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Abstract
Relatively new products which are mostly marketed by online communities and online influencers as healthy or having therapeutic effects are being sold across Europe and United States, online or local drugstores, without ensuring that these products go through any quality analysis. This introduces a threat on the consumer as there is no guarantee that the product does not contain toxic impurities. The aim of this research was to find simple methods to analyze CBD oil, e-liquids and CBD e-liquids for impurities and to determine the CBD concentration. E-liquids were analyzed for volatile components by the means of HS-GC/MS and ethanol was quantified by means of HS-GC-FID. For all the products containing CBD, the CBD and CBN was quantified by the means of HPLC-UV. CBD oil was analyzed for its chemical constituents by the means of GC/MS and Intuvo 9000 GC. Ethanol concentration in e-liquids was below trace levels (0.4 %) and from the possible identifications of volatile components, harmful compounds were not found. All CBD products had their CBD content within the optimal level (≤10 % difference to what is stated on the label). CBD oil contained also 0.3 mg/mL CBN. For the possible identifications of chemical constituents in CBD oil, no toxic compounds were found. Δ9-THC was found in the sample; however, the quantity is likely to be low and thus should not cause psychotropic effects to the consumer. The samples analyzed in this research do not contain toxic compounds and CBD products are within the optimal level. Regardless, it is highly recommended that regulations are set on these products and that it is certified that these products undergo quality analysis in order to ensure consumer safety.
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[bookmark: _Toc515617176]Introduction
New products emerge to the international markets which are claimed to be beneficial for health and there are many online personas and communities which extravagantly promote these benefits. The use of e-cigarettes and e-liquids is claimed to be a healthy and harmless. Administration of cannabidiol (CBD) trough CBD oil or CBD e-liquid is claimed to cure acne, epilepsy, cancer, reduce anxiety, protect from neurodegenerative diseases, reduce inflammation, help with insomnia and the list goes on (Cohen, 2018). However, there are not enough robust scientific or clinical studies available which would confirm all these claims. One of the reasons is that due to these products being so new, there hasn’t been the time for long term scientific studies like with cigarettes for example which were also thought by many to be beneficial for health when they came to the markets (Proctor, 2011). Nonetheless, there are health benefits to these products as the Royal College of General Practitioners and Cancer Research UK have officially stated that e-cigarettes are healthier than regular cigarettes (Cancer Research UK, 2017). Also, the CBD medication Epidiolex® is in phase three of clinical trials for the treatment of epilepsy according to the World Health Organization (WHO, 2017). The advantages for health are just not as prodigious as many websites make it seem like. 
The concern with these products is that they might not be true to their labels and the products might contain toxic substances or impurities (Etter & Bugey, 2016), then the potential health benefits have no value assuming that the product would contain harmful impurities. There are many methods developed to determine the nicotine content of the e-liquids. There are also many methods to determine cannabinoids from human samples (to detect illegal use of cannabis). Impurities of e-liquids and e-liquids containing CBD and CBD oil are not yet commonly analyzed. Some CBD oil manufacturers make quality reports to provide affirmation of their product to the consumer. These have been inadequate quality as can be seen in “Appendix 1. Canabidol’s cannabinoid test report analyzed with gas chromatography (GC)”. 
Since August 2016, the FDA regulates the e-cigarettes in the US (FDA, 2017). The FDA intents to regulate the marketing, labelling and manufacture of devices and e-liquids (FDA, 2016). The European Parliament has set regulations regarding to the e-cigarettes in 2014. European Parliament requires standardization and quality control for the e-cigarettes and e-liquids and to have all the ingredients listed on the e-liquid package (European Commission, 2014). However, according to report produced under EU Health programme (European Comission, 2016), very few manufacturers of e-liquids provide any information regarding the quality control on their products. The legality of substances containing CBD is still unclear in many countries because CBD is not considered a narcotic according to the 1988 United Nations Drug Convention, however, it is considered to be the most illicit used drug both in the US and Europe. There is still indecisiveness regarding to CBD due to it originating from cannabis; it has not been decided if it should be considered as illicit drug even though it does not have psychotropic effects. Due to the lack or regulations on CBD products, the manufacturers are not obliged to make quality control analyses on their products. 
With all these factors in consideration, the following research questions are proposed:
· How to determine the main chemical constituents of CBD oil, e-liquids & CBD e-liquids?
· How to remove the complex matrix of CBD oil and the propylene glycol and glycerol from e-liquid samples?
· Are there any toxic impurities in the samples and how are they analyzed? 

[bookmark: _Toc506545351][bookmark: _Toc515617177]Theoretical framework 
[bookmark: _Toc515617178]Context 
There is a rapid increase in the use of e-cigarettes, e-liquids, CBD oil and e-liquids containing CBD. All of these products are readily available online and in local drugstores, and there are many websites promoting the health benefits of these products. There has not been done extensive clinical trials and robust scientific studies to back these claims. There are many concerns related to these product’s authenticity, origins, lack of quality control and standardization. The purpose of this research is to find suitable analytical methods to confirm the quality of these products. 
[bookmark: _Toc515617179]E-cigarettes hardware schematic drawing  
Simply put electronic cigarettes are battery powered vaporizers. The e-cigarette devices consist of a cartridge which holds the liquid, the atomizer which vaporizes the liquid, microprocessor, rechargeable lithium battery, mouthpiece and a switch to activate the heating element. The e-cigarettes are often categorized in three generations. First-generation e-cigarettes which were made to mimic a cigarette were low tech vaporizers with limited settings (Giroud, et al., 2015). The second-generation devices are larger and contain a cartridge which can be filled with e-liquid by the user themselves and replaceable coils and wicks (McRobbie, 2014). Third-generation devices contain high-capacity batteries with electronic circuits that provide a high energy to the changeable atomizer (Farsalinos, et al., 2014). Regular users of e-cigarettes use the models with refillable cartridges (Etter & Bugey, 2016). E-cigarettes with the more advanced electronic circuits and replaceable parts can be easily modified to be suitable for cannabinoid vaporization (Giroud, et al., 2015). The coil head can be chosen based on if a dry herb, a wax or e-liquid is to be vaporized. I.e., not only e-liquids can be vaporized and inhaled with e-cigarettes but other mediums as well. Since the e-cigarettes came to the markets, their use has increased rapidly especially among youth aged 12-18 (Lefever,, et al., 2016).

[image: ]
Figure 1 Schematic of third generation electronic cigarette (Giroud, et al., 2015). 

[bookmark: _Toc515617180]E-liquids
The liquid used in the e-cigarettes does not undergo combustion like in traditional cigarettes. The liquid and the e-cigarette produce an aerosol which mostly consists of humectants (propylene glycol and/or glycerin), flavorings and nicotine (Herrington, Myers, & Rigdon). The humectants ratio to each other are varied to give different sensations in the mouth and throat. In the vaping[footnoteRef:1] communities it is said that propylene glycol (together with nicotine) gives the ‘throat hit’ many users appreciate, and vegetable glycerin increases the vapor amount and brings out the flavor (Vaping Daily Blog). Commonly the nicotine amount in the e-liquids contain are 0, 3, 6, 12, and 18 mg/mL (St.Helen, Dempsey, Havel, Jacob, & Benowitz, 2017). The flavorings used in the e-liquids are usually the same as applied in food industry. Most of these compounds are generally regarded as safe for indigestion, but their effect on the human health when inhaled is unknown (Aszyk, et al., 2017). Flavorings can also change the nicotine pharmacokinetics from e-cigarettes, which brings the possibility of abuse liability (St.Helen, Dempsey, Havel, Jacob, & Benowitz, 2017). There have been also suggestions that the e-liquids may contain toxins and impurities (Etter & Bugey, 2016). In response to these concerns there has been research to determine the carcinogens and toxicants from the vapor of the e-liquids where a modified smoking machine was used to generate the vapor (Lukasz, et al., 2018). These smoking machines are not readily available in most laboratories and therefore gas and liquid chromatographic methods analyzing the liquid sample still tend to be the most common methods to determine the quality of the e-liquids.  [1:  Vaping is the act of inhaling and exhaling the vapor produced by an electronic cigarette.  ] 

[bookmark: _Toc515617181]Ethanol in electronic cigarettes 
In a research conducted by Varlet et al. on toxicity of e-liquids, 30 out of 42 were found to contain ethanol. A research was then conducted by Valentine et al. to see the effects of alcohol containing e-liquids on young adults. It was found that trace (0.4 %) alcohol did not influence the participants and neither it could be detected from blood nor urine samples. Ethanol metabolites (acetaldehyde, acetic acid) could be detected from urine from three participants when they inhaled e-liquids containing high (23.5 %) amounts of alcohol. It was concluded that inhaling high amounts of ethanol can negatively impact psychomotor performance[footnoteRef:2] (Valentine, et al., 2015). The motivation for manufacturers to add ethanol is due to its availability and utility as a solvent (Valentine, et al., 2015). [2:  Origination of conscious mental activity] 

