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extraction methods, including steam distillation, require a large energy input. An 

alternative technique with a lower energy demand is the extraction of oils using 

supercritical liquid carbon dioxide (CO2), which extracts essential oils with minimal 

environmental impact. While this often requires large-scale equipment, recent 

academic studies have established a simple procedure that uses liquid CO2 from dry 

ice to extract orange oil. The following study aimed to improve upon that method, 

introducing a 50-mL extraction vessel for larger botanical masses and proposing a 

pressure release outlet as a safety feature. An optimal process was developed and a 

total yield of 5.71% was obtained from a 7.5-g sample of orange zest. Changes in 

pressure and temperature were determined to not significantly affect oil yield. 

Analysis of oils using GC-MS determined that the primary component of the oil was 

D-limonene. The rate of sublimation of dry ice was measured and used to design a 

pressure release outlet. The goal of future work will be to improve the extraction 

process and the sublimation process, and the results of this study could inspire an 

interactive activity for students to learn thermodynamics and heat transfer. 
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Introduction 

Of the methods currently used to extract botanical compounds from plants, few 

are as promising as supercritical fluid extraction. Many of the extraction processes used 

to obtain the highly useful oils can result in harmful solvents and leave behind residues, 

but the supercritical fluid process prevents this.1 One example of the process’s 

applications is in food, including the extraction of caffeine, fat, and flavor oils from foods 

such as hops and butter. Supercritical carbon dioxide (CO2) liquid is extensively used in 

the decaffeination of coffee and replaced a previously used carcinogenic solvent.2 It is 

nontoxic, can be obtained at relatively low pressures and near room temperature, and its 

solvent ability can be adjusted to move closer to liquid or gas.1 The forms of carbon 

dioxide known as supercritical fluid (SCF) and liquid CO2 are also used to extract many 

substances from organic materials, such as organic contaminants from soil and water. In 

the environmental engineering industry, CO2 is one preferred solvent for contaminant 

removal. In the cosmetic industry, CO2 is used to remove many fragrances from 

botanicals.2 The highly efficient process results in very pure plant extracts. Many of these 

herbal extracts are used in flavoring, as well as in herbal medicine. Specific applications 

include aromatherapy and natural perfumery.3 Modern legislation has pushed for 

extraction methods that remove the possibility of toxic solvents being present in oils 

necessary for food, cosmetic, and pharmaceutical products.1 The aforementioned practice 

of supercritical fluid extraction has made significant progress in the last two decades.4 It 

has been described as the most popular and inexpensive solvent used in industry today 

and it is easily obtainable, with high purity.2  
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The phenomena involved in the formation of supercritical and liquid carbon 

dioxide extraction processes is important when considering the use of the fluid in 

chemical processing. A supercritical state is reached by a fluid when pressure is increased 

and temperature is increased past the thermodynamic critical point. The critical point is 

the temperature and pressure at which phase boundaries disappear at the end of a phase 

equilibrium curve, showing the conditions where liquid and vapor can exist at a critical 

temperature and pressure as shown in Figure 1 below.5 The supercritical phase is a single 

phase with properties of both liquid and gas. 

 

 

 

 

 

 

 

 

   Figure 1: Phase diagram of carbon dioxide5 

(Public domain)  

In most large-scale SCF extraction operations, liquid carbon dioxide is released from a 

vessel, and compressors and heat exchangers increase the pressure and temperature of the 

liquid to reach the critical point. The fluid is then used to extract contaminants. The most 

useful supercritical fluid is carbon dioxide, which is nontoxic and noncombustible, as 

well as being environmentally friendly.2 Phase changes are easily reached, with the liquid 
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and supercritical states achievable at relatively low temperatures. At the triple point of 

5.2 bar (5.1 atm or 0.52 MPa) and -56.6 C (217 K) as shown in Figure 1, all three phases 

are in equilibrium and the solid dry ice form of CO2 melts to liquid.6 At the critical point 

of 73.8 bar (72.8 atm or 7.38 MPa) and 31 C (304 K) as shown in Figure 1, CO2 

becomes supercritical fluid, which lacks a distinct state.4 The range of temperatures and 

pressures at which both liquid and supercritical carbon dioxide can be performed, 

whether near the triple point with solid CO2 or near the critical point with liquid CO2, 

make the process significantly versatile and useful. Liquid CO2 in particular has become 

a significant solvent in the food industry in recent years, adding to the success already 

established with the use of supercritical fluid.7 

Parameters used in the supercritical extraction process often depend on properties 

of the essential oil being extracted. Essential oils are organic compounds extracted from 

natural sources and are typically used in flavorings, fragrances, cleaning products, and 

herbal medicines.4 The main chemical components present in essential oils are terpene 

hydrocarbons and oxygenated compounds such as phenols, aldehydes, alcohols, and 

ketones.8 Terpenes are the primary component and include compounds such as limonene. 

A terpene’s structure, shown in Figure 2, consists of several isoprene (C5H10) units with 

various cyclic, acyclic, saturated, and unsaturated functional groups.4 Limonene, as seen 

in Figure 2, is an optically active terpene enantiomer and the main component of orange 

oil. Methods of extracting the oil containing limonene include using organic solvents, 

steam distillation, cold pressing, and supercritical carbon dioxide.4 
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Figure 2: Terpene structure. At left, isoprene, from which terpenes are 

derived9. At right, limonene is shown (D isomer).10 Public domain. 

As with any other solvent such as water or an organic solvent, carbon dioxide works by 

removing oils, pigments, and resins from botanical material. Because many of the 

aromatic compounds in essential oils are volatile and sensitive to high temperatures and 

pressures, the steam distillation process can modify or damage the volatile compounds. 

Conversely, the CO2 process does not modify these compounds, resulting in no changes 

to the oil composition.3  

With a critical temperature of 31 C and a critical pressure of 73 atm (~74 bar or 

~7.4 MPa), the costs of energy processing with supercritical CO2 are lower than using 

fluids such as water, which has a significantly higher critical temperature and pressure2. 

In addition to not modifying aromatic oils, this solvent does not have to be removed later 

in the process.2 In the past, it was common to use steam (or water) distillation, or solvent 

compounds such as hexane, to extract essential oils. In industry, users of supercritical 

CO2 in the extraction of essential oils for aromatherapy have developed processes that 

can remove oils, resins, and pigments from plants. One such process operates at a 

temperature of 95-100 F (35–38 C) instead of the temperature range of 140-212 F (60-
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100 C) required for extraction via steam distillation.3 Carbon dioxide is an easily 

obtainable green (alternative) solvent, which is also safe and poses minimal impact on the 

environment. There are no concerns about the release of the solvent, as it is captured 

from the atmosphere and poses no danger.4 Normally, release of additional CO2 into the 

atmosphere would be cause for concern about global warming. However, the amount of 

CO2 released in the extraction process is very small compared to the overall CO2 in the 

atmosphere, which is present as a component at 400 ppmv.11 As mentioned previously, a 

primary benefit of the CO2 process is that it is less likely to chemically modify the 

compounds being extracted. When exposed to high temperatures for extended periods of 

time, essential oil molecules tend to undergo racemization, or conversion to multiple 

enantiomers from a single enantiomer.12 Because the temperature of operation for CO2 

extraction is about 50-60 C rather than 100 C for steam distillation, the amount of 

racemization is significantly lower. The supercritical CO2 extraction process is also not as 

selective as steam distillation and will extract many compounds from botanicals that are 

not extracted in the steam distillation process.13 

Several studies have analyzed the factors influencing the extraction of orange 

essential oil using supercritical and liquid forms of CO2. One such experiment used 

dehydrated orange peel from navel oranges as the botanical material.14 The researchers 

performed extractions in a full-scale supercritical CO2 extraction pilot plant at 

temperatures between 293 and 323 K (19.9-49.9C), with pressures between 8.0 and 28.0 

MPa (80-280 bar or ~79-276 atm).  They reported previous studies that had indicated 

thermal degradation of oil at temperatures higher than 323 K. Subsequently, they 

analyzed the extracts with gas chromatography mass spectrometry (GC/MS) and 
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determined the composition of oil. They discovered that limonene was the primary 

compound extracted at the optimal conditions of 12.5 MPa and 308 K, composing over 

