7 0.95 0.05 0.4922 0.4947 0.00013 0.00012 0.9950 1.0833 0.9453 0.0542 1.000 

 

 

 

 

 

1
4
3

 



 

 

T=60°C  

P MPa ρ(g/mL) X1 X2 Ф1
liquid Ф1

vapor Ф2
liquid Ф2

vapor K1=ф1
liquid/ 

ф1
vapor 

K2=ф2
liquid/ 

ф2
vapor 

Y1 Y2 Y1+Y2 

8.2 0.2 0.75 0.25 1.0220 0.7134 6.1e-5 0.0146 1.433 0.0042 1.075 0.0010 1.075 

10.2 0.3 0.85 0.15 0.7846 0.6572 8.7e-5 0.0017 1.194 0.0512 1.015 0.0077 1.023 

11.6 0.4 0.92 0.08 0.6613 0.6193 0.00016 0.0006 1.068 0.2667 0.983 0.021 1.004 

14.9 0.6 0.94 0.06 0.5512 0.5424 0.00020 0.0003 1.016 0.6667 0.955 0.040 1.000 

18.6 0.7 0.96 0.04 0.4757 0.5231 0.0003 9.8e-5 0.909 3.061 0.873 0.1224 1.000 

1
4
4

 



 

APPENDIX K: PENG ROBINSON Y2 FOR α-PINENE @k12 = 0.110 

T=25°C  

P 

MP

a 

ρ(g/mL

) 

X1 X2 Ф1
liqui

d 

Ф1
vapo

r 

Ф2
liquid Ф2

vapo

r 

K1=ф1
liquid/ф1

va

por 

K2=ф2
liquid/ф2

va

por 

Y1 Y2 Y1+y2 

5.69 0.2 0.60

0 

0.40

0 

1.052

0 

0.705

9 

0.0003

1 

0.060

4 

1.4903 0.00513 0.89

4 

0.002

1 

1.000

0 

6.43 0.7 0.98

8 

0.01

2 

0.667

9 

0.669

2 

0.0026 0.002

3 

0.9981 1.1304 0.98

6 

0.013

6 

1.000

0 

 

T=40°C  

P 

MP

a 

ρ(g/mL

) 

X1 X2 Ф1
liqui

d 

Ф1
vapo

r 

Ф2
liqui

d 

Ф2
vapo

r 

K1=ф1
liquid/ф1

va

por 

K2=ф2
liquid/ф2

va

por 

Y1 Y2 Y1+y

2 

7.03 0.2 0.75

0 

0.25 0.927

9 

0.693

7 

0.000

8 

0.050

8 

1.338 0.0157 1.004 0.004

0 

1.00

8 

8.18 0.3 0.88

0 

0.12 0.715

9 

0.645

9 

0.001

3 

0.015

0 

1.108 0.0867 0.975 0.010

4 

1.00

0 

8.69 0.4 0.98

3 

0.01

7 

0.626

5 

0.623

9 

0.005

2 

0.007

2 

1.004 0.7222 0.986

9 

0.012

3 

1.00

0 

9.67 0.6 0.98

5 

0.01

5 

0.581

1 

0.582

2 

0.004

3 

0.003

8 

0.9981 1.1316 0.983

1 

0.017

0 

1.00

0 

11.4 0.7 0.98

7 

0.01

3 

0.517

0 

0.518

9 

0.003

6 

0.003

0 

0.9963 1.2000 0.983

3 

0.015

6 

1.00

0 

 

 

 

 

 

 

1
4
5

 



 

T=50°C  

P 

MP

a 

ρ(g/m

L) 