[bookmark: _Toc515617182]Cannabis Sativa L. 
[bookmark: _Hlk506375960][bookmark: _Hlk506055627][image: ]Cannabis Sativa L. is an annual plant belonging to the cannabaceae family. C. Sativa L. has been used by humans for food, medicine, fiber and for psychoactive drug use since ancient times (Zhou, Wang, Lou, & Fan, 2018). The non-drug varieties for industrial use are also collectively called hemp (Montserrat-de la Paz, Marín-Aguilar, García-Giménez, & Fernández-Arche, 2014). C. Sativa L. seed oil consists of polyunsaturated fatty acids, proteins, terpenes and cannabinoids (Citti , Pacchetti, Vandelli, Forni, & Cannazza, 2018). Due to many years of humans changing the chemistry of cannabis plant it is impossible to know if the unaltered ancestral population of cannabis still exists. It is recommended according to botanical classification that cannabis sativa is recognized as a single species within which sub-species contain high and low amounts of tetrahydrocannabinol (THC) exist (Chandra, Lata, & ElSohly, 2017). Currently over 700 cannabis genotypes are being bred and new genotypes are emerging (Janatová, et al., 2017). C. Sativa L. is has had controversy over its pharmacological classification, but “psychoactive” and “psychotropic” are both appropriate (Chandra, Lata, & ElSohly, 2017). The famous psychotropic compound ∆9-THC is the most abundant in the female plant of C. Sativa L. (Di Marzo, 2004). Over 500 different compounds have been identified in C. Sativa L., and that includes 113 phytocannabinoids and 120 terpenes (Calvi, et al., 2018). The C. Sativa L. plant consists of terpenes, flavonoids, stilbenoids, fatty acids, alkaloids, carbohydrates and polyphenols (Calvi, et al., 2018). C. Sativa L. is used for medicinal purposes and in some countries, doctors can prescribe cannabis to be used by vaporization, in herbal tea or oils (Calvi, et al., 2018). Figure 2 Δ9-THC structure

[bookmark: _Toc515617183]Cannabinoids
Cannabinoids are naturally occurring chemical compounds in the C. Sativa L. The chemical composition of C. Sativa L. depends on the type, age and part such as the root, fiber, flower, leaf and the different cannabinoid amounts depend on the growing conditions which includes humidity, temperature and soil nutrients (Di Marzo, 2004). The most relevant cannabinoids are ∆9-THC, CBD, cannabigerol (CBG), cannabichromene (CBC) and cannabinol (CBN) (Calvi, et al., 2018). ∆9-THC is a viscous and volatile oil which is soluble in lipids (Sharma, Murthy, & Bharath, 2012). ∆9-THC, which is a tricyclic 21 carbon structure, binds cannabinoid receptors CB1 and CB2 in the body which are activated by endogenous compounds (endocannabinoids) and are involved in variety of physio-pathological processes. For example, modulation of neurotransmitter release, regulation of pain receptors and of cardiovascular, gastrointestinal and liver functions (Izzo, Borrelli, Capasso, Di Marzo, & Mechoulam, 2009).
[image: ]              [image: ]
Figure 3 CBD structure					Figure 4 CBN structure
CDB does not seem to bind to the CB1 receptor at all and a low affinity to bind on the CB2 receptors. Across a range of tests in humans and animals it has been show that CBD works in a different way than THC (WHO, 2017). CDB has not shown any potential for dependency and is low toxic (WHO, 2017). Under experimental conditions CBD can be converted to THC. This can be done by heating the CBD in an acidic solution, however the yield and purity of the THC vary (WHO, 2017). This is probably one of the contributing reasons for why the use and sell of CBD has controversy with authorities. In the plant cannabidiolic acid (CBDA) is converted to ∆9-THC, CBD and CBN trough phytochemical processes (Di Marzo, 2004). ∆9-THC is an unstable substance and therefore laboratories monitoring THC content often use CBD and/or CBN as reference standard (Suurkuusk, 2010). When consumption of THC is to be determined the metabolites 11-hydroxy-Δ⁹-/11‑nor‑9‑carboxyΔ⁹‑tetrahydrocannabinol are quantified from biological samples. 
[image: ][image: ]
Figure 5 CBC structure					 Figure 6 CBG structure
[bookmark: _Toc515617184]Cannabinoids in the society 
[bookmark: _Hlk506292457]CBD and THC are both used for self-medication and online communities claim endless health benefits such as CBD reduces anxiety, inflammation, depression, is a cure for cancer, diabetes, acne, arthritis (Franciosi, 2017). The social media platform YouTube has many videos that claim that using cannabis will cure cancer, however, this is not a reliable source as anyone can upload any information to the popular video sharing website. These strong claims of CBD curing cancer have led to extreme acts such as a man refusing doctors to treat his son who was diagnosed with leukemia. The man wanted to use hemp oil to treat his son as he heard from online communities that cancer can be cured with CBD (Woods, 2014). It is true that CBD can be used for medicinal purposes and CDB has been shown to help patients with some forms of epilepsy and the drug Epidiolex® is currently in phase three of clinical trials (WHO, 2017). The belief that CBD and other cannabinoids have multiple therapeutic uses is prevalent in multiple countries (Pavlovic, et al., 2018); (Izzo;Borrelli;Capasso;Di Marzo;& Mechoulam, 2009). 
[bookmark: _Toc515617185]Cannabinoid administration via e-cigarette
Cannabis use and the administration of THC is most often done by inhalation and smoking the combusted plant material continues to be the most popular method, nonetheless, inhalation by non-combusted methods is increasing in popularity (Nguyen, et al., 2016). The principle is the same as with nicotine administration through vapor, cannabinoids are aerosolized at lower temperatures than with combustion of a marihuana cigarette and administered to the body quickly through the lungs. These e-liquids are readily available in the internet containing THC and/or CBD. However, there are several concerns such as the lack of quality control, expiration date, conditions of preservation and above all, toxicological and clinical assessment (Giroud, et al., 2015). The health effects of vaping THC or CBD remain mostly unknown due to the lack of extensive, robust scientific studies (Giroud, et al., 2015). A new synthetic cannabinoid designer drug MDMB-FUBINACA[footnoteRef:3] was also detected in e-liquids from buzz-juice.com and it seems that it acts in an analogous way as THC (Peace, Krakowiak, Wolf, Poklis, & Poklis, 2016). E-liquids which contain CBD are sold in the US and in EU. In the EU such brands as CanOil, Cali Terpenes, Enecta and Harmony. In the US such as CBD Genesis, Entourage and Pure CBD Vapors. These e-liquids contain most of the time 50 mg, 100 mg or 200 mg of CBD. For the vaporization of the CBD e-liquid, often specific e-cigarettes are promoted for them to be sold together.  [3:  Methyl (S)-2-(1-(4-fluorobenzyl)-1H-indazole-3-carboxamido)-3,3-dimethylbutanoate] 

[bookmark: _Toc515617186][bookmark: _Hlk514751260]Methodology 
[bookmark: _Toc515617187]Methods for e-liquid samples 
Ethanol was quantified from the e-liquids and the CBD e-liquids with Headspace (HS)-GC-flame ionization detector (FID). The flavor components and possible impurities were identified with HS‑GC/mass spectrometer (MS). 
[bookmark: _Toc515617188]Chemicals and reagents
Ethanol Absolute (≥99.9 %) and 1-propanol ≥99.5 % from Merck were used to prepare the standards. MilliQ water was used for diluting the standards and samples. 
[bookmark: _Toc515617189]Calibration and standards
Ethanol calibration standards were prepared in seven different concentrations (n=3) and diluted with MilliQ water. Internal standard was prepared from 1-propanol to be 401.5 mg/L. From the ethanol dilutions 100 µL was pipetted to the HS vials along with 900 µL of internal standard solution and 900 µL MilliQ water. The final concentrations of ethanol were 0.42, 4.2, 21, 42, 104, 208, 415 mg/L. 
[bookmark: _Toc515617190]Samples
Commercially available e-liquids were purchased from a local drugstore Vlissingen, Netherlands. The selection of samples was based on the popularity of the flavor to be sold. Five different flavored e-liquids were chosen; Mystic Island, Apple Shisha, Juicy Peach, Watermelon and American Blend. Also, two e-liquids containing CBD were chosen to be the following: CBD Classic and CBD Fruitmix. More information about the samples can be found in appendix 2. 
[bookmark: _Toc515617191]Sample preparation
From each e-liquid 100 µl of sample (n=3) was pipetted to the headspace vial. The sample is very viscous and as positive displacement pipettes were not available, regular pipette tips were used, however, the pipette tip was cut to make the pipetting possible. To each vial also 900 µl of internal standard solution and 900 µl of MilliQ water were added and vortexed. Samples were prepared in the same manner for both ethanol quantification analysis and identification of volatile components. 
[bookmark: _Toc515617192]Instrument conditions 
For both analyses separation was achieved with a 7890A GC systems (Agilent Technologies). The HS-GC-FID was equipped with a VF-WAXms column, which is polar and suitable for ethanol quantification. The HS-GC/MS was equipped with a DB-35ms UI column which has mid polarity and can separate the volatile components from e-liquids. The instrument conditions are listed in detail in appendices 3 & 4. 
[bookmark: _Toc515617193]Method validation
For the ethanol quantification, the linearity of calibration curve was assessed by the correlation coefficient (R2). The limit of detection of the method was calculated with the following formula LOD=3*σ/s. Limit of quantification was calculated with the following formula LOQ=10*σ/s. Where σ is the standard deviation of y and s in the slope of the calibration curve. The LOD and LOQ for the instrument were calculated by the standard deviation of the baseline and the average of the instrument baseline with the following formulas, LOD = 3*σb+avg and LOQ = 10* σb+avg. Uncertainties of the various factors in the method were taken into consideration and added to the calibration curves. 

