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Summary

Sustainable Production of Cannabinoids using Sujteral Carbon

Dioxide Technologies

This thesis concerns the production of natural awmps from plant material for
pharmaceutical and food applications. It descrilles production (extraction and
isolation) of cannabinoids, the active componentgsgnt in cannabis. Many
cannabinoids have medicinal properties but notcafinabinoids are available in the
(large) quantities necessary to develop new meekicibecause so far, for large scale
production, there are no economically and techlyicabble methods to extract those
cannabinoids present in low quantities in the plavibreover, the currently used
production process for the most important cannadijrtetrahydrocannabino\f-THC),
has many drawbacks, such as the large use ofr¢famio solvents, which is not only a
burden to the environment but also to the safetthefoperators, the production costs as
well as the treatment of the produced waste. Is tihesis, an alternative process using
supercritical carbon dioxide is presented for thedpction of cannabinoids, including
A’-THC, cannabinol (CBN), cannabigerol (CBG) and aidiol (CBD).

One of the steps ofA>-THC production from cannabis plant material, ise th
decarboxylation reaction, transforming th& THC-acid naturally present in the plant
into the psychoactivA’-THC. Experiments showed a pseudo first order reactvith an
activation barrier of 85 kJ.mbland a pre-exponential factor of 3.7816". Using
molecular modeling, two options for an acid catati8-keto acid type mechanism were
identified. Each of these mechanisms might plagle, depending on the actual process
conditions. Formic acid was shown to be a good iimdex catalyst of such a reaction. A
direct keto-enol mechanism catalyzed by formic agidms to be the best explanation for
the observed activation barrier and the pre-expialefactor of the decarboxylation of

A’-THC-acid. Evidence for this was found by perforgnian extraction experiment with
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Cannabis Flos. It revealed the presence of shainotarboxylic acids supporting this

hypothesis.

Then, in order to develop the supercritical fluitraction process, the solubility &f-
THC, CBN, CBG and CBD in supercritical carbon daexihas been determined using an
analytical method with a quasi-flow apparatus. tFine solubility of A>-THC has been
determined at 315, 327, 334 and 345 K and in teegure range from 13.2 to 25.1 MPa.
The molar solubility forA’-THC ranged from 0.20 to 2.95xt0Then, the solubility of
CBN, CBG and CBD in supercritical carbon dioxide t&en determined at 314, 327 and
334 K and in the pressure range from 11.3 to 20 Mrhe molar solubility of CBN,
CBG and CBD ranged from 1.26 x™4@ 4.16 x 1¢, from 1.17 to 1.91 x Iband from
0.88 to 2.69 x 10, respectively. These solubility data have beenpamed to each other.
The solubility of the different cannabinoids in sugritical CQ increases at 326 K in the
following order: A>-THC < CBG < CBD < CBN. The solubility data wereregated
using the Peng-Robinson equation of state in coatioin with Van der Waals mixing

rules.

To continue, supercritical fluid extraction (SFEing carbon dioxide was performed
with Cannabis Sativa L. in a pilot scale set-uBH&8 and 323 K in the pressure range
from 18 to 23 MPa. The SFE yield Af-THC is at maximum 98 %, which is comparable
to classical hexane extraction. CBN and CBG camtieacted in higher amounts with
SFE than with hexane extraction. Waxes are co-eemawith the cannabinoids. They
can be easily removed via a winterization step. phbaty of the final extract after
winterization was 85 %A°-THC at the optimal experimental conditions foundthiese
experiments. With a two-steps extraction, it is qiole to selectively extract minor
cannabinoids (i.e. CBN, CBD and CBG) in a firgpsat low pressure (~15 MPa), and
A°-THC in a second step at higher pressure (~20 MPa).

The last step of the process is performed usingrifegal Partition Chromatography. It
uses a two-phase liquid system, instead of a stéitlonary phase, as it is the case in

High Pressure Liquid Chromatography (HPLC). Sepamas realized by the partitioning

-2-
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of compounds between the two phases. With thisigal, a successful separatiom\3f
THC, CBN and CBG is presented using the two-phastesn hexane / acetone /
acetonitrile. A purity higher than 99% is achieweith A°- THC. With CBN and CBG the
best purity obtained is higher than 90%.

To conclude, an economical and ecological evalnatfatwo production routes to obtain
pure A>-THC is presented: the current process using ocgsoivents is compared with
the alternative process using supercritical carthaxide developed in this thesis. The
alternative process is significantly cheaper than durrent one, although the high price
of the starting material cannabis dominates thienate cost price. From an ecological
point of view, the alternative process is also nmeustainable as it consumes less energy
and generates less waste. Therefore, this alteenairocess is preferred from an

economical and ecological point of view.






Samenvatting

Duurzame Productie van Cannabinoiden met behulp Saperkritische

Koolstofdioxide Technologieén

Dit proefschrift beschrijft de productie van natijke componenten uit plantaardig
materiaal voor de farmaceutische en voedingsmiddelestrie. Het beschrijft de
productie (extractie en isolatie) van cannabinojdé® actieve componenten die in
cannabis aanwezig zijn. Vele cannabinoiden hebbemedische werking, maar niet alle
cannabinoiden zijn beschikbaar in de (grote) hdbeeden die nodig zijn om nieuwe
geneesmiddelen te ontwikkelen. Reden is dat, voategschaal productie, er tot nu toe
nog geen economisch en technologisch haalbare dethdbestaan om deze
cannabinoiden, die slechts in relatief kleine hetheden aanwezig zijn in de plant, te
extraheren. Daarnaast kent de huidige productiesdethvoor de belangrijkste
cannabinoid, tetrahydrocannabinAP{THC), een aantal nadelen, zoals het verbruik aan
organische oplosmiddelen. Dit is niet alleen eaneglast voor het milieu, maar ook voor
de veiligheid, en leidt tot hoge productie- en afeaverkingkosten. In dit proefschrift
wordt een alternatief proces voor de productie wenschillende cannabinoiden, inclusief
A°-THC, cannabinol (CBN), cannabigerol (CBG) en cdnidial (CBD), gepresenteerd,

dat gebruik maakt van superkritisch koolstofdioxadie oplosmiddel.

De eerste stap in d&-THC productie uit cannabis is de decarboxylatietiea waarbij

het A>-THC carbonzuur, dat van nature in de plant aanyégi wordt omgezet in de
psychoactieve, neutrale cannabinAfdTHC. Experimenten lieten een pseudo eerste orde
reactie zien met een activeringsbarriére van 8m&d. en een pre-exponentiéle factor
van 3,7x18 s'. Met behulp van moleculaire modellering werdenevepties voor een
zuur-gekatalyseerg-keto-zuur type mechanisme geidentificeerd. Beidechranismen
zouden een rol kunnen spelen, afhankelijk van dadwarkelijke procescondities.
Mierenzuur bleek een goed model te zijn voor dallkaator van zo’'n reactie. Een direct
keto-enol mechanisme gekatalyseerd door mierengkude beste verklaring te geven
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voor de experimenteel geobserveerde activeringebaren pre-exponentiéle factor van
de decarboxylatiereactie vaxi-THC carbonzuur. Bewijs hiervoor werd gevonden door
een extractieexperiment met cannabis flos uit teremm De aanwezigheid van korte

carbonzuren bevestigt de hypothese.

De oplosbaarheden vak-THC, CBN, CBG en CBD in superkritisch koolstofdide
zijn vervolgens bepaald met behulp van een anahgisnethode met een ‘quasi-flow’
apparaat, zodat het superkritische extractieproomsler kan worden ontwikkeld.
Allereerst werd de oplosbaarheid vVARTHC in superkritisch koolstofdioxide bepaald
bij 315, 327, 334 en 345 K en in het drukbereik &2 tot 25.1 MPa. De molaire
oplosbaarheid van®-THC varieerde tussen de 0,20516n de 2,95x16 Vervolgens
werden de oplosbaarheden van CBN, CBG en CBD irerkufisch koolstofdioxide
bepaald bij 315, 327 en 334 K en in het drukbevaik 11.3 tot 20.6 MPa. De molaire
oplosbaarheden van CBN, CBG en CBD varieerden céispelijk van 1,26x13 tot
4,16x10% van 1,17x10d tot 1,91x1¢" en van 0,88x16 to 2,69x10". De oplosbaarheid
van de verschillende cannabinoiden in superkritismbistofdioxide heeft bij 326 K de
volgende volgordeA®-THC < CBG < CBD < CBN. De oplosbaarheidgegevensdere
gecorreleerd met de Peng-Robinson toestandsvéiggliin combinatie met Van der
Waals mengregels.

Vervolgens is de superkritische extractie van Chisn&gativa L met superkritisch
koolstofdioxide uitgevoerd op een proeffabrieks¢hia 313 en 323 K en in het
drukbereik van 18 tot 23 MPa. Het extractierendenvam A°-THC bedroeg maximaal
98%. Dit rendement is vergelijkbaar met het rendemen conventionel@’-THC
extractie met hexaan. CBN en CBG kunnen in grotboeveelheden worden
geéxtraheerd met superkritisch koolstofdioxide d@t hexaan. De was wordt met de
cannabinoiden mee geéxtraheerd en kan gemakkelykijderd worden met behulp van
een uitvriesstap. De zuiverheid van het extracuitaiezen was 85%\’-THC bij de
optimale experimentele condities. Met behulp vam teeee-staps extractie is wellicht het

mogelijk om selectief de andere cannabinoiden @.@BN, CBD en CBG) in een eerste
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stap bij lagere druk (~15 MPa) te extraheren, emndadeA’~THC in een tweede stap te
extraheren bij hogere druk (~20 MPa).

De laatste stap in het proces maakt gebruik vatritegale partitie chromatografie. Deze
methode maakt gebruik van twee vloeistoffasen laatp van een mobiele vloeistoffase
en een vaste stationaire fase zoals het geval jisvdn hoge prestatie vioeistof
chromatografie (HPLC). Scheiding wordt gerealisegodr verschillende verdeling van
de componenten over de twee vloeistoffasen. Meg tkszhniek is succesvolle scheiding
vanA®- THC, CBN en CBG mogelijk met het twee-fasen systéestaande uit hexaan /
aceton / acetonitriel. Op deze manier RK&nTHC met een zuiverheid van meer dan 99%

worden verkregen. Voor CBN en CBG is de hoogstdaal zuiverheid hoger dan 90%.

Tot slot is er een economische en ecologische etralugemaakt van de twee
productieroutes om zuivéx’-THC te produceren: het huidige proces dat gebmalakt
van organische oplosmiddelen is vergeleken memnleeiwe, alternatieve proces, zoals
ontwikkeld in het proefschrift dat gebruik maaknwsuperkritisch koolstofdioxide zoals
ontwikkeld in dit proefschrift. A>-THC is momenteel nauwelijks commercieel
verkrijgbaar, omdat het de status van illegale dregft. Dit heeft een groot effect op de
prijs van cannabis eA®-THC. Ondanks het feit dat de hoge kostprijs vargdmdstof
(cannabis) de uiteindelijke kostprijs in belanggijate bepaalt, is het alternatieve proces
wel significant goedkoper dan het huidige procest &hntal stappen in het alternatieve
proces is slechts een derde van het huidige apnbakesstappen. Uit een ecologisch
oogpunt is het alternatieve proces ook duurzammdab het minder energie verbruikt en
minder afval genereert. Daarom lijkt het alternagigproces zoals ontwikkeld in dit
proefschrift haalbaar.
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Abstract

This thesis concerns the production of natural coonmuls from plant material for
pharmaceutical and food applications. It describtb® production (extraction and
isolation) of cannabinoids, the active componentesent in cannabis. Many
cannabinoids have medicinal properties but notahnabinoids are available in the
(large) quantities necessary to develop new meelgibecause up to now, there are no
economically and technically viable methods toaoitthose cannabinoids present in low
quantities in the plant. Moreover, the currentlyedsproduction process for the most
important cannabinoid, tetrahydrocannabin@d®THC), has many drawbacks, such as
the large use of the organic solvents, which isamy a burden to the environment but
also to the safety of the operators, the productiosts as well as the treatment of the
produced waste.

In this thesis, an alternative process using sugigcal carbon dioxide is presented for
the production of cannabinoids, includidly- THC, cannabinol (CBN), cannabidiol (CBD)
and cannabigerol (CBG).
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1. Introduction

1.1 Problem definition

The aim of this thesis is to develop an alternafpreduction method for natural

compounds with pharmaceutical or food interest fpdamt material.

The conventional method to extract such naturalpmmds uses organic solvents, in

combination with several purification steps, asickeyl in figure 1.1.

Empty plant material QoS
[ )
" step n+1
_ T [©S + BP + VP QS+ VP > VP
Plant material . _)n
~— -

0§ = organic solvent — BP = by product — VP = valuable product

Figure 1.1 Schematic drawing of an extraction procgs with organic solvents

Several problems occur when using these organiests. First, in order to meet the
requirements of the Pharmacopeias and food praguebout the levels of allowed
residual solvents in the final product, severabsteave to be performed to separate these
solvents from the valuable compound. Regulatiorsstict about the maximum quantity
of solvent allowed in food or medicinal products, described in further detail in the
background chapter (chapter 2 of this thesis).

-17-



Chapter 1

Second, in most conventional processes, many gatiifin steps are needed, because the
purity after extraction is generally low due to lselectivity of the extraction with

organic solvents. For example, chlorophyll and vgaxay be extracted as well.

The high amount of purification steps leads to gpeasive process and to the difficulty
of scaling-up. Moreover, because organic solveréfien removed by evaporation, the

energy consumption is high.

The large amount of the organic solvents usedsis dhngerous for the environment and
represents safety issues. They lead to emissiotiseimtmosphere and waste problems.
Solvent losses contribute considerably to the foionaof large amounts of waste. The
use of large quantities of volatile organic solgeas liquid media for chemical reactions
and extractions, with a current worldwide costraated at € 6,000,000,000 per year [1,
2], is a major concern for today’s chemical proogegssndustry. The perceived effects of
these solvents on human health, safety and theroemuent, combined with their
volatility and flammability, is a strong incentivier minimizing their use, both for
environmental and cost perspective. Minimizing salMosses leads to avoiding the costs

associated with disposal, legal liabilities andutatpry constraints [3].

Several natural compounds are difficult to obtawonf plants by extraction with organic
solvents, because of their chemical properties. &somthese compounds have a low
solubility in organic solvents; others are too wdaor thermally labile, leading to low

yields or product degradation in the solvent evapon step. Therefore, classical
extraction with organic solvents is not suitable these compounds. In the next

paragraph, an alternative using supercritical aadioxide is proposed.

1.2 Extraction of natural compounds by supercritich carbon dioxide

Carbon dioxide is non-flammable, relatively ineahundant and inexpensive. In the
supercritical region, the density of carbon dioxahel its solvent power can be varied by
changing the temperature and pressure. Supert@@ahas properties between those of

-18 -
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gases and liquids. Diffusivity and mass transfer laetter than in liquids, whereas the
solubilities of many organic compounds are high®ant in gases. The low critical
temperature allows heat-sensitive materials torbegssed without damage. The fact that
chemical substances show different solubility irpesgritical CQ permits selective
extraction, as its solubility power can be tunedshyall variations of pressure and / or
temperature. When the pressure is released afteextmaction, the carbon dioxide
evaporates and pure product without any remaini@ @& obtained. Therefore,
supercritical extraction is often used for food githrmaceutical products, for which it

eliminates the possibility of leaving toxic residus organic solvents [3-5].

As CO is more selective, by tuning the pressure and ¢eatpre, and is easily removed
by pressure release, its use needs only one reessipn step and one purification step,
instead of many separation steps, as shown in &igL2. The energy need for the
recompression step is generally lower than theggneeeded in the evaporation step of
the organic solvent in the conventional method.réfuge, the process is consuming less
energy. Additionally, waste plant material can lkeesily recycled, contrary to plant

material soaked in organic solvent, in the caselagsical extraction. Moreover, as no
high temperature separation steps are requiredm#tly labile compounds may be

extracted with supercritical GO

CQ,
Plant material |
— + ca,
Expansion Purification
vessel step

co+vP+BR | T T wpsep ;|:i
Empty plant EP

material

VP = valuable product — BP = by-product

Figure 1.2 Schematic drawing of supercritical fluidextraction equipment
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However, the use of carbon dioxide as green solaksat has its limitations. It is not a
good solvent for substances like large polar mdéscuMoreover, it is most commonly
used in its supercritical state (above its crititainperature of C and its critical
pressure of 7.38 MPa). Therefore, £aas to be used under pressure. This may lead to
slightly higher investment costs however usualljnpensated by the fact that fewer steps

are needed for the purification and £i®cheap compared to other organic solvents [3, 6]

In this work, supercritical COwill be used as solvent in different steps of & peocess
to extract and purify cannabinoids from cannabisisTprocess should not only allow
producingA®-THC in a more sustainable way, but might alsovaltbe production of
other cannabinoids, increasing their availability the market with a reasonable
production cost, in order to further study theirdmcal applications and to develop new
medicines. The different steps of this procespeageented in the next paragraph.

1.3 Motivation to isolate cannabinoids

Cannabis is a medicinal plant [7-9] shown in Figdr8. Until about 50 years ago
cannabis extracts were found in many Pharmacopélasiever, as a result of the
recreational use, in many countries it was put loa list of drugs of abuse and its
medicinal use almost vanished. Recently, the medlicuse of cannabis has been
legalized in several countries [10]. Some of thedice purposes of cannabis plant
include, but are not limited to, multiple sclergs@hronic pain, glaucoma, appetite
stimulant, asthma and cardiovascular conditiond,amnan antiemetic, i.e. its use prevents

or treats nausea and vomiting [11].
Its unique active compounds, called cannabinoigspeesent in the female flowers. The

various cannabinoids have different properties #melr medicinal activity may be
influenced by the presence of other cannabinoigslf].

-20 -



Introduction

Figure 1.3: Cannabis sativa L

Cannabinoids are defined as the group ef €©mpounds typically of and present in
Cannabis sativa Lincluding their carboxylic acids, analogs, arahgformation products.
However, a less strict definition puts more emphasi synthetic chemistry and on
pharmacology, and also includes related structaresny other compound that affects
cannabinoid receptors in the human body. This eses¢veral chemical subcategories of
cannabinoids. In this thesis, the focus will be (phyto)cannabinoids: cannabinoids

occurring in the cannabis plant [17].

In total, there are over 60 different (phyto)carinalls. The structures of the most
common cannabinoids are presented in Figure 1.4.afmount of cannabinoids present
depends on the plant species and on the storaghtioos. Cannabinoids are present in

their acid precursor form.
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Figure 1.4: Structures of (-)A% tetrahydrocannabinol (A°-THC), cannabidiol
(CBD), cannabinol (CBN), cannabichromene CBC), carabigerol (CBG) and
tetrahydrocannabivarin (THCV)

The main psychoactive cannabinoid, calledAD)-tetrahydrocannabinolA-THC), has
been registered for medical use. Dronabinol isIttternational Nonproprietary Name
(INN) for the pure isomer ah®-THC, (-)-transA®-tetrahydrocannabinol, that is the main
isomer in the cannabis plant. There are curremtty formulations withA*-THC (also
known as Dronabinol) on the market. In the Unitedt&s, synthetic Dronabinol is
marketed as a medicine under the name Marinol@rdat thausea, pain and loss of
appetite [17]. In Canada and UK, an oral mucosahyspgontainingA®-THC and CBD
derived from cannabis plant is prescribed under riame of Sativex as adjunctive
treatment neuropatic pain in multiple sclerosig] #or pain due to cancer. However, due
to the lipophilic character of Dronabinol, easy aaistration with satisfactory pain relief
is difficult. Echo Pharmaceuticals B.V. is currgndeveloping a tablet with naturAP-
THC, called Namisol®. This new tablet should havéedter administration pathway,

allowing satisfactory pain relief.

However, patients often claim that the use of @\k&HC is not as efficient as smoking
cannabis. It is becoming increasingly clear tfaTHC alone does not equal cannabis [8]

and that other components play a role in someetlimed medicinal effects [17].
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One of these cannabinoids is Cannabinol (CBN). @Bobhly mildly psychoactive and is
perceived to be sedative or stupefying [18, 19]islthe primary product oA®-THC
degradation, and its amount is limited in a frelnp CBN content increases ASTHC

degrades under exposure to light and air.