X1 X2 Ф1
liqui

d 

Ф1
vapo

r 

Ф2
liquid Ф2

vapo

r 

K1=ф1
liquid/ф1

va

por 

K2=ф2
liquid/ф2

va

por 

Y1 Y2 Y1+y

2 

7.93 0.2 0.68

8 

0.31

2 

0.996

4 

0.691

8 

0.0009

8 

0.050

1 

1.440 0.0196 0.990

7 

0.006

1 

1.00

0 

9.18 0.3 0.87

8 

0.12

2 

0.728

4 

0.647

5 

0.0020 0.021

2 

1.125 0.0943 0.987

8 

0.011

5 

1.00

0 

10.1

3 

0.4 0.95

0 

0.05

0 

0.631

8 

0.617

3 

0.0041 0.008

1 

1.023 0.5062 0.971

9 

0.025

3 

1.00

0 

12.2

6 

0.6 0.97

2 

0.02

8 

0.549

5 

0.550

7 

0.0046 0.004

3 

0.9978 1.070 0.969

9 

0.029

9 

1.00

0 

15 0.7 0.97

5 

0.02

5 

0.482

4 

0.486

1 

0.0040 0.003

2 

0.9924 1.250 0.967

6 

0.040

0 

1.00

0 

 

T=60° 

P 

MP

a 

ρ(g/mL

) 

X1 X2 Ф1
liqui

d 

Ф1
vapo

r 

Ф2
liqui

d 

Ф2
vapo

r 

K1=ф1
liquid/ф1

va

por 

K2=ф2
liquid/ф2

va

por 

Y1 Y2 Y1+y

2 

8.2 0.2 0.60

0 

0.40

0 

1.156 0.713

3 

0.001

3 

0.068

9 

1.621 0.0189 0.972

6 

0.007

7 

1.00

0 

10.2 0.3 0.75

0 

0.25

0 

0.849

7 

0.654

5 

0.001

5 

0.020

7 

1.298 0.0725 0.973

5 

0.018

1 

1.00

0 

11.6 0.4 0.87

0 

0.13

0 

0.681

6 

0.618

3 

0.002

6 

0.009

0 

1.102 0.2889 0.958

7 

0.037

6 

1.00

0 

14.9 0.6 0.94

2 

0.05

8 

0.543

7 

0.543

3 

0.004

3 

0.004

3 

1.001 1.000 0.942

9 

0.058

0 

1.00

0 

18.6 0.7 0.95

5 

0.04

5 

0.474

1 

0.481

2 

0.004

4 

0.003

5 

0.9852 1.257 0.940

9 

0.060

0 

1.00

0 

1
4
6
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APPENDIX L: ISCO-EXTRACTION INSTRUCTIONS 

1) All valves should initially be in the CLOSED positon. 

2) Preheat the extracted to the desired temperature. 

3) Keep the chiller ON overnight. 

4) Set the pump to the desired pressure and press the RUN key to start the pump. 

5) When you need to refill the pump, open the INLET VLAVE A n the “accel cont” 

key. 

6) Press REFILL. Once cylinder if full close the CO2 tank. 

7) Let pump A pressurize to the desired pressure before opening the pump OUTLET 

VALVE A. 

8) Open the SUPPLY VALVE and allow the chamber pressure to rise to extraction 

pressure. 

9) Once equilibrated, (volume flow rate reaches approximately 0.00 mL/min), open 

the EXTRACT valve. Supercritical fluid will continually flow through the 

extraction cartridge and out of the restrictor outlet. 

10) Typically, a period of 15-30 minutes is an excellent rule of thumb for supercritical 

fluid extraction time. 

11) DEPRESSURIZING 

12) Close both extract and supply valves before opening up the vent valve. 

13) Allow the pressure to reach atmospheric pressure before removing the cartridge. 

14) Press the STOP key on the controller.
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15) OBTAINING THE VOLUME FLOW RATE 

16) Set the pump to the desired pressure. 

17) Open the supply valve and allow the chamber pressure to rise to the extraction 

pressure. 

a. Record the initial volume 

b. Record the initial time. 

18) Once equilibrated (volume flow rate reaches approximately 0.00 mL/min), Open 

the EXTRACT valve 

a. Record the volume 

b. Record the time. 

19) Rule of thumb for extraction time is 15-30 minutes. 