[bookmark: _Toc515617194]Methods for samples containing cannabidiol 
[bookmark: _Toc515617195]Cannabidiol and cannabinol quantification from CBD oil and CBD e-liquids  
CBD and CBN were quantified by means of Infinity 1260 HPLC-UV system. 
[bookmark: _Toc515617196]Chemicals and reagents
For the calibration standards methanol ≥99.9 % was used as a solvent. Cannabinol and cannabidiol 1 mg/mL dissolved in methanol were used for the calibration standards. 2-Propanol ≥99.5 % was used for sample dilution. MilliQ water and acetonitrile ≥99.8 % from were used as mobile phase. All chemicals were bought from Merck. 
[bookmark: _Toc515617197]Calibration standards
For both CBD and CBN calibration standards were made in 11 different concentrations (n=3 and diluted with methanol. The samples were transferred to brown vials and stored in the freezer (-20 °C) prior to the analysis. The final concentrations of both CBD and CBN were 0.01, 0.1, 0.2, 0.5, 1, 10, 25, 50, 100, 500, 1000 mg/l. 
[bookmark: _Toc515617198]Samples
Commercially available CBD products were purchased from a local drugstore in Vlissingen, Netherlands. Two CBD e-liquids which are stated to contain 5 mg/mL of CBD and CBD oil which is stated to have 2.75 % CBD were used for the analysis. More information from CBD e-liquid samples can be found in appendix 2 and from CBD oil can be found in appendix 7. 
[bookmark: _Toc515617199]Sample preparation 
All samples were diluted in isopropanol 50 times. The pipette tips were cut again for the e-liquid sample pipetting. Thus, the CBD e-liquid samples should contain approximately 100 mg/l of CBD and the CBD oil should contain approximately 550 mg/l. Both concentrations are within the calibration standard concentration range.
[bookmark: _Toc515617200]Instrument conditions 
The liquid chromatography was accomplished with a 1260 Infinity HPLC system (Agilent). For separation a Poroshell 120 EC-C18, 50 mm x 2.1 mm x 2.7 µm column with EC-C18 5 mm x 4.6 mm x 2.7 µm guard column was used. Water and acetonitrile were used as a mobile phase. Further information of instrument set up can be found in appendix 8 and information about instrument parameters in appendix 9. 
[bookmark: _Toc515617201]Method validation
For CBD and CBN the linearity of the calibration curves were assessed by the correlation coefficient (R2). the LOD and LOQ were calculated as described in the ethanol method validation section, for both the method and the instrument. 



[bookmark: _Toc515617202]Identification of CBD oil chemical constituents 
To determine the chemical constituents of CBD oil, the sample preparation needed to be treated with the QuEChERS method, the solvent evaporated and the remaining sample derivatized before introducing it to the GC-MS system. The samples were also run on the Intuvo 9000 GC system to see how the method would transfer to another GC system.  
[bookmark: _Toc515617203]Chemicals and reagents
For sample preparation QuEChERS EN pack were used.  For further sample preparation EMR lipid tubes, polish salts, and Captiva EMR lipids cartridges from Agilent Technologies were used along with acetonitrile ≥99.8 % from Merck. N,O-Bis(trimethylsilyl)trifluoroacetamide (BSTFA) ≥99.9 % from Merck and toluene from Honeywell was used for derivatization of cannabinoids. Methyl oleate 99 % from Merck was used as an internal standard. 
[bookmark: _Toc515617204]Internal standard 
4730 µL of methyl oleate were pipetted to a 100 mL volumetric flask and filled to the mark with acetonitrile. From this solution 200 µl were added to each centrifuge tube at the initial weighing of sample. The methyl oleate solution was further diluted to 755 mg/L with acetonitrile by pipetting 155 µL into a 10 mL volumetric flask. From the diluted solution 200 µL was pipetted to vials with vial inserts from which the solvent was evaporated. The methyl oleate was derivatized in similar manner as the samples. 
[bookmark: _Toc515617205]Samples
The commercially available CBD oil was purchased from a local drugstore Vlissingen, Netherlands. More information about the sample can be found in appendix 7.
[bookmark: _Toc515617206]Sample Preparation 
In four centrifuge tubes (50 mL) approximately 3 g of sample was weighed in, additionally to each tube 200 µL of the internal standard solution was pipetted in. 10 mL of acetonitrile were pipetted, vortexed, the pouch of extraction salts and ceramic bars added. Shaken for 20 seconds and centrifuged at 4400 rpm for 5 minutes. Supernatants from two tubes were combined and mixed together. One was used for the EMR Lipid sorbent clean up and the other one for the Captiva EMR Lipids cartridge clean up. 
To a 15 mL EMR lipid tube 5 mL of water were added and vortexed. 5 mL supernatant were added and vortexed for one minute, it was then centrifuged at 4400 rpm for 5 minutes. The supernatant was transferred to a 50 mL centrifuge tube long with drying salt and vortexed for one minute. Centrifuged at 4400 rpm for 5 minutes. Approximately 1.5 g of the drying salt were added to a 50 mL centrifuge tube along with the supernatant, vortexed for one minute and centrifuged at 4400 rpm for 5 minutes. From this supernatant, 200 µL were pipetted to a vial with vial insert. This was done in triplicate. 
2 mL of the supernatant after QuEChERS extraction were mixed with 0.5 mL of water and vortexed. Captiva EMR cartridge 3 mL was filled with the mixture. The solution was left to flow under gravity and assisted with vacuum pump to extract the last drops. The cartridge was rinsed with 0.5 mL of acetonitrile and again vacuum was used. To a 50 mL centrifuge tube approximately 1 g of dying salt was added along with the supernatant. This was vortexed for one minute and then centrifuged at 4400 rpm for 5 minutes. From the supernatant 200 µL were pipetted to a vial with vial insert. All this was done in triplicate. 
The solvent was evaporated under vacuum. To each vial 50 µL of toluene and 50 µL of BSTFA were pipetted. Samples were vortexed and placed in a heating block for 30 minutes at 70 °C. 
[bookmark: _Toc515617207]Instrument conditions 
Both GC systems were equipped with DB-35ms UI columns. Identification of components was achieved with a 7890A GC equipped with MS. For the observation of the method on another GC system, a separation was achieved with the Intuvo 9000 GC system equipped with a FID. Further details about instrument conditions can be found in appendices 14 & 15.



















[bookmark: _Toc515617208][bookmark: _Hlk514751289]Results 
[bookmark: _Toc515617209]E-liquid analysis results 
[bookmark: _Toc515617210]Results of ethanol quantification 
The ethanol quantification was done by the calibration curve from appendix 5. The ethanol response was adjusted according to the response of the internal standard. The results from samples 1, 2, 5 and 7 are below the calculated limit of quantification. Juicy Peach had 2.6 mg, Watermelon 18.6 mg and CBD Classic 48.4 mg of ethanol in the total quantity of the sample in the bottle. All these are below the 0.4 % which is trace alcohol levels as discussed by Valentine et al. Therefore, these samples did not contain ethanol in the level which could influence the psychomotor performance of an individual. The reason for the flavored e-liquids to contain trace levels of ethanol can be, that it has been used as a solvent. The CBD Classic could contain ethanol due to its ability to extract cannabinoids from C. Sativa.
The RSD % for Juicy Peach, Watermelon and CBD Classic for the ethanol results were 7.5 %, 12.6 % and 2.7 % respectively. This indicates that the methods still requires optimization. A step possible would be the headspace sampling. The partition coefficient has been increased by increasing the incubation temperature to 90 °C. However, the phase ratio should be decreased with increasing the amount of the sample in the HS vial which then would increase the instrument response and sensitivity. The low value of 1.9 mL was used due to using research done by Peace et al. as a reference. 
The correlation coefficient (R2) was 0.996 which can be concluded as adequate linearity. The LOD for the method was 1.8 mg/L and LOQ 5.7 mg/L. The LOD for the instrument was determined to be 1.0 mg/mL and LOQ 3.0 mg/mL. The Calibration curve from which the LOD and LOQ for the method was calculated can be found in appendix 6. 
[bookmark: _Toc515617211]Results of identification of volatile components in e-liquids
The components were identified with the help of the MS-Library of the National Institute of Standardization (NIST) and by using the results of the research conducted by Aszyk et al. as a reference for flavor profiles in e-liquids. Please note that there were no reference standards, except for ethanol, and thus the identification is made purely with the aid of the NIST library. When referring to an identified compound, it is simply a possible identification. In total, 23 components were detected and identified by the means of mass spectrometry. From these components 22 can be categorized as flavor components. In most of the cases the flavor components are regarded as generally safe, however, they can be only be considered generally safe when they are in low concentrations. The other components which could not be identified as flavor components were ethanol, propanol (IS), 2-methyl-1,3-dioxolane and nicotine. With this research, the quantities of the flavor components were not determined and thus the safety of the flavor components in the e-liquids cannot be discussed. In the reference research by Aszyk et al. almost 100 compounds were identified and nine of those compounds were also found in this research and will be indicated with an asterisk in the table below. As it was already noted with ethanol quantification, the headspace sampling could be improved, and due to the high phase ratio in the vial, it is likely that efficient sample transfer was not achieved, and therefore there is a possibility that some compounds were not detected.  Another possibility is that the samples did not contain other compounds than stated in the table below. 
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Table 1 Possible identifications of volatile compounds from seven commercially available e-liquids.
	Elution Order 
	Compound name 
	