A third cannabinoid which will be considered ingtihesis next ta’-THC and CBN is
cannabidiol (CBD). CBD is not psychoactive, althbug may modulate the euphoric
effects of A>-THC to some extent [14]. Medically, it appears redieve convulsion,
inflammation, anxiety, and nausedt also protects against myocardial ischemic
reperfusion injury [16]. Furthermore, CBian possibly be used as a therapeutic agent for
treatment of type 1 diabetes [20].

The fourth and last cannabinoid studied in thisknsrcalled cannabigerol (CBG). CBG
is the direct precursor of the cannabinoids CBBTHC and cannabichromene (CBC). It
has been less studied in pharmaceutical investiggtithan the three previously
mentioned. However, some studies have shown thaytlower blood pressure in rats. It

has also analgesic and anti-inflammatory effec2$.[1

Smoking cannabis presents many drawbacks, e.gtries the risk of carcinogenesis due
to the formation of compounds during combustion @nt not acceptable for non-
smokers. Furthermore, smoking joints is illegamost countries. An alternative way to
consume cannabis without smoking is the oral adstration of tea, as recommended by
the Office of Medicinal Cannabis (OMC) in the Nathads. However, in this way, most
of the A%-THC is first metabolised into non-therapeutic rbelies in the lever.
Moreover, since other cannabinoids also have megdicgerties, they may be used for
different medical applications. Therefore, it is@al to develop medicines. However, the
poor availability of pure minor cannabinoids on thwarket is an obstacle for the
development of such medicines. There is a neethéodevelopment of new processes to
increase the availability of the different cannaliils to be able to continue studying their

medical properties and develop new drugs suitaisleéw medical applications.
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Currently, there are various processes to isolaenost common cannabinoids from
cannabis. For example, several patents descrittesrda obtaimA*-THC andA’-THC
acid A°-THCA) [21, 22] from cannabisA®-THCA is obtained from plant material by
extraction into an aqueous basic solvent under phtrol. After acidification, theA®-
THCA is extracted back into a non-polar solvenelding A-THCA in high purity.A®-
THCA is then converted by vacuum distillationA& THC which is further purified and
combined with a carrier for pharmaceutical uhis process includes 7 different steps of
extraction and 4 extra steps for the purificatibmequires a lot of energy, produces a lot
of waste water (contaminated with mainly inorgasaits) and organic waste, mainly
organic solvents such as heptane and isopropyt.éein@rovement of this process by
reduction of the number of process steps, energguwuption, water consumption and
waste production, is of crucial importance in ortkeiobtain a more sustainable process

and eventually increase the scale of the production

1.4 Cannabis and the law

1.4.1 Cannabis policies

As of 1954, the World Health Organization (WHO) h&daimed that cannabis and its
preparations no longer serve any useful medicabqae and are therefore essentially
obsolete. Until then, cannabis legislation had bémsed on a large number of
conventions, causing considerable confusion in d@kecution of treaties. Under the
pressure of increasing reports that cannabis wdsug dangerous to society, it was
proposed to combine all in single convention, theftdbf which was finally accepted by
the United Nations in 1961. In the following yeaeeral complementary treaties were
made to strengthen it. Under the “Single ConventiorNarcotic Drugs” cannabis and its
products were defined as dangerous narcotics witiigl potential for abuse and no
accepted medicinal value. It reflected the belnsit tcannabis was a dangerous narcotic

-24 -



Introduction

with a threat that was equal to the most dangeopietes, as it was strongly believed that

cannabis use could serve as a stepping stone tséhef such drugs.

Since the Single Convention on the political agertla potential danger of cannabis
abuse by recreational users has been much higheratiy of its benefits as a source for
fiber, food or medicines. Nowadays it may be havdbelieve, but according to the
American president Richard Nixon, cannabis was aesaeveapon of the communists,
being spread by the Jews to destabilize the Westerld. This sense of cannabis-related
fear has been the base for the legislation thatuisently seriously obstructing the
rediscovery of cannabis as a medicine. Even todlager US laws, possession of only a
few grams of cannabis can lead to imprisonmentlifer The distinction between
medicinal and recreational use is thereby made onlsg handful of Unitet States of

America.

It can be observed that new scientific insightannabis are only slowly and reluctantly
incorporated into new legislation. However, in tbeming years, a large variety of
scientific and clinical data is expected to becomailable, further showing the
physiological effects of cannabinoids and the eadaabinoid system. And in several
Western countries important obstacles for a ree¢ptance of medicinal cannabis have
already been addressed, as serious steps arettakamls decriminalization of cannabis
use or even providing medicinal cannabis produotgdtients [23-26]. These shifts
constitute the first steps away from the dominangdolicy paradigm advocated by the
United States, which is punishment-based prohibjtiand it signals that the Single
Convention may start to reach its expiry date. [Blgeslation that follows will depend for
a large part on the quality of the research avkaldtowever, good arguments will finally
not be enough; what is most needed is a changesimatity [27], in politics, but also in

the way research is conducted [17].
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1.4.2 The Dutch situation

The Netherlands have known a liberal drug policgady for several decades, so it is not
surprising that the Dutch have been among the fosapproach the discussion on
medicinal cannabis in a practical way. In the 1990svas increasingly acknowledged
that a considerable group of people was using dastiar medicinal purposes, obtained
through the illicit market. Simultaneously, a graginumber of Dutch health officials
judged that, although scientific proof on the efife@ness of cannabis might still be
insufficient, the perceived dangers of cannabis nsdonger outweighed its potential
beneficial effects to certain groups of chronicallypatients. However, its unofficial
status made it impossible to make any guarantedseoguality, consistency, or origin of
the cannabis found in the illegal market. Thereforeorder to supply these patients with
a safe and reliable source of high quality cannabis Office of Medicinal Cannabis
(OMC) was established in March 2000. It startedhgcas a national agency on 1 January
2001. The OMC is the organization of the Dutch Goweent which is responsible for the
production of cannabis for medical and scientificgmses, and is in full agreement with
international law. After an initial preparation et, medical grade cannabis (in the form
of dried female flower tops) finally became avaiéam Dutch pharmacies in September
2003, on prescription only. Based on the availgbiéind quality of clinical data and
scientific literature, a selection of indicationasvmade by the OMC for treatment with

its medicinal grade cannabis [28].

Right from the start, a reliable source of highlguaannabis materials was considered
crucial for the success of the Dutch medicinal edis program. Therefore, skilled
breeders were contracted for the -cultivation ofngdaunder highly standardized
conditions, resulting in a product with a very astent composition. The whole process
of growing, processing and packaging of the plaatemal are performed according to
pharmaceutical standards, and supervised by the M€ quality is guaranteed through
regular testing by certified laboratories. Besidegpplying high quality cannabis to
medicinal users, the OMC also provides the samernmafor research and development

of medicinal preparations based on cannabis caestis.
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The availability of reliable cannabis of consistepiality has proven to be crucial to
perform good research, as it opened up the wayofty term quantitative studies on
cannabis and its constituents on a national l&vetrently, a variety of laboratories and
research groups cooperate for quality control, &mental research and clinical
development. Cannabis research in The Netherlanttooming, with a clear focus on
scientific outcome, rather than on repression ofnedis use [17]. It is exactly these
conditions that have made the work of A. Hazekaropsible followed by the work

presented in this thesis.

Because of the problems related to extraction amdigation of natural compounds from
plant material by organic solvents, an alternapivecess that does not suffer from these
disadvantages is developed in this work. This peaeses supercritical carbon dioxide as

a solvent to perform extraction and separatiomefdesired components.

1.5 Cannabinoids Production Process

The process investigated in this thesis is predemeFigure 1.5. It consists of four
principal steps starting from the grinded canngilat (also called plant material in
Figure 1.5), and resulting in pure cannabinoidsar@ainoids are present in their acidic
form in the cannabis plant, but are used in theirtral form in medicine. Because it is
expected that the solubility of the acidic cannalie in supercritical carbon dioxide is
lower than that of the neutral ones, they are depatated in a pretreatment step. This
step does not require any organic solvent, asahlg a heating step. Supercritical Fluid
Extraction represents the second step of the psodeghis step, only the green solvent
CO; is used. The product of this step consists of waaad cannabinoids. To ease the
next step, hexane is used to dissolve the exi{faet.waxes can be easily separated from
the cannabinoids by winterization, i.e. freezingtloé extract to precipitate the waxes.
After that, a simple filtration isolates the canmalids from the waxes. The last step is
using centrifugal partition chromatography with amgc solvents or even with G@n an

ideal case. The desired end products are the cenmi@dwith purity higher than 95 %. A
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further reduction of the number of process stepghimbe obtained by combining the
decarboxylation step with the extraction step. &hmwunt of cannabinoid will depend on
the type of cannabis plant used. The experimems do this thesis will be based on the
use of the Bedrocan cannabis plant, containingratdi8%A°-THC, and less than 1 % of

the other cannabinoids. Therefore, maiffyTHC will be produced. However, with SFE,

other minor cannabinoids (i.e. CBN, CBD and CBQ&) ektracted as well in a higher
yield than with organic solvents. They are not lwsthe distillation steps and can be
easily separated with CPC. Additionally, with afeliént cannabis plant type, containing
other cannabinoids in larger quantities, it is gh&ssible to obtain other cannabinoids
such as CBD and CBG in sufficient amounts for mediclevelopment. To obtain CBN,

the Bedrocan cannabis plant may be used afterfgpsirage conditions (e.g. light, air),

to obtain the degradation Af-THC into CBN.

i

R CBD
PV

CBN

vovow

CBG

residu waxes

PM = Plant Material - D = Decarhoxylation - SFE = Supercritical Fluid Extraction
W = Winterisation - CPC = Centrifugal Partition Chromatography - C = Cannabinocids

Figure 1.5: Schematic drawing of the cannabinoidsmpduction process
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1.6 Scope of this thesis

This thesis presents the investigation of the dbfieé steps of an alternative process to
extract and purify cannabinoids from cannabis bygisupercritical CQ Chapter 2
covers a background overview of the different tepa¢ the chapters. It starts with the
regulations about the use of organic solvents @rmlaceutical and food products. Then
it presents in detail the green solvent carbonidmxand different ways to measure the
solubility of natural components in it. Moreoven averview of the separation methods
used in the work is given. Supercritical Fluid Extiion (SFE) is presented, followed by
Centrifugal Partition Chromatography (CPC).

Chapter 3 describes the decarboxylation process. The kingi&rameters are
experimentally determined. Molecular modeling isplagd to determine the

decarboxylation mechanism.

Then, in order to determine if supercritical £@& a suitable solvent to extract
cannabinoids, solubilities df>-THC, CBN, CBD and CBG with purities above 98% in
supercritical C@ are measured and modeled using the Peng-Robirgaatien of Sate.
As their solubilities are relatively low, and theivailability is limited, a new method to
measure the solubility in supercritical €®as developed and is presentehapter 4.
Anthracene is used as a model compound to validtetemethod. In this chapter, the
solubility of A%-THC in supercritical C@is also presentedChapter 5 presents the
solubility of CBN in supercritical C®and compares it with the solubility AP-THC in
supercritical CQ. It is shown that both cannabinoids show compjedéferent solubility
behavior.Chapter 6 presents the solubilities of CBD and CBG in supgcal CO,, and
compares them to the solubilites of baM-THC and CBN in supercritical GO
Moreover, a process design for Supercritical Findraction in order to extract all four

cannabinoids is proposed.

In Chapter 7, the results of extraction of cannabinoids fromrabis plant, Bedrocan

variety, using supercritical GQare presented and discussed.
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Chapter 8 presents Centrifugal Partition Chromatography gisapercritical C@ and
generally regarded as safe (GRAS) solvents instéamtganic solvents. A comparison
with the conventional CPC that uses only organilvesds is also discussed in this

chapter.

Chapter 9 gives an economical and environmental evaluatibmhe current process
using organic solvents and the new process with ©®@btainA®-THC. Both processes

are compared in terms of costs, energy consumptieltls and waste production.
Chapter 10 summarizes the conclusions of this work and recendations to use this

new process for other molecules thARTHC in case of cannabis, or for other plant

material.
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Abstract

This chapter provides background information abibwt different topics presented in this
thesis. It first presents an overview of the curnesgulations about the use of organic
solvents in pharmaceutical and food industry. Asirttuse has many drawbacks, an
alternative solvent is used in this thesis, supgcal carbon dioxide. Its characteristics
are presented in the second part. In order to dgvglrocesses using this green solvent,
solubility data of the interesting components aeeded. Several techniques to measure
solubility are presented in this chapter. Finallge two main processes used in this work,
i.e. supercritical fluid extraction (SFE) and cefugal partition chromatography (CPC)
are described. SFE has already been widely usethéoextraction of natural molecules.
CPC has been developed using organic solventsparat natural components. A state
of the art concerning these two processes is pteden
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2. Background

2.1 Regulations about organic solvents

Most regulatory agencies rely on a published docune set the limits for residual

solvents. In the United States, that document esUhited States Pharmacopoeia. The
European Union has the European Pharmacopoeia, Japdn has the Japanese
Pharmacopoeia. These three bodies often work teg&thpresent a uniform standard to
global pharmaceutical industries. This is done urnke name "International Conference
on Harmonisation" or ICH. The limits and guidelirfes residual solvents established by
the ICH were adopted by each of the pharmacopderapresents, creating a standard
fairly universal [1]. In pharmaceutical fields amdthe food industry, residual solvents

are separated into three classes based on risgsasset studies that are related to their

potential toxicity level.

Class 1 solvents (i.e. Benzene, Carbon tetracpritl,2-Dichloroethane , 1,1-
Dichloroethene and 1,1,1-Trichloroethane) are tlotva&d in pharmaceutical and food
processes because they are known human carcinagethey are strongly suspected

carcinogens.

Class 2 solvents are solvents that are not gerwmtoarcinogens, but are possible
causative agents of other irreversible toxicitychswas neurotoxicity or teratogenicity.
This class is considered less toxic than the fitass, so low levels residues can be
accepted. Table 2.1 lists the compounds in clasan@ the maximum allowable
concentrations in ppm. In addition to the maximulioveable concentration in food
products, the compounds in class 2 also have esdtatl limits for pharmaceutical use
referred to as Permitted Dayly Exposure (PDE) Bmivhich vary depending on the

individual compound.

Class 3 solvents exhibit low to minimal potentialntan health-related toxicity. The

maximum allowable concentration for these compousdgenerally 5000 ppm (= 0.5%).
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They have PDEs of 50 mg or more per day, dependimghe individual compound.
Ethanol, acetone, methylbutylether, acetic acidamal, formic acid, heptane and pentane

are some examples of class 3 organic solvents [2].

Table 2.1 United States Pharmacopeia Class 2 res@solvents [2]

Solvent PDE (mg/day) MAC (ppm)
Acetonitrile 4.1 410
Chlorobenzene | 3.6 | 360
Chloroform | 0.6 | 60
Cyclohexane | 38.8 | 3880
1,2-Dichloroethene | 18.7 | 1870
1,2-Dimethoxyethane | 1.0 | 100
N,N-Dimethylacetamide | 10.9 | 1090
N,N-Dimethylformamide | 8.8 | 880
1,4-Dioxane | 3.8 | 380
2-Ethoxyethanol | 1.6 | 160
Ethylene glycol | 6.2 | 620
Formamide | 2.2 | 220
Hexane | 2.9 | 290
Methanol | 30.0 | 3000
2-Methoxyethanol | 0.5 | 50
Methylbutylketone | 0.5 | 50
Methylcyclohexane | 11.8 | 1180
Methylene chloride | 6.0 | 600
N-Methylpyrrolidonel | 5.3 | 530
Nitromethane | 0.5 | 50
Pyridine | 2.0 | 200
Sulfolane | 1.6 | 160
Tetrahydrofuran | 7.2 | 720
Tetralin | 1.0 | 100
Toluene | 8.9 | 890
Trichloroethylene | 0.8 | 80
Xylene | 21.7 | 2170
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2.2 Supercritical carbon dioxide

Carbon dioxide is a supercritical fluid at temperas higher than 304.2 K (=31°C) and
pressures higher than 7.38 MPa (= 73.8 bar). Utidese conditions the distinction
between the gas phase and liquid phase is nonatisted carbon dioxide can only be
described as a fluid. This can be explained by ilaplat the phase diagram of carbon
dioxide (see Figure 2.1). The boiling line sepasdte vapor and liquid region and ends
in the critical point. At any point on the boilihige, carbon dioxide exists in a liquid and
a vapor phase. As the temperature is raised aloadoiling curve the liquid density
decreases due to expansion, whereas the gas dessstylue to the pressure increase. At
the critical point these densities become identical the distinction between the liquid
and gas phase disappears [3].

10,000

1,000 supercritical

fluid

100

pressure (bar)

10

T T T
200 250 300 350 400

temperature (K}

Figure 2.1: Phase diagram of carbon dioxide

Supercritical carbon dioxide has properties in leevthose of liquids and gases. It has
the ability to diffuse through materials like gasd to dissolve organic compounds like a
non-polar liquid. Alkanes, aromatics, ketones alwot®ls (up to a molecular height of
around 400 g.md) dissolve in supercritical carbon dioxide, butasaholecules such as
acids and most inorganic salts are insoluble. Bystithg the pressure of the supercritical

carbon dioxide, the solvent properties can be #efjuso be more “gas-like” (low
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solvency power) or “liquid-like” (high solvency p@m, which makes it a highly tunable
solvent (for this purpose also modifiers can beealld Because of these properties,
supercritical carbon dioxide is a well-establish&mlvent for use in extraction (see
paragraph 2.4). Other emerging commercial techmedognvolving carbon dioxide
include dry cleaning [4, 5], dying of textiles [¢-&nd the use as environmentally benign
solvent for various organic reactions, such as dgenations, hydroformylation,
oxidations, biocatalytic reactions and polymerizasi [10]. Figure 2.2 illustrates the €O

tank used in the laboratory.

Figure 2.2: CO,tank at the laboratory
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2.3 Solubility measurements in supercritical carbordioxide

Background information for chapters 3, 4 and 5

To determine whether compounds can be extractetbapdrified with supercritical
carbon dioxide, solubility measurements need tgpédormed. Solubility is typically
defined as mole fraction or weight fraction of gelin the supercritical fluid, which is in
equilibrium with the bulk solute [11]. Differentdieniques exist to measure the solubility
of natural compounds in supercritical carbon diexifihese methods can be divided into

two major categories: static and dynamic.

2.3.1 Static methods

In these methods, the solute is allowed to beatcstontact with the supercritical fluid
in order until equilibrium is reached. Depending sempling and the type of high-
pressure vessel used, there are three variatioalt@al, synthetic and gravimetric [11].
However, as only the synthetic method is availableur laboratory, the analytical and

gravimetric variations will not be described here.

Static techniques are used to determine the latatigphase border curves in the P-T
space and the solubility of a heavy solute (molkeculeight higher than 300 g.mdlin
supercritical fluids. Several equipment types canfdund in literature [12, 13]. An
example of such equipment is the Cailletet apparalihe Cailletet apparatus uses the
synthetic method and is depicted in Figure 2.3.tHis apparatus, the pressure or
temperature can be varied for a sample with a eahstverall composition until a phase
change is visually observed. Pressures up to 15 ddRae applied and the temperature
can range from 250 to 450 K, depending on the tnaasferring fluid. This technique is
accurate but has temperature and pressure linm&tMoreover, the minimum solubility
accurately measured with a Cailletet apparatus theé molar fraction order of 3 x 10
This lies above the range of cannabinoids solyhiitCO,. Therefore a dynamic method

has been used to determine the solubility of caimoads in CQ.
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Figure 2.3: Cailletet apparatus; A, autoclave; B, mgnets; C, capillary glass tube; D,
drain; E, motor; H, rotating hand pump; Hg, mercury ; I, thermostat liquid in; L,
line to dead weight pressure gauge; M, mixture beminvestigated; Ma,
manometers; O, thermostat liquid out; Or, hydraulic oil reservoir; P, closing plug;
R, Viton-O-rings; S, silicone rubber stopper; T, mecury trap; Th, glass thermostat;
V, valve. [14].

-44 -



Background

2.3.2 Dynamic method

A dynamic or flow technique uses the assumption tti@ solute-solvent system reaches
equilibrium as the solvent passes over the sollBé |t is used for determining solute
solubilities in supercritical fluid and also foripping and fractionating studies. A typical
schematic drawing of an apparatus using the dynamibod is shown in Figure 2.4 [11,
16].