20) Volume flow rate = 
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑉𝑜𝑙𝑢𝑚𝑒−𝐹𝑖𝑛𝑎𝑙 𝑉𝑜𝑙𝑢𝑚𝑒

𝛥𝑡
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APPENDIX M: COOL CLEAN TECHNOLOGIES CHILAIRE PROCESS 

DESCRIPTION 

 

1) CO2 gas is provided from a self-regulated CO2 tank at 300 psi. 

2) Clean (<10 ppm water, <1 ppm oil, no particles 10 microns) compressed air is 

provided at 150 psi, up to 100 cfm. 

3) CO2 and clean dry air (CDA) are supplied to ChilAire Amp. 

4) The ChilAire amp contains Two Haskel AAD-5 air amplifiers plumbed in series. 

These use high pressure air to compress (by action of bidirectional asymmetrical 

pneumatic cylinders) the CO2 continuously. 

5) The outlet pressure is monitored by a pressure switch which cycles the CO2 until 

it reaches 900 psi, at this pressure it will release the CO2 to a hose leading to the 

ChilAire fuse. 

6) At this point, the CO2 is at a higher temperature gas due to the compression. 

7) The ChilAire Fuse 4000 series contains a R134a refrigeration system which cools 

a shell and tube heat exchanger. 

8) The heated high pressure (900 psi) CO2 is fed through the shell and tube heat 

exchanger to cool down to 45°F which is liquid. 

9) The liquid is then fed into a manifold while still in the heat exchanger to spread 

into 4 solenoid valves.
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10) Each valve is fed to 0.062” diameter capillary tube which is then split into 2 

separate restrictor capillary tubes which range in diameter and length in order to 

increase or decrease overall mass flow between 80 lb/hour to 160 lb/hour. 

11) The 8 capillaries are then connected to 2 meters of 0.03” capillary tubes which is 

fed through an additional manifold to allow for coaxial air and CO2 lines. 

12) At the end of the coaxial line a Coanda nozzle releases both CO2 and the CDA. 

13) The CDA is released solely to help project the CO2 more uniformly. 
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APPENDIX N: OUTLET VELOCITY AT INLET TEMPERATURE OF 0°C 
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APPENDIX O: OUTLET VELOCITY AT INLET TEMPERATURE OF 10°C 
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APPENDIX P: OUTLET VELOCITY AT INLET TEMPERATURE OF 20°C 
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APPENDIX Q: OUTLET VELOCITY AT INLET TEMPERATURE OF 30°C 
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APPENDIX R: EVAPORATION RATE 

 

Table R.1: Evaporation rate over four days for mineral oil 

Time in hours Mass of sample – Mass of 

dry dust= mass of oil 

(mg) 

Mass of oil / initial mass 

0 0.4500 1.0000 

24 0.3922 0.8716 

48 0.3675 0.8167 

72 0.3655 0.8122 

96 0.3569 0.7931 

 

Table R.2: Evaporation rate over four days for tea-tree oil 

Time in hours Mass of sample – Mass of 

dry dust= mass of oil 

(mg) 

Mass of oil / initial mass 

0 0.4500 1.0000 

24 0.2755 0.6122 

48 0.1761 0.3911 

72 0.1455 0.3230 

96 0.1425 0.3167 

Tea tree oil  C10H18O ; ρ = 0.878 g/mL  

 

Table R.3: Evaporation rate over four days for cedar wood oil 

Time in hours Mass of sample – Mass of 

dry dust= mass of oil 

(mg) 

Mass of oil / initial mass 

0 0.4500 1.0000 

24 0.3607 0.8016 

48 0.2916 0.6480 

72 0.2737 0.0682 

96 0.2665 0.5922 

Hinoki oil C10H16 ; ρ=0.8821 g/mL  



 

 156 

 

Table R.4: Evaporation rate over four days for hinoki oil 

Time in hours Mass of sample – Mass of 

dry dust= mass of oil 

(mg) 

Mass of oil / initial mass 

0 0.4500 1.0000 

24 0.2994 0.6653 

48 0.2864 0.6364 

72 0.2798 0.6218 

96 0.2798 0.6218 

Hinoki oil C10H16 ; ρ=0.8821 g/mL  
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APPENDIX S: ELISA PROTOCOL FOR FEL D 1 