	Molar mass (g/mol)
	Boiling point (°C)
	Molecular formula
	Retention time (min)
	Sample's that contain the compound[footnoteRef:4]  [4:  Corresponding samples can be found in appendix 2. ] 

	NIST probability percentage %
	Flavor Category[footnoteRef:5] [5:  Flavor categories were assigned referring to the information from The Good Scents Company. ] 


	1
	Ethanol
	
	46.07
	79
	C2H6O
	0.9825
	3, 4, 6, 7
	89.4
	Alcoholic Flavor

	2
	1-Propanol
	
	60.10
	97
	C3H8O
	1.097
	1, 2, 3, 4, 5, 6, 7
	94.5
	IS

	3
	Ethyl Acetate
	
	88.11
	77
	C4H8O2
	1.208
	1, 2, 5, 7
	96.1
	Fruity Flavor

	4
	Pyruvic Acid 
	
	88.11
	165
	C3H4O3
	1.218
	3, 6
	50.8
	Caramellic Flavor

	5
	Isobutyl Alcohol 
	
	74.12
	108
	C4H10O
	1.22
	4
	81.8
	Whiskey Flavor

	6
	Butyl Alcohol 
	
	74.12
	117
	C4H10O
	1.337
	4
	65.0
	Fruity Flavor

	7
	2-Methyl-1,3-dioxolane 
	
	88.11
	83
	 C4H8O2
	1.421
	3
	75.4
	

	8
	Isoamyl Alcohol
	
	88.15
	123
	C5H12O
	1.573
	4
	71.0
	Fusel Flavor

	9
	Propylene Glycol 
	
	76.10
	188
	C3H8O2
	1.748
	5, 6, 7
	53.2
	Sweet Flavor

	10
	Ethyl Butyrate* 
	
	116.16
	121
	C6H12O2
	1.869
	1, 2, 4
	89.8
	Fruity Flavor

	11
	Ethyl 2-ethylbutyrate
	
	144.21
	156
	C8H16O2
	2.061
	1, 2, 4
	95.5
	Unknown Flavor

	12
	3-Hexen-1-ol*
	
	100.16
	157
	C6H12O
	2.192
	1, 2, 3
	37.8
	Green Flavor

	13
	2-Methylbutyl acetate
	
	130.19
	140
	C7H14O2
	2.232
	4
	36.6
	Fruity Flavor

	14
	Hexyl acetate*
	
	144.21
	171
	C8H16O2
	2.901
	2
	84.3
	Fruity Flavor

	15
	(4Z)-4-Hexenyl acetate
	
	142.20
	137
	C8H14O2
	2.92
	2
	40.9
	Possibly fruity

	16
	Benzaldehyde*
	
	106.12
	179
	C7H6O 
	3.068
	7
	77.4
	Fruity Flavor

	17
	2-Isopropyl-4-methylthiazole*
	
	141.23
	175
	C7H11NS
	3.113
	3
	85.5
	Alliaceous Flavor

	18
	Linalool*
	
	154.25
	200
	C10H18O
	3.325
	3
	64.6
	Citrus Flavor

	19
	Benzyl alcohol*
	
	108.14
	205
	C7H8O
	3.379
	6
	36.7
	Fruity Flavor

	20
	Menthol*
	
	156.27
	215
	C10H20O
	3.767
	2
	16.7
	Cooling Flavor

	21
	Alpha-Terpineol*
	
	154.25
	221
	C10H18O
	3.916
	3, 6
	52.3
	Citrus Flavor

	22
	Benzyl Propionate 
	
	164.20
	222
	C10H12O2
	4.321
	2
	90.1
	Fruity Flavor

	23
	4-Methyl-2-phenyl-1,3-dioxolane
	
	164.20
	 
	C10H12O2
	4.435
	3
	51.7
	Fruity Flavor

	24
	Nicotine
	
	162.24
	247
	C10H14N2
	4.75
	3, 4, 5
	74.3
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[bookmark: _Toc515617212]CBD product analysis results
[bookmark: _Toc515617213]Results of cannabidiol and cannabinol quantification 
CBD and CBN were quantified from the samples with the help of a calibration curves which can be found in appendices 10 and 11. The CBD concentration of CBD e-liquid Fruitmix was 4.5 mg/mL which differed 10 % from the label, CBD e-liquid Classic was 4.9 mg/mL which differed 1 % and CBD oil was 25.3 mg/mL which differed 8 %. The relative standard deviations were 0.33 %, 0.21 % and 0.14 % for Fruitmix, Classic and CBD oil respectively. This shows the precision between injections and indicates that the method worked well. The CBD e-liquids did not seem to contain any other cannabinoids except CBD. The CBD oil is very likely to contain other cannabinoids too. In CBD oil the CBN concentration was 0.30 mg/mL. Other cannabinoids were not identified on the HPLC-UV as other cannabinoid standards were not available at the time nor a liquid chromatography system equipped with a mass spectrometer. 
[bookmark: _Hlk515888956]In the case of CBD, the method LOD was determined to be 0.005 mg/L and LOQ 0.06 mg/L. The calibration curve used for the calculation of LOD and LOQ for the method can be found in appendix 12. For the instrument the LOD was determined to be 0.01 mg/L and LOQ 0.04 mg/L. The CBN LOD for the method was determined to be 0.02 mg/L and LOQ 0.03 mg/L. The calibration curve of CBN used for the calculation of LOD and LOQ for the method can be found in appendix 13. For the instrument it was the same, LOD 0.02 mg/L and LOQ 0.03 mg/L. The correlation coefficient of the CBD calibration curve was 1.000 which shows that the calibration curve had excellent linearity. The calibration line can be observed in figure 1.  For the CBN the correlation coefficient was 0.999 which shows good linearity as well. Over all this analysis works, it is sensitive and can detect very low concentrations of CBD and CBN.  
[image: ]
Figure 7. Cannabidiol calibration curve which was achieved on the HPLC-UV system (n=3). 
[bookmark: _Toc515617214]CBD oil chemical constituent possible identification results
Initial tests were made to find suitable sample preparation methods for the CBD oil. Three different sample preparation methods were tested with acetonitrile and methanol as solvent. Two different sample preparation methods were used as it was concluded these two had the best peak shapes for CBD peak. The columns in the two GC systems were the same so that the systems could be compared. The chromatograms differ between the two different sample preparation methods which can be observed and compared in appendices 17 and 18. With the EMR lipid sample preparation method more oil constituents were removed and CBD peak is more visible. The CBD peak was co-eluting with linoelaidic acid peak when Captiva-method was used which interfered with the identification. Close-up images of the CBD peaks for both sample preparation methods can be found in appendix 16 where it is evident that the EMR-method is more suitable for the identification of CBD from the sample. 
The peaks were identified as possible identifications from both sample preparation methods and can be observed in table 2. Please note that there were no reference standards and thus the identification is made purely with the aid of the NIST library. When referring to an identified compound, it is simply a possible identification. Half of the integrated compounds could not be identified by the aid of the NIST library. The mass fractions of these peaks were compared to the other peaks that were identified with the NIST library and an assumption was made based on that whether it could be a fatty acid or a terpenoid. Most of the compounds were the trimethylsilyl derivates which could be concluded from the large signal at 73 m/z. Peaks eluting before five minutes were not identified with the GC/MS as they are a result from the derivatization reagent and toluene. Chromatograms showing the peaks from toluene and BSTFA on the Intuvo system can be observed in appendices 19 and 20. 
There are differences between the sample preparation methods as in which compounds were identified. With the EMR-method the added methyl oleate had been completely removed where as it is still visible with the Captiva-method. With the Captiva-method there are 15 fatty acids and with EMR-method there are 11 fatty acids. The difference is very visible with the compounds that elute after the CBD, as with the EMR method there aren’t any fatty acids identified. This demonstrates how the enhanced matrix removal (EMR)-lipid sorbent targets the lipids in the sample more efficiently than the Captiva cartridges. Although, the EMR-method had also oil components identified which shows that the step could be still optimized for a CBD oil sample.
On the GC/MS the CBD peak eluted at 14.391 min and on the Intuvo 9000 GC at 12.564 min. On the GC/MS relative standard deviation for Captiva-method was 45 % and for the EMR-method 52 %. On the Intuvo 9000 GC RSD for Captiva-method was 0.92 % and for the EMR-Method 5.6 %. Therefore, the precision has been significantly improved on the Intuvo system. The other identified cannabinoid was ∆9-tetrahydrocannabinol which elutes at 16.576 min on the GC/MS and at 16.090 min on Intuvo. Peak eluting at 16.432 min on the GC/MS was also identified as ∆9-THC with the NIST library. This is likely to be exo-THC which is an isomer of ∆9-THC. The psychoactive compound ∆9-THC peak is very small and is seemingly a trace level compound in the CBD oil as the CBD peak differs 199 % from the peak area of that of ∆9-THC. It is possible that there are also other cannabinoids present, however, they could not be identified with the NIST program. Regardless, the ∆9-THC is the most interesting compound besides CBD to detect as it has psychotropic effect whereas the other cannabinoids do not. 
[bookmark: _Hlk515369584]Some of the identified compounds have a few of the therapeutic effects that CBD is claimed to have. Doconexent, which is an essential fatty acid, is usually found in fish oil and it has anti-inflammatory effects (Wishart, et al., Doconexent, n.d.). Caryophyllene oxide is a metabolite of β-caryophyllene which is an essential oil in C. Sativa. β-Caryophyllene has anti-inflammatory, anticarcinogenic and antioxidant properties (Cayman Chemical , n.d.). 2-Methoxyestradiol is known to have potential as an anticancer agent (Lakhani, Sarkar, Venitz, & Figg, 2003)& (Wishart , et al., 2-Methoxyestradiol, n.d.). The rest of the identified compounds are harmless when consumed, with the only exception of the 16th eluting compound 1H Indole-2,3-dione, 7-isobutyl-1-(trimethylsilyl)-,3-[O-(trimethylsilyl)oxime] not having mentions regarding to its safety. [image: E:\SEMESTER 2\Cannabinoids in CBD oil\DATA\CBD oil on GC\Pictures\captivacbdpeak222.PNG]
With the Intuvo 9000, the peak resolution has been improved. This can be demonstrated by inspecting the resolution by calculating the resolution between the peak before CBD and CBD peak for the Captiva-method sample on both systems. The resolution on GC/MS cannot be calculated as the peaks barely have separation. This phenomenon can be observer in figure 1. On Intuvo the resolution for the same sample was 1.2. Intuvo has shown increased resolution before as well, as was discovered in the research where 7890A GC and Intuvo 9000 were compared (Kulomaa, 2018). The efficiency of the Intuvo system was concluded to be higher than 7890A. This is likely due to the guard chip providing additional separation in the system. Regarding to the temperature program that was chosen, although the last peaks elute around 25 minutes, it is beneficial to keep the system at an elevated temperature for longer to avoid ‘ghost peaks’ or baseline increase.Figure 8 CBD peak on GC/MS Captiva-Method