Yienl

Mass flow meter
Owen ‘/___\h BPE
]
=Wa Sirlwemt
Uy trap
detectar
) Hear
Sampl enchangers

vesial

T
iﬂm

pump
u o €0,
{ 5 baszbe
| e e e o e o o o o d

Solvent
[eserv e

Figure 2.4: Apparatus for the determination of solupility using a dynamic method.
BPR = back pressure regulator to maintain constanpressure in system; SW =
switching valves to divert flows [16]

In this thesis, a kind of dynamic technique will bged. As this equipment had never
been used before, a detailed description of thd egeipment and the validation of the

method are presented in chapter 4 of this thesis.
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2.4 Extraction of natural compounds with supercritical carbon dioxide

Background information for Chapter 7

Supercritical Fluid Extraction (SFE) with carboroxide (CQ) is a promising alternative
technique to liquid and gas extraction. There aveflammability or toxicity issues,
solvent removal is simple and efficient, and thé&raot quality can be well-controlled.
Another advantage of this method are low operatiogts, because GQs cheap,
(balancing a relatively high investment for the ipquent), almost complete recycling of
the solvent, no solvent residues in the extractruécial advantage of this method is the
tunability of the extract solubility in supercritic CO, by varying the experimental

conditions (temperature and pressure).

CO; has been widely used for extraction of natural goumds, including pharmaceutical

molecules, from plant material, as shown in TabB[27-23].

Table 2.2: Literature summary of SFE of natural conpounds

Raw Material Leaves of Hazelnut Black Pepper Marigold Rosemary Vetiver ropts balico leaves Humulus Chamomile Pepermint
Tarragor lupulus flower head
Extrgctor 1500 10 60 80 125 5 14 600 400 115
Capacity (ml)
Number of
2 1 1 1 2 1 1 1 2 1
Separator
Sample mass (g 300 5 12 40 10 NA NA 40 110 1
Particle size NA land 2 2.5 062 | <0190.0208 5, 0.425 NA NA 3 or powde
(mm) and 0,43
Flow rate (g/min
if not 25 2.13 1.23 0,78t0 3 land5 54to7, 3.5 NA 13.3 109268
mentionned)
Ethanol: 0 an¢l Ethanol: 0 to Ethanol 2 to
Cosolvent None None None None % 10% None None None 6%
Pressure (MPa) 8to 12 30 to 60 16 and 20 12 to 20 10to 1§ 10to 3p to 25 12.510 27.5] 8to 12 8.82t0 19]6
Temperature 40to 55 40 to 60 40 40 40 and 6( 40 40t0 6 40 35t0 40 to 80
Extraction Time
(tmin) 120 300 840 and 120D 180 to 68 4510 6 300 60 180 or 60 150 100
min
. .| Oil(linoleic, | Essantial oil,| Oleoresin, . Oil (Zizanoic| Solanesol, o . .
Extract Essential oil oleic acid) oleoresin waxes Oil acid : 30%) nicotine Essential oil| Essantial oi Essential dil
Maximum total 2,1% without| 2,5% without
) 0.42% 33.00% 3.66% 2.70% [ethanol to 3,29 ethanol, 4,7% NA 11% 1.18% NA
yield with 3% with 10%
Best 9MPa - 50°c|BOMPa - 60°C|20MPa - 40°C| -\ [ 1gvpa - 40°d] 20MPa - 40°C 15MPa-40PC 20MPa - 4P°QMF - 40°C NA
experimental 180 mir 1200min

In the examples presented in Table 2.2, ethandommetimes used as a co-solvent,
yielding in a better maximum total yield for extti@ao of polar compounds. Since this is

a Class 3 solvent, its use is allowed in pharmafaod products.
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Many applications of supercritical extraction a@wnavailable on the industrial scale.
For example, in Spain SFE is used to purify cogkrdmoving 2,4,6-trichloroanisole [24].
In Italy, this technology is used for coffee deeafftion. In Germany, tea is
decaffeinated using this method. In India, plants extracted with carbon dioxide to
recover spices and herbs. In South Korea, ediblis extracted from plant material with

carbon dioxide. Finally, in New Zealand, plants exéracted with carbon dioxide to yield

hops and nutraceuticals [25].

An SFE set up is basically composed of the follgveiements: C@storage vessel,

pump, heat exchanger, extractor, separator an@ic@s depicted in Figure 2.4.

Double Pipe
Cooler

M—/\/\J

Double Pipe z ; ;

Heater

oeedag

Vent

5

®_

\
20
_<1_

Extract

Figure 2.5: Schematic drawing of typical SFE set-up Pl = Pressure Indicator, Tl =
temperature Indicator, PR = Pressure regulator, FI= Flow Indicator, TR =
Temperature Regulator

Figure 2.6 and 2.7 represent the experimentalgetsed in this thesis to perform SFE of

cannabis. A more detailed description of the SREIpaised can be found in chapter 7.
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10m

Figure 2.7: Separator of the SFE set-up

In the case of cannabinoids, the extract obtairess dhot contain only the pure desired
natural compound, but also some by-products. Thezednother technology has to be
used to further purify the extract. Currently, Gdagal Partition Chromatography is a
promising technique for the purification step. Théshnique is presented in the next

paragraph.
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2.5 Centrifugal partition chromatography

Background information for chapté&

The extract obtained from the cannabis Sativa Intaios not only the pure desired
products, cannabinoids, but also waxes and terdendherefore, another technology has
to be used to further purify the extract. Centr&luBartition Chromatography (CPC) is a
promising technique. CPC is a type of counter-curghromatography (CCC), where
both the stationary and mobile phases are liquiis Thromatographic method is based
on the Nernst’s distribution law, which states thablute will be distributed between two

partially miscible solvent layers at a constant esqgtoducible ratio [26].

Figure 2.8: CCC picture [27]

In CCC, which is depicted in Figure 2.8, the sampléntroduced in a mobile phase,
which flows through an immiscible stationary phamed the various compounds exit the
column at different times. The stationary phasekept in place by gravity. The
components in the sample develop different mignawielocities because of their different
partitioning behavior over the two phases. Theatdity of this technique is based on the
ability to vary the composition and polarity of te&tionary and mobile phases [28-34].
Moreover, both phases can play the role of molhlasp or stationary phase, depending
on the mode chosen in the CCC. When the heaviesepism the mobile phase, the
descending mode is used. On the contrary, in tbenaing mode, the mobile phase is the

lighter one, as depicted in Figure 2.9.
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Figure 2.9: Counter-current chromatography scheme

CCC is capable of separating molecules of a braade of molecular weights — from
drugs, pesticides, and natural products to bloadiges and cells. Contrary to solid
supported chromatography, the retained compound$eaasily recovered by flushing
the system. However, the separation is time-consgrand requires a long “column”.
Increasing the flow rate is not an option becabsestationary phase is then washed away
[34].

In CPC, the gravitational field is replaced by atdgéugal one. The column is replaced by
numerous small channels connected by ducts andaesdjrinto disks. The disks are
aligned around a high-speed rotor. These chand¢ms afficient operation at high flow
rates and high stationary phase volumes. In asegnaliode, the lighter phase flows
through the heavier one opposite to the centriffighd. In descending mode, the heavier
phase flows through the lighter phase paralleh®odentrifugal field, as shown in Figure
2.10[31, 35].
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Figure 2.10: Centrifugal partition chromatography scheme.
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CPC systems purify from milligrams to kilograms miiarmaceutical, biotechnology,
cosmetics, agro-food, natural products, petroleetndghemical and environmental
compounds and samples [36-40]. A picture of a Cpgamatus is shown in Figure 2.11.
A more detailed description of the used CPC sataupbe found in chapter 8.

Figure 2.11: FCPC picture [41]
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Abstract

Efficient tetrahydrocannabinolZ-THC) production from cannabis is important for its
medical application and as basis for the developgneémproduction routes of other drugs
from plants. This work presents one of the stepd®afHC production from cannabis
plant material, the decarboxylation reaction, trémsning the A°-THC-acid naturally
present in the plant into the psychoactif®THC. Experiments showed a pseudo first
order reaction, with an activation barrier of 85.kdol* and a pre-exponential factor of
3.7x10 s*. Using molecular modeling, two options for an acidalysedB-keto acid type
mechanism were identified. Each of these mechamsigist play a role, depending on
the actual process conditions. Formic acid was shéwvbe a good model for a catalyst
of such a reaction. A direct keto-enol mechanistalgaed by formic acid seems to be the
best explanation for the observed activation baraed the pre-exponential factor of the
decarboxylation of A°-THC-acid. Evidence for this was found by perforgnian
extraction experiment with Cannabis Flos. It reweehlthe presence of short chain
carboxylic acids supporting this hypothesis. Thespnted approach is important for the

development of a sustainable productio@®fTHC from the plant.
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3. Decarboxylation of Delta-9-tetrahydrocannabinol: kinetics

and molecular modeling

3.1 Introduction

At present there is a growing interest in cannabi@ its medicinal uses [1, 2]. Cannabis
contains more than 400 different ingredients, idiclg at least 60 cannabinoids. The
major active component, called @j-tetrahydrocannabinoAf-THC), does not occur at
significant concentrations in the plant, but isnfed by decarboxylation of its

corresponding acid upon heating.

As described in a patent [3)-THC acid A°-THCA) is obtained from plant material by
basic extraction into an aqueous solvent under @iral. After acidification, the acid is
extracted back into a non-polar solvent, yielding &cid in high purityA®-THCA is then
converted toA’-THC which is further purified and combined with aarrier for
pharmaceutical uselhis process includes 7 different steps of extoscéind 4 extra steps
for the purification. It requires a lot of energypduces a lot of contaminated water. The
contaminations are mainly inorganic salts and ayasste, principally organic solvents
such as heptane and isopropyl ether. To improweptaduction process by reduction of
the number of process steps, energy consumptionerw@nsumption and waste
production, is of crucial importance. Recentlyaimew patent [4] an attempt to improve
the process was described. In this patent, ABfRHCA andA®-THC are extracted into
an organic solvent prior to decarboxylation withuagus base in the same solvent.
Despite the obvious improvement presented, mangegsosteps are still needed to obtain
pure A>-THC. In our view, the ideal process would stadnfra plant source with the
highest level ofA>-THCA, which is then extracted, decarboxylated, andfied in the

minimum number of steps, avoiding water, inorgasailts, and organic solvents.

As most cannabinoids in the plant, includis§THC, are present as their acid precursor,

decarboxylation in the solid phase (i.e. in thenplaaterial) followed by extraction into a
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neutral solvent, might be considered as well. Prxeviwork on the decarboxylation of
cannabinoids in the solid phase has been perforimetlosed reactors [5, 6], open
reactors and on a glass surface [7]. Howeverg litdsearch has been performed to
understand the kinetics and the mechanism of dtid state reaction in cannabis, despite

the fact that these are crucial for scale-up.

The first section of this paper presents experialentrk to determine the best reaction
conditions (i.e. temperature and time) and its tkise Molecular modeling is then used to
provide a quantitative explanation and a mechanismthis solid state reaction in

accordance with the experimental data and availédbtature.

3.2 Experimental

3.2.1Materials

Methanol was HPLC grade and was purchased from Bdaker (Deventer, the
Netherlands). Medical grade Cannabis plant maté¢ieahale flower-tops) was obtained
from Bureau Medicinale Cannabis (The Hague, theh&t&nds). It had &°-THCA
content of about 18%, and virtually no fl@THC. The water content was ~ 3.6%. The
standards ofA>-THC (4.2 mg.mC* in Methanol — ref number 130-151205x) aAdt
THCA (1.0 mg.mL* — ref number 380-250407), with purity higher th@8%, were
kindly donated by PRISNA B.V.

3.2.2 Method

A sample of around 400 mg Cannabis was blendedrmxar, and heated at different
temperatures in vacuum conditions for a certairetifrhe temperature range studied was
from 90 to 14(°C. To follow the reaction rate, a sample was tadesry 5 minutes for
the first hour and then every half hour until treeersion ofA°-THCA to A°-THC was
complete. Each solid sample was extracted with EOmnmethanol and sonicated for 15
minutes before being analysed with HPLC. Calilbratines were determined for both
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A’-THCA andA®-THC. By this method samples were inherently cas®dor weight loss
(up to ~30% at 14€C) during thermal treatment. Balances during theeerents, based
on the molalities oA>-THCA andA®-THC, are >95%, indicating that the decarboxylation
process itself proceeds with ~ 100% selectivity. 8amkeletal rearrangements however

cannot be excluded.
3.2.3 HPLC analyses

The HPLC profiles were acquired on a Chromapack EiBistem consisting of an Isos
pump, an injection valve and a UV-VIS detector (@lo840 — Varian). The system is
controlled by Galaxie Chromatography software. phafiles were recorded at 228 nm,
as absorption by the solute is at its maximum igtwavelength. The analytical column
was a Vydac (Hesperia, CA).£ type 218MS54 (4.6 * 250 nfin5 um). The mobile

phase consisted of a mixture of methanol-waterainmg 25 mM of formic acid (pH +

3). The proportion of methanol was linearly incezhérom 65 to 100% over 25 minutes,
and then kept constant for 3 minutes. Then theneolwas re-equilibrated under initial
conditions for 4 minutes, so the total running tiwes 32 minutes. The flow rate was 1.5

mL.min[8].
3.2.4 Molecular modeling

The Spartan '06 package [9] was used for all catauhs. All structures underwent
complete geometrical optimisation on the B3LYP lef@31G**), starting from PM3

structures. Transition States were characterisedtdynique imaginary vibrational
frequency or Internal Reaction Coordinate. Thernmaahyical corrections were applied,;
however activation energies were based on Totakrdigse corrected for Zero Point

Energy contributions (ZPE-contributions).
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3.3 Results and discussion

3.3.1 Experimental results

Decarboxylation is a rather common chemical reactiowhich a carboxyl group splits
off from a compound as carbon dioxide. The reacsioown schematically in Figure 3.1
can be induced by light or heat during e.g. sto@gemoking. This reaction transforms
the acidic cannabinoids to their psychoactive forrrs this article, only thermal
decarboxylation will be considered. Analysis of ttaa leads to the conclusion that this
solid state reaction surprisingly obeys a firstevrchte law. Major data are presented in
Figure 3.2. Relatel values are reported in Table 3.1. The correspgnitiik versus IF

plots are shown in Figure 3.3. This is a straigtg,ldescribed by the formula:

E
Ink=Ink, —
ko RT
from whichE andk, are determined to be 84.8 kJ.fhalnd 3.7x1®s” respectively.

11
QJ Polar Head

OH Action of light, heat A OH
_COOH  during storage or smoking C lia x’J\1 <
.- AR
- . S B a \
”AO’ i e, 00, A - ~ f,ﬁvﬂHZ
1 2 i-:ﬁ':lm]:uhnbic sidde chain
{ -)—ﬁg—Tetrah}-'dmcamwbmolic acid (THCA) (-) -ﬁ.g-Tetrﬂh}-‘dmcﬂuuabinol (THC)

Figure 3.1: Model of the decarboxylation reaction bA>-THCA
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Figure 3.2: Plot of In[A>-THCA] o/[A’-THCA] as a function of time at different
temperatures

Table 3.1: Values of the constant rat& at different temperatures

T (K) 10°k (s1)
413 6.7
403 3.8
393 2.1
383 1.1
373 0.5
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Figure 3.3: Ink as a function of 1T - Arrhenius' law

3.3.2 Literature Results

In the literature, only a few liquid phase therrdatarboxylation reactions of carboxylic
acids, both aromatic as well as non-aromatic, @afobnd [10-13]. Li and Brill reported
experimental activation energies for the first ordecarboxylation of a series of OH
substituted benzoic acids under acidic conditioasging from 82-97 kJ.mdffor 2,4,6-
trihydroxybenzoic acid and 2,3-dihydroxybenzoic dacilheir k-values range from
3.61x103%s™ to 3.58x18s?, the latter being similar to the one observed Hy13].

In addition, by applying computational chemistrcheiques (B3LYP/6-31G*), they
found that intra-molecular decarboxylation of theida, via a four membered ring
Transition State, yields very high activation barsi thus showing that a real first order
process is very unlikely. The calculated activattmarriers for this type of Transition
State ranged from 213 kJ.rifofor 2,4-dihydroxybenzoic acid, to 225 kJ.Mdor 2-
hydroxybenzoic acid, and to ~260 kJ.thofor 3-hydroxybenzoic acid, 3,5-

dihydroxybenzoic acid, and benzoic acid itself.
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They also found that the addition of one molecufewater transformed the four
membered ring Transition State into a six membereyl This caused activation barriers
to go down with ~130 kJ.mdlleading to values much closer to the experimerghles.

However, these values are still far too high, eslgdf it is realized that these barriers

are based on the ~28 kJ.rhehergetically unfavorable anti-conformer of thildt0-13].

Recently, Chuchev and BelBruno [14] published adgton the mechanism of the
decarboxylation of ortho-substituted benzoic acwserein they confirmed the work of
Li and Brill that a single water molecule is an @qui@e model for an aqueous
environment, but also concluded that the preseheenmter molecule forces the reaction
through a keto-intermediate in the case of 2-hygoexzoic-acid. Next this reactive
intermediate intramolecularly decarboxylates toldyiphenol and C@® The overall

process is illustrated in Figure 3.4. However, ttlegilculated activation barrier for the
decarboxylation of salicylic acid is ~ 150 kJ.moWhich is still significantly too high.

Furthermore, it should be noted that the observest brder reaction can only be

understood as a pseudo-first order reaction onlaaular level.

OH

Figure 3.4: Decarboxylation of 2-hydroxybenzoic ad via the B-keto acid pathway

OH 0]

OH

For A>-THCA in cannabis flos, the reaction takes placeaisolid phase with a large
amount ofA>-THCA (18 w% = 0.57 mol.kg) and a low amount of water (3.6 w% = 2.0
mol.kg?). The low value for k might be explained by the fact that it is a salidte
reaction, or a catalytic process, leading to a gselirst order process. A molecular
modeling study has been performed to test this tingsis.
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3.3.3 Molecular Modeling Results

A’-THCA is a large molecule and therefore computatignintensive with respect to
memory and time. 2-hydroxybenzoic acid is the semplmodel for A>-THCA.
Furthermore both experimental and computationalietuhave been performed with 2-
hydroxybenzoic acid. To allow a meaningful compamisbetween our work or®-
THCA, and the existing literature on 2-hydroxybeinzacid, the different options were

investigated for 2-hydroxybenzoic acid first.

Starting from the work of Li and Brill [13] , andh@chev and BelBruno [14] we were
able to confirm their computational work with respto the geometry of the Transition
States both for the direct uncatalyzed ones anthoones catalyzed by one molecule of
water. The geometries look very similar, and sel@diond lengths are the same within
0.01 A.

Next, a model was developed in which an organid a@s used as a catalyst to assist in
the decarboxylation reaction. This may allow adiamiato the actual acid strength of the
catalyst or implicitly the pH of the environment,hie avoiding computationally
intensive calculations. A disadvantage might bé tharmodynamic corrections become
meaningless in most cases, except for the ZPE. kenvehis is already the case,
particularly for the entropy contributions, as exypeents were carried out in the liquid
and solid phase, but not in the gas phase.

To choose a good model catalyst for the decarbtgpaeaction, several acids were
used and compared in Table 3.2, for the case gH2elybenzoic acid. Fak*-THCA the
work was limited to formic acid and trifluoroacetcid. As it can be seen in Table 3.2,
the differences in activation energies for 2-hygtmenzoic acid in both pathways with
acetic acid, formic acid and trifluoroacetic acice avithin 5 kJ.mof. Thus the acid

strength of the catalyst does not seem to be @ ldisgriminator. Using formic acid as a
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model catalyst, two different Transition States Idobe located, both leading to the

previously mentioned keto-intermediate, as sedfigare 3.5.

Table 3.2: Calculated activation energies of salitig acid and A>-THCA with
different acids as catalyst

Acid catalyst & 2-hydroxybenzoic acid E, 2-hydroxybenzoic acid| E,A>-THCA
(kJ.mol%) (kJ.mol%) (kJ.mol")
direct keto-enol indirect keto-enol direct keto-enol
Acetic acid 105 89 Not determine
Formic acid 104 93 81, gyirect
Trifluoroacetic acid 100 88 71
v = {764 cni' v =i1280 cntt
_ C-H=1.266A C-H=1.306 A
CO-HO =1.334 A ArO-H = 1.254 A
Ea = 93 kJ.met OH-O=C = 1.163 A

Ea =104 kJ.mo!