99.5% of the oil samples,14 supporting results from previous literature. Mira et al. also 

found linalool (another terpene component) in the oil, which was optimally extracted at 

80 bar (8 MPa or ~79 atm) and 35.0 C (308 K). The researchers investigated the impact 

of orange peel particle size on carbon dioxide flow rate and determined that 2 mm 

particle sizes should be used for a rapid flow rate and fast extraction.14 Another 

publication investigated the supercritical CO2 extraction of essential oil from the peel of 

kabosu citrus. The pressure and temperature range used in this experiment was close to 

that of the orange peel study, with a range of 10-30 MPa (100-300 bar or ~98.7-296 atm) 

and 313-353 K (39.9-79.9 C). Pressure and temperature were held constant at 30 MPa 

and 353 K.15  

 Other reports have introduced a smaller scale method to extract oil in educational 

laboratory settings. The solid form of carbon dioxide (dry ice) can be converted to liquid, 

supercritical, and gaseous states. Researchers and educators alike have used rapid phase 

changes to liquid CO2 from dry ice to extract orange oil. The first of such studies was 

adapted for many undergraduate green chemistry laboratories. Using this method, orange 

peels can be placed along with dry ice in a 15-mL centrifuge tube, and subsequently 

immersed in 50 C water. The increase in temperature of the CO2 caused by the warm 

water and the increase in pressure caused by sealing the cap on the centrifuge tube results 

in liquid and possibly supercritical states of CO2 forming inside the tube, and moving 

through the orange peel to extract the oil. Using this method, McKenzie et al. reported a 

yield of 0.1 mL of oil forming in the tube, and that the resulting oil had a composition of 
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97% D-limonene as determined by GC-MS testing.16 This method is useful, as it provides 

a very simple, fast, and inexpensive method of extracting essential oil for both 

researchers and educators. While the researchers were unable to achieve supercritical 

fluid due to the limitations of the system, they determined a highly effective extraction 

method for liquid forms of carbon dioxide. Anyone wishing to quickly and inexpensively 

obtain orange oil without having to operate large-scale or complex machines could use 

this method. The environmental impact of the method is much lower than lab-scale steam 

distillation. The main disadvantage of the process is the safety hazard it poses. The rapid 

and release of pressure after opening the cap of the tube can be unsafe, with a risk of 

explosion. Additionally, another disadvantage of the method is that it only is possible to 

extract oil from small masses of material. The original process only allowed for small 

botanical masses, which can even be difficult to place in the extraction vessel. Scaling up 

to a larger size vessel would be ideal for researchers, educators, or consumers who wish 

to attempt the method. The previous studies that have performed this process were unable 

to extract other oils using the method.16 Determining whether it is possible to extract 

other oils with this method may also be useful. 

Previous liquid carbon dioxide extraction studies have indicated that extraction is 

optimal within a specific range of temperatures and pressures. The study that follows 

aims to determine the method at which an optimal yield of orange oil can be obtained 

using a modified version of the dry ice CO2 extraction process by scaling the extraction 

vessel to a larger size. Based on the results of previous papers, it was hypothesized that 

the changes in pressure and temperature at which extraction was performed would have a 

significant effect on the yield of oil resulting from the extraction over a defined range of 
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temperatures and pressures. The components of the extracted material were to be 

analyzed via gas chromatography-mass spectrometry. It was expected, based on previous 

literature, that the compound D-limonene would be the main component present in all oil 

samples, and that oil obtained using the liquid CO2 method would have a lower overall 

concentration of limonene than oil extracted via steam distillation. A final objective in 

this study was to attempt to lay a groundwork for future experiments that are both safe 

and efficient with relatively high yields by introducing a new safety feature. The safety 

feature in question involved an outlet for the release of pressure from the vessel while 

still ensuring pressure does not drop to ensure formation of liquid CO2. Mathematical 

models including transport phenomena equations were used to calculate the size of a hole 

large enough to allow a slight flow of carbon dioxide during phase change from solid to 

liquid CO2. The diameter of the hole was narrowed to an exact diameter using nickel 

plating, also aiming to prevent the extracted oil from being disturbed or lost by the 

sudden pressure change that occurs when the vessel is opened. Based on the chemical 

properties of essential oils and carbon dioxide and the fundamental principles of 

thermodynamics and transport phenomena, optimal and safe scale-up operating 

conditions for a cost-efficient liquid CO2 extraction process can be determined. 

Developing such a device would have many applications. First, educational experiments 

for students to learn about green chemistry, oil extraction, thermodynamics, and heat 

transfer could be designed that center around the process of CO2 extraction and its 

associated thermodynamic and transport phenomena. Second, such a process would be of 

interest to consumers who wish to perform small-scale and simple extraction at home, 

and to researchers who wish to assess the quality of botanicals or essential oils on a small 
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scale before proceeding to larger-scale operations with plant materials. As a cost-

effective process, this method could be of interest to anyone who is unable to access 

large-scale supercritical CO2 extractors but would like to better understand the process.   

 

Materials and Methods 

Dry Ice Extraction Method 

The inspiration for this method came from a 2004 publication by McKenzie et 

al.16 The next paragraph discusses modifications that were made to the original method. 

Preliminary tests to assess the original method used a 15-mL centrifuge tube, filter paper, 

copper wire, and plastic graduated cylinder as directed, with the process being run at 50 

C. The revised extraction vessel can be seen in Figure 3 below. The larger-scale vessel 

includes a 50-mL centrifuge tube, Whatman grade 42 filter paper, 500 mL graduated 

cylinder with warm water bath, and copper wire. The botanical material from which oil 

was extracted consisted of only the outer layer (zest) of the orange peel, which was 

removed using a Microplane zester, as all oil vesicles are located in the outermost layer 

of the rind.17 Initial attempts to perform the extraction with pieces of the entire orange 

peel did not result in any oil formation, but attempts with orange zest were 
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Figure 3: Scaled-up 50 mL extraction vessel. At left, no 

  botanical material added; center, with botanical material, and 

  at right, full assembly inside graduated cylinder water bath.  

successful in achieving orange oil formation. Citrus peels were obtained from fresh navel 

and Valencia oranges purchased at local supermarkets in Corvallis, Oregon. Non-citrus 

materials tested were obtained from botanical suppliers. 

 

Scale-up/Optimization of Dry Ice Liquid CO2 Extraction Method 

 In moving from the 15-mL vessel size to the desired 50 mL vessel size, 

extractions were first performed in 15 mL vessels based on the exact instructions 

provided in the 2004 extraction study. Using that method, 4 replicate trials were 

performed and an average orange oil yield of 2.41% was observed. With using a larger 

vessel size, an equal or greater yield was expected. With the increase of the vessel size by 

a factor of 3.3 (15 mL to 50 mL), the botanical mass was increased from approximately 

2-3 g mass to approximately 7-7.5 g mass. This would allow a greater amount of plant 

material to be used and allow for easier loading of material into the vessel. Additionally, 
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to obtain a greater yield, the scale-up method was eventually modified to include three or 

more extractions per orange zest sample.  