[bookmark: _Hlk515456953]Table 2 Possible identifications of chemical constituents of commercially available CDB oil by means of GS/MS.
	Elution Order 
	Compound name[footnoteRef:6] [6:  Please note that terpenoid is used to refer to both terpenes and terpenoids. ] 

	
	Retention time
	Molar mass (g/mol)
	Molecular formula
	Sample prep. Method
	NIST probability percentage (%)

	1
	Fatty acid-TMS
	
	6.063
	
	
	Captiva, EMR
	

	2
	Doconexent-TMS
	
	6.104
	400.29
	C 25H40O2Si
	Captiva, EMR
	11.8

	3
	Fatty acid-TMS
	
	6.314
	
	
	EMR
	

	4
	Doconexent-TMS
	
	6.321
	400.29
	C25H40O2Si
	Captiva
	14.0

	5
	Caryophyllene oxide 
	
	6.438
	220.18
	C15H24O
	Captiva, EMR
	44.0

	6
	Doconexent-TBDMS
	
	6.452
	442.32
	C28H46O2Si
	Captiva
	26.2

	7
	Humulene epoxide II
	
	6.613
	220.35
	C15H24O
	EMR
	34.3

	8
	Fatty acid-TMS
	
	6.731
	
	
	EMR
	

	9
	Caryophylla-4,8-dien-5-ol
	
	6.751
	220.35
	C15H24O
	EMR
	12.7

	10
	Terpenoid-TMS
	
	6.844
	
	
	EMR
	

	11
	Myristic acid-TMS
	
	7.088
	300.24
	C17H36O2Si
	Captiva
	86.8

	12
	10-Undecanoate-TMS
	
	7.947
	254.17
	C14H26O2Si
	Captiva
	9.5

	13
	Fatty acid-TMS
	
	8.670
	
	
	Captiva, EMR
	

	14
	Palmitic acid-TMS
	
	9.013
	328.27
	C19H40O2Si
	Captiva
	92.0

	15
	Terpenoid-TMS
	
	9.044
	
	
	EMR
	

	16
	1H-Indole-2,3-dione, 7-isobutyl-1-(trimethylsilyl)-, 3-[O-(trimethylsilyl)oxime]
	
	10.046
	362.18
	C18H30N2O2Si2
	EMR
	16.2

	17
	Terpenoid-TMS
	
	10.063
	
	
	Captiva
	

	18
	Methyl Oleate
	
	11.062
	296.49
	C19H36O2
	Captiva
	26.0

	19
	Terpenoid-TMS
	
	11.233
	
	
	EMR
	

	20
	Terpenoid-TMS
	
	11.676
	
	
	EMR
	

	21
	α-Linolenic acid-TMS
	
	12.629
	350.26
	C21H38O2Si
	EMR
	46.1

	22
	Trans-9-Octadecanoic acid-TMS
	
	12.649
	354.65
	C21H42O2Si
	Captiva
	20.0


Table 2 Continuation
	23
	Linoleic acid-TMS
	12.830
	352.27
	C21H40O2Si
	EMR
	65.6

	24
	Fatty acid-TMS
	12.946
	
	
	Captiva
	

	25
	Fatty acid-TMS
	13.206
	
	
	EMR
	

	26
	α-Linolenic acid-TMS
	13,424
	350,26
	C21H38O2Si
	EMR
	65,4

	27
	Terpenoid-TMS
	13,822
	
	
	EMR
	

	28
	CBD-2TMS
	14,243
	458,3
	C27H46O2Si2
	Captiva, EMR
	94,4

	29
	Terpenoid-TMS
	16,040
	
	
	Captiva, EMR
	

	30
	Terpenoid-TMS
	16,231
	
	
	Captiva, EMR
	

	31
	Terpenoid-TMS
	16,309
	
	
	Captiva, EMR
	

	32
	∆9-THC-TMS
	16,432
	386,26
	C24H38O2Si
	Captiva, EMR
	81,7

	33
	Cannabidiol
	16,526
	314,22
	C21H30O2
	Captiva
	37,3

	34
	∆9-THC-TMS
	16,569
	386,26
	C24H38O2Si
	Captiva, EMR
	85,6

	35
	Terpenoid-TMS
	16,681
	
	
	Captiva, EMR
	

	36
	Terpenoid-TMS
	16,933
	
	
	Captiva, EMR
	

	37
	Terpenoid-TMS
	16,975
	
	
	Captiva, EMR
	

	38
	2-Methoxyestradiol-2TMS
	17,212
	302,408
	C19H26O3
	EMR
	39,9

	39
	Terpenoid-TMS
	17,216
	
	
	Captiva
	

	40
	2-Oleoylglycerol-2TMS
	17,313
	500,37
	C27H56O4Si2
	Captiva
	31,1

	41
	Fatty acid-TMS
	17,369
	
	
	Captiva
	

	42
	1-Monolinolein-2TMS
	17,401
	498,35
	C27H54O4Si2
	Captiva
	69,4

	43
	1-Linolenoglycerol-2TMS
	17,459
	496,34
	C27H52O4Si2
	Captiva
	44,8

	44
	Terpenoid-TMS
	17,740
	
	
	EMR
	

	45
	Terpenoid-TMS
	17,946
	 
	 
	Captiva, EMR
	 





[image: ]

Figure 9 CBD oil sample prepared with the EMR-method, run on Intuvo 9000 GC system. Instrument conditions can be found in appendix 15.