Figure 3.5: The two Transition States for the forme acid catalyzed decarboxylation
of 2-hydroxybenzoic acid

The activation barrier with a value of 93 kJ.thalesembles the geometry of the

Transition State proposed by Chuchev and BelBradg, jwith the hydrogen of the acid

of the substrate in anti-position. The reactiorhpaty for that reaction, presented in [14],

shows in fact a three proton transfer processtirsgawith protonation of the-C next to

the COOH-group, followed by the transfer of thetproin anti-position of the substrate

COOH-group to the catalyst, and finally proton #fem of the phenol group to the

carboxylate group of the substrate. This mechamalinbe referred to as indirect keto-

enol pathway.
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The value of 104 kJ.mdlresembles a direct keto-enol pathway. Figure Bdws the
IRC-plots of the formation of the keto-isomer ohgdroxybenzoic acid with formic and
trifluoroacetic acid as catalyst in the direct ketwl pathwayThe distance between the
phenolic O-H atoms was taken as a measure forghetion coordinate. The reaction
starts from the phenol and ends with the keto-igsofilee geometries of the Transition
States change only slightly. In both cases quasi#saneous proton transfer of the acid

catalyst to thex-C of the substrate, and of the phenol group badke acid catalyst, are

rate determining.

120
,?:’ S 2-hydroxybenzoic acid
CF;COO0-H=1.317T A V=795 e

102 1 ;| CFiCOO-H=1464 A
- E—
E
-2
=
=
=
2 60
w HCOG-H = 1 163 A 4 TS 2-hydroxybenzoic acid
- ' _ »=11280 cm’
= y HCOO-H=1.346 A
D l |
¥ 40 |

iy
!t ,-H‘\"
20
— Formic acid
5 — Trifluoroacetic acid
09 100 105 110 115 120 125 130 135 140 145

Distance ArO-H (A)

Figure 3.6: IRC’s of the formation of the keto-isoner of 2-hydroxybenzoic acid
decarboxylation catalyzed by trifluoroacetic acid ad formic acid via the direct

keto-enol pathway
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For A’-THCA, the activation barrier of the direct ketosémoute with formic acid as
catalyst (81 kJ.md) is close to the experimental value (85 kJ.foHowever, the ones
with trifluoroacetic acid (71 kJ.md) and the indirect keto-enol pathway (58 kJ.Hol
are far too low. Figure 3.7 shows the IRC and thengition State of the first step of the
formic acid catalyzed decarboxylation®E THCA. Figure 3.8 shows the overall reaction
energy profile of the entire reaction, including thecond step, the intramolecular proton
transfer of the acid to the keto-function.

100

80

TS1 keto-enol THCA
60 ¥ =i1018 cm’
HCOO-H = 1.370 A

40

Relative Energy (kJ/mol)

20

0]
0,95 1,00 1,05 1,10 1,15 1,20 1,25 1,30 1,35 1,40 1,45
Distance C=0-H (A)

Figure 3.7: IRC of A>-THCA decarboxylation catalyzed by formic acid viathe direct
keto-enol pathway
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Figure 3.8: Energy Profile of formic acid catalyzeddecarboxylation of A>-THCA

3.3.4 Discussion

Aliphatic and aromatic acids are usually presebi ds plant constituents in cannabis.
Inspired by the results of molecular modeling, pnesence of acids other thARTHCA
was verified experimentally. A sample of around 400 of cannabis was blended in a
mixer, and extracted with distilled water after isation for 10 minutes. The pH of the
resulting aqueous solution was 6.1. A sample oD16Q of cannabis, yielded an aqueous
solution with pH = 5.5. Under these conditioAS;THCA does not dissolve into water
but short chain carboxylic acids do. Thus, acetid ar formic acid not only can be used
as amodelfor acid catalysis, but might be a realistic chisen an experimental point of
view as well. Furthermore, it offers a plausiblg@laxation for the low value &, as the

experimental acidity is low.

To get a better overall understanding of the twibedtnt mechanistic options in acid
catalyzed decarboxylation, Table 3.3 shows the e@ispn of experimental values with
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computational results obtained for a series of @yybenzoic acids with formic acid as
catalyst. Experimental data are scarce but, fotelpawell documented [13,14]. For the
decarboxylation of 2-hydroxybenzoic acid two expental activation energies are
reported: 97.4 kJ.mdlin catechol (weak acid), and 92 kJ.thals an average of two
distinct values: 91.4 kJ.nmdin an HCl-solution of pH = 1.3, and 92.7 kJ.that an HCI-

solution of pH = 2.7, thus showing a marked inflcef both solvent and pH. A similar
observation can be made for 2,6-dihydroxybenzoid.ddere 3 values are reported:
111.1 kJ.mot in catechol, 92.7 kJ.mdlat pH = 1.4 and 100.7 kJ.nTfokt pH = 2.0.

Again, the dependence of the experimental actimatioergy on solvent type and pH is

remarkable.

Table 3.3: Activation Energies of substituted 2-hybxybenzoic acids with formic
acid as catalyst.
2 direct keto-enol pathway,” indirect keto-enol pathway, direct keto-enol pathway
with one phenolic OH group not forming an hydrogenbridge with the acid function

Compound Eexp (kJ.mol) | Excomp (kJ.madf)
2-hydroxybenzoic acid 97 [10], 92 [13] 1082
2,6- dihydroxybenzoic acid111 [10], 101, 92 [13] 114, 10Z, 92,
A>-THCA 85 8T

As can be seen from Table 3.3, the lowest valuetlier activation energy of 2-
hydroxybenzoic acid, obtained experimentally in @orgly acidic environment,
corresponds computationally with the indirect ketml pathway yielding an activation
barrier of 92 kJ.mal. The latter requires the presence of a protoaiirposition) of the
substrate acid function. Under strongly acidic ¢bods this requirement is fulfilled.
Under less acidic conditions this is not the casel then the direct keto-enol pathway
comes into play, resulting in an activation baraed04 kJ.mof.

The case of 2,6-dihydroxybenzoic acid is more carafed. It is a significantly stronger
acid than 2-hydroxybenzoic acid, so the requiresémt the indirect keto-enol pathway
are no longer fulfilled in an HCl-solution of pHI=4. The direct keto-enol pathway leads
to an activation barrier of 92 kJ.nplclose to the experimental value. The next

experimental value of 101 kJ.nfolat pH = 2.0, can be understood as a loss of
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coordination of one of the phenolic groups to tdg@eent acid group due to the higher
pH. The computation for these systems gives awain barrier of 102 kJ.mol With
respect of the experimental work in catechol, coiafons with either formic acid or
catechol itself as an acid catalyst, indirect kenol pathways lead to an activation barrier
of 114 kJ.mof close to the experimental value. The indirect wathhere is rationalized
by the fact that 2,6-dihydroxybenzoic acid in catdcwill stay intact. Furthermore, it

shows that formic acid can even act as a reasonaddiel for catechol.

From the computational results obtained it wouldtémpting to speculate what the
activation barrier would become if strongly acidmnditions were applied in the case of
AS-THCA. However, the application of strong acidsntining halogens or sulfur would

not contribute to the sustainability of the ovepalbcess.

3.4 Conclusions

Decarboxylation oA’-THCA can be described as a pseudo first ordeticeacatalyzed
by formic acid, as a model for short chain orgasmetds present in the flowers of the
cannabis plant. The presence of such acids wadiederin a series of extraction
experiments. Also, the computational idea of caialypy water to catalysis by an acid,
put forward by Li and Brill, and Churchev and Belbo was extended, and a new direct
keto-enol route was found. This route offers thetlexplanation for the experimental
results obtained witth>THCA, both with respect to the activation barrérd the pre-
exponential factor. However both routes can playok, depending on the exact
experimental conditions, as an analysis of avaladkperimental and computational

results shows.
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Abstract

The solubility of4®-tetrahydrocannabinol4’-THC) in supercritical carbon dioxide has
been determined at 315, 327, 334 and 345 K anbamptessure range from 13.2 to 25.1
MPa using an analytical method with a quasi-flowpagatus. Prior to performing these
measurements, the method was validated by measantigyacene solubilities and
comparing these with literature values. The molalubility for 24°~THC ranged from
0.20 to 2.95x10. The data were correlated using the Peng-Robirspration of state in
combination with quadratic mixing rules. Deviatiobstween calculated results and the
experimental data ranged from 4.1 to 13.3 % absohwerage relative deviation (AARD).
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4. Solubility of Delta-9-tetrahydrocannabinol in swpercritical

carbon dioxide: Experiments and modeling

4.1 Introduction

At present, there is a growing interest in natunaldicinal compounds. Cannabis is one
of the oldest medicinal plants known [1]. The majompound from cannabia’-THC
((-)-A®-tetrahydrocannabinol), has been legally registefied medical application in
several countries and cannabis preparations ang loeiveloped as medicines. Algd;
THC is often used as a standard for pharmacologittalies. The availability of the
various cannabinoids as pure compounds is of gmgadrtance for these studies and for

the development of new medicines.

A%-THC can be extracted directly from cannabis byaaig solvents (e.g. hydrocarbons
and alcohols) with a yield exceeding 90% [2]. Hoegewhese solvents are flammable
and many of them are toxic. Supercritical Fluid ragtion (SFE) with carbon dioxide
(COy) is an alternative promising technique. Thereraerdlammability or toxicity issues,
solvent removal is simple and efficient, and thé&raot quality can be well-controlled.
This green solvent is widely used to extract natucamponents, including

pharmaceutical molecules [3-8].

The application of SFE to extrat-THC from cannabis requires solubility data, whish
currently lacking. In this work, the solubility @°-THC in supercritical C® has been
determined. Furthermore, the experimental data’6fHC have been correlated using
the Peng-Robinson equation of state (PR E0S).
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4.2 Experimental
4.2.1 Chemicals

CO, was purchased from Hoek Loos (quality 2.7). Antkree wih a purity of 99+% was
purchased from Sigma-Aldrich. Methanol and tetrabfutan of HPLC reagent grade
were purchased from J.T. BakeX-THC with purity higher than 96.5% was kindly
donated by Echo Pharmaceuticals B.V, Nijmegen, Nle¢therlands. The material was
used without further purification. The molecularusture ofA®-THC is given in Figure
4.1.

A P P
Figure 4.1: Molecular structure of A>-THC

4.2.2 Apparatus and method

For the solubility experiments, a quasi-flow appasawas used, which is depicted
schematically in Figure 4.2. The apparatus wagydesl to perform experiments up to 35
MPa and in the temperature range of 293 — 423 . d¢ll was composed of a sample
vessel made of stainless steel, a micro pump (Miorp INC, model 380) to circulate
the CQ, a pressure sensor (EFE — type VLE 700) with amiracy of+ 0.05 MPa and a
thermocouple PT-100 with an accuracytdd.1 K. All the components were placed in an
oven (Memmert — type VLE 700) to keep the tempeeattonstant. The system loop
contained an HPLC to measure the concentratioheotlissolved component in GQAIl

the tubing was insulated to minimize heat lossebaék pressure regulator was placed at

the end of the HPLC to ensure a maximum pressureedsge in the system of less than
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0.2% due to volume losses when a sample was té&kelSCO pump (model 260 D) was
used to fill the system with GOThe internal volume in which the sample and,CO

circulated was about 8 mL.

¥ f*l- HPLC
— Z ZJJS‘;;F

Tl = temperature indicator

oven Fi = pressure indicator

Figure 4.2: Schematic drawing of the solubility cél

For the validation of the system, anthracene wasl.ust the start of an experiment, a
measured amount of anthracene was put into the lsacypnder and the system was
closed. For the solubility experiments witti-THC, A-THC was first dissolved in
methanol to facilitate its transfen¥THC is a viscous and sticky liquid). The liquid
sample was then transferred to the sample cylimtereafter the solvent was evaporated
with a vacuum pump (RNF Lab) for 1 hour at ambiemperature to have complete
evaporation of methanol. Subsequently, the pumpdignnected and the system was

closed.

After the system was closed, the oven was seteatléSired temperature. After the preset
temperature had been reached, the system waswitedCO, until the desired pressure
was reached. When the conditions were stable, @ecculation over the sample vessel
was started. A sample for HPLC analysis was taltem 2 hours and successively every
30 minutes. When the measured concentration diféerevas less than 0.09x1Between

two subsequent analyses, with a pressure and tatapedifferences less than 0.05 MPa
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and 0.2 K respectively, it was assumed that equilib was reached, and the

concentration measured was recorded as the styubili
4.2.3 High-Performance Liquid Chromatography

The HPLC profiles were acquired using a ChrompaPk & system consisting of an Isos
pump, an injection valve and a UV-VIS detector (@ldg¥40 — Varian). The HPLC set-up
Is illustrated in Figure 4.3. The system was cdl@doby Galaxie Chromatography
software. The profiles were recorded at 228 nmalasorption by the solute is at its

maximum at this wavelength.

To detect anthracene, an Inertstil ODS-2 (4.6 xn@®Q 1um) column was used. The
mobile phase consisted of pure methanol. The flate was 1 mL.min and the total

running time was 10 minutes.

To detectA’-THC, the analytical column was a Vydac (Hespei@#) Cigs type
218MS54 (4.6 x 250 mMm5 pum). The mobile phase consisted of a mixture of @eh
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distilled water and tetrahydrofuran (v/v/iv = 10)4/The flow rate was 1.5 mL.minand

the total running time was 14 minutes.

As the peak areas of the components calculated theemchromatograms are linearly
related to their amount by the Lambert-Beer lawjrtkoncentrations can be determined
using a calibration line. This was done by usingta@hdards with concentrations in the
range 0 — 10 mg.mt Each standard was injected at least three timésa average was

taken to perform the linear regression. The limegression coefficient of the calibration

curve was equal to 0.9996, as shown in Figure 4.4.
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Figure 4.4: HPLC calibration line for A9-THC

Figure 4.5 shows an example of 2 HPLC chromatograims-THC. The chromatogram
with one peak at 11 minutes is a standard sampla®afHC, whereas the second
chromatogram having 2 peaks represents a sam@i@ BfiC dissolved in SC CO By
comparing these two chromatograms, the influend8@f can be seen. It gave a peak at
around 3 minutes, which did not interfere with fifeTHC peak. Therefore, HPLC is an

efficient analytical tool to measure the solubiliyA®-THC in supercritical C@
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Figure 4.5: HPLC chromatogram for a standardA9-THC sample overlaid with A9-
THC in CO; at 327 K- 15.2 MPa

4.3 Results and discussion

4.3.1 Experimental results

In order to determine the suitability of the equgrhand the method used, the solubility
of anthracene has been measured from 12 to 26 MB22aK, and compared with
literature data [9-11]. Anthracene has been chéseseveral reasons: experimental data
are available in literature and are in the samgeda be expected in the rangeAfTHC.
Moreover, the used experimental procedure is theedar solid and liquid components.
Each experimental point was measured four times;standard deviation was 0.008 x
10*. As shown in Figure 4.6, the experimental datacareparable to the data taken from
literature. Therefore, it was concluded that theigaent and method can be used to
determine the solubility of other compounds such®aEHC.
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Figure 4.6: Anthracene solubility as a function opressure at 322K - comparison of
the experimental results (white points) with those¢aken from literature (black
points) [9-11]

The experimental solubility data af>-THC in CQ are shown in Table 4.1. The
maximum standard deviation was 0.0015 X.IDhe lowest measured solubility was 0.20
x 10* at 315 K and 13.2 MPa. Below this pressure anefmperature, the solubility was
too low to be measured accurately. However, thisimim solubility is higher than the
lowest measured solubility of viscous liquid coments in supercritical C£ using the
synthetic method with the Cailletet apparatus [42-The minimum molar solubility that
can be determined with the Cailletet equipmennighe order of 3xI0which lies above
the A>-THC solubility in CQ. Therefore, for compounds with a low solubilitgetquasi-
flow equipment used here is more suitable thanibe@d set-up.
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Table 4.1: Solubility of A>-THC in supercritical CO, at different temperatures and

pressures
T=315K . T=327K . T=335K . T=345K =
1 1 1 1
P 10° Exp. P 10 Exp. P 10° Exp. P 10'y  Exp.
Y eror Y error Y error error
(MPa) - - (MPa) - - (MPa) - - (MPa) - -
132 020 +001| 140 033 £002| 137 032 +002 | 146 098 +0.05
194 065 +003| 141 035 £0.02| 154 072 +004 | 17.9 159 +0.08
203 065 +0.03| 148 045 +0.02| 178 157 +0.08| 20.7 2.09 +0.10
230 069 +0.03| 151 057 +0.03| 200 1.69 +0.08| 22 295 +0.15
251 083 +004| 154 056 +0.03| 221 233 +0.12
158 045 £0.02| 233 278 £0.14

16.3  0.65 +0.03

16.8  0.69 +0.03

17.6  0.68 +0.03

17.8 0.71 +0.04

18.2 0.68 +0.03

20.0 1.35 +0.07

22.0 142 +0.07

235 199 +0.10

As shown for the isotherms in Figure 4.7, the siitlybincreases with pressure. At

constant pressure, two observations can be mgdat firessures lower than approx. 15

MPa, the solubility decreases with increasing tenamjpee; (i) at pressures higher than

approx. 15 MPa, there is a reverse tendency. Taiscplar pressure region has been

reported as the crossover region, i.e. the crossirsplubility lines [15]. This behavior

has been observed before with several drug compeiiBs].
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Figure 4.7: A>-THC solubility in SC CO, - experimental results (points) and results
from modelling with PR EoS (lines)

4.3.2 Data correlation

The experimental data were correlated with the BR-F7, 18]:
RT a
P= -
V-b V?*-2Vb-§

wherea andb are parameters calculated from the quadratic mixite. The attractive

(4.1)

term is given by:

a=> > %y (ag)" - k) (4.2)

wherek; is the binary interaction parameter to be optimtiaad

22
a =O.45724R|:)iai (4.3)
where
a,=[1+m@)a-T*)] (4.4)
where
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m(c) = 0.37464+ 1.54226 — 0.26982 (4.5)

The covolume parameter is given by:

b= z y b (4.6)
Where
b= 0.0778& 4.7)

Cl

To use these equations, the critical properties ;) and acentric factora) of the
components are necessary. However, critical prigsedfA®-THC are not available in
literature. Therefore, these properties have beémated using the Joback method [19].
The values for C@were taken from the PE database [20]. The crigizaperties and

acentric factors of°-THC and CQ are shown in Table 4.2.

Table 4.2: Critical parameters and acentric factorsused in the PR E0S

Component Tc (K) P: (MPa) w
CcO, 304.4 7.38 0.225
AS-THC 088 1.95 0.882

The binary interaction parametgrhas been calculated from the experimental presgure
each point by minimizing the relative differencetvibeen experimental and calculated
pressure [17]. This minimization can be expressgdthe absolute average relative

deviation (AARD (%)), as described by the followieguation:

cxp _ poale
PP
cxp
P

AARD (%) = 100 Z
n

(4.8)

Here,n is the number of data experiments at each tempe;d®**® is the experimental

calc

pressure for the experimentwheread?;“" is the estimated value. THWARD values at

different temperatures are presented in Table As3.can be seen in this tablk;
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decreases linearly with temperature increase. €geession coefficient had a value of
0.9963.

Table 4.3: Binary interaction parameters for the CQ + A°-THC binary system

T (K) ki AARD (%)
315 0.137 13.3
327 0.112 4.1
334 0.095 5.7
345 0.076 8.2

The AARD ranges from 4.1% to 13.3 %. Thereforesaih be concluded that in general
the PR EoS is a good tool to correlate the solybdf A>-THC in supercritical C@

However, at 345 K and low pressure, the PR simaraturve is much lower than the
experimental solubility data. This can be explaibgdhe limits of the PR model for this

application; it is more accurate at higher pressarel when the temperature is higher.