 

10 uL of antibody mAb 6F9 was mixed with 10 mL of 50 mM carbonate-

bicarbonate buffer. Rows A and B were then given 100 uL of this mixture. This was then 

incubated overnight at 4°C. Each well was then washed 3 times with PBS-0.05% Tween 

20 (PBS-T). 100 uL of 1% BSA, PBS-T was then put into each well and incubated at room 

temperature for 30 minutes. Next, double dilutions of the Universal Allergen Standard 

(UAS) was used to make a control curve ranging from 100 – 0.2 ng/mL of Fel d 1: 20 uL 

of UAS was pipetted into 180 uL of 1% BSA, PBS-T into wells A1 and B1 on the ELISA 

plate. After mixing, 100 uL of this was transferred across the plate into 100 uL of 1% BSA, 

PBS-T diluent to make 10 serial doubling dilutions. Wells A11, B11, A12 and B12 

contained only 1% BSA, PBS-T as blanks. House dust extract samples were added in wells 

C1, D1, E1 and F1 with 100 uL diluted allergens across the plate. This sat for 1 hour. 

Wells were then washed 3 times with PBS-T. 10 uL of biotinylated antibody were 

mixed with 10 mL of 1% BSA, PBS-T. 100 uL of this mixture was then added to the well 

plate. This sat for 1 hour at room temperature. Wells were then washed with 3 times with 

PBS-T. 10 uL of streptavidin-peroxidase were mixed with 10 mL of 1% BSA, PBS-T. 100 

uL of this mixture was then added to the well plate and incubated for 30 minutes at room 

temperature. 
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Wells were then washed 3 times with PBS-T. 10 uL of H2O2 were mixed with 10 

mL of 1mM ABTS in 70 mM citrate phosphate buffer. 100 uL of this

mixture was then added to the well plate. After 20 minutes, the plate was then read at an 

absorbance of 405 nm.  
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APPENDIX T: ELISA PROTOCOL FOR DER P 1

 

1) Dilute mAb 5H8 1:1000 in 50mM Carbonate-Bicarbonate buffer pH 9.6. 

a. Mix 10 μL mAb 5H8 in 10 mL buffer (adjust as needed) and vortex to mix. 

2) Coat wells of polystyrene microtiter (NUNC #439454) with 100μL of mAb mixture 

pure well. 

a. Number of rows to be determined by experiment but allow rows A and B 

for standard. 

3) Incubate overnight at 4°C. 

4) Wash wells 3x with PBS-T. 

5) Incubate wells with 100 μL 1% BSA PBS-T for min. 30 min at Room Temperature 

(RT). 

6) Wash wells 3x with PBS-T. 

7) Add diluted allergen standard and/or samples to specified wells and incubate for 1 

hour at RT. 

a. Standards 

i. Make control curve of standard using doubling dilutions. Use rows 

A and B for standards. 

ii. Add 180 μL 1%BSA PBS-T in wells A1 and B1. 

iii. Add 100 μL 1% BSA PBS-T in wells 2 – 10 rows A and B. 
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iv. Add 200 μL 1% BSA PBS-T in wells 11 and 12 rows A and B 

(blanks). 

v. Pipet 20 μL of allergen standard (Der p1 2500 ng/mL) into wells A1 

and B1. Mix. 

vi. Do doubling dilutions by transferring 100 μL from A1 to A2, 

followed by 100 μL from A2 to A3, and so forth continuing to A10 

and repeating with row B. Mix between each transfer. 

vii. Final concentration of A10 and B10 will ~0.49 ng/mL Der p1. 

b. Samples 

i. Samples typically diluted from 1/10 to 1/80 (adjust as needed). 

ii. Add 180 μL diluents in well 1 and 100 μL in wells 2 – 4 (or further 

if needed). 

iii. Add 20 μL of sample to well 1 then transfer 100 μL to well 2 

resulting in a double dilution. 