[bookmark: _Toc515617215]Conclusions 
Over all, none of the products contained chemicals that could be either concluded to be harmful or be in the quantity of a harmful level. Ethanol was quantified from the e-liquids and three of them contained ethanol. However, the ethanol was below 0.4 % in all samples and thus is considered trace level with no effect on the psychomotor performance of the consumer. Most of the volatile components identified in e-liquids are flavor components which are generally regarded as safe. However, most components have a concentration limit to which they can be considered safe. The components were not quantified, and thus their safety in e-liquids in this regard cannot be discussed. Another aspect is that the long-term effects of inhaling these components through the e-cigarette are not know and cannot be verified as harmless to health (Aszyk, et al., 2017). 
The cannabidiol content of CBD products matched the labels on the bottles. The largest difference percentage was 10 % for the Fruitmix CBD e-liquid.  The HPLC-UV method worked well and took 18 minutes for one run. The sample preparation and standard solution preparation were simple. The RSD percentages were 0.33 %, 0.21 % and 0.14 % for Fruitmix, Classic and CBD oil respectively which shows good precision and repeatability between injections. 
The derivatizations of the cannabinoids were successful as they were volatilized and could be analyzed with a gas chromatographic method. The possible identifications of the compounds included oil components such as fatty acids and terpenes which are commonly not toxic for humans when consumed. Three of the possible identifications have therapeutic effects. Doconexent is anti-inflammatory, β-caryophyllene has anti-inflammatory, anticarcinogenic and antioxidant properties and 2-methoxyestradiol has potential as anticancer agent. The precision and resolution for the CBD peak, which is the main active component of the sample, were improved when using the Intuvo system on the same conditions to achieve separation. Resolution between a peak eluting before CBD peak and the CBD peak was not possible to calculate on the 7890A but was 1.2 on the Intuvo 9000. The RSD % was 45 % and 52 % for the CBD peaks on the 7890A GC. On the Intuvo RSD % was 0.98 % and 5.6 %. 
The aim was to create simple analysis on these products to check for their quality. The liquid chromatographic method proposed was sensitive and precise and had a fast and simple sample preparation, thus it achieved the goal of being a simple and sensitive analysis. To verify accuracy and precision of the HPLC method, further statistical analysis could be done, such as inter-day precision. The e-liquid analysis requires headspace sampling which can be time consuming to optimize, but the standard and sample preparation were simple. The use of mass selective detector creates complexity as it requires more experience from the operator. The identification of chemical constituents from CBD oil analysis had a more complex sample preparation step compared to the other methods and it required the use of MS. 
Regardless of these samples not containing toxic compounds, the lack of regulations on the CBD products introduces a threat to the consumer safety. There have been regulations appointed on the e-liquids by the European parliament, however in the study done by the European commission in 2016, there is not any evidence that would indicate that manufacturers would perform any quality analysis on their products. 
[bookmark: _Toc515617216]Discussion 
Firstly the questions presented in the introduction will be answered. The main component was determined from the CBD products by HPLC-UV. From the e-liquids the main components were not determined as it was noticed that ISO method was being constructed for that analysis. The matrix was not removed from the e-liquids, but it was not included in the chromatogram as propylene glycol and glycerol have high boiling points and thus the flavor components could de detected. For the analysis of CBD oil chemical constituents, the matrix was removed to an extent by QuEChERS extraction and further prepared either with Captiva EMR-Lipid cartridges or QuEChERS dSPE EMR-Lipid sorbent. There were no toxic impurities found in any of the samples which were identified as possible identifications on the mass spectrometer.
There are many aspects for the analysis tested which could be further improved. Such as, the headspace sampling for the e-liquids, the minimization of matrix interfering with the stationary phase on the HPLC column and efficient lipid removal from CBD oil for GC analysis. 
The ethanol could be quantified from the e-liquid samples; however, the analysis is not yet very accurate. A factor that could lower the precision is that the head space sampling has not been optimized. As mentioned before, the phase ratio could be lowered by increasing the amount of the solution in the vial which then in turn would increase the instrument response and sensitivity. Another way would be to increase the amount injected. The amount injected with the current method was the lowest amount the needle can inject which then in turn increases the error from the injection step. To increase the sample components which are introduced to the separation system and to shift the equilibria in the head space sampling step, solid phase micro extraction could be introduced. In a research by Peace et al. 7 µl polydimethylsiloxane (PDMS) fiber was used for analysis of e-liquid aerosol. 
In the beginning of this project it had been planned to test methods to analyze nicotine, propylene glycol and glycerol. This analysis dropped in the priority list as during the time of this research it was noted that international organization for standardization (ISO) had started to develop a method for analysis of the propylene glycol, glycerol and nicotine quantities. The ISO/DIS 20714 GC method is stated currently to be under construction. This method uses GC and the aim is to see if the quantities of these compounds match to what is stated on the product. Agilent as well has an application note where a method based on the ISO DIS/20714 has been developed for the Intuvo 9000 GC (David, D'Haenens, & Devos, 2018). 
Liquid chromatography has proven to be very suitable for cannabidiol quantification of CBD products. This can be seen for instance in the correlation coefficient values of the cannabinoid standards are very good and the relative standard deviation between the sample CBD peaks was below 0.40 %. With a HPLC connected to a mass spectrometer or having other cannabinoid standards, the other peaks which were visible at 230 nm could be identified in the future. These peaks can be expected to be other cannabinoids. Liquid chromatography is a good method for cannabinoid identification and quantification if the acid forms, which naturally occur C. Sativa, wish to be quantified. Acid forms of cannabinoids are decarboxylated when exposed to heat and thus they are not visible with GC methods (Pavlovic, et al., 2018). Also, during the process of the production of CBD oil is exposed to heat so that the acid form of cannabidiolic acid (CBDA) is converted to the therapeutically active CBD. 
Δ9-THC standard was attempted to purchase from Merck since it would be of interest to quantify the THC and to determine whether it is below the acceptable concentration. The Δ9-THC standard could not be purchased as the Dutch law Opium act restricts narcotics from crossing the Dutch border and the origin of the standard was from the US (Belastingdienst, n.d.). It was clear from the GS/MS analysis on CBD oil, Δ9-THC was present. Different fractions were collected from the HPLC analysis when CBD oil was analyzed and prepared for the GC/MS analysis to see what were the peaks besides CBD and CBN. In the end only, CBD could be identified with the GC/MS and this is likely due to the concentrations of the other compounds being so small that they could not be identified. 
The guard column was used to increase the column life time. However, it was noted that there is a slight increase in pressure towards the end of the research period. This could be due to the oil matrix leaving residue to the column which then requires the system to increase the pressure to keep the same flow rate. The interference of the oil matrix could be removed by efficient matrix removal, such as the QuEChERS which were used for the GC cannabis oil analysis. However, by directly diluting the sample the analysis is faster and doesn’t require the purchase of the matrix removal kits. It could be evaluated weather the use of matrix removal kits or changing the guard column would be more cost efficient to a laboratory. 
The analysis for the identification of CBD oil constituents would still require optimization because the GC/MS analysis revealed that there were still some of the oil constituents present which could be removed with an optimized matrix removal at the sample preparation. Furthermore, many of the compounds could not be identified with the help of the NIST library which could be due to some peaks co-eluting and thus the scan of a certain region does not represent a single molecule and the software cannot identify it. With the removal of all lipid compounds, the other chemical constituents of the CBD oil would become more visible. 
The resolution was better with Intuvo 9000 than with the 7890A GC as well as the precision between injections. This is likely to be due to the guard chip in the Intuvo system which provides further separation and is designed to trap impurities to increase the column lifetime. The separation and identification with the GC conditions used would have been the most effective with an Intuvo system equipped with a mass selective detector. 
Terpene profiles are unique to each C. Sativa breed and can be used to assess the quality of different C. Sativa breeds. As observed in the chromatogram in figure 1, there is a region between 15-18 minute where many terpenoids seem to elute. The terpene profiles could also be determined for the CBD oil to identify the C. Sativa breed which was used to manufacture a CBD oil product. Terpenoid identification is important because terpenoid profile can determine how well they cross the cell membranes and the blood-brain barrier which then can influence the medicinal quality of different C. Sativa breeds (Pavlovic, et al., 2018). Other common analysis to ensure the quality of C. Sativa plant include pesticide analysis, mycotoxin analysis and residual solvents and these analyses could be developed for the CBD oil in the future as the plant material is used in CBD oil. 
Overall, the results have been positive as no toxic components were found in the any of the samples. Although it must be kept in mind that the identifications are simply possible identifications as there were no reference standards available at the moment. Some previous research has indicated that especially the e-liquids would contain impurities. Such has been the research where MDMB‑FUBINACA[footnoteRef:7] was determined to be a major component in e-liquid samples purchased from an online store (Peace;Krakowiak;Wolf;Poklis;& Poklis, 2016). There has not been much research on the CBD products whether they contain impurities. A research was published on May 20th, 2018 where 14 different commercially available CBD oils were analyzed regarding to their CDB content, terpenoid profiles and over all chemical constituents (Pavlovic, et al., 2018). The analytical techniques included GC/MS and HPLC-Q-Exactive-Orbitrap-MS. One of the samples contained THC above the allowed percentage (0.3 %), and only five of the samples contained CBD within the optimal limits (variation less than 10 %). Pavlovic et al. recommended stricter regulations to the CBD oil manufacturers to ensure consumer safety.  [7:  MDMB-FUBINACA is a synthetic designer drug. ] 




