4.4 Conclusions

For low solubilities (< 2x10 in supercritical C@), the quasi-flow set-up is better suited

for solubility measurements than a Cailletet set-up

The solubility of A>-THC in supercritical C® has been measured in the temperature
range 315-345 K and pressures up to 26 MPa. Thebitiof of A°-THC increases with
the CQ pressure. This solubility decreases with the teatpee up to about 15MPa.
Above this crossover region, this trend reversesai higher temperature is accompanied
by a higher solubility. For feasible extraction diions, e.g. with solubility above 1x¥p
the pressure should be above about 20 MPa ancetmgetature should be higher than
325 K. The experimental data are adequately repreddy the PR EoS.
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Nomenclature

a Attractive term of the PR EoS
b Covolume

k Binary interaction parameter
P Pressure (MPa)

R Gas constant (J.maK™)

T Temperature (K)

v Volume (dn?.mol™)

y Solubility in the gas phase
Greek letters

a Temperature-dependant equation of state parameter
W Acentric factor

Sub / superscripts

c Critical point

I Component identification
r Reduced parameter

exp Experimental

calc Calculated
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Abstract

Cannabinol (CBN) is a decomposition product of tlennabinoid (-)4°-
tetrahydrocannabinol4’-THC), the main active compound of cannabis. Thebsliy of
CBN in supercritical carbon dioxide was determirsegd314, 327 and 334 K and in the
pressure range from 13.0 to 20.2 MPa by using aaaical method with a quasi-flow
apparatus. The molar solubility of CBN ranged frdn26 x 1¢* to 4.16 x 1. CBN
showed different behavior compared46THC in terms of molar solubility. The data
were correlated using the Peng-Robinson equatiataié in combination with quadratic
mixing rules. Deviations between calculated resalisl the experimental data ranged
from 4.14 to 4.46 % absolute average relative demia(AARD).
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5. CBN Solubility in supercritical carbon dioxide

5.1 Introduction

Nowadays, there is a growing interest in naturadlicieal compounds. Cannabis is one
of the oldest medicinal plants known [1]. Recenthye medicinal use of cannabis has
been legalized in several countries. The majorogichlly active compound from
cannabis, the cannabinoid @Aj-tetrahydrocannabinoA?-THC), has been registered for
medical application and cannabis preparations eirggtleveloped as medicings-THC
eases pain and is neuroprotective; it has apprdglynaqual affinity for the CB1 and
CB2 receptors. lts effects are perceived to be Ijmasrebral. HoweverA®-THC is not
the only biologically active compound in cannalbmstotal, cannabis contains more than
400 different ingredients, including 66 cannabirsdidat can show biological activity [2].
One of these cannabinoids is Cannabinol (CBN). @Bbhly mildly psychoactive and is
perceived to be sedative or stupefying. It is thimary product ofA’>-THC degradation,
and its amount is limited in a fresh plant. CBN e increases as-THC degrades in
storage under exposure to light and air. This chalmieaction is a dehydrogenation
reaction and is represented in Figure 5.1. Theotyolene ring present in®-THC is
dehydrogenated to become an aromatic benzoic 3ing |

OH
OH
O — X '
o e

Figure 5.1. Dehydrogenation ofA*-THC into CBN

In order to obtain pure cannabinoids, they can Xieaeted directly from cannabis by
organic solvents (e.g. hydrocarbons such as hexat@lcohols) with a yield exceeding
90% [4]. However, these solvents are flammable amahy of them are toxic.
Supercritical Fluid Extraction (SFE) with carboroxide (CQ) is a promising alternative
technique. There are no flammability or toxicitguss, solvent removal is simple and

efficient, and the extract quality can be well-coifed. This green solvent has widely
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been used for extraction of natural compoundsudtioly pharmaceutical molecules, from

plant material [5-11].

To extract cannabinoids from cannabis with theafs&FE, it is crucial to have solubility
data. Such data are however currently lackingtaBoonly the solubility ofA>-THC has

been reported [12].

To reduce the lack of solubility data of cannakiisoi this work presents the
determination of the solubility of CBN in superaél CG,. In addition, the experimental
data are correlated using the Peng-Robinson equaficstate (PR-E0S). Finally, the
solubilities of CBN and\*-THC in supercritical C@are compared, and their differences

are explained in terms of structure, molecular Weand polarity.

5.2 Experimental

The solubility of CBN in supercritical COvas measured at 314, 327 and 334 K and
pressures between 13.0 and 20.2 MPa, by using agtiaal method with a quasi-flow
apparatus. Details of this solubility cell and thguipment for analyses can be found
elsewhere [12].

The solubility cell was loaded by transferring guid mixture of CBN and methanol into
the sample cylinder, after which the methanol weaperated with a vacuum pump (RNF
Lab) for 1 hour at ambient temperature to ensuraptete evaporation of the solvent.
Subsequently, the pump was disconnected and thensygas closed. C{at the desired

temperature was added to the solubility cell filledh CBN until the desired pressure
was reached and the @@rculation over the sample vessel was started. t€mperature

measurements have an uncertainty of 0.2 K due d@admperature fluctuations in the
oven and the error in the reading of the thermom@tke uncertainty of the pressure

measurements is 0.05 MPa.
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A sample for HPLC analysis was taken after 4 haum successively every 30 minutes.
When the concentration difference measured washess0.09 x 10 mol.mol* between
two subsequent analyses, it was assumed that mquihi was reached, and the
concentration measured was recorded as the stjubili

The HPLC profiles were recorded at 228 nm. The ydital column was a Vydac
(Hesperia, CA) G, type 218MS54 (4.6 * 250 min5 um). The mobile phase consisted
of a mixture of methanol, distilled water and thydrofuran in the proportions viv/v =
10/4/1. The flow rate was 1.5 mL.minand the total running time was 14 minutes.
Because the peak areas of the components calculiaied the chromatograms are
linearly related to their amounts by the LambereBlaw, it was possible to determine
their concentration using a calibration line. Thiee was realized by using 5 standard
samples with different concentrations in the rafige5 mg.mL[*. Each standard sample
was injected at least three times and an averagdakaen to perform the linear regression.
The linear regression coefficient of the calibratcurve was equal to 0.997.

The CQ used for the measurements was supplied by Hoek (auaality 2.7). CBN with
a purity of 99.5% was provided by Echo PharmacalgicB.V. Methanol and
tetrahydrofuran (HPLC reagent grade) were purch&sed J. T. Bakker. These materials

were used without further purification.

5.3 Results and discussion

The solubility of CBN in supercritical COvas measured at 314, 326 and 334 K and in
the pressure range from 13.0 to 20.2 MPa. Thdtseate summarized in Table 5.1 and
graphically shown in Figure 5.2. Each point is garage of at least 2 measurements. The
maximum standard deviation was 0.0002 X145 represented by the error bars in Figure
5.2.
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Table 5.1. Solubility of CBN at different temperatues and pressures

T=314K T=326K T=334K
10" 10 10
P 10% y Exp. P 10% y Exp. P 10* y Exp.
error error error
MPa - - MPa - - MPa - -
13.8 1.26 +0.13 13.0 2.51 +0.25 13.0 1.38 +0.14
14.3 1.27 +0.13 13.4 2.95 +0.30 13.3 1.33 +0.13
14.5 1.27 +0.13 13.7 3.46 +0.35 13.6 1.65 +0.16
15.3 1.47 +0.15 14.0 3.74 +0.37 14.6 2.10 +0.21
15.5 1.58 +0.16 14.4 3.09 +0.31 14.9 1.99 +0.20
16.3 1.79 +0.18 14.8 4.14 +0.41 15.6 2.35 +0.23
17.7 1.77 +0.18 15.2 3.80 +0.38 16.5 2.27 +0.23
18.2 2.02 +0.20 15.6 3.92 +0.39 17.1 2.48 +0.25
19.1 2.08 +0.21 16.2 3.75 +0.38 17.4 217 +0.22
20.2 2.33 +0.23 16.6 4.08 +0.41 18.2 2.20 +0.22
17.1 451 +0.45 18.5 2.36 +0.24
17.8 4.16 +0.42 19.9 2.17 +0.22
5}
+ BExpdatast 315K
x  Expdata at 327 K
& Expdataat 394 K
T=315K

w i

CBN solubility {molar fraction x 10%)

=]

10 12 14 16 18 20 22
Pressure {MPa)

Figure 5.2. CBN solubility in SC CQ: experimental results (points) and results from
modeling with PR EoS (lines)
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As shown for the isotherms in Figure 5.2, the sidilybof CBN in supercritical CQ@
increases with an increase in pressure. Interdgtitige highest solubility is observed at
the medium temperature (326 K), while it was expedhat the solubility would increase
with increasing temperature, just as was obsersed¥THC [12 and chapter 4 of this
thesis]. Although uncommon, this phase behavidhéoretically possible and has been
observed before e.g., in the naphthalene + supieatrethylene system [13].

Also, contrary toA®-THC [12], no crossover region was observed in mheasured
pressure range. However, this behavior is likelyotmur at pressures lower than the
lowest pressure in the measurements (13.0 MPaubedt is expected that the solubility

curves intercept around 10 MPa (extrapolation gtiFe 5.2).

The experimental data were correlated with the BR-H4, 15]:

1)
whereP is the pressurd; is the temperatur&/ is the volumeR is the gas constant, aad
and b are parameters calculated from the quadratic mixuie. The attractive term is

given by:

o | @
wherek; is the binary interaction parameter to be optimhiaed

R’T;
a, =0.45724 XTCia;
i (3)

where
= emor(-r)] @
where
m(®,) = 0.37464 +1.54226w, - 0.26992w, 5)

The covolume parameter is given by:
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O
[
M|L\‘.1|
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(6)
where

T
A n ngren SV
U, =Yu/sj/oux——
‘ D

()
To use these equations, the critical properties P;) and acentric factoraf) of the
components are required. However, critical propsrtof CBN are not available in
literature. Therefore, these properties have betimated using the Gani method [16]
and the values for CQwere taken from the PE database [17]. The crifpcaperties and
acentric factors of CBN and GQre shown in Table 5.2. The critical properties\df
THC [12] are also presented for comparison. Asiit be seen in Table 5.2, the values for
the critical pressure and temperature of CBN arthénsame order of magnitude &%
THC. However,A>-THC has a higher acentric factor because of theerate of the

aromatic ring that is present in CBN.

Table 5.2. Critical temperatures {), critical pressures P¢), and acentric factors @)
used in the PR-E0S

Substance| T (K) | P. (Mpa) w
CO, 304.4 7.38 0.225
CBN 920 1.65 0.431

A%-THC 988 1.95 0.882

The binary interaction parametky was calculated from the experimental pressure at
each point by minimizing the relative differencetvibeen experimental and calculated
pressure [14]. This minimization can be expressgdthe absolute average relative
deviation (AARD (%)), as described by the followieguation:

pexp _ peale
i Pl_expl

100 &
AARD (%) = 2
" (8)

Here,n is the number of data experiments at each tempetd**® is the experimental

calc

pressure for the experimentwheread?;“" is the estimated value. THWARD values at
different temperatures are presented in Table8ir values - around 4 % - show that

the data are well correlated by the PR-E0S.
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Table 5.3. Binary parameters for the CBN + CQ binary system

T (K) ki AARD (%)
314 0.113 4.21
326 0.173 4.46
334 0.212 4.14

Table 5.3 also presents the binary paramé&jerat the different temperatures. This
parameter increases linearly with a rise in tentpeea The regression coefficient had a
value of 1.000. This shows the consistency of #peemental results.

5

«THC
o CBM

4]

=

w

jaes 5.
ﬁﬂq T

[

THC and CBN Solubility (mole fraction x 10 %)

Pressure {MPa}

Figure 5.3: THC and CBN molar solubilities in SC CQ at 326 K

In Figure 5.3, the solubility of CBN in supercraicCG, at 326 K is compared to the
solubility data ofA’-THC in supercritical C@at the same temperature from literature
[12]. This Figure shows that the solubility&t-THC is lower than the solubility of CBN.
This behavior is observed at any measured temperaflnis can be explained by the
lower polarity of CBN compared ta°-THC, which increases the affinity for the non-
polar supercritical C® Moreover, the lower molar mass of CBN compared¥dHC
also increases its solubility in supercritical £@lthough the effect is probably small

(only 4 gmol™ difference).
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From these data it may be concluded that if a daisnglant (after storage) contained
both CBN andA®-THC, both cannabinoids could be separated fronh esther with
supercritical CQ on basis of their different affinity. CBN could leetracted first at low
pressure (i.e., around 13 MPa), after which thévact®-THC could be extracted at
higher pressures (around 20 MPa). This could belectve process to isolate CBN

separately fronA®-THC.
5.4 Conclusion

In this work, the solubility of the cannabinoid CBiNsupercritical C@Qwas measured at
temperatures between (314 and 334) K and a presange from (13.0 to 20.2) MPa.
Highest solubility was observed at highest pressared intermediate temperature (326
K). This behavior is different from the solubiliof another cannabinoiad’-THC, in CQ,
which shows higher solubility at higher temperatufée experimental data can be
adequately represented by the PR-E0S. As expeasdifs structure, molecular weight
and polarity, CBN is more soluble thax’-THC in supercritical C@in the studied
pressure and temperature ranges. Therefore, ibearoncluded that supercritical €O

could be a good solvent to isolate CBN frathiTHC by extraction.
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Abstract

The solubilities of two different non-psychoactramnabinoids i.e., cannabigerol (CBG)
and cannabidiol (CBD), in supercritical carbon did& (CQ) have been determined at
315, 326 and 334 K and in the pressure range frdn3 1o 20.6 MPa. These solubility
data have been compared to the previously detedrsodubilities of two psychoactive
cannabinoids i.e. (-¢#*-tetrahydrocannabinol 4°>-THC) and cannabinol (CBN), in
supercritical CQ. An analytical method with a quasi-flow apparatuas used for the
experimental determination. Within the investigatethperature and pressure range, the
molar solubility of CBG ranged from 1.17 to 1.910¢ and the molar solubility of CBD
ranged from 0.88 to 2.69 x 10 The solubility of the different cannabinoids in
supercritical CQ increases at 326 K in the following ordef®-THC < CBG < CBD <
CBN. The solubility data were correlated using Beng-Robinson equation of state in
combination with Van der Waals mixing rules. Dewias between calculated results and
the experimental data ranged from 0.81 to 6.35%ohlte average relative deviation
(AARD), except for CBD at 334 K, where the AARD 1814%.
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6. Solubility of Non-Psychoactive Cannabinoids in
Supercritical Carbon Dioxide and Comparison with

Psychoactive Cannabinoids
6.1 Introduction

Nowadays, there is a growing interest in naturadlisieal compoundsCannabis sativa

is one of the oldest medicinal plants known [1]c&sly, the medicinal use of cannabis
has been legalized in several countries [2]. Sohtkeomedical purposes include, but are
not limited to, multiple sclerosis, chronic paiagcoma, appetite stimulant, asthma and
cardiovascular conditions, and as an antiemeticTBg active cannabinoids are present
in the cannabis flower of the female species. ltunea these molecules occur in their
acidic form. Under influence of heat or light, thepse the acidic group by release of a
carbon dioxide molecule, a so-called decarboxyhat@action. In this way they become

neutral cannabinoids, some of which are psychoagtijz

Each cannabinoid has different biological propsrtiehe major active compound from
cannabis, (-A%tetrahydrocannabinoAf-THC), is the most psychoactive one [4]. It has
been registered for medical application in sevesaintries A>-THC is also often used as
golden standard for pharmacological studies. Deppgndn the cannabis species, its
amount can reach levels up to 18%, for exampleneBtedrocancannabis plant [5].
When the plant is exposed to light or stored fdorag time, the primary degradation
product ofA°-THC, called cannabinol (CBN), is formed. Its ambisnlimited in a fresh
plant. CBN is a mildly psychoactive cannabinoiddda perceived to be sedative or
stupefying [6, 7]. Another cannabinoid that can gresent in cannabis in significant
amounts is cannabidiol (CBD). Depending on the tpdpecies, it can reach up to 6%, for
example in theBediol cannabis plant [8]. CBD is not psychoactive, algio it may
modulate the euphoric effects Af-THC to some extent [9]. Medically, it appears to
relieve convulsion, inflammation, anxiety, and reas The non-psychoactive

cannabinoid cannabigerol (CBG) has been studieslifepharmaceutical investigations
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than the three previous ones. However, some sthdes shown that it may lower blood
pressure in rats. It also has analgesic and aftdirimatory effects [10]. The chemical
structures of these four different cannabinoidgjuiding their molecular weights and
melting points, are shown in Table 6.1.

Table 6.1: Molecular structures, molecular weight ad melting temperatures of the
various cannabinoids

Molecule Molecular structure Molgcular Melting
weight temperature
g.mol* K
OH
2 NA
Cannabigerol (CBG) | 0 316.5 (>334)
Cannabidiol (CBD) 314.5 340
Tetrahydrocannabinal NA
Cannabinol oH
(CBN) O O 310.5 350
(®)

The availability of the various cannabinoids aseptwmpounds is of great importance for
pharmaceutical studies and the development of nesigmes. Indeed, most of the

controlled studies have been carried out VAitiTHC and do not mimic the situation,
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when cannabis is smoked. As CBD and CBG have asialgend anti-inflammatory
effects, these compounds may also be used in didys To develop such medicines,
pure CBD and CBG should be available in larger ¢tias. To achieve this, efficient
extractions methods need to be developed.

Cannabinoids can be extracted directly from carmdiy organic solvents (e.qg.
hydrocarbons and alcohols) with a yield exceedi@®911]. However, these solvents
are flammable and many of them are toxic. Supéafit-luid Extraction (SFE) with
carbon dioxide (Cg is a promising alternative. GAs non-toxic, non-flammable,
relatively inert, abundant and inexpensive. Inghpercritical region, the density of €O
and its solvent power can be tuned by controllihg temperature and pressure,
permitting selective extraction. The low criticaintperature allows processing of heat-
sensitive materials. When the pressure is decrea$ted extraction, the COwill
evaporate and pure product without ®obtained. Therefore, supercritical extraction i
often used as extraction solvent for natural prégluacluding medicines, for which it

eliminates the presence of toxic residues of o@aoivents [12-17].

The application of SFE to extract cannabinoids froemnabis requires solubility data.
These data are currently lacking for all non-psydtive compounds (i.e. CBD and
CBG). So far, only the solubilities of the psychibae cannabionoida’~THC and CBN

in supercritical C@ have been reported in [18, 19]. In this work, sledubilities of the

non-psychoactive CBD and CBG in supercritical .Cave been determined and
compared with the available literature data &5kTHC and CBN. Furthermore, the
experimental data of CBD and CBG have been coeglaising the Peng-Robinson

equation of state (PR-E0S) [20] in combination with van der Waals mixing rules [21].
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6.2 Experimental

6.2.1 Chemicals

The CQ used for the measurements was supplied by Hoek &od had a purity of 99.7
% (quality 2.7). CBD with a purity higher than 99%@as purchased from THC Pharm
(Frankfurt, Germany). CBG with a purity of 99.3 %asv provided by Echo
Pharmaceuticals B.V. (Nijmegen, the Netherlandsgthdnol and tetrahydofuran of
HPLC reagent grade were purchased from J.T. Bdkeyse materials were used without

further purification.

6.2.2 Apparatus and method

The solubility of CBD and CBG in supercritical @@as measured at 314, 327 and 334
K and pressures between 11.3 and 20.6 MPa, by asirgalytical method with a quasi-
flow apparatus. Details of this equipment can hentbelsewhere [19 and in chapter 4 of
this thesis].

At the start of an experiment, a measured amougbwfpound was put into the sample
cylinder and the system was closed. Then the ovas set at the desired temperature.
After the preset temperature had been reachedygtem was filled with COuntil the
desired pressure was reached. When the conditiens stable, the CCrirculation over
the sample vessel was started. A sample was tdi@ndahours and successively every
30 minutes, and analyzed using High PerformanceaiitligcChromatography (HPLC).
When the concentration difference measured was tleas 0.09x13 between two
subsequent analysis, with pressure and temperdifieeences less than 0.05 MPa and
0.2 K respectively, it was assumed that equilibriwas reached, and the concentration

measured was recorded as the solubility.
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6.2.3 HPLC analysis

The HPLC profiles were acquired on a Chromapack EiRkstem consisting of a Isos
pump, an injection valve and a UV-VIS detector (o840 — Varian). The system was
controlled by Galaxie Chromatography software. pradiles were recorded at 228 nm.
The analytical column was a Vydac (Hesperia, CA) §pe 218MS54 (4.6 * 250 mm

5um). The mobile phase consisted of a mixture of eath distilled water and

tetrahydrofuran in the proportions v/v/iv = 10/4The flow rate was 1.5 mL.mihand the

total running time was 14 minutes.