Next, the experiments to determine optimal operating parameters for the 50-mL 

vessel were performed. An imprecise estimate of pressure conditions was made, 

primarily based on the assumptions that extraction vessel pressure increases 

proportionally with dry ice mass and that exact pressure conditions in the vessel could not 

be measured. The pressure in the vessel was calculated from the mass of dry ice using the 

ideal gas law based on the available volume in the vessel and the temperature of the 

surrounding water bath. There is no way that the exact pressure can be precisely 

estimated in the vessel, so the ideal gas law was selected only to provide a rough 

specification of the dry ice mass necessary to induce a change in pressure in the 

apparatus. The estimated pressure was set at 30 MPa, 50 MPa, and 70 MPa and the 

water-bath temperature was set at 50, 60, and 70 C for the initial set of scale-up 

experiments. These pressures and temperatures were intended to be close to the ranges of 

20-80 C and 8-30 MPa that several previous publications had reported optimal oil 

extraction for supercritical carbon dioxide extraction. The actual pressure range used in 

the dry ice extraction here is likely different due to discrepancy from using the Ideal Gas 

law to model the pressure in the tube, and it is impossible to assess whether supercritical 

carbon dioxide ever formed in the vessel in addition to liquid carbon dioxide. Based on 

the results of the previous literature, it was hypothesized that the changes in pressure and 

temperature at which extraction was performed would have a significant effect on the 

yield of oil resulting from the extraction over a defined range of temperatures and 

pressures. Several technical difficulties resulted during the initial experiment, and it was 
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modified and its scope was expanded. In the revised experiment, the water bath was set at 

four different temperatures (40, 50, 60, and 70 C) and four different estimated pressures 

(19, 30, 40, and 50 MPa) based on the mass of dry ice used. Three replicates were 

performed at each pressure/temperature combination. Oil yield was measured during each 

extraction by weighing the mass of oil and comparing oil mass to botanical mass. After 

completing this experiment, the four distinct sets of temperature and pressure that 

resulted in the four highest oil yields were identified. The experiment was modified a 

final time, with the final experiment including only the pressure/temperature 

combinations that had resulted in the highest oil yields in the previous experiment. This 

time, the four combinations with highest yields were selected and four replicate runs were 

performed at each combination. Additionally, instead of performing one extraction per 

sample, each sample was used to extract oil three times to increase yields from single-

extraction runs. Again, it was expected that the changes in pressure and temperature 

would result in significant changes in oil yield within a defined range of pressures and 

temperatures, as had been determined in previous studies. The resulting oil formation 

from the scaled extraction process can be seen in Figure 4; the oil is visible as the yellow 

triangle in the bottom of the vessel. 
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Figure 4: Left, Oil formation at bottom of extraction vessel. 

Right, oil collected in vial (pictures not to scale). 

 

Gas Chromatography-Mass Spectrometry (GC-MS) Analysis  

Three uniform samples of orange oil were obtained from a single sample of 

orange peel using the liquid CO2 extraction process. The three samples, which had an 

average mass of 0.32 g (~0.32 mL) were analyzed via gas chromatography-mass 

spectrometry, to quantify the distribution of chemical components present in the samples. 

Additionally, three uniform orange oil samples were obtained from a different extraction 

method, steam distillation, using the same source of orange peel. An OilExTech EssenEx 

100 microwave oil extractor was used to obtain oil from orange peel samples via steam 

distillation. These samples were analyzed using GC-MS along with the samples obtained 

from the CO2 extraction method. A 100x dilution with hexane was performed with all 

samples, with a 1:20 split, so that the components of the samples, including the volatile 

compounds present in orange oil, could be identified. 
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Pressure Release Outlet Design 

The extraction process results in a significant increase in pressure inside the tube 

and subsequently, a loud popping noise and bursting sensation when opening the cap. 

The process has never caused explosion or damage to the vessel, but it is important to 

ensure that the method is safe for users. To introduce a pressure release system, the cap of 

the CO2 extraction vessel was modified, after the completion of the extraction 

optimization experiments. To slow the release of CO2 from the vessel, a ~0.5 mm 

cylindrical opening was drilled into the cap of the centrifuge tube. A thin copper disk 

with diameter 2.9 cm was placed directly inside the cap and underneath the opening. A 

0.4064 mm hole was drilled through this copper disk using a #78 drill bit. The planned 

pressure release outlet would involve decreasing the diameter of this hole by adding 

nickel plating to the inner sides of the opening. Thus, the exact diameter needed for the 

outlet could be calculated and then the necessary amount of plating to reach that diameter 

could be calculated as well. The necessary diameter of the hole was calculated using an 

empirical model based on the measured flowrate of solid carbon dioxide subliming to 

vapor, with calculations provided in Appendix 1. In this model, it was assumed that the 

rate of sublimation of dry ice in grams per second was equal to the flowrate at which 

carbon dioxide was leaving the vessel. To determine the sublimation rate of CO2, an 

approx. 20-g sample of dry ice was placed in an open centrifuge tube with no cap. The 

tube was dropped in the water bath and the water bath was placed on a weighing scale, 

and the dry ice mass was recorded every 30 seconds until all dry ice had sublimed. A 

polynomial fit was determined from the resulting data for mass of dry ice over time, and 

the slope of the line was calculated as the sublimation rate. Four replicate runs were 
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performed and the initial and final temperatures were recorded for each run. The 

sublimation rate was then converted to a volumetric flow rate. With the viscosity and 

pressure of CO2 known and the cap thickness known, the diameter of the outlet in the 

vessel necessary to ensure the determined sublimation rate was calculated. The 

calculation resulted in a hole diameter of 0.0389 mm. The smallest available drill size, 

#78, was 0.4064 mm in diameter, so a #78 size opening was drilled in the copper disk and 

the hole was filled in with nickel plating until the necessary diameter was reached.  

 

Electroplating 

An EG&G Princeton Applied Research Model 173 Potentiostat/Galvanostat, 

accompanied by a VWR Hotplate/stirrer, was used to plate the inner part of the drilled 

hole in the copper disk with nickel. The instrument is shown below in Figure 5. The 

necessary volume of nickel to plate into the hole was calculated using the difference in 

diameters between the drilled #78 hole and the needed 39-micron hole, and the diameter 

of the copper disk; this volume was 0.00115 cm3. This volume was then used to calculate 

the necessary charge in coulombs (33.79 C) that would allow the needed volume of 

nickel to be plated onto the copper disk with the potentiostat. The calculation is provided 

in Appendix 2. Due to the slow speed of the plating process, the entire disk was not 

plated; only the central location around the #78 size hole was plated. Ethyl acetate polish 

was applied on most of the disk except for the central circle around the drilled hole to 

prevent plating except in the central circle. The central circle was defined as the plating 

diameter. The potentiostat setup included a nickel plate attached to the counter electrode, 

working electrode attached to the copper disk, and reference electrode attached to 
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electrometer. The copper disk was immersed in nickel chloride solution, which was used 

to plate the nickel ions into the outlet in the disk.  

 

 

 

 

 

 

 

 

Figure 5: Potentiostat assembly. Potentiostat (right) with stirrer (left), and 

nickel chloride solution (green liquid) and nickel electrode (immersed in 

nickel chloride and connected to potentiostat). 

 

 

 

 

 

 

 

Figure 6: Nickel plating of copper disk. The disk has a plated hole in the 

center, and is placed inside the centrifuge tube cap. Note: green areas are 

ethyl acetate polish covering to prevent plating.  
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Following completion of plating, the disk was placed under the centrifuge tube cap with 

larger opening and the hole was tested to determine if liquid CO2 formation was possible. 

The completed, plated opening is shown in Figure 6. To ensure that gas could not escape 

through the cracks in the sealing of the cap, several additional layers were added between 

the copper disk and the cap, and each layer was tested to determine if the sealing was 

sufficient. 

 

Extraction of other Botanicals 

In addition to orange oil, an attempt was made to extract oil from other citruses, 

including lemon, via the optimal liquid carbon dioxide extraction method. Extractions 

were attempted with several non-citrus botanicals including myrrh (powdered), lavender, 

sandalwood (powdered), Dong Quai (powdered), and cardamom.  