[bookmark: _Toc515617217]Recommendations 
In order to ensure consumer safety, regulations need to be imposed on the CBD oil, CBD e-liquids and e-liquids. Quality assurance analysis must be performed on these products to make sure that they contain their active components (nicotine, CBD) within the optimal limits. CDB oil which contains the plant material should be analyzed for mycotoxins, pesticides, residual solvents and terpenoids. E-liquids and CBD e-liquids should be analyzed for VOC’s, SVOC’s, heavy metals, PAH’s. 
Based on the results of this research few recommendations for future research can be proposed. The headspace sampling for volatile compounds in e-liquids could be optimized possibly with a SPME-HS sampling which would enable the detection of compounds which are in very small concentrations. A fast analysis method could be created for the quantification of nicotine, propylene glycol and glycerol based on the ISO/DIS 20714 method which is currently under construction. Another important aspect would be to see to which degree metals are discarded from the electronic cigarette coils. 
It would be beneficial for a laboratory which does quality analysis on CBD oil to know whether it is more cost effective to have the simple sample preparation for a HPLC method and a guard column, or if they should invest in good sample preparation methods and therefore increase the lifetime of the column. 
It would be interesting to see a better profile of the compounds that are in the CBD oil beside the oil components. To achieve this the sample preparation step should be optimized so that none of the lipids are left in the sample. The derivatization step of the analysis could be optimized by testing different derivatization reagents, as some compounds require a catalyst to be derivatized, and which temperatures and time are required for complete derivatization. It would be would be interesting to see whether the identification of compounds would be more efficient on a Intuvo 900 GC system equipped with a MSD. 
The Poroshell 120 EC-C18 50 mm x 2.1 mm 2.7 µm column is recommended for the cannabinoid separation as a good separation is achieved. With initial tests other columns were tested, however, this column had significantly better separation. Methanol is used as a solvent for many cannabinoid analyses on HPLC. When methanol was tested on the Poroshell column for the CBD quantification, the peaks became overrun by the baseline and thus would not be recommended as a solvent for this method. 
Intuvo 9000 GC system is more efficient and easier to use than 7890A and thus it is recommended for analysts who do not have much experience with GC. 
The DB-35ms UI 15 m x 0.25 mm x 0.25 µm column worked well to separate the cannabinoids. Often in research articles (5 %-phenyl)-methylpolysiloxane stationary phases are used for cannabinoid separation, but the DB-35ms UI works as well. 
In case the therapeutic effects of CBD will to be studied in the future, pure CBD should be used. As seen in the CBD oil constituent identification, it is possible that the CBD oil contains other compounds which have the therapeutic effect investigated. 
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Appendix 1. Canabidol’s cannabinoid test report analyzed with GC. 
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Figure 10 CBD analysis on GC by Canabidol company

Appendix 2. Information about the e-liquids as stated on the labels.
Table 3 E-liquid sample information as stated on the label.
	Sample No. 
	Sample Name 
	Brand 
	Sample Information 

	1
	Mystic Island 
	Exclu Cig
	Purple label 6 mg/mL VG 80 %/PG20 %

	2
	Apple Shisha
	Exclu Cig
	Diamond label 0 mg/mL VG 60 %/PG40 %

	3
	Juicy Peach 
	Exclu Cig
	Diamond label 18 mg/mL VG 60 %/PG 40 %

	4
	Water Melon 
	Exclu Cig
	Diamond label 18 mg/mL VG 60 %/PG 40 %

	5
	American Blend
	Sansie
	18 mg/mL VG 50 %/PG 50 % Bevat Benzyl alcohol

	6
	CBD Classic
	CANOIL
	 50 mg VG 50 %/PG 50 % Sativa kruiden extract

	7
	CBD Fruitmix
	CANOIL
	50 mg VG 50 %/PG 50 % Melkzuur, Triacetine



Appendix 3. Instrument parameter information for HS-GC-FID method for quantification of ethanol from e-liquids. 
Table 4 Headspace-GC-FID instrument parameters for ethanol quantification from e-liquid samples. 
	Parameter
	Value

	Incubation temperature (°C)
	90

	Incubation time (s)
	600

	Syringe temperature (°C)
	75

	Injection volume (µl)
	250

	Inlet temperature (°C)
	280

	Split ratio
	1:40

	Split flow (mL/min)
	75.76

	Carrier gas
	Helium

	Gas saver on after (min)
	3

	Septum purge (mL/min)
	3

	Flow (mL/min at 50 °C)
	1.894

	Pressure (bar)
	1.3

	Average velocity (cm/sec)
	40,053

	Pressure mode
	Constant pressure

	Column
	VF-WAXms 30 m x 0.25 mm x 0.25 um

	Oven temperature program
	50 °C (0.5min), 35 °C/min --> 210 °C(6min)

	FID Temperature (°C)
	300

	Air flow (mL/min)
	400

	H2 Fuel flow (mL/min)
	30

	Make up flow (N2) (mL/min)
	20








[bookmark: _Hlk514931968]Appendix 4. Instrument parameter information for HS-GC-MS method for identification of volatile components in e-liquids. 
Table 5 Headspace-GC-FID instrument parameters for possible identifications of volatile components in e-liquids. 
	Parameter
	Value

	Incubation temperature (°C)
	90

	Incubation time (s)
	600

	Syringe temperature (°C)
	75

	Injection volume (µl), manual injection
	25

	Inlet temperature (°C)
	280

	Split ratio
	1:40

	Carrier gas 
	Helium

	Gas saver on after (min)
	3

	Septum purge (mL/min)
	3

	Flow (mL/min)
	1.2

	Transfer column flow (mL/min)
	1.4

	Pressure mode
	Constant flow

	Column
	DB-35ms UI 15 m x 0.25 mm x 0.25 um

	Transfer column
	1.3 m 0.15 mm x 0 µm

	Oven temperature program
	50 °C (0.5min), 35 °C/min --> 300 °C(6min)

	Transfer line temperature (°C)
	280

	Source temperature (°C)
	230

	Electron energy (eV)
	70

	Scan (m/z)
	40-500

	Make up flow (N2) (mL/min)
	20














Appendix 5. Ethanol calibration curve (n=3). 
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Figure 11 Ethanol calibration curve with error margins, correlation coefficient and the linear regression equation
Appendix 6. Ethanol calibration curve (n=3) lower concentrations. 
[image: ]
Figure 12 Ethanol calibration curve of lower concentrations with error margins. 

Appendix 7. Information about CBD oil sample.
Table 6 Information of the CBD oil sample which was purchased from a local drugstore as stated on the label. 
	Product name 
	Manufacturer 
	CBD concentration 
	Ingredients 
	Sample information 

	CBD Olie
	Jacob Hooy
	2.75 %
	Hennepzaadolie, henneppasta (blade n bloem). Bevat ca. 2750mg CBD
	 Druppel 2-3 maal daags enkele druppels onder de tong. Max. 15 druppels per dag. Laat de olie 1 minuut in de mond alvorens in the slikken. Dosering langzaam opbouwen, deze verschilt per person. Dagelijks aanbevolen hoeveelheid niet overschrijden. Niet gebruiken tijdents zwangerschap en borstvoeding. 



Appendix 8. HPLC instrument configuration 
Table 7 HPLC instrument configuration for cannabinoid separation. 
	HPLC configuration 
	Part number 

	1260 Infinity Quaternary Pump with a degasser 
	(p/n G1311B)

	1260 Infinity Automatic Liquid Sampler 
	(p/n G1329B)

	1260 Infinity Thermostatted Column Compartment 
	(p/n G1316A)

	1260 Infinity Variable Wavelength Detector
	(p/n G1314F)

	Poroshell 120 EC-C18 50 x 2.1 mm i.d. 2.7 µm
	(p/n 699775-902) 

	EC-C18 Guard column 4.6 x 5 mm i.d. 2.7 µm
	(p/n 820750-911) 



Appendix 9. HPLC instrument parameters.
Table 8 HPLC instrument parameters for cannabinoid separation. 
	Parameter 
	Value 

	Injection volume (µl)
	2

	Flow rate (mL/min)
	0.500

	ALS temperature (°C)
	Ambient 

	Column temperature (°C)
	30

	Solvent A (100 %)
	Water 

	Solvent B (≥99.8 %)
	Acetonitrile 

	Solvent gradient program
	Solvent B at 60 % for 3 min, raised to be 70 % at 10 min, lowered back to be 60 % by 18 min. 