As the peak areas of the components calculated theemchromatograms are linearly
related to their amounts by the Lambert-Beer lawyas possible to determine their
concentration using a calibration line. This wadired by using 5 standard samples with
different concentration in the range 0 — 9 mg:mEach standard sample was injected at
least three times and an average was taken torpetfee linear regression. The linear
regression coefficient of the calibration curve wegsial to 0.993 and 0.999 for CBD and

CBG respectively.

6.3 Results and discussion

6.3.1 Solubility data

Solubility data of CBG in supercritical G@t 315, 326 and 334 K in the pressure range
13.4 - 21.1 MPa are presented in Table 6.2. Eadit paas an average of at least 2
measurements. The maximum standard deviation v2as 00°. The data are graphically
depicted in Figure 6.1, showing that the solubilitgreases with increasing pressure. As
expected, the highest solubility in supercritic® Gs found at the highest temperature.
This was also the case for the solubility of thgch®active cannabinoid®THC in

supercritical CQ.
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Table 6.2: Molar solubility of CBG at different pressures and temperatures

T=314K T=326K T=334K
P (MPa) 10° y P (MPa) 10 y P (MPa) 10° y
13,4 1,17 £+ 0.12 15,3 1,23 +0.12 15,4 1,37 £0.14
15,7 1,21 +£0.12 15,8 1,23 +0.12 16,4 1,57 £ 0.16
17,6 1,17 £0.12 16,3 1,34 +0.13 17,8 1,78 £0.18
18,4 1,23 +0.12 17,0 1,36 +0.14 18,5 1,82 +0.18
19,5 1,29 +0.13 17,8 1,32 +0.13 19,1 1,91 +0.19
20,6 1,28 +0.13 18,9 1,43 +0.14
20,1 1,49 + 0.15
21,1 1,59 + 0.16

+ Expdataat31a K
PR-EoZ at 315 K
x  Exp data at 327 K
— —PR-EoS at 327 K
A Eup data at 334 K
------- PR-EoS at 334 K

CBG solubility (mole fraction x 10 %

Pressure {(MPa)

Figure 6.1: CBG solubility in supercritical CO, - experimental results (points) and
results from modelling with PR EoS (lines)

Previously, it was found tha&®-THC showed a crossing of the solubility lines ®ited
15 MPa [19 and in chapter 4 of this thesis]. Thisairesult of two opposing effects
[23,24]: (i) increasing the temperature leads tlmvaer CQ density, leading to lower
cannabinoid solubility, (i) the volatility of a naabinoid increases with increasing
temperature, leading to higher cannabinoids sotybilhe density effect is dominant at
lower pressures (<15 MPa), while the volatility exff becomes dominant at higher

pressures (> 15 MPa). In this work, no crossingC&8G solubility lines is observed

- 120 -



Solubility of CBG and CBD in supercritical GO

within the measured pressure range. Neverthelessoss-over can be expected at
pressures around 14 MPa by extrapolation of Figutewhich is close to the cross-over

pressure oA>-THC.

Table 6.3 shows the solubility measurements of @B8upercritical CQat 315, 326 and
334 K in the pressure range 11.3 — 19.4 MPa witlagimum standard deviation of 0.2 x
10", Figure 6.2 presents the data graphically. Ththésms in Figure 6.2 show that the
solubility of CBD in supercritical C®increases with pressure. Interestingly, the highes
solubility of CBD is obtained at the medium tempera (326 K). Although uncommon,
this special behavior is theoretically possible][2hd was observed before for the
solubility of the psychoactive cannabinoid CBN upsrcritical CQ [20 and in chapter 5
of this thesis]. A reason for this uncommon behaemuld be the transition from a solid-
supercritical fluid equilibrium to a liquid-supeitocal fluid equilibrium. The melting
point of pure CBD (340 K) and pure CBN (350 K) lsse to experimental temperature
of 334 K. The melting depression effect of £@ay have induced melting at 334 K,
resulting in a lower solubility. Instead, puk& THC (which is a liquid at 298 K) and pure
CBG (which is still solid at 334 K) do not melttemperatures close to the experimental
conditions, and therefore show the usual trendnofelasing solubility in supercritical
CO, with increasing temperature.

Table 6.3: Molar solubility of CBD at different pressures and temperatures

T=314K T=326K T=334K

P (MPa) 10* y P (MPa) 10* y P (MPa) 10* y
11,3 1,00 + 0.10 11,8 0,94 + 0.09 11,4 0,88 + 0.09
11,8 1,25 +0.12 12,4 1,67 +0.17 11,8 1,22 +0.12
12,3 1,30+ 0.13 12,8 1,90 + 0.19 12,6 1,59 + 0.16
13,2 1,30+ 0.13 13,3 1,86 + 0.19 13,2 1,85+ 0.18
13,7 1,41 +0.14 13,6 2,22 +0.22 14,6 1,75 + 0.17
14,3 1,66 + 0.17 15,5 2,37+0.24 15,9 1,97 £ 0.20
15,4 1,70 £ 0.17 16,5 2,67 +0.27 16,4 1,79 £ 0.18
15,7 1,61+ 0.16 19,4 2,69 + 0.27 17,0 1,74 +0.17
16,8 1,87 +0.19 17,5 1,86 + 0.19
17,3 1,85+ 0.18 18,8 1,84 +0.18
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+ Expdataat 315 K
PR-Eo3 at 315 K

x  Exp data at 327 K
— —PR-EoS at 327 K
4 & Expdata at 334 K
------- PR-EoS at 334 K

w

%]

CED solubility {(mole fraction x 104

Pressure (MPa)

Figure 6.2: CBD solubility in supercritical CO, - experimental results (points) and
results from modeling with PR EoS (lines)

Figure 6.2 does not show any cross-over behaviothi® CBG + CQ system within the
pressure range measured. Nevertheless, a crodsing solubility lines can be expected
at pressures around 12 MPa by extrapolation, wisichose to the cross-over pressure of
around 11 MPa for CBN [20 and chapter 5 of thisigle

6.3.2 Correlation

The equilibrium between two phases of a mixturelescribed through the equality of
fugacities for each component [26From this equality, the solubility of a solid
(cannabinoid) in a supercritical fluid (superci@icCO,) can be expressed by equation
(6.1):

_ |:)25ub[¢zsub[
Pa

S(P_stub))
RT

(6.1)

Y2 expg

For the system studied heRe®" < P andg*® =1 [27].
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The thermodynamic properties of CBG and CBD are angilable in the literature.

sub

Therefore they have been estimated using severadlations.P,”"" was estimated using

the Clapeyron equation [28]:
sub sub

Ln N PR S (6.2)
R R AT T

The other parameters foff¢ P, w AH*"® andT;) were calculated with the Gani method
[29]. Their values can be found in Table 6.4. Thiies forA°>-THC, CBN and CQ[19,

20 and chapters 4 & 5 of this thesis] are also dddecomparison.

Table 6.4: Critical parameters, acentric factors, nelting temperatures and
sublimation enthalpies used in the equation of stat(a: experimental value)

Substance| T, P. w T; AHSUP
(K) | (MPa)| () (K (kJ.mol*)
CO, 304.4| 7.38] 0.22%
CBG 1099 | 1.68| 1.172 420 53.1
CBD 932 1.60 | 0.497 34C° 49.1
A°-THC 0988 | 1.95 | 0.882 <298 21.0
CBN 920 1.65| 0.431 350 49.4

To calculate the fugacity coefficient of the saofi#) dissolved in the supercritical fluid,
the PR-E0S (6.3) is used [21]. This EoS is chobenause it was successfully employed
for the correlation of the solubility of other camnoids in the past [19, 20]. Each
parameter is first calculated for the pure componerith the equations (6.4), (6.5), (6.6)
and (6.7):

(P+ aly j(v—b): ROT (6.3)
VV+b+KHV-H

a :0.45724@ (6.4)

b = 0.07780ﬂ1i (6.5)

a :[1+ m(cq)(l— 'I,'il’z)]2 (6.6)

m(w) =0.37464+ 1.54226 - 0.26987 (6.7)
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For the mixture, the classical Van der Waals mixinigs are used as described by the
equations (6.8) and (6.9) [22]:

ar =3 ¥ %0y (e &) (- k) (6.8)

b= vb (6.9)

In the equation (6.8) the optimum binary interactomefficientk; for each temperature is
calculated by the correlation of experimental ddabapugh the minimization of the

function average absolute relative deviation (AAR@Yfined as:

calc _ pexp
R R |

ARRD(%)= 2203

n

(6.10)

Here,n is the number of data experiments at each tempetd®,**® is the experimental

pressure for the experimeinwheread®®° is the estimated value.

Table 6.5 presents the different valueskpras well as the AARD for each isotherm. As
can be seen in this table, increases linearly with temperature increase. réigeession

coefficient had a value of 0.904 and 0.812 for C&8@d CBD, respectively.

Table 6.5: Binary parameters and AARD (%) for CBG and CBD at 315, 326 and

334 K
Compound T (K) Ki AARD (%)
CBG 315 0.099 4.86
326 0.116 3.86
334 0.118 5.76
CBD 315 0.166 0.81
326 0.188 6.35
334 0.187 18.4

The AARD values for the CBG + GQystem are comprised between 3.86 and 5.76 %,
which means that the solubility data are well datezl using the PR-E0S (see Figure 6.1).
For the CBD + CQ@ system, the correlation is also accurate at lanperatures with a
maximum AARD of 6.35% (see Figure 6.2). Howeveis ik not the case for the highest
temperature. At 334 K, the high value of the AARIB.@ %) means that the model does
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not correlate well with the data. This can alsséen by the shape of the curve in Figure
6.2. The experimental data show a plateau, whesesthubility only increases very
slowly with the pressure. The modeling curve prisdia much higher increase in
solubility with pressure increase. This failuretlod model is probably due to the fact that
the highest temperature of 334 K is close to thkimgetemperature of CBD (340 K) [30].
Therefore, it can be expected that the solubilit€BD in supercritical C@at 334 K is
deviating from the solid solubility line, and migbé closer to the liquid solubility line
instead. However, modeling with the liquid-liqui@rgion of the PR-E0S [19] did not
result in accurate correlation. In this particutase, the boundary limits of the PR-EoS

are attained.
6.3.3 Comparison of the solubility data of the otleannabinoids

In Figures 6.3, 6.4 and 6.5 the solubilities of mlo@-psychoactive cannabinoids CBG and
CBD in supercritical C@ are compared to the previously measured solwdsliaf the
psychoactive cannabinoids-THC and CBN [19, 20 and in chapter 4 & 5 of thisdis]

at different temperatures. At 315 K (Fig. 6.3), sudubility in supercritical C@increases

in the following orderA®-THC < CBG < CBN < CBD. The solubilities of CBN a@BD
have the same order of magnitude. At 326 and 33&i¢ 6.4 and 6.5), the solubility
order of CBN and CBD has changef-THC < CBG < CBD < CBN. At the highest
temperature (334 K), the data of CBD and CBG oyeviéthin the experimental error.

This is also the case for CBD and CBN at low pressu
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Figure 6.3: Solubility of cannabinoids in supercritcal CO, at 315 K
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Figure 6.4: Solubility of cannabinoids in supercritcal CO, at 326 K
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CBMN - PR EoS
a CBD - Exp
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o CBG-Exp
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Molar solubility 10"
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Pressure (MPa)

Figure 6.5: Solubility of cannabinoids in supercritcal CO, at 334 K

In general, CBN shows the highest solubility in engpitical CQ. CBN is the lightest

cannabinoid among the four cannabinoids studied, hehich might explain the higher
solubility. However, the difference in molecularigl@ is rather small. Therefore, other
factors such as differences in chemical structmeb @hysical properties (melting point)

may give a better explanation for the differencesalubility observed.

For example, CBN has the most aromatic charactdo(®le bonds), whila*-THC has
the least aromatic character (4 double bonds).afbmatic character of CBG and CBD is
in-between (5 double bonds). g@teracts with the double bonds of the cannabgoid
resulting in a higher C©Osolubility of the more aromatic compounds. Thisyreaplain
why the solubility of CBN in supercritical GQs generally the highest, and the solubility

of A%-THC in supercritical C@is generally the lowest.
Another explanation for the differences in £&»lubility may arise from the differences
in melting point. It can be noticed that the liga@ahnabinoids (CBD and CBN at 334 K,

and A’-THC at all temperatures) show lower solubilitysimpercritical C@ compared to
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the solid cannabinoids (CBD and CBN at lower terapees, and CBG at all
temperatures). This is consistent with the previoliservation that melting results in a

lower solubility of CBD and CBN in C&at higher temperatures.

The cross-over pressure of the different cannabdfoicreases in the order of: CBN <
CBD < CBG <A®-THC. Interestingly enough, this shows the opposiéad with CQ

solubility i.e. the cannabinoid with the highestoss-over pressure has the lower
solubility in CQ. This could also be the result of the melting pogffect: the

cannabinoid with the lowest melting point has thghbst vapor pressure at given
temperature. Because the crossing of solubilitgdiis a result of a trade-off between a
density effect and a volatility effect, the crossep pressure will be higher when the

vapor pressure of a compound at given temperasungher.

The solubility of the different cannabinoids in suogritical CQ is the order 1-2 g per kg
CO,, which is high enough for a supercritical extrastprocess. Because of the observed
differences in C@solubility, it is possible to separate the mostch®active cannabinoid,
A’-THC, from the other cannabinoids by varying thessure in a two steps extraction. In
a first step at lower pressure (~13 MPa), the n&yeipoactive cannabinoids and a small
part of theA’-THC are extracted. In a second step, pAt@HC is extracted at higher
pressure (~20 MPa). For exampé; THC and CBD could be selectively extracted from
the cannabis varietgediol containing 5%A°-THC and 6% CBD. At 315 K and 13 MPa,
the solubility of CBD is 1.3 x I0(= 0.9 g CBD per kg C£), while the solubility ofA®-
THC is only 0.3 x 13 (= 0.2 gA®-THC per kg CQ). Therefore, 67 kg COwould be
required to extract the 60 g of CBD present in 1Blgliol while also extracting 13 g of
A’-THC. The second step at 20 MPa and the same temmpe(315 K) would require 74
kg CO to extract the remaining 50 — 13 = 37 gA3fTHC, as its solubility is 0.65 x 10

(= 0.5 gA®-THC per kg CQ). It is thus possible to fractionate the cannaidis@nd to

extract puré\>-THC from cannabis with supercritical GO
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6.4 Conclusion

In this work, the solubilities of the non-psychoaetcannabinoids CBG and CBD in
supercritical C@ have been measured at 315, 326 and 334 K anckiprédssure range
from 11.3 to 20.6 MPa. The experimental data aegjadtely represented by the PR-E0S,
except for the CBD solubility in COat 334 K. The solubilities of other psychoactive
cannabinoidsA’>-THC and CBN) in supercritical GGare compared with the present data.
The CQ solubility behavior of CBG shows similarities A5-THC (highest solubility at
highest temperature), while the behavior of CBDvehaimilarities to CBN (highest
solubility at medium temperature). This unexpedtetiavior of CBD and CBN can be
related to the transition from a solid-supercritilaid to a liquid-supercritical fluid
equilibrium. All four cannabinoids (are expected) thow a cross-over region at
pressures between 10 and 15 MPa. The differenc&0Opnsolubility between the four
cannabinoids can be explained by their differenoeshemical structure and melting
point, and can be used to separate them from dheh loy extraction and/or fractionation
with CO..
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Nomenclature

attractive term of the PR EoS
covolume

equation of state parameters
enthalpie (kJ.mét)

partition coefficient

pressure (Mpa)

gas constant (J.nbK™)
temperature (K)

volume (dni.mol %)

solubility in the gas phase
compressibility factor

I'
w
3

N<<HXOTxPXProco

Greek letters

a temperature-dependant equation of state parameter
) fugacity coefficient
() acentric factor

Sub / superscripts

b boiling point

c critical point

f fusion point

L component identification
r reduced parameter

S solid

fus fusion

t triple point
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Abstract

Supercritical fluid extraction (SFE) using carboroxide was performed with Cannabis
Sativa L. in a pilot scale set-up at 313 and 323nkthe pressure range from 18 to
23 MPa. The SFE yield of (4>tetrahydrocannabinol4’-THC) is at maximum 98 %,
which is comparable to classical hexane extract@annabinol (CBN) and cannabigerol
(CBG) can be extracted in higher amounts with Skdhtwith hexane extraction. Waxes
are co-extracted with the cannabinoids. They caredsly removed via a winterization
step. The purity of the final extract after wingiion was 85 %°-THC at the optimal
experimental conditions found in these experimedtsrelation with the Sovova model
confirmed the solubility of>-THC measured in Chapter 4. With a two-steps ekua,

it is possible to selectively extract minor canmathds (i.e. CBN, CBD and CBG) in a
first step at low pressure (~15 MPa), add-THC in a second step at higher pressure
(~20 MPa).

- 137 -



- 138-



7. Supercritical Fluid Extraction of Cannabis

7.1 Introduction

Cannabinoids can be extracted directly from carmadiy organic solvents (e.qg.
hydrocarbons such as hexane and alcohols) witleld gixceeding 90% [1]. However,
these solvents are flammable and many of themaaie. tSupercritical Fluid Extraction
(SFE) with carbon dioxide (Cis a promising alternative technique. There ape n
flammability or toxicity issues, solvent removalgsnple and efficient, and the extract
quality can be controlled by tuning the pressurg @mperature. This green solvent has
been used for extraction of natural compoundsutioly pharmaceutical molecules, from

plant material as described in chapter 2 of thesithand literature [2-7].

In this work, SFE is performed at 313 and 323 Kthi@ pressure range of 18 to 23 MPa,
and at a C@flow rate of 4 and 6 kg:h The aim is to determine the optimal conditions to
obtain the maximum extraction yield of tetrahydmabinol A°-THC). The extraction
of other cannabinoids, such as cannabigerol (CB&)nabidiol (CBD) and cannabinol
(CBN) is examined as well. This SFE method is camgdo the conventional extraction
method with hexane as it is done in literature J8je data are correlated with the Sovova
model [9].

7.2 Experimental

7.2.1 Materials

CO, grade 2.7 was purchased from Hoek Loos B.V. (Sf&me the Netherlands).
Methanol of HPLC reagent grade was purchased frdmBhkker. Standards &f-THC,
CBD, CBN and CBG were kindly donated by PRISNA B(®ostvoorne, the
Netherlands). These materials were used withouhdurpurification.CannabisSativa

plant material, cultivar Bedrocan, (dry female flaviops), medical grade was obtained
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from the Office of Medicinal Cannabis (The Haguee Netherlands). The size of the

flower-tops was reduced with a grinder.

As cannabinoids are present in their acid formhi@ plant, the fine powder was first
decarboxylated under vacuum for 110 min at 3@Qo obtain neutral cannabinoids (cf.
Chapter 1 of this thesis). The total rate of decaylation was measured with HPLC
analysis. After decarboxylation the cannabis ha&>&HC content of 14 + 1 %, as

determined by the HPLC method described hereafter.

7.2.2 Supercritical fluid extraction

Figure 7.1 shows a schematic overview of the pilaint used for the cannabinoids
extraction with supercritical G110, 11]. During a run, the cooling and heatingteyn
are switched on first and set to the desired teatpes. Next, the extraction vessel is
opened and filled with approximately 45 g of decaspated cannabis. After closing the
vessel, CQis continuously pumped from the storage vess@ the extraction vessel,
which is kept at the required temperature by usirtgeating jacket. At the moment that
the desired pressure is reached, the pressuradti@rsstarts controlling the GGlow
into the separator. Via a condenser, the, @recycled to the storage vessel. During
extraction, samples can be taken from the sepadtigr an extraction run, the extract is
weighed and analyzed using the HPLC method destriimreafter. The remaining
residue of the cannabis plant material was alsghesl to check the mass balance.
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Figure 7.2: Schematic overview of the experimentaet-up for the supercritical
extraction of cannabis

7.2.3 Winterization process

After each experiment, the extract can be dissoindtexane and frozen for several days
in order to precipitate the waxes. Thereafter, mpte filtration can be performed to

isolate the waxes from the cannabinoids. This m®cecalled winterization.

7.2.4 Classical extraction

Liquid extraction with hexane was applied to conepboth extraction methods. 400 mg
of decarboxylated and ground cannabis was put imb®exane and sonicated during 15

minutes.