 

Results and Discussion 

Scale-up/Optimization of Dry Ice Liquid CO2 Extraction 

The masses of dry ice that would be required were calculated based on ideal gas 

assumptions to induce pressure changes of ~10 MPa in the extraction vessel. Then, initial 

extraction trials were performed at four distinct pressures and temperatures. These 

estimated pressures were 19, 30, 40, and 50 MPa and the temperatures were 40, 50, 60, 

and 70 C. The average oil yield from three replicate data points at each pressure-

temperature combination is provided in the plot shown in Figure 7. The pressure and 

temperature ranges were selected based on conditions from previous studies in literature 

that had resulted in optimal citrus oil yield, and as mentioned earlier, the mass of dry ice 
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used was calculated by the same ideal gas model as mentioned above. The plot indicates 

that there was no significant relationship between pressure and oil yield or temperature 

and oil yield, because most error bars (showing the standard deviation of the data) 

overlap. The CO2 pressure is directly proportional to CO2 mass, so it can be thus said that 

changes in mass of dry ice did not result in any significant change in the average oil yield 

for a single extraction, which ranged from 0.4% to 1.2% for a single extraction. It was 

predicted that a significant relationship between the changes in pressure and temperature 

and the resulting oil yield would be observed, but the data indicated that no such 

relationship existed. Additionally, multifactor ANOVA with interactions was performed 

in StatGraphics (see Table 1 below), and the P-value for pressure and temperature was 

greater than 0.05, confirming that the effects of pressure and temperature on oil yield 

were not significant.  

Figure 7: Results of first extraction experiment: oil yield at estimated 

pressure and temperatures (estimated pressure based on mass of dry ice in 

vessel).  
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Table 1: Multifactor ANOVA for Yield by Pressure and Temperature, with 

interactions 

Source Sum of Squares Df Mean Square F-Ratio P-Value 

MAIN EFFECTS      

 A:Pressure 0.5160 3 0.1720 2.090 0.1722 

 B:Temperature 0.05060 3 0.01687 0.2000 0.8906 

RESIDUAL 0.7416 9 0.08240   

TOTAL (CORRECTED) 1.308 15    

 

The highest oil yields were obtained at the experiments run at 30 MPa/40 C, 40 MPa/40 

C, 50 MPa/50 C, and 50 MPa/70 C. A second extraction experiment was performed 

only at these four conditions, to determine which condition of the four would give the 

highest oil yield. The lack of significant trends in the data from the first experiment could 

be attributed to the limitations in controlling pressure changes within the vessel. There is 

no accurate way to measure the pressure in the vessel without introducing complex 

features, and the estimated pressure could differ significantly from the actual pressure. 

Previous researchers cited that observed optimal temperatures and pressures for 

maximum oil yield were achieved using carefully controlled lab-scale and industrial 

extractors that had a high degree of accuracy, neither of which were feasible in this study. 

There was also no way to safely introduce a thermocouple into the tube to measure 

temperature, so the water temperature was assumed to be equal to the temperature inside 

of the tube when calculating pressure when it is likely lower. However, despite the 

inaccuracy of this pressure-mass calculation in estimating the true pressure, using 

different masses of carbon dioxide at a constant temperature in a fixed container will 
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result in different pressures, as pressure is directly proportional to mass at constant 

temperature and volume. The high level of error in the data is most likely due to 

difficulty in accurately measuring dry ice mass on the scale, which decreases quickly due 

to sublimation. It is impossible to weigh an exact mass of carbon dioxide for each 

extraction, and this leads to significant experimental error. The lack of significant 

changes in oil yield with change in the pressure and temperature could also be a result of 

inconsistent orange samples. The time-consuming nature of performing replicates for 

each extraction meant that the experiment had to be performed over several weeks, and 

the availability of fresh oranges fluctuated over this period (previous trials with frozen 

orange peel all failed), resulting in mostly organic navel orange peels being used but 

some non-organic peels. Storing orange peels in a freezer for extended times is not 

recommended as the zest cannot be recovered from de-thawed peels. 

In the second extraction experiment, extractions were performed at the pressure-

temperature settings that had originally resulted in highest possible yields in the first 

experiment. This time, three extractions were performed from each sample with the goal 

of obtaining a greater oil yield, and four replicate trials were performed at each 

extraction. The results of this experiment are shown in Figure 8. An optimal range of 

water temperatures and masses, with approximate pressures, at which the scaled-up 50 

mL extraction process can be run successfully, were determined. It is recommended that 

the orange oil extraction be performed at a water bath temperature of 40 C with 25.4 g of 

dry ice in the extraction vessel to achieve the highest oil yield (average 5.71% total for 

three extractions from a single sample). 25.4 g of dry ice was used to estimate a pressure 

of 40 MPa in the centrifuge tube. Again, the exact pressure cannot be accurately 
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measured and a supercritical state cannot be proven to be possible in this system. The 

estimations were only intended to simulate a small range of differing pressures in the 

tube, with the understanding that the actual pressure may vary significantly.  

The second highest average yield of oil was achieved at about 70 C using about 

28.9 g of dry ice. It should be noted, however, that the yield of oil varied widely at all 

temperatures and dry ice masses used. The temperature and mass reported earlier resulted 

in the highest average oil yield for three extractions from a sample. This experiment 

included four different trials, each with four replicates, at the same pressure and 

temperature as the four samples that resulted in the highest average yield from the first 

extraction experiment that was conducted. In this experiment, it was ensured that all 

oranges were of the same quality and type, were organic, and came from the same 

vendor. Clearly, the only trial to differ to a substantial degree from the rest of the data 

was the first trial, ran at an estimated pressure of 30 MPa and a water bath temperature of 

40 C (19 g dry ice). Nonetheless, with all error bars overlapping, there was not a 

significant effect of the changes in pressure and temperature on the resulting average oil 

yield. One-way analysis of variance (ANOVA) of all oil yield data (shown below in 

Table 2) was performed using StatGraphics and this determined a P-value greater than 

0.05, confirming that the null hypothesis cannot be rejected and that there is no statistical 

significance to the extraction data.  The average oil yield for the other three trials was 

nearly equal. In general, the changes induced by using different masses and water 

temperatures do not have a significant effect on average oil yield, contrary to the 

hypothesis. Slight increases in yields for a single extraction that were observed in this 
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experiment compared to the first experiment are likely a result of using higher quality, 

organic oranges.  

 

 

 

 

 

 

 

 

 

Figure 8: Results of second extraction experiment, showing oil yield at 

various estimated pressures and temperatures.  

 

Table 2: One-Way ANOVA for Average Yield by Pressure/Temperature Setting 

Source Sum of Squares Df Mean Square F-Ratio P-Value 

Between groups 8.97 3 2.99 1.74 0.213 

Within groups 20.6 12 1.72   

Total (Corr.) 29.6 15    

 

To reduce the possibility of error in the final extraction experiment, a sample orange peel 

with consistent quality was obtained. All orange peels were sourced from organic 

0.00

1.00

2.00

3.00

4.00

5.00

6.00

7.00

8.00

30 MPa, 40 deg. C 40 MPa, 40 deg. C 50 MPa, 50 deg. C 50 MPa, 70 deg. C

A
ve

ra
ge

 %
 Y

ie
ld

 p
er

 T
h

re
e 

Ex
tr

ac
ti

o
n

s

Estimated Pressure-Temperature Combination



 23 

Valencia oranges. An important aspect that was observed is the quality of the botanical 

material. Qualitative observation suggested that older, more faded citrus did not contain 

as much oil as new, fresh, brightly colored citrus. The process is ineffective at extracting 

oil from old, non-organic, frozen, and faded orange peels, and organically grown material 

always gives better yields compared to non-organic citrus. The extraction is successful 

across the range of temperatures and pressures shown in Figure 8 if fresh, bright orange, 

and preferably organic citrus is used. The window of temperature and pressures shown in 

Figure 8 should not be expanded, because liquid CO2 will not form at temperatures below 

35-40 C. Heating the water above 70 C results in a much higher energy cost, not to 

mention being very time-consuming. Future experiments should be closely controlled to 

definitively assess the impact of temperature, pressure and orange quality on the oil yield, 

although guaranteeing an exact mass of dry ice in the vessel is virtually impossible in the 

process’s current configuration. The extraction process can be repeated with a single 

sample until no more oil can be extracted from the sample, although the best yields are 

generally obtained with about three extractions. For future students, educators, 

researchers, or consumers who wish to perform the recommended version of the process, 

a written procedure has been prepared. This is provided in Appendix 4.  