	UV wavelength (nm) 
	230


Appendix 10. Cannabidiol calibration curve (n=3). 
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Figure 13 CBD calibration curve with error margins, correlation coefficient and linear regression equation. 










Appendix 11. Cannabinol calibration curve (n=3). 
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Figure 14 CBN calibration curve with error margins, correlation coefficient and linear regression line.
Appendix 12. Cannabidiol calibration curve (n=3) lower concentrations. 
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Figure 15 CBD calibration curve of lower concentrations with error margins. 


Appendix 13. Cannabinol calibration curve (n=3) lower concentrations. 
[image: ]
Figure 16 CBN calibration curve of lower concentrations with error margins. 
Appendix 14. Instrument parameter information for GC/MS method for identification of chemical constituents in CBD oil. 
Table 9 GC/MS instrument parameters for possible identifications of CBD oil chemical constituents.
	Parameter
	Value

	Injection volume (µL)
	1

	Inlet temperature (°C)
	250

	Split ratio
	1:20

	Split flow (mL/min)
	24

	Carrier gas 
	Helium

	Gas saver on after (min)
	3

	Septum purge (mL/min)
	3

	Flow (mL/min)
	1.2

	Transfer column flow (mL/min)
	1.4

	Average velocity (cm/sec)
	31.925

	Pressure mode
	Constant flow

	Column
	DB-35ms UI 15 m x 0.25 mm x 0.25 um

	Transfer column
	1.3 m 0.15 mm x 0 µm

	Oven temperature program
	100 °C (4min), 120 °C/min --> 200 °C(10min), 50 °C/min --> 320 °C (20min)

	Transfer line temperature (°C)
	280

	Source temperature (°C)
	230

	Electron energy (eV)
	70

	Scan (m/z)
	35-500


Appendix 15. Instrument parameter information for Intuvo 9000 GC method for the chemical composition of CBD oil. 
Table 10 Intuvo 9000 instrument parameters for separation of CBD oil chemical constituents. 
	Parameter
	Value

	Guard chip
	Track oven

	Bus temperature 
	Default

	Injection volume (µl)
	1

	Inlet temperature (°C)
	250

	Split ratio
	1.20

	Split flow (mL/min)
	30.885

	Carrier gas 
	Helium

	Gas saver on after (min)
	3.00

	Septum purge (mL/min)
	3.00

	Flow (mL/min) @100°C
	1.595

	Pressure (bar)
	1

	Average velocity (cm/sec)
	41.96

	Pressure mode
	Constant pressure 

	Column
	DB-35ms UI 15 m x 0.25 mm x 0.25 um

	Oven temperature program
	100 °C (4min), 250 °C/min --> 200 °C(10min), 50 °C/min --> 320 °C (20min)

	FID Temperature (°C)
	300

	Air flow (mL/min)
	400

	H2 Fuel flow (mL/min)
	30

	Make up flow (N2) (mL/min)
	20














Appendix 16. Comparison of CBD peaks between different sample preparation methods on the GC/MS system.
[image: E:\SEMESTER 2\Cannabinoids in CBD oil\DATA\CBD oil on GC\Pictures\captivacbdpeak222.PNG]                                                     [image: E:\SEMESTER 2\Cannabinoids in CBD oil\DATA\CBD oil on GC\Pictures\EMRcbdpeak.PNG]

Figure 17 CBD oil peaks on GC/MS. Sample which was prepared with Captiva-is on the left and the sample which was prepared with the EMR-method is on the right. CBD is the tallest peak seen in the images.
Appendix. 17. CBD oil sample prepared with Captiva-method. Run on Intuvo 9000 GC system. Instrument conditions can be found in appendix 15.[image: ]
Figure 18 Chromatogram of CBD oil sample prepared with Captiva-method and run on the Intuvo 9000 GC system. Instrument conditions can be found in appendix 15.

Appendix 18. CBD oil sample prepared with EMR-method. Run on Intuvo 9000 GC system. Instrument conditions can be found in appendix 15.
[image: ]
Figure 19 Chromatogram of CBD oil sample prepared with EMR-method and run on the Intuvo 9000 GC system. Instrument conditions can be found in appendix 15. 
Appendix 19. Toluene chromatogram, sample heated at 70 °C for 30 minutes. Analysis on Intuvo 9000 GC. Instrument conditions can be found in appendix 15. 
[image: ]
Figure 20 Chromatogram of toluene which was heated as the samples for derivatization, run on Intuvo 9000 GC system. Instrument conditions can be found in appendix 15. 
Appendix 20. Toluene and BSTFA chromatogram, sample heated at 70 °C for 30 minutes. Analysis done on Intuvo 9000 GC. Instrument conditions can be found in appendix 15. 
[image: ]

Figure 21 Chromatogram of toluene and BSTFA which was heated as the samples for derivatization, run on Intuvo 9000 GC system. Instrument conditions can be found in appendix 15.
Appendix 21. List of used equipment and materials. 
Table 11 List of materials utilized during the project.
	Materials
	Part number

	1260 Infinity Automatic Liquid Sampler 
	G1329B

	1260 Infinity Quaternary Pump with a degasser 
	G1311B

	1260 Infinity Thermostatted Column Compartment 
	G1316A

	1260 Infinity Variable Wavelength Detector
	G1314F

	1-Propanol ≥99.5 % (Merck, Germany, 71-23-8)
	402893-M

	2-Propanol ≥99.5 % (Merck, Germany, 67-63-0)
	1070222511

	7890A GC System
	G3440A

	Acetonitrile ≥99.8 % (Merck, Germany, 75-05-8)
	271004

	Agilent Technologies GC Sampler 80 
	G6501B

	ALS syringe, Blue Line, 10 µL 
	G4513-80209

	Autoinjector
	G4513A

	Beakers
	

	Bleed/Temp Optimized Non-Stick 11 mm Septa
	5183-4757

	Cannabidiol 1 mg/mL (Merck, USA, 13956-29-1)
	C-045

	Cannabinol 1 mg/mL (Merck, USA, 521-35-7)
	C-046

	Captiva EMR-Lipid, 3 mL 300 mg
	5190-1003

	Ceramic scribe column cutter 
	5181-8836

	Chem Station 04.03.016 (Software)
	

	DB-35ms UI 15 m x 0.25 mm 0.25 µm
	122-3812UI

	DB-35ms UI 15 m x 0.25 mm 0.25 µm, Intuvo
	122-3812UI-INT

	Disposable Glass Pasteur Pipettes VWR
	

	EC-C18 Guard column 4.6 x 5 mm i.d. 2.7 µm
	820750-911

	Eppendorf® Research® pipettes & pipette tips
	

	Ferrule, 0.25-0.1, Graphite 
	500-2114

	Final Drying Pouches-MgSO4 Only
	5982-0102

	Flow Chip, Intuvo, D1 
	G4581-60032

	Flow Chip, Intuvo, FID-TCD tail 
	G4583-60331

	Flow Chip, Intuvo, inlet 
	G4581-60031

	Gasket, Intuvo, polyimide 
	5190-9072

	GC column installation pre-swaging tool, for graphite ferrules 
	G3440-80217

	GC/MSD with Triple-Axis Detector
	G3440A/G3171A

	Guard Chip, Intuvo, split/splitless inlet 
	G4587-60565

	Hdsp cap, 18 mm, magnetic PTFE/Sil
	5188-2759

	Headspace Syringe Holder Kit, 2.5 mL
	G6500-60018

	Intuvo 9000 GC System
	G3950A

	Intuvo compression bolt 
	64581-60260

	Methanol ≥99.9 % (Merck, Germany, 67-56-1)
	34860-M

	Methyl oleate 99 % (Merck, USA, 122-62-9)
	311111

	MilliQ water 
	

	N,O-Bis(trimethylsilyl)trifluoroacetamide ≥99.9 % (Merck, 25561-30-2)
	15222

	OpenLABS CDS 2.2 (software)
	

	Poroshell 120 EC-C18 50 x 2.1 mm i.d. 2.7 µm
	699775-902

	QuEchERS dSPE EMR-Lipid
	5982-1010

	QuEChERS Extract tubes, EN method
	5982-5650

	Toluene ≥99.3 % (Honeywell, Germany, 108-88-3)
	179965-2.5L

	Torque driver, preset to 1,2 NM 
	8710-2790

	Ultra Inert Gold Inlet Seal w/washer 
	5190-6145

	Ultra Inert Liner Split, Straight, Wool 
	5190-2294

	VF WAXms 30 m x 0.25 mm x 0.25 µm
	CP9205

	Vial, screw, 2 mL, clr, cert
	5182-0714

	Vial insert, 250 µl pulled point glass 
	5183-2085

	Vial, screw top, headspace, clear, 20 mL, 23 x 75 mm
	5188-2753

	Vials, screw cap
	5182-0716

	Volumetric flasks Duran® 5, 10, 100 mL
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