7.2.5 Analysis

The particle size distribution was determined usanget of sieves with 1.70, 1.18, 0.85,

0.50 and 0.25 mm openings.

The HPLC profiles were acquired using a Chrompa¢d_ €& system consisting of a
gradient pump (Prostar 210), an injection valve andV-VIS detector (model 340 —
Varian). The system was controlled by Galaxie Cratmgraphy software. The profiles
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were recorded at 228 nm, as absorption by thees@ut its maximum at this wavelength.
The analytical column was a Vydac (Hesperia, CA) §pe 218MS54 (4.6 x 250 nfm

5 um) with a Waters Bonapak:£(2 x 20 mni, 50 um) guard column. The mobile phase
consisted of a mixture of methanol-water in gratliemode: methanol — water in ratio
from 30:70 to 100:0 over 32 min, then isocratictut gradient) for 1 min. The column
was re-equilibrated under initial conditions forrn. The flow rate was 1 mL.minand
the total running time was 35 min [12]. All determaiions were carried out at ambient

temperature.

7.3 Modeling of the extraction curve

The Sovova model [9] has been used to correlatetperimental data by plotting the
extract to feed ratie (i.e. mass of extract / initial mass of cannabs) function of the
solvent to feed ratiay (i.e. mass of C®in contact with the solid / initial mass of
cannabis). The slope of the curve should be eqemvad the solubility of the solute in the
extractive at low solvent to feed ratios [9].

This model is based on the following hypothesis:tfe solid phase, the bed of milled
cannabis is considered as a bed of spherical [gmticontaining a solute (the
cannabinoids and other compounds). As illustratefigure 7.2, this solute is considered

to be present in three different regions of theetalgmatrix:

(i) in the glandular hair, called trichomes. Thelug® present in the trichomes is
considered as free or easily reachable by the sbl¥ée mass transfer coefficient of the
extraction solvent in this solid phase is clos8;to

(ii) in the « broken cells »: as a consequencehefpre-treatment of the vegetal matrix,
the mechanical stress imposed to the cells atuhace of the matrix can break them.
The solute contained in those cells is also comsteas free. The mass transfer
coefficient of the extraction solvent in this sagtidase is close to O;

(i) in the intact cells, the solute is trappecsiole these cells and the mass transfer

coefficient of the extraction solvent cannot besidared as negligible anymore.
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Figure 7.2: Schematic drawing of the vegetable mait

Furthermore, the particle bed is assumed to bdestaidl stationary because the solvent
velocity is too slow to fluidize the bed. At thedenf the filling of the extractor, it is
assumed that the solvent and the part of the solndaining free solute (i and ii) are in
equilibrium, and the solvent is saturated with smliHowever, the solute in the core of
the particle, i.e. in the intact cells (iii), isalranged. After filling, it is also assumed that
the CQ flow inside the extractor is a plug-flow and thhe solid contains only free

solute (i and ii).

7.4 Results and discussion

7.4.1 Particle size distribution

Figure 7.3 presents the particle size distributadnfive different extraction batches,
obtained by grinding and sieving. The particle sisribution has little influence on the
extraction yield [6, 7, 13]. Therefore, this paraemnaes not studied here.
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Figure 7.3: Particle size d (mm) distribution for 5extraction batches

7.4.2 Pressure and temperature effects

Figure 7.4 presents the total yield, defined ag#fie of the mass extracteohy) divided
by the mass of the initial cannabis sampig,f), as a function of pressure between 18
and 23 MPa at 313 and 323 K. The deviation of tieédyis based on the error of the
balance used to weigh the mass extracted and tlss wfathe cannabis sample, as
presented by equation (7.1):
AY = Y(% +%j (7.1)

m, M,
With Am,, =Am_,=+0.05¢g the deviation is less than + 0.2 %. The experisientre

performed at a COflow rate of 6 kg.H for 180 min. The highest total yield (23.3 + 0.2
%) is obtained at the highest pressure (23 MPa)l@andst temperature (313K). This is
due to the fact that the density of supercritic@ @ higher at higher pressure and lower
temperature. However, at constant temperature,dtfierences in yield at different

pressures are small (less than 2%) and can beodthe tfact that yields are closed to
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maximum obtainable vyields and to experimental srr@matural products are not

homogeneous). Therefore, it might be possible tent the influence of pressure on the
total yield.

25
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& x x -
20 - o m
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Figure 7.4:Total Yield as a function of Pressure

Figure 7.5 presents th®-THC vyield (Y), defined as the ratio between the masa‘ef
THC extracted n,) and the initialA’>-THC present in the cannabis vegetal matnx, (

determined by multiplying the initial cannabis massl the percentage Af-THC (%)
measured with HPLC at the beginning of the expemis)e as a function of pressure, at a
CO, flow rate of 6 kg.it for 180 min. The deviation of th&°-THC yield is calculated

according to equation 7.2 and its maximum is repres] by the error bars in Figure 7.5:

AY :Y(Ame LAm A%J (7.2)
moom o %

With
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Am, =Am =+005g
A% =1

Therefore, the overall deviation is ~ 5%. TAE-THC yield is higher at lower
temperature (313K). This can be explained by tret that at lower temperature the
density of supercritical C£s higher, and therefore the solvency power of &igher,

resulting in higheA®-THC solubility.
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Figure 7.5: A>-THC Yield as a function of Pressure at 313 and 32R for 180 min
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7.4.3 Effect of time

Figure 7.6 presents thA%-THC yield at 18 MPa as a function of time. At both
temperatures (313 and 323 K), two trends are \@sibirst, theA®-THC yield increases
linearly with time. Then, the\-THC yield is constant, indicating that aN*-THC
extractable at these conditions has been extradtied.first linear part seems to be
temperature independent, whereas in the secondthban®-THC vyield is higher at the
lowest temperature. The maximuhl-THC-yield obtained at this temperature is 98 %,
meaning hexane extraction and SFE can extractaiime smount oA’-THC. At 313 K,
the maximum yield has been reached after 240 mirexafaction. At 323 K, the

maximum Yield is reached faster (100 min) but dtue is lower (74 %).
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Figure 7.6:A’-THC yield as a function of time at 18 MPa
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7.4.4 Extraction of other cannabinoids

Figure 7.7 and Figure 7.8 present the yields of GB& CBN at 18 MPa and several time
intervals, at 313 and 323 K, respectively. EacHdyiwas calculated by dividing the
amount of cannabiniod extracted by the initial masgannabis. For each experiment,
cannabis with the same composition was used. Tgkebt yields are obtained at the
lowest temperature (313 K). Their values are ardufd¥ and 1.6 % for CBG and CBN,

respectively.

12
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Figure 7.7: CBG yield as a function of time at 18 Wa
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Figure 7.8: CBNyield as a function of time at 18 MPa

Figure 7.9 presents the yields of CBD, CBG and GBM function of pressure at 313 K.
It can be seen that the yield is decreasing wipthegsure increase for each cannabinoid.
On the contrary, in Figure 7.5, the yieldAfTHC is stable with pressure. Therefore, it is
expected that to improve the selectivity of thecess, a two step extraction could be
performed: the first step at low pressure (arouadviPa) would extract CBD, CBG and
CBN; the second step at high pressure (around 28)MPBuld allow an extract with a
high purity of A>-THC. This is consistent with the findings develdpe chapter 6 of this

thesis.
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Figure 7.9: Cannabinoids yields as a function of mssure at 313 K

7.4.5 Comparison with classical extraction

Extracts from hexane extraction and SFE were tdeasing the winterization process.
The cannabis used was the same for both extracgtiethods (same age, same
composition). The amount of waxes removed frometkteact is around 10% of the initial
mass of cannabis for both processes. The amouwarofabinoids present in the extracts
after this step is shown in Table 7.1. It is assditteat only these cannabinoids are
present in the extract after winterization. Theueal for the hexane extraction are the

average of 11 different batches.
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Table 7.1: Composition (mass %) of extract obtainedfom SFE at 313 and 323 K at
18 MPa and hexane extraction after winterization

Compound SFE at = 313 K SFE aT =323 K Hexane extraction
A’-THC 84.7 85.3 85.9
CBD 0.0 0.0 0.4
CBN 9.4 8.7 7.8
CBG 5.9 6.0 5.9

It can be seen that both extraction methods hazesameN’~THC vyield, meaning that
both methods extract the same amoum®THC. However, more CBG and CBN were
extracted with SFE than with hexane. As shown ibl@&.1, CBD is present in the SFE
extract in a very little amount. CBN, a degradatnduct ofA>-~THC, is present in a
significant amount in both extracts, as the plaatwtored for a long time before both
experiments with SFE and hexane extraction weréopeed. It is expected that the

amount of CBN would be lower if fresh cannabis wasd.
7.4.6 Alternative to winterization process

As mentioned in literature [4, 14] , the winteripat process could become abundant
when a two stage separator is used in SFE, i.estadecompression step at medium
pressure to precipitate the waxes, followed bycaise decompression step to recover the
cannabinoids. To determine the pressure and temoperat the first decompression step,
the solubility of cannabinoids should be checkeuis Technique would increase the rate

of the process because the slow winterizationistep longer needed.

7.4.7 Correlation

Figure 7.10 presents the solvent to feed rq@s a function of the extract to feed ragio
for the experiments at 313 and 323 K. The,@0w rate was 4 kghand the pressure

was 18 MPa. The first part of the curve is coredatvith the Sovova model, where the

slope represents the solubility of the solute. Heeesolubility of the solute is assumed to
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be equivalent to the solubility di®~THC, as this is the main compound which is

extracted. At both temperatures, the slope is &@'¢O,. This is equivalent to 1. T0
molar fraction ofA°>~THC, which is coherent with the solubility aP~THC reported in

chapter 4 of this thesis.
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Figure 7.10: Extraction curves at 313 and 323 K -xperimental conditions: 18 MPa -

7.5 Conclusion

4 kg.ht

In this chapter, SFE of cannabis is presentedata®d 323 K in the pressure range 15 —

23 MPa. The same amount®t-THC is extracted with SFE as with hexane. Waxes co-

extracted with cannabinoids can be separated @smigiterization step. The final extract

contained about 85 9%A°-THC after the winterization step. More CBN and CEBG

extracted with SFE than with hexane extraction. Gtweelation using the Sovova model

confirms the solubility oA>~THC (around 0.7 g.K§CO,), as previously measured with

the quasi-flow apparatus (chapter 4 of this thedfgjth a two-step extraction, it is
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possible to selectively extract minor cannabindids first step at low pressure (~15

MPa), and\’-THC in a second step at higher pressure (~20 MPa).
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Abstract

The aim of this chapter is to present the combamatf two technologies,- i.e. centrifugal
partition chromatography (CPC) and supercriticachmologies - in order to obtain a
green and efficient process for the separation aaodfication of natural compounds.
This new process is called supercritical CPC. CP&sua two-phase liquid system,
instead of a solid stationary phase, as it is thesec in High Pressure Liquid
Chromatography (HPLC). Separation is realized bytiianing of compounds between
the two phases.

This chapter describes the different steps to bauild design such a machine and process
and the limitations of this process. It seems tHajuid/liquid partitioning
chromatography with supercritical Ghas interesting perspectives for separations with
different selectivity than other separation methadewever, although many obstacles
were solved, the technical side needs more endgmgeefforts to further develop this
technology

Additionaly, the sucessful separation4# THC, CBN and CBG is presented using the
two-phase system hexane / acetone / acetonitrifgury higher than 99% is achieved

with 2° THC. With CBN and CBG the best purity obtaineligher than 90%.
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8. Centrifugal Partition Chromatography

8.1 Introduction

Centrifugal partition chromatography (CPC) is acthatography technique where both
mobile and stationary phase are liquid. The statipiphase is retained by centrifugation
while the mobile phase is pumped through the statp phase. The separation of
components is done by differentiation in partitmrefficients; components with lowest
affinity with the stationary phase will elute firs€Sompared to High Performance Liquid
Chromatography (HPLC) where the stationary phasesslid, one of the advantages of
this technique is the reversibility of the sepamatiAs the stationary phase is a liquid, it
can be eluted at the end of a run and each compoaerbe recovered. There is no loss.
Moreover, CPC has a larger capacity than HPLC mxaf the large volume of
stationary phase involved in the separation prooc®ssadditional advantage of the CPC
is that it can separate compounds with a broaa sifgbolarities. A schematic drawing of
the CPC is shown in Figure 8.1. It is composed @uap, a detector, a recorder, a
sample loop, two valves (one to inject the sampbk @another one to select the ascending
or descending mode) and the CPC itself. A completription of CPC theory can be

found in literature [1-6].
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Reservoir Wast

Figure 8.1: the general set-up in the descending rde. V1 = infection valve - V2 =
switching valve (ascending or descending mode) [4]

CPC can be used for a wide range of applicatiomsgkample, for the separation of
natural products [7], including bitter acids fromoph extracts [8-10], and

cannabinoids [11].

Organic solvents are often used as mobile ancostty phase in CPC. However, many
of them are toxic. For natural compound to be usedfood or pharmaceutical
applications, it is important to remove the toxitvents from the CPC product stream as
much as possible. This requires an extra separatep) leading in an expensive process
and with high energy consumption. Therefore, aggeaising only generally regarded as
safe (GRAS) solvents is preferred. Supercriticaboa dioxide (CQ) is a GRAS solvent
and can be easily separated from the natural contpafter CPC by pressure decrease.
Therefore, no extra separation step is needed. GR&gents that can be used in

combination with supercritical GQare e.g. water and ethanol. The phase behavitreof

- 162 -



Centrifugal Partition Chromatography

two-phase system containing water, ethanol andretpeal CO, has been widely
studied in literature [12-17].

There are currently no commercial systems availasl€PC with supercritical C{(the

commercially available CPC systems are not desifmretthe required pressure).

Yu and co-workers have introduced £@ counter-current chromatography (CCC)
where the stationary phase is retained by grat®y 19]. The working principles are the
same as for CPC, except that the gravity forcetaim the stationary phase in the CCC is
replaced by a centrifugal field in the case of @ieC. Therefore, the geometry of the
CCC column is different. Yu and co-workers wereealdd separate naphthalene,
benzophenone and acetophenone with supercritical &0)the mobile phase, and
methanol / water (3/7 — v/v) as the stationary phds8]. Yeh and co-workers reported
the separation of three different steroids by CGgt SC CQas mobile phase [20].
According to the authors, more work needs to beedmnoptimize this process for a
preparative scale [18-20].

In this chapter, the different steps to build am$ign such a machine and process is
described. The limitations of this process areqme=d as well. Additionaly, the sucessful
separation ofA’~ THC, CBN and CBG is presented using a two-phastem with

organic solvents.
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8.2 Experimental

8.2.1 Set-up
Heater
Pump 1 Ekj uv
. Dynamic ; Detactor
//:\ , ( _ mixar CPC
\"a._z;; /;/‘\\\. ‘
Cooler [ — SZ Backpressure
& valve
(/ , _»\\ / ‘
/ ) T
S 5 \“h-‘/”// )
~, ~, Pump 2
| [ee] [ juu
50K N
Injection
sample loop Sample collection

Figure 8.2: Schematic drawing of the experimentalet-up

A schematic diagram of the experimental set-ugh®m in Figure 8.2 and a picture is

shown in Figure 8.3. A Sanki (Kyoto, Japan) ceag#l partition chromatograpimodel
FCPC ® 200) equipped with a 200 mL cartridge, adapted to watkpressures up to
20 MPa was used. The total volume of the separatdnmn was 200 mLTo have a
raised temperature inside the rotor, a Lauda oil bath was connected to the internal
chamber of the CPC that is in contact with the rotor. A Vici manual injector with a

5mL loop was used to inject the components to be separated.

The mobile and stationary supply system consista/obreparative pumps (Separations
- model 1800), a Lauda cooling bath for cooling of CO:2 and a dynamic mixer chamber

(Knauer).

For analysis of the product from the CPC, a UV detector (Separations - Smart line

model 1500) that monitors the absorbance of the solutes was connected to a computer
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with Galaxie software. A back pressure valve was used to maintain the pressure of the

system up to 20 MPa.

To prevent blockage of tubing by CO: expansion (when CO:z2 is the mobile phase), the

outlet tubing was heated by heating tape for the second set of experiments.

Figure 8.3: CPC set-up
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8.2.2 Procedure

8.2.2.1 Experiments with supercritical CO:

The day before starting an experiment, the heating bath was switched on to obtain
the desired temperature in the rotor. Prior to using the CPC for separation, the system
needs to be filled with the stationary and mobile phase. Both phases can be the role of
the stationary or mobile phase. When the heavier phase is the mobile phase, the
descending mode is used. In descending mode, the stationary phase was CO2. When
the CO2 was coming out of the COz, the pump to introduce the mobile phase was
started. To reach the equilibrium between the 2 phases, the mobile phase was
recycled by putting the outstream of the CPC back to the containers until the output
and input flows were the same. The input flow was indicated by the pump, whereas
the output flow was measured with the graduated cylinder. Before equilibrium was

reached, the fraction collector was not used.

When equilibrium between the two phases was reached, the components to be
separated were injected and rotation was started. The rotation speed was 750 RPM.
The signal of the UV detector indicated when a component was coming out of the
CPC. The components were then collected and further analyzed with Thin Layer
Chromatography (TLC). The fractions containing the interesting products were
further analyzed with High Performance Liquid Chromatography (HPLC). In

ascending mode, the CO2 was the mobile phase as it was the lighter phase.

8.2.2.2 Experiments with organic solvents

The two phase system was hexane / acetone / ari¢onn the proportions (5/2/3 —

VIVIV).
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it was prepared and stirred at least four houigr po an experiment, in order to assure

equilibrium between the two phases. At the begigrof an experiment, theationary
phase was loaded at 20 mL.min! and 600 RPM in opposite to the operational mode;
ascending for the heavier phase and descending for the lighter phase. The mobile
phase was loaded at the flow rate and centrifugal speed of the specific experiment in
the operational mode; descending for the heavier phase and ascending for the lighter
phase. The stationary phase that came out of the apparatus was measured in 250 mL

graduated cylinder.

8.2.3 Materials

CO, was purchased from Hoek Loos with a purity of 98./Quality 2.7). Water was of

ultra pure grade. All solvents were of HPLC grgoechased from J.T. Baker. BminBF

was synthesised in our own laboratory. Naphthateitie a purity of 99%, Beta-carotene
with purity higher than 97% and potassium dichramatith a purity higher than 99%

were purchased from Sigma-Aldrich. The cannabimoixture used was the result of the
SFE experiments done at 18 MPa and 313 K (Seeahaif this thesis).

8.3 Results and discussion

8.3.1 Experiments with C®- ethanol — water

The equipment was used in the descending mode, (@Ostationary phaselhe

composition of the mobile phase was ethanol — water (1/9, v/v).

Experiments were first performed with 1-butyl-3-imdimidazolium tetrafluoriborate
(BminBF;). and a cannabis extract. The cannabis extractacmd at least four
components seen by TLC analyse [22]. Bminpan ionic liquid that is not soluble in
supercritical CQ Therefore, BminBF4 is not retained by the twogehaystem and it

should indicate the minimum residence time of tlabike phase, as it comes out as soon
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as the mobile phase comes out. Before being irje&minBF, was dissolved in ethanol-

water in the same proportions as in the mobile @has

The ionic liquid BminBR was injected at different pressures. The plott®fretention
time as a function of the pressure is depictedgaré 8.3. At 18 MPa and 315 K, three
samples were injected, giving similar results, ageak after around 10 minutes. As can
be seen from figure 8.1, the results were lessotkmible at lower pressures. This plot
shows that the retention time of BminBfecreases with pressure increase.

Retention time (min)
o

8 10 12 14 16 18 20
Presure (MPa)

Figure 8.4: retention time of BminBF, as a function of the pressure

As a second step, a cannabis extract was injedtédeasame previous experimental
conditions. The cannabis extract contained at keastcomponents seen by TLC analyse
[22]. The extract had a retention time of 12 misutés shown in figure 8.4, the shape of
the cannabis peak indicates that the concentratia® very high and it shows some

separation.