 

Gas Chromatography-Mass Spectrometry (GC-MS) Analysis  

The GC-MS chromatogram from the first of three uniform orange oil samples 

obtained via CO2 extraction is shown in Figure 9 below. D-limonene is clearly indicated 

by the large central peak, and the average percentage of peak area for D-limonene is 

94.1%. This confirmed the expectation of limonene being the primary component in the 
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orange oil extracted using CO2. In Figure 10, the corresponding chromatogram from the 

first of three uniform orange oil samples obtained via steam distillation (microwave) 

extraction is shown. The resulting peak distribution closely matches that the of the 

chromatogram for the oil obtained using liquid CO2 extraction. Five prominent peaks are 

present in each of the two oils. The average percentage that D-limonene makes up from 

the total peak area is 95.6%, confirming the expectation of the oil extracted using steam 

distillation being purer and having higher D-limonene content.  

Figure 9: Gas chromatography-mass spectrometry analysis of oil samples 

obtained using CO2 extraction. Note the largest peak, D-limonene. At right, 

sample of orange oil from CO2 extraction is shown. 
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Figure 10: Gas chromatography-mass spectrometry analysis of oil samples 

obtained using microwave extraction. Note the largest peak, D-limonene. At 

right, sample of orange oil from microwave extraction is shown. 
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a flavor compound that causes the orange color of citruses.18 Nonetheless, the 

chromatographs indicate that the samples present in the column were extremely similar, 

which may not actually be true. It is possible that the sensitivity of the GC-MS was such 

that many volatile components of the oil sample extracted with liquid CO2 were not 

detected in the sample. While a low limit of detection is not always the direct result of 

better or lower sensitivity in GC-MS19, it is one potential explanation for the absence of 

many compounds in the liquid CO2 chromatograph. In the future, alternative methods of 

analysis or a GC-MS with a lower limit of detection may need to be implemented to fully 

assess the differences between the composition of the two types of orange oil.   

 

Pressure Release Outlet Design and Sublimation Rate Study 

 The CO2 flowrate from a centrifuge tube with no cap was measured as described 

previously. The resulting data was used to create a mathematical model from which the 

necessary pressure release outlet diameter to allow slow passage of CO2 through a 

centrifuge tube cap could be calculated. The results of the measurement of the CO2 

sublimation (specifically, the first of four replicate trials) are shown below in Figure 11.  
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Figure 11: Results of sublimation rate measurement, from first replicate trial 

(1 of 4). Polynomial fit is shown; this was used to calculate the sublimation 

rate.  

 

The experiment was repeated subsequently to allow for a total of four replicate flowrate 

data points. The average flow rate was determined to be 0.008393 g/s. As shown in 

Appendix 1, this flowrate was used to calculate the estimated necessary hole diameter, 

which was 0.0389 mm. The available drill sizes were larger than this diameter, so the 

volume of plating necessary to decrease the hole diameter from a drilled hole of diameter 

0.4064 mm to the calculated hole diameter by filling in the hole with plating was 

calculated, as shown in Appendix 2. The plating occurred successfully based on visual 

inspection, and a small but nonetheless visible hole was present even after the completion 
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of the plating process. Several methods were attempted to integrate the copper disk with 

plated opening into the centrifuge cap. After each modification was designed, the 

methods were tested for liquid CO2 formation by placing 29 g of dry ice in the tube with 

the hole and the plated disk and placing it in a water bath at 70 C (which had been 

proven to result in liquid CO2 in a closed container). The first, simplest method, was to 

wedge the disk between the upper edge of the tube and the inner face of the cap. This 

allowed gas leaks to happen and prevented liquid CO2 formation, so another approach 

was attempted. A silicon rubber disk with large central opening was placed below the 

copper disk and above the tube threading as a seal, a method which was also not 

successful in preventing leaks. It was evident that the disk needed to fit within the walls 

of the cap so that the tube could be fully twisted shut. So, the sides of the disk were 

trimmed down so that it could be attached to the inner face of the cap by a layer of glue 

and not interfere with the tube threading. RTV silicone adhesive sealant was used for this 

seal, but was an imperfect solution. The dried adhesive likely had small spaces in it 

between the disk and the cap that were allowing leaks to occur. It was not possible to 

ensure that no leaks were occurring from the adhesive, so another approach would be 

needed. In the future, the best option to proceed would be to use injection-molding to 

create a part from the disk that could be molded into the centrifuge cap. Because this was 

a small-scale academic research study, such processes were not an option. Additionally, 

smaller drills or specialized drilling equipment were not an option. Observations from the 

attempts to incorporate the plated disk into the system were encouraging, however. It 

appeared that the plated disk with hole allowed some buildup of pressure to occur when 

the extraction process was attempted, despite the silicone adhesive seal not fully 
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preventing gas leaks and even though no liquid CO2 was forming. The opening appeared 

to ensure a partial drop in pressure, as a loud release was audible upon removal of the 

cap. Extraction trials using a cap with no hole were always successful in forming liquid 

CO2. In fact, the process was determined to be safe and oil was never lost if two main 

precautions were followed. First, the cap was removed from the extraction vessel very 

slowly and carefully to prevent loss of oil and to allow a gradual release of pressure. 

Second, the entire apparatus was held in an upright position. This achieved the original 

goal of the opening in the cap of slowing the escape of CO2 and preventing loss of oil due 

to the pressure drop.  In summary, two methods were tested to modulate the release of the 

pressure from the device following oil extraction. In one method, a small hole was 

developed that was intended to slow CO2 release during extraction, a method that was 

unsuccessful in allowing formation of liquid CO2 due to the limitations of the hole’s 

incorporation into the system. In the second, current method, no pressure release outlet 

was integrated into the device but great care was taken when opening the chamber 

following completion of the oil extraction. Future work will aim to revisit the 

development of the release outlet to ensure that the diameter is the exact size necessary to 

slow gas release. Improvement of the plating process, including a more comprehensive 

and efficient system to fully cover the disk with plating material, is necessary. The 

primary barrier to plating the entire disk was time, as the electroplating setup did not 

allow for a quick process. The rate at which the charge was changing on the potentiostat 

would have required that the machine run for days at a time to plate the entire copper 

disk. Plating the entire disk would better ensure that the necessary volume of plating was 

present in the central hole. Additionally, a better system of integrating the disk into the 
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cap is necessary, which could be achieved by using a sealant that is less likely to result in 

leaks. However, the limitations to the pressure release system are not just a result of the 

process used to assemble the outlet, as assumptions used in the mathematical model may 

have resulted in an inadequate diameter for the outlet.  

Examining the data from the sublimation experiment, there are a few additional 

conclusions that could explain why the safety release opening was not sufficient. For one, 

the outside temperature of the water bath was not constant, as it was not connected to or 

placed on a heating source during the sublimation. This result in temperature conditions 

below the triple point and coupled with a low pressure in the tube, no liquid or 

supercritical CO2 formation. Second, the dry ice in the tube was not constantly in contact 

with the tube walls as there were air gaps present. This could also prevent the dry ice 

from reaching the temperature at which liquid formation was possible, already with a 

lowered pressure present in the tube. The sublimation study was impacted significantly 

by a non-constant temperature, and a more precise estimate of the necessary diameter for 

the pressure release outlet could have been made if the water bath temperature was held 

constant. As seen in Figure 11, the rate of sublimation that was measured is not constant, 

but decreasing. This indicates a non-constant rate of heat transfer leaving the system, 

which would result in fluctuating temperatures. If the temperature of the water bath had 

been held at 50 C during the sublimation process, the sublimation rate would have been 

linear. With variation in heat transfer, it would be useful to determine whether the heat 

transfer is solely conduction. Thus, the estimated conductivity values at the beginning of 

the sublimation (18.08 g dry ice) and when half of the mass is left (8.97 g) were 

calculated using an energy balance. Refer to Appendix 3 for the calculations, based on 
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the assumption that the ending temperature of 34 C was the same as the temperature at 

halfway through the sublimation process. The initial and final temperatures of the 

sublimation had been measured and the initial and final mass flow rates had been 

estimated, allowing the calculation of both the initial and final heat transfer rates and 

subsequently the calculation of the initial and final conductivity values. This calculation 

method indicated that the conductivity value near the beginning of the sublimation was 