8) Wash wells 3x with PBS-T. 

9) Incubate wells with 100 μL of Biotinylated Anti-group mAb 4C1 (diluted 1:1000 

mAb 4C1:1% BSA PBS-T, e.g. 10 μL:10 mL, adjust as needed) for 1 hour at RT. 

10) Wash wells 3x with PBS-T. 

11) Incubate wells with 100 μL Streptavidin-Peroxidase (diluted 1:1000 0.25 mg/mL 

S-P in 1% BSA PBS-T) for 30 min at RT. 

12) Wash wells 3x with PBS-T. 

13) Add 100 μL of 1mM ABTS in 70mM Citrate Phosphate buffer pH 4.2 containing 

a 1:1000 dilution of 30% H2O2. Assay will not develop without addition of H2O2. 
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14) Read the plate at a wavelength of 405 nm and absorbance of highest standard is 

between 2.0 – 2.4. 

a. Absorbance readings are directly proportional to quantity of Der p1 and 

values correspond to respective control curves. 

b. To stop the reaction and save the plate, add 100uL of 2mM Sodium Azide. 
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APPENDIX U: PLATE READER INSTRUCTIONS 

 

1) Manually turn on the “MULTISKAN FC” by THERMO SCIENTIFIC FROM THE 

back. (There you will find the on-off button) 

2) Turn on the laptop and type in password “MMGROUP” (It is not case sensitive) 

3) Push the “PLATE IN/OUT” on the scanner and put 96 well plate in. Rows A and 

B are your standards. Rows C-H are your samples. Place the plate in so that “A1” 

is shown on the scanner. The lower drawer will automatically open for you. 

4) Push the “PLATE IN/OUT” on the scanner to allow the scanner to automatically 

pull the plate back in. (FYI: You also have the option of opening and closing the 

plate from within the program on the laptop) 

5) On the laptop, there is an icon called “SKANIT FOR MULTISKAN” Click on it. 

6) You will be asked for a password but ignore it and press the icon “LOGIN”. 

7) On the bottom of the next screen you should see “MULTISKAN FC(196)-357-

900976-CONNECTED. This ensures that you are connected. 

8) Click “START NEW”. Start a new session. 

9) Your protocol should be set to do the following. Photometric, Pause, shake1, 

platein1, plateout2. This should be under your “protocol” tab. If not, program it. 

10) Save your session. Get in the habit of saving your data on a thumb drive. 

11) Once you are done, turn off both the scanner and laptop. NEVER LEAVE ON 

OVERNIGHT



 

APPENDIX V: ELISA PLATE READER ABSORBANCE 

 

Table V.1: Plate reader 1 

             

Value 1 2 3 4 5 6 7 8 9 10 11 12 

 A 3.0203 2.8603 1.8719 1.0877 0.7361 0.4630 0.2649 0.2517 0.2159 0.1603 0.0376 0.0396 

 B 2.9268 1.9777 1.3399 0.7711 0.4850 0.3894 0.2017 0.1998 0.1855 0.1913 0.0407 0.0390 

 C 2.7325 2.5163 2.7382 2.8493 2.7741 2.1099 1.2027 1.1235 0.7008 0.5370 0.0385 0.0396 

 D 2.9372 2.6917 3.0472 3.0110 2.7705 2.4589 1.4365 1.2184 0.7416 0.6640 0.0397 0.0383 

 E 2.7199 3.0769 3.0032 2.9221 2.9811 2.8403 2.1560 2.1948 1.6848 1.6139 0.0399 0.0383 

 F 3.1109 2.9742 3.2579 3.1409 3.1907 2.8679 2.1098 2.3049 1.8768 1.7857 0.0411 0.0412 

 G 0.1305 0.1178 0.1207 0.1212 0.1231 0.1141 0.0992 0.1026 0.0951 0.0979 0.0452 0.0383 

 H 0.1239 0.1230 0.1267 0.1188 0.1272 0.1211 0.0992 0.0951 0.0980 0.1037 0.0372 0.0346 

 