17.8 J/m2-s-K and the value towards the end of the sublimation was 15.59 J/m2-s-K. 

While the polypropylene material of the tube only can only have one true conductivity 

result, the calculated values could indicate that heat transfer, either through conduction or 

convection, was not consistent during the process. This result also proved that the 

temperature of the outer surface was not at 34 C halfway through the sublimation. A 

theoretical sublimation model was then developed for the vessel as provided in Appendix 

3, where it was assumed that temperature of the CO2 in the system was constant and 

therefore the enthalpy of sublimation was constant. It was also assumed that the CO2 was 

at atmospheric pressure and that the mass of the water in the water bath was constant. A 

differential energy balance was set up based on these assumptions, and the equation for 

thermal conductivity was substituted into the equation. Solving for the mass of the dry ice 

in terms of time resulted in the following model: 

𝑚 = 𝛽𝑒−𝜆𝑡 
Where 

𝛽 =
𝑚𝑤𝐶𝑝

ℎ
(𝑇0 − 𝑇), 𝜆 = −

𝑘𝐿𝐴

𝑚𝑤𝐶𝑝
 

This model was used for an exponential fit to the sublimation model, and solving the 

equation for kL resulted in a single conductivity value of 0.169 W/K-m. For reference, the 

respective conductivity value for polypropylene is 0.1 – 0.2 W/K-m.16 The results of this 
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study, could be replicated as a simple thermodynamics experiment for students in the 

future in which students compare the theoretical model to the experimental model. 

There are several approaches to fixing the problematic aspects of both the 

sublimation experiment and the closed-vessel extraction process that resulted in 

significant fluctuation in mass flow rates (in the case of the sublimation experiment) and 

possibly in oil yield (in the case of the extraction experiment). One approach would be to 

maintain a constant water bath temperature. If the water bath was a glass-like material 

that could be placed on a heating source during the process, then this would be possible. 

Safety concerns currently dictate that the process be performed in a plastic container to 

avoid glass breakage, although the results of this paper and observations that no 

explosions ever occurred in the vessel indicate that it may not be hazardous to introduce a 

glass water bath, if a stir bar is used. Other materials could also be used to avoid the 

hazards posed by glass and the problems with placing a plastic container on a heat source. 

The other solution is to simply ensure that the dry ice is ground into a fine powder, to 

avoid any possibility of gaps forming between the dry ice granules and the wall of the 

vessel, leading to variable heat transfer. Future experiments may incorporate these 

solutions and the results of the sublimation rate study. Modifications to the sublimation 

and extraction processes could be used in an educational experience that would reinforce 

concepts of heat transfer, thermodynamics, and green chemistry. In this case, students 

would start by performing the sublimation study, using the polynomial fit of the data to 

calculate the conductivity values, and comparing them to the theoretical model. Then, 

they would proceed to the extraction study, in which they could use the larger-scale 

extraction vessel and perform extractions on orange peels and other citruses. 
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Alternatively, both studies may be of interest to researchers looking to perform small-

scale liquid CO2 experiments before proceeding to extractions using large-scale 

supercritical fluid extractors. The two recommended safety precautions from the results 

of this study ensure that the extraction process can be performed without chance of 

incident or hazard. 

 

Extraction of other Botanicals 

The process was successful in extracting oil from lemon peel. 25.4 g dry ice was 

used at a water temperature of 40 C. Two extractions were performed from a 6.0-g 

sample of lemon zest. Each extraction resulted in a yield of 1.17%, for a total yield of 

2.33% for the 6-g lemon sample. Attempts to extract lavender, sandalwood (powdered), 

Dong Quai (powdered), cardamom, and Myrrh (powder) were all unsuccessful. The 

lavender sample had been kept in frozen storage and was very dry at the time of 

extraction. While most CO2 extraction processes are effective in extracting non-citrus 

botanicals, this method would likely require a very large substrate mass to achieve oil 

extraction, especially from low-density powder-based materials. Additionally, those 

processes often require supercritical fluid, which cannot necesarily be achieved in this 

process.7  

 

Conclusions 

Essential oils can be extracted from a variety of means, although steam distillation 

and supercritical fluid extraction are some of the most common methods used to obtain 

the oil from botanical materials. Of these methods, supercritical and liquid extraction 
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using CO2 as the extraction solvent has a lower energy cost and is more environmentally 

friendly. The goal of this study was to improve upon a simple method from academic 

laboratories that uses temperature and pressure changes to induce a phase change from 

solid to liquid in carbon dioxide, producing an extraction solvent that can obtain oil from 

citrus materials. Introducing such a method would be of interest to educators or 

researchers who need a simple and inexpensive method of obtaining essential oils, either 

in the classroom or the laboratory, a process that often requires complex equipment. 

Scaling up the method to a 50-mL extraction vessel and repeating the extraction three 

times from a single 7.5 g sample of orange zest, a 5.71% yield of oil was reported using a 

water bath temperature of 40 C and 25.4 g of dry ice. Using these optimal conditions 

and repeating the extraction three times per botanical sample was recommended to obtain 

the greatest yield and it was also advised that high quality, fresh, and organic orange 

peels be used for extraction. It was determined that the effect of changes in pressure and 

temperature on the yield of oil within a defined range was not significant. GC-MS 

analysis of the resulting oil samples revealed that composition of the oil samples included 

several different compounds but primarily D-limonene. Samples of orange oil obtained 

using microwave extraction (steam distillation analog) had unexpectedly similar results 

and a slightly higher percentage of D-limonene; the similarities in the data were 

attributed to low sensitivity in the GC-MS. Two methods were investigated to make the 

liquid extraction process safer and to lower the chance of oil being lost upon opening the 

vessel due to the subsequent pressure drop. In the first of these methods, an attempt was 

made to introduce a small cylindrical hole into the cap of the vessel to allow a slow 

release of pressure from the device during the extraction process. The flow rate of carbon 
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dioxide sublimating inside the vessel was determined to be 0.008393 g/s and fluid 

dynamics calculations determined that the necessary diameter of this cylindrical hole 

would have to be 0.0389 mm to maintain the necessary pressure in the vessel for a phase 

change from solid CO2 to liquid. Electroplating was used to construct the cylindrical hole 

but the hole did not allow sufficient pressure buildup for liquid CO2 formation, and leaks 

in the sealing of the cap were found to be affecting the pressure buildup as well. Future 

work will aim to revisit the design of this pressure release hole to determine if it is viable. 

The second recommended safety revision involved carefully and slowly removing the cap 

of the device and gradually allowing the pressure buildup to escape, while keeping the 

apparatus upright. This method proved successful in preventing oil loss and avoiding the 

only hazardous aspect of the process when the pressure would suddenly release upon 

opening. The failure of the pressure release hole and the associated sublimation rate study 

prompted further investigation after observation that the sublimation rate was not 

constant. Using the results of the sublimation study in which the rate at which carbon 

dioxide sublimed in the extraction vessel with no cap was measured, two different 

possible conductivity values were estimated. A theoretical model was developed based on 

the assumption that temperature was constant, resulting in a new exponential fit for the 

sublimation data and a theoretical conductivity value of 0.169 W/k-m, very close to the 

known conductivity value for the polypropylene material that makes up the extraction 

vessel. In the future, incorporating a constant heat source in the water bath would 

eliminate the issue of non-constant heat transfer rates in the system and could also affect 

the results of the extraction process. In conclusion, the results of this study would be of 

interest for researchers and educators. A simple experiment could be designed in which 
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students could replicate the sublimation study and the scaled-up extraction process to 

better understand concepts of heat transfer, thermodynamics, and liquid CO2 extraction. 

With improvement to the core processes of extraction and sublimation presented in this 

paper, the many potential applications would be fascinating. 
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Appendix 

 

Appendix 1: Pressure Outlet Diameter Calculation 

 

Sublimation testing: 

 

 Measured mass of CO2 sample over time, recorded data in Excel. Used 

polynomial trendline fit, shown below for Run 1 of 4. 

 
 Calculation of average rate for Run 1, using f(x) = (5E-06)x2 – 0.0182x + 16.549: 

 𝐴𝑣𝑔. 𝑅𝑎𝑡𝑒 𝑓𝑟𝑜𝑚 0 𝑠 < 𝑥 < 2010 𝑠 =
𝑓(𝑥2)−𝑓(𝑥1)

𝑥2−𝑥1
=

0.1675−16.549

2010−0
=

−0.00815 𝑔/𝑠 
Repeated for three other runs in range from 0 s to time at which all ice sublimed. 

 

All data from sublimation: 

Run 

Initial Temp 

(∘C) 

Final Temp 

(∘C) ∆T (∘C) 
Sublimation Rate 
(g/s)   

1 50.0 34.0 16.0 -0.00815   

2 46.0 35.0 11.0 -0.00800   

3 50.0 36.0 14.0 -0.00824   

4 50.0 36.0 14.0 -0.00918   

            

   Average 13.8 -0.00839 g/s 

    St. dev 2.06 0.000534   
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Average sublimation rate: 8.39 * 10-6 kg/s 

Calculation of exact diameter necessary: 

 

 Convert mass flow rate to volumetric flowrate: Q = m/ 

 Calculated density of CO2 gas at 50 deg. C, 5 atm:20 

  Density = 8.302 kg/m3 

 

   Q = (8.39*10-6 kg/s) / (8.302 kg/m3) 

    = 1.011*10-6 m3/s 

 

 Equation for laminar flow in a pipe:20   

 

Q = 
𝜋∗Δ𝑃

8𝜇𝐿
∙ 𝑅4 

 
 Viscosity of CO2 at 323 K:21 

    𝜇 = 0.01622 cP 

   𝜇 = 1.622 *10-5 Pa-s 

 
 Cap thickness: L = 1.45 mm = 0.00145 m 

 

 CO2 becomes liquid at 5.2 atm 9 

Assume external pressure is 15 psi = 1.021 atm 

 

Assume Δ𝑃= 5.2 atm – 1.021 atm = 4.179 atm 

   = 4.234 *106 Pa 
 

 1.011*10-6 m3/s = 
𝜋∗(4.234∗106 Pa)

8(1.622∗10−5𝑃𝑎−𝑠)∗(0.00145 𝑚)
∙ 𝑅4 

 
Solve for R:  

 

R = 1.945 *10-5 m  

 

Diameter = 2*(1.945 * 10-5 m) = 3.89 * 10-5 m = 0.0389 mm 
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Appendix 2: Nickel Plating Calculations 

 

 Drill size: 0.4064 mm 

 

Necessary hole size: 0.0389 mm 

 

Plating thickness: t 

 

2t = (0.4064 mm – 0.0389 mm) 

 

t = 0.1838 mm = 0.01838 cm 

 

 Disk diameter (circular area in center of disk to be plated): 0.2 cm  

 

Volume of plating needed:  

𝑉 = 𝜋𝑅2 ∗ 2𝑡 

𝑉 = 𝜋(
0.2 𝑐𝑚

2
)2 ∗ 2(0.01838 𝑐𝑚) = 0.00116 𝑐𝑚3 

 Density of nickel:22 8.9 g/cm3   

 

Mass of nickel needed: 

 

m = (0.00116 cm3) * (8.9 g/cm3) 

    = 0.01028 g 

 Molecular weight of nickel: 58.6934 g/mol. 23 

 

Moles of nickel needed: 

 

= (0.01028 g Ni) / (58.6934 g/mol) 

= 0.000175 mol Ni 

 

 Moles of electrons: 

 

Ni has 2+ charge  2 charge/mole  

2*0.000175 = 0.00035 moles of electrons 

 

 Convert moles to coulombs: 

 

1 mole = 96485.3 coulombs24 

 

Coulombs needed: (0.00035 moles of electrons) * (96485.3 coulombs/mole)  

 

= 33.79 coulombs 

 

= 3.379E+01 coulombs on coulometer reading. 
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Appendix 3: Sublimation Rate Study Calculations 

 

 Experimental model based on sublimation data from Run 1 (see Appendix 1): 

 

Dry ice temperature, assumed to be -78 C (195 K), so heat of sublimation is 26.3 

kJ/mol9 and heat capacity is 0.73 kJ/kg-K.25  

 

o Sublimation rates estimated at beginning and end of experiment (m1 and 

m2) 

 

𝑄1 = 𝑚1𝐶𝑝∆𝑇 + 𝑚1∆𝐻𝑠

= (0.0347
𝑔

𝑠
∗

1 𝑘𝑔

1000 𝑔
)

∗ (0.7298
𝑘𝐽

𝑘𝑔 − 𝐾
) (195 𝐾 − 195 𝐾) (

1000 𝐽

1 𝑘𝐽
)

+ (0.0347
𝑔

𝑠
) (26.4

𝑘𝐽

𝑚𝑜𝑙
∗

1 𝑚𝑜𝑙

44.01 𝑔
) (

1000 𝐽

1 𝑘𝐽
) = 𝟐𝟎. 𝟖𝟐 𝑱/𝒔 

 

 

o Outside temperature of the tube at 34 C = 307 K, when half of the dry ice 

has sublimed: 

 

𝑄2 = 𝑚2𝐶𝑝∆𝑇 + 𝑚2∆𝐻𝑠

= (0.0133
𝑔

𝑠
∗

1 𝑘𝑔

1000 𝑔
)

∗ (0.7298
𝑘𝐽

𝑘𝑔 − 𝐾
) (195 − 195 𝐾) (

1000 𝐽

1 𝑘𝐽
)

+ (0.0133
𝑔

𝑠
) (26.4

𝑘𝐽

𝑚𝑜𝑙
∗

1 𝑚𝑜𝑙

44.01 𝑔
) (

1000 𝐽

1 𝑘𝐽
) = 𝟕. 𝟗𝟖 𝑱/𝒔 

 

o Assuming simple heat conduction through a slab (Fourier’s equation)20: 

𝑄 = 𝑘𝐴∆𝑇 
 

 

o cylindrical portion of the tube (main surface area for dry ice): it is 0.00914 

m2.  

The surface area at halfway (9 g) will be equal to this number divided by 

two. 

 

𝑄1 = 𝑘𝐴∆𝑇 → 20.82 
𝐽

𝑠
= (0.00914 𝑚2)(323 − 195 𝐾) ∗ 𝑘1 

 

𝒌𝟏 = 𝟏𝟕. 𝟖 
𝑱

𝒎𝟐 ∗ 𝒔 ∗ 𝑲
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𝑄2 = 𝑘𝐴∆𝑇 → 7.982 
𝐽

𝑠
= (

0.00914

2
 𝑚2) (307 − 195 𝐾) ∗ 𝑘2 

 

𝒌𝟐 = 𝟏𝟓. 𝟓𝟗
𝑱

𝒎𝟐 ∗ 𝒔 ∗ 𝑲
 

 

𝒌𝟏  ≠ 𝒌𝟐 

 the outer surface is not at 34 C halfway through the sublimation, and convection 

may be occurring in the system in addition to conduction. 

 Theoretical Model (Glen Li, 2016): 

 

“Let’s use 𝑄 to denote the heat transfer from water to dry ice. Let’s also assume that 

sublimed gaseous CO2 is escaping the tube at a constant 𝑇=195K, solid dry ice stays at 

195K, and that the pressure of the gaseous CO2 is 1 atm. In this case, the specific 

enthalpy of the escaping gas and the solid dry ice remains constant. 

 

 

Let 𝑚 be the mass of remaining dry ice, and 𝑉 be the volume of gaseous CO2 generated 

during sublimation, we will have 

𝑄 = −
𝑑𝑚

𝑑𝑡
∆𝐻𝑠𝑢𝑏 + 𝑝

𝑑𝑉

𝑑𝑡
 

 

 

Assuming that CO2 is an ideal gas, molar mass of CO2 is 𝑁, then we have  

 

𝑝
𝑑𝑉

𝑑𝑡
= −

𝑑𝑚

𝑑𝑡

𝑅𝑇

𝑁
 

i.e. 