Table V.2: Plater reader 2 

  1 2 3 4 5 6 7 8 9 10 11 12 

A 2.977 2.817 1.871 1.078 0.734 0.466 0.264 0.251 0.215 0.16 0.033 0.034 

B 2.893 1.975 1.339 0.773 0.489 0.388 0.202 0.2 0.184 0.191 0.035 0.033 

C 2.705 2.494 2.724 2.81 2.734 2.098 1.203 1.122 0.701 0.537 0.035 0.036 

D 2.885 2.661 3 2.948 2.741 2.441 1.433 1.221 0.741 0.664 0.036 0.033 

E 2.69 3.022 2.987 2.88 2.931 2.802 2.147 2.184 1.678 1.606 0.035 0.033 

F 3.049 2.927 3.194 3.083 3.143 2.81 2.104 2.29 1.867 1.779 0.036 0.034 

G 0.19 0.167 0.176 0.178 0.183 0.166 0.157 0.154 0.14 0.14 0.034 0.033 

H 0.18 0.177 0.184 0.17 0.186 0.177 0.152 0.145 0.145 0.158 0.032 0.03 

1
6
3
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APPENDIX W: INDOOR BIOTECHNOLOGIES DUST SAMPLE EXTRACTION 

PRODCEDURE 

 

1) SIEVE DUST THROUGH A No.45 mesh screen, 35μm diameter (VWR No. 

57332146) to remove large particles and fibers. 

2) Weigh 100 mg (±5mg) dust into a 75mm x 12 mm plastic test tube (Sarstedt No. 

55.476). If less than 100mg we will take out 10 mg for extraction. 

3) Add 2.0 mL PBS-T (0.05% Tween 20 in phosphate buffered saline, pH 7.4) to a 

sample weighing 100 mg. For samples between 10 mg and 100 mg add the 

proportional amount needed. The amount in dust in mg is multiplied by 20 to give 

the appropriate volume of buffer in μL needed. Samples <10 mg are labeled as 

“Not enough Sample” and not processed. 

4) Resuspend using a vortex mixer (Vortex-Genie, Fisher Scientific). 

5) Mix end over end for 2 hours on a laboratory rocker (Labquake Shakers, Fisher 

Scientific, Cat# 13-687-17) at room temperature. 

6) Centrifuge 20 minutes at 2,500 rpm 4°C. 

7) Remove supernatant (approximately 1.5 mL) with a Pasteur pipette for 

measurement of antigen. Discard dust pellet 

8) Store extract (supernatant) at -20°C in a freezer vial with sample number or 

relevant code clearly labeled for future analysis of allergen content 
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APPENDIX X: MASS SAMPLES IN MG SENT TO INBIO ON DRY DUST 

SAMPLE SET 1 

 

CW=CEDARWOOD; H = HINOKI; DD= DRY DUST D= N-DECANE T= TEA 

TREE OIL; DI=DRY ICE  

Sample Mass sent to InBio (mg) 

CW1 100.0 

CW2 104.5 

CW3 94.8 

H1 105.8 

H2 90.5 

H3 85.6 (1,172 μL PBS-T) 

DD1 77.8 (1,556 μL PBS-T) 

DD2 92.9 

DD3 99.0 

DI1 53.6 (1,072 μL PBST-T) 

DI2 103.2 

DI3 104.5 

T1 78.5 (1,560 μL PBST-T) 

T2 95.0 

T3 92.2 

D1 103.2 

D2 90.9 

D3 71.6 (1,432 μL PBST-T) 
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APPENDIX Y: MASS SAMPLES IN MG SENT TO INBIO ON DRY DUST 

SAMPLE SET 2 

 

DD= N-DECANE; T= TEA TREE OIL; D= DRY DUST SAMPLES 

Sample Mass sent to InBio (mg) 

DD1 100 

DD2 105.6 

DD3 103.5 

T1 102.6 

T2 105.4 

T3 100.6 

D1 101.4 

D2 97.8 

D3 92.7 

 