 

𝑄 = −
𝑑𝑚

𝑑𝑡
∆𝐻𝑠𝑢𝑏 −

𝑑𝑚

𝑑𝑡

𝑅𝑇

𝑁
 

, or 

𝑄 = −
𝑑𝑚

𝑑𝑡
ℎ, where constant ℎ = ∆𝐻𝑠𝑢𝑏 +

𝑅𝑇

𝑁
= 634.57 J/g 

 

Now let’s consider the temperature drop of the water bath. Assuming constant mass (𝑚𝑤) 

and specific heat capacity (𝐶𝑝) of the water in the bath, and ignore heat loss to the air, we 

have: 

 

 

𝑄 = −𝑚𝑤𝐶𝑝
𝑑𝑇𝑤

𝑑𝑡
             (**) 

 

, where 𝑇𝑤 is the temperature of water. Given (*) and (**), 

 
𝑑𝑚

𝑑𝑡
ℎ = 𝑚𝑤𝐶𝑝

𝑑𝑇𝑤

𝑑𝑡
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∆𝑚 =
𝑚𝑤𝐶𝑝

ℎ
∆𝑇𝑤  

 

Denoting original dry ice mass as 𝑚0 and initial water temperature as 𝑇0, 

 

𝑇𝑤 = 𝑇0 − 𝑚0

ℎ

𝑚𝑤𝐶𝑝
+ 𝑚

ℎ

𝑚𝑤𝐶𝑝
 

 

Now let’s now estimate the thermal conductivity 𝑘𝐿. Assume that 

 

𝑄 = 𝑘𝐿𝐴(𝑇𝑤 − 𝑇) 
 

 

, where the temperature 𝑇 of solid-gaseous CO2 is assumed to be constant. Now we have 

 
𝑑𝑚

𝑑𝑡
ℎ = −𝑘𝐿𝐴(𝑇𝑤 − 𝑇) 

 

𝑑𝑚

𝑑𝑡
= −

𝑘𝐿𝐴

ℎ
(𝑇𝑤 − 𝑇) = −

𝑘𝐿𝐴

ℎ
(𝑇0 − 𝑚0

ℎ

𝑚𝑤𝐶𝑝
+ 𝑚

ℎ

𝑚𝑤𝐶𝑝
− 𝑇) 

, or 
𝑑𝑚

𝑑𝑡
= −

𝑘𝐿𝐴

𝑚𝑤𝐶𝑝

(𝑚 − 𝛼) 

, where 𝛼 is a constant. If we assume that 𝑘𝐴 is a constant, then we can get 
𝑑𝑚

𝑑𝑡
= −

𝑘𝐿𝐴

𝑚𝑤𝐶𝑝

(𝑚 − 𝛼) 

This can be approximated by 

𝑚 = 𝛽𝑒−𝜆𝑡 
Where 

𝛽 =
𝑚𝑤𝐶𝑝

ℎ
(𝑇0 − 𝑇), 𝜆 = −

𝑘𝐿𝐴

𝑚𝑤𝐶𝑝
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In this fit, 

𝛽 = 17.721 g, 𝜆 = 1.53×10−3 s−1 
 

and we can estimate 

 

𝑚𝑤 = 21 𝑔, 𝑘𝐿 = 147 𝑊 𝐾−1𝑚−2 “ 

 

 Polypropylene has K = 0.1 – 0.22 W/m-K. The wall thickness of the centrifuge 

tube is 0.00115 m, so the final calculated K value is (147 W*(K-

1)*(m2))*(0.00115 m) = 0.169 W*K-1*m-2.  
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Appendix 4: Recommended Liquid Extraction Procedure 

 

Materials Required: 

 

300 mL Water 

500 mL plastic graduated cylinder 

50 mL centrifuge tube with screw cap 

Thermometer, Hot plate/stir bar 

Dry ice 

Whatman Grade 42 Filter paper 

Copper wire 

Fresh orange peels (navel or Valencia oranges recommended) or other citrus peels 

Zester 

Mortar and pestle 

Pasteur Pipette (or pipette that can transfer approx. 300 uL) 

Vial 

 

Protocol: 

1. As for the oranges, fresh oranges are recommended. Freezing the oranges and 

then extracting from the frozen oranges has resulted in lower or no yields in the 

past. 

2. Pour 300 mL water into a beaker. Add the stir bar, place beaker onto the hot plate 

and heat the water to 40 degrees C.  

3. While the water is heating, use the zester tool to remove the outer (orange-

colored) layer of the orange peels. Do not include the white-colored part of the 

orange underneath the zest, as this does not contain oil. Measure out 7 g of the 

orange zest.  

4. Coil a piece of copper wire, making the coil small enough to fit inside the 

cylindrical part of the tube. Cut out a piece of filter paper that is slightly larger 

than the diameter of the coil, so that it can fit snugly inside the tube. Slide the 

filter paper into the coil and place the coil in the tube. Having the filter at the 

bottom of the tube allows for collection of oil in the bottom without any orange 

entering the oil. 

5. Push the 7-g orange zest into the tube on top of the filter. 

6. Before handling any dry ice, ensure that safety glasses and gloves are on. Use the 

mortar and pestle to crush the dry ice into a fine powder. For this experiment, it is 

recommended to have at least 150 g of crushed/powdered dry ice. This will allow 

for repeats of the initial extraction. Store the dry ice in a closed and insulated 

container when not using it. 

7. Once the water has warmed up to 50 degrees C, pour it into the graduated 

cylinder.  

8. As quickly as possible, weight out 25.4 g of crushed dry ice and add it to the 

centrifuge tube, on top of the orange zest. Do not push the ice down into the tube. 

To get more space if necessary, simply tap the bottom of the tube. Because the 

dry ice sublimes quickly at room temperature, be sure to perform this step as 
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rapidly as possible to avoid dropping the mass below 25 g dry ice before the next 

step.  

9. As quickly as possible, screw the cap on the tube tightly and drop the tube with 

filter, orange, and dry ice into the cylinder with water. Again, this step needs to be 

done in a timely manner due to the fast sublimation of the dry ice. The dry ice 

should be kept in a covered and insulated container when not being used (there is 

a Styrofoam box in the lab for this purpose).  

10. The dry ice should start changing phase to liquid CO2 within 30-120 seconds. If 

this does not occur, remove the tube from the water, remove the cap and screw it 

back on as tightly as possible. Then place the tube back into the water. If this does 

not result in liquid formation in the tube, again remove and replace the cap and 

tube, repeating until the solid CO2 can change to liquid. The phase change is 

dependent on a large pressure buildup, so the proper sealing of the cap is very 

important. 

11. The liquid CO2 will travel through the orange material, extracting oil, and 

eventually will turn into vapor and escape from the tube. After about 5-6 minutes 

from the start of the process, yellow oil should be visible in the bottom of the 

tube.  

12. Carefully and slowly unscrew the cap from the tube. The opening of the tube 

causes a sudden (and loud) pressure drop that can disturb the oil if not careful. So, 

monitor the oil while doing this and keep the tube upright to ensure none of it is 

lost. Opening the cap slowly to gradually release the pressure buildup will give 

the highest oil yield. 

13. Carefully remove the zest and filter from the tube by pulling out the long wire. 

14. The oil can be removed from the bottom of the tube using a Pasteur pipette or a 

micropipette, and then placed in a vial to measure the mass of oil. Masses as high 

as 0.21 g were reported for this step in the most recent experiment in the lab, but 

generally are around 0.1-0.15 g. Use this mass and the mass of the orange peel (7 

g) to determine the oil yield for the botanical sample.  

15. Repeat the experiment again using the same orange sample. Steps 8-15 can be 

repeated, just reuse the 7-g orange sample and the copper wire/filter and tube with 

new dry ice and newly heated water at 40 degrees C. The extraction can be 

repeated at least two subsequent times with a single sample (and possibly more). 

The average total yield determined in experiments from three extractions from an 

orange sample was 5.71%. It is expected that the extraction can be repeated for 

more than three trials, at least until no more oil can be extracted from the original 

sample. 
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