As can be seen in figure 8.4, the BminBifd cannabis peaks did not overlap. To test the
separation of these compounds by CPC a mixturdefidnic liquid and the cannabis

extract was injected at the same previous expetah@onditions. However, only one
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peak appeared after 16 minutes. This might be duéé ion pairing between the

cannabinoids, which are acids, and the ionic liquid

S Cannabis extract
Tonic liquid

\ mixture

==

Intensity (mV)

i u'="="=-="='="=la'=ii
AR AR AR AR AN

Retention time (min)

Figure 8.5: Intensity as a function of the retentia time - superposition of 3
experiments at 18 MPa

These first results are not very promising. By @hag the conditions of the experiments,
separation may be improved. For example, the presaud / or the composition of the
mobile phase could be adjusted. Unfortunately rtit@ry seals in the used set-up cannot
support required pressure. Therefore, the compositif the mobile phase has been
adjusted, as described in the next paragraph.

8.3.2 Experiments with C©- methanol — water

Ethanol was preferred over methanol because itess ltoxic. However, since no
satisfactory results were obtained with ethand, giistem C®— methanol — water was

used. The proportions of methanol — water phase watied from 3/7 to 1/9 (v/v).

Because of failure of the UV-detector, visual detecwas used. The tested compounds
were beta-carotene and potassium dichromate, vérehespectively orange and yellow.

Beta-carotene is apolar, therefore its affinityna@Q; is expected to be high. Potassium
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dichromate is very polar, and therefore not solubleapolar solvents such as €O
Therefore, it should stay in the agueous phase.cBynging the mode during the
separation, i.e. by switching from ascending modter abeta-carotene was out, to
descending mode, it was possible to separate laetdene from potassium dichromate.

8.3.3 Experiments with organic solvents

A-THC, CBG and CBN were separated with the two-phasgstem
hexane/acetone/acetonitrile  in the proportions/35/&/viv). All separations were
performed at the highest allowable rotational sped@00 RPM, analytical cannabinoid
concentration — 1 g:t, and three flow rates — 20, 15 and 10 mL.iRigure 8.6 is an
example of chromatogram of the separatio/ABTHC, CBG and CBN in ascending
more, 1200 RPM and 20 mL.min At 10 mL.mir?*, the efficiency is lower than at 20
mL.min. However, it is compensated by the higher statiprphase volume and
corresponding higher retention volume. At 15 mL.Tithe stationary phase volume is
comparable to the one at 20 mL.fibut the efficiency is comparable to the one at 10

mL.min. Therefore, its resolution is the lowest.

200.0001 MV
180.000:
160.000:
140.000:
120.000:
100.000:
80.000:
60.000:
40.000:

20.000;

-20.000

Al
J AS-THC CBN CBG

-40.000 RT [min]
2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38

Figure 8.6: Separation ofA°>~THC, CBN and CBG with hexane / acetone /
acetonitrile (5/2/3 -v/viv) in ascending mode - 120RPM - 20 mL.min*
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Experiments have also been performed with samplesaonabinoids extracted with
supercritical carbon dioxide, as described in thapter 7 of this thesis. At 10 mL.rin
and 83.33 g.I* extract mass load, an acceptable separation ofatamids was achieved
as illustrated in Table 8.1. F&’-THC, a purity of 100 % (i.e. no other cannabinoids
were present according to HPLC analysis) was aeldiefor 6 min. Then the
concentration of\>-THC was descreasing. After 45 min, the CBN peakeaped with a
maximum concentration of 96.5 %. The rest was ifledtas CBG. At 70 min, the peak
containing 92.3 % CBG appeared. The rest was ifikthths CBN.

Table 8.1: Composition of selected fractions deterimed by HPLC analyses during
the separation ofA>>THC, CBG and CBN

Fraction (min) A°-THC (%) CBN (%) CBG (%)
33-39 100.0 0.0 0.0
39-40 99.1 0.2 0.7
40-41 98.5 0.3 1.2
42-43 81.9 18.1 0.0
44-45 0.0 87.9 12.1
45-46 0.0 92.4 7.6
46-47 0.0 96.5 3.5
47.48 0.0 94.5 55
70-71 0.0 7.7 92.3
72.73 0.0 9.0 91.0
76-77 0.0 8.8 91.2

8.4 Conclusions and recommendations

CPC with supercritical COhas interesting perspectives for separations diffierent
selectivity than other separation methods. Howeeegineering efforts are necessary to

further develop this technology (e.g. developmédmbtary seals).

With organic solvents, the CPC is a powerful equepihto separate components in a high
purity. A successful separation &f-THC, CBD and CBG has been achieved, with’a
THC purity higher than 98%. The best purities aiedi for CBD and CBG are higher
than 92 %.
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Abstract

This chapter presents an economical and ecologtealuation of two production routes
to obtain pure delta-9-tetrahydrocannabind’{THC): the current process using organic
solvents is compared with the alternative proceswvetbped in this thesis using
supercritical carbon dioxideThe alternative process is significantly cheapeanttihe

current one, although the high price of the stagtimaterial cannabis dominates the
ultimate cost price. From an ecological point odwi the alternative process is also more
sustainable as it consumes less energy and gesedass waste. Therefore, this

alternative process is preferred from an economarad ecological point of view.
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9. Economical and environmental evaluation

9.1 Introduction

The consumption and use of cannabis and its phatogically active components, the
so-called cannabinoids, is almost entirely domichddg its wide spread abuse as a drug.
Notwithstanding several reports on adverse eff¢tt8] of mainly chronic use of
cannabis, there is renewed interest in cannabinaids especially iMA*-THC, for
medical applications, like the treatment of sevehgonic pain, multiple sclerosis,

glaucoma, and the side effects (nausea) of chemaqthén cancer treatment.

The alternative process using supercritical caidioride (CQ) will be compared with a
described process to produ® THC, in patent US 2005 / 0171361 and in patent WO
2009 / 133376 [5, 6]. Both economical and environtakaspects will be taken into

account.

9.2 Market size

Of the pure cannabinoids-THC and CBD only are used as a medicine, e.gaiiveéx.
Other pure cannabinoids are not registered yet. démelopment of other possible
medicines based on pure cannabinoids othersARaMC is still in the research phase.

Thus the focus will be oA®-THC only.

To estimate the potential market #¥-THC, its major applications are considered. The
major application ofA’-THC is its palliative use as a pain killer [7] iead of morphine,
currently still used frequently. The current protiolc of morphine in Western Europe
and in the United States was 10 and 18 ton, respégtin 2005 [8]. The application of
morphine as pain killer for terminal (cancer and/HIAIDS) patients has drawbacks
such as the high amount needed (20 to 720 md.patjent’) which causes side effects

such as hallucination, constipation, and respiyati@pression [9]. 10-30% of the patients
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cannot tolerate the morphine [10]. An alternativehien mandatory. The use SETHC
may be the solution and solve most of these drakebdurthermoré®-THC counteracts
nausea associated with cancer chemotherapy andlatés appetite. From already these
applications, it can be concluded that the potentiarket for A>-THC might be
substantial. Taking into account the lower dosedade the replacement of 20% of
medical morphine bA°-THC, seems realistic and would lead to a markat sf at least
~30 ton * 20% = 6 000 kg morphine ~ 500 A4 THC annually. It is assumed that the
current process should take 10% market share of dizie of the market. Thus, the

preferred process size is 50A4THC annually.

9.3 Processes description

9.3.1 Conventional processes

There are two conventional process routes descitbbtérature: (i) in patent US 2005 /
0171361 and (ii) in patent WO 2009 / 133376 [5,. Bdth processes can be divided in

three main parts: decarboxylation, extraction amdfigation.

As illustrated in Figure 9.1, in case of the patgB8t2005 / 0171361, 7 different types of
equipment (different colors in figure) are usegéoform 15 different process steps:

1 extraction unit to perform 4 extraction stepshwgubsequently heptane,

isopropylether, aqueous solvent and methyl-butyte{MTBE);

e 1 distillation column used for 3 different steps;

e 1 reactor unit to heat the cannabinoids under xeftu order to perform the
decarboxylation reaction;

» 2 types of filtration units: (i) 1 charcoal filtitah used 2 times, and (ii) 1 polish
filtration at the end of the process;

e 1 evaporation unit used 3 times to remove the acgswivents in different steps

of the process;

« 1 reversed phase chromatography column used iputtication step.
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Cannabis H Extraction || | Distillation | | e el | | charcoal |

- £ 5 - E -4
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Figure 9.3: Flow diagram for theA®-THC Production according to patent US 2005 /
0171361

According to HPLC analyses mentioned in the patanpurity of 99.7%A°-THC is
achieved after removal of residual solvent. Itssuaned that every process step will lead

to a loss of ~ 2 %. Therefore, the overall yieldro$ process is estimated at ~ 70 %.

As illustrated in Figure 9.2, in case of the pat&® 2009 / 133376, 8 different types of
equipment are used to perform 17 different prosésyss:

» 1 extraction unit, in which the cannabinoids argasted 3 times with n-heptane
in the extraction part; and the same extractionigsralso used 1 time with MTBE
in the isolation part;

» 3 filtrations units: (i) in the extraction part pegific filter is used 3 times, (i) 1
celite ® pad filter is used, and (iii) 1 filtratiamnit based on charcoal is used 2
times in the purification part;

e 1 reactor unit to heat the cannabinoids under xefiu order to perform the
decarboxylation reaction;

« 1 distillation column for the first step of the figation part;

e 1 evaporation unit used 4 times to remove the acgswivents in different steps

of the process;
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* 1 reversed phase chromatography column in theipatidn part.

g o I

Cannabis — Exiaction |— crrier (1SR — | caenen—

¢ Raaction 1 I Yariinm l l Eilfrsfion l

unhder reflux ‘ '| Distiilati.;)-n | '| charcoal |

|
N I ) A

Figure 9.4: Flow diagram of the A°-THC Production according to patent US 2009 /
133376

A purity of at least 999%A°-THC is achieved with this process. As there aregritess

steps, the overall yield is estimated to be ~ 66 %.

As the patent WO 2009 / 133376 presents highempegent and variable equipment costs,
the patent US 2005 / 0171361 is preferred. It vod called the Best Available
Technology (BAT) [4] and compared with the alteratprocess, presented hereafter.

9.3.2 Alternative process

Figure 9.3 presents a block diagram of the altereairocess. The process consists of 4
different pieces of equipment which are used tdgper 6 different process steps:
« 1 Reactor/supercritical GQxtraction unit wherein decarboxylationtTHCA and

extraction ofA>-THC are carried out followed by 1 Decompressioit tm remove
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CO, and obtain the crude product. Both vessels arsidered to be in one piece of
equipment (pink color in Figure 9.3).

* 1 Cooling, centrifuge and filtration unit to separthe waxes from the extract.

1 Centrifugal Partition Chromatography (CPC) toifyuhe A’-THC;

« 1 Evaporation unit used to remove the solvents fomth A’-THC after purification:;

presumably this unit is quite small as no reflureiguired.

Co,
A
@ Hexane Hexane
Co, = -«
i
Reaction/ ®
Decom- CPC Eva oration A°-THC
Extraction/ pression Filtration separation ‘
F|Itrat|0n
Waste plant material Waxes Byproducts

Figure 9.3: Block diagram of the alternative process

First the grinded Cannabis Flos is placed insigeréfactor / extraction vessel. The reactor
is flushed with nitrogen to prevent oxidation, aimated up to 413 K. The
decarboxylation oA>-THCA to A>-THC, catalyzed by organic acids in the plant niater
takes 15 min only12]. Then, the reactor is cooled to 313 K ande¢héer pressurized to
18 MPa for extraction. After the extraction, thdragt is send to the decompression unit
wherein the pressure is decreased to 6 MPa to rertiey CQ and to yield the crude
product. The crude product present in the sepaddtthve extraction unit is diluted with
an almost equal amount of hexane, and next theamnpe is lowered to 273 K. At this
temperature the waxes will precipitate whidd-THC and byproducts remain in the
hexane. After centrifugation and filtration, in whithe waxes are removed, th& THC
process stream is fed into a vessel. Here, alldmyymts (i.e. cannabinoids) andTHC
are collected. After further dilution of the mixéuin hexaneA®-THC with purity higher
than 99 % is obtained in the Centrifugal Partiti@mromatography (CPC) after
evaporation of the hexane. Hexane is the mobilesghand acetone /acetonitrile is the

stationary phase in this separation [13]. All byjrots together with the hexane are
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burned. Thus 80 % of the hexane can be recycledersid for the next batch, while the
stationary phase (acetone/acetonitrile) in prircg@mpletely can be reused. As there are
4 out of 6 process steps, where a yield loss of 12%ery likely to occur, the overall
molar yield based oA’-THC is estimated to be ~ 92 %.

Table 9.1. Mass balance of the alternative processkg - Process stream numbers
are referred to Figure 9.3.

Component/Stream: 1 2 3 4 5 6 7 8
supercritical CQ - 0.20 5.20 - 5.00 - 5.00 0.2(¢
cannabis rest 0.0745 - - 0.0745 - - - -
A’-THC 0.0216 - - - 0.0212| 0.02 - -
yield loss - - - 0.0004 - - - -
waxes 0.0108 - - - 0.0108| 0.010§ - -
byproducts 0.0011 - - - 0.0011| 0.0011 - -
hexane - - - - - 0.0328 - -
Component 9 10 11 12 13 14 15 16

supercritical CQ - - - - - - - -
cannabis rest - - - - - - - -

N’-THC - 0.0208 - 0.0204 0.0200 - - -
yield loss - - 0.0004 - 0.0004 - - 0.0004
waxes - - 0.0109 - - - - -
byproducts - 0.0011 - - - - - 0.0011
hexane 0.03 0.03 - 13.10 - 13.10 0.p4 0.97

Table 9.1 presents the mass balance of the alieznatocess for a batch production of
0.02 kgA>-THC. The amount oA®-THC in the Cannabis Flos is 20 %. Therefore, 0.11
kg cannabis will be used in a high pressure ves&€él.5 L. The percentages of other
cannabinoids and waxes are 1% and 10% respecta®ly,was estimated in chapter 7 of
this thesis.

Approximately ~80% of the hexane used in the CP@vigporated and can be reused
again in the process [14]. The major loss of hexame stream 16, which will be burned.
Though not tabulated, it should be mentioned thet @mall losses of acetone and
acetonitrile are foreseen, as it can be expectdatismall part of the stationary phase of
the CPC will leak into the mobile phase. To estarthe amount of CQused, a series of
parameters is taken into account: the solubilitAGTHC in supercritical C®is 0.7 g

A’-THC.(kg CQ)™. The residence time in the reactor is 2 min based common value
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of ~ 10*° m?.s? for the diffusivity coefficient, and the averagmmeter of the grinded
cannabis flos is ~ 0.05 mm. This leads to a fotatess time of 6 h with a GG@low of 5
kg.h'. In fact, this is really close to the experimemalue of 6 kg.H, used in the chapter
7 of this thesis. It is estimated that 96 % of @@, can be reused; however this will be

scale and apparatus dependent.

To simplify calculations, a loss of 2% Af-THC is taken into account for the 4 process
steps: Reaction and supercritical Extraction, &iibn, CPC-separation, and Evaporation.
The yield losses are visualized as a separate hogever in the Reaction and
supercritical Extraction (stream 4), itAS-THC in the cannabis rest, in Filtration it will
remain in the waxes (stream 11), in CPC-separdatiill go with the byproducts (stream
16), and in Evaporation (stream 13) it is a kina&fféctive yield. Furthermore, a realistic
process should contain purges to avoid the buildfufiow level) contaminations which

might induce off spec material.
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9.4 Economical evaluation

9.4.1 Chemical costs

Table 9.2 presents an estimate of the costs of icladsnused in the two patents
previously described to process 1 kg of cannalablel'9.3 presents the price estimate of
the chemicals used in the alternative process. [i&s (commercial feedstock prices
for an industrial process) are used (prices in 200). The price of CQs provided by
Linde-Gas-Benelux (Schiedam, the Netherlands).grfeees of cannabis are given by the
Office of Medical Cannabis (OMC) and valid untif' Dctober 2010. All prices are
exclusive VAT. Depending on the amount used eaeln tfee price of cannabis varies, as

presented in table 9.4.

Table 9.2: Price estimation of chemicals used in bo patents to process 1 kg of

cannabis
Patent US 2005/ 0171361 (BAT) Patent WO 20093318A1
. Mass | Price.kg" Total Mass | Price.kg" Total
Chemical _ _
(kg) (€) Price (€) (kg) (€) Price (€)
n-heptane 6.84 0.049 0.34 20 0.05 0.98
Sodium
. 0.85 0.03 0.026 0.17 0.03 0.005
Hydroxide
MTBE 1 0.62 062 3 0.62 1.87
Methanol 0.5 0.24 012 1 0.24 0.24
Sodium
0.3 0.12 0.004 - - -
Chloride
Isopropylether 4.5 0.14 0.63 - - -
Hydrochloric
_ 9.36 0.12 112 - - -
acid
Total / kg
. 2.86 3.10
Cannabis (€)
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Table 9.3: Price estimation of the chemicals used the alternative process to
process 1 kg of cannabis at 25 and 2500 kg produati scales

Chemical Mass (kg) Price.Rg€) total price €)
CO; 16 0.11 1.76
Hexane 2.29 0.05 0.11
Acetone 0.32 0.83 0.26
Acetonitrile 0.47 1.67 0.79
Total / kg
cannabis (€) 292

Table 9.4: Cannabis prices from OMC (valid until Od¢ober 2010) as a function of
scale production (not negotiated)

Production scale (kg Cannabis / year) 25 250 2 50025 000
A’-THC Production (kg / year) 5 50 500 5000
Price / kg Cannabis (€) 3080 2910 2 490 1950

Tables 9.2 and 9.3 show that the chemical costaratend 3 € per kg cannabis processed,
whatever the process used. The alternative pratessnot increase the overall chemical
costs. Table 9.4 shows the rather marginal infleesfgroduction scale on cannabis price.

9.4.2 Production cost estimate

Table 9.5 and 9.6 present a production cost estimatording to the BAT and the
alternative process for different capacities, idatg the investment, variable and fixed
costs. A simplified procedure based on SRI-methagipl[15] has been used as at this
stage no more detailed information is availablee Tasulting outcome might be too
optimistic but at least will indicate the full potéal of an alternative technology

compared to the BAT.

An estimation of the cost of the required chemidaés been done in the previous
paragraph. To estimate the investments in the naltee process, the following

assumptions have been made:
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* There is 250 working days per year.

 For the production of 5 k§>-THC.yeat", the size of the SFE unit is 0.5 L and the
CPC capacity is 15 L. One batch per working dapesformed with ~0.11 kg
cannabis. Therefore, 0.02 R§-THC is produced per batch.

 For the production of 50 kfy>-THC.year", it is assumed that the SFE batch is 5 L
and the CPC capacity is 150 L. One batch per wgrday is performed with ~1.1
kg cannabis. Therefore, 0.2 R THC is produced per batch.

e For the production of 500 kd\°-THC.yeaf, further linear scale up seems
plausible; however a switch to a full continuousqgass is more likely. This
would save investment and labor cost considerabhafches per day, 8000 hours

~ 330 working days).

Furthermore, it is approximated that other variatists including manpower, energy,
and utilities (water, steam, pressured air, wasspodal...) account for 20% of the
investment over the capacity. For this case, figests are approximated as the sum of
maintenance (2%) and depreciation (10%) each ¥@aally, the cost price is obtained as
the addition of the variable costs and the fixest€(16].
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Table 9.5: Production cost for theA’-THC production according to patent US 2005 /
0171361 for different production capacities — I/C fnvestment / Capacity

Capacity C (kg.y) 5 50 500
Investment | (M€) 1 5 21
Variable costs

Cannabis Flos (k€.kg 3.08 2.91 2.49
Yield (%) 20 15.40 14.55 12.45

Solvents (€.kg) 0.18 0.18 0.18
Yield (%) 80 0.23 0.23 0.23
Utilities & manpower 20% of I/C 40 18 8

(k€.kgh
Total variable costs (k€.kg") 55 (70%) 33 (75%) 21 (80%)
Fixed costs

Depreciation 10% of I/C (k€.kg 20 9 4
Maintenance 2% of 1/C (k€.Ky 4 2 1
Total fixed costs (k€.kg) 24 (30%) 11 (25%) 5 (20%)

Cost price (k€.kg")

79 (100%)

44 (100%)

26 (100%)
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Table 9.6: Production cost forA’-THC production according to the alternative
process for different production capacities — I/C investment / Capacity

Capacity C (kg.y) 5 50 500
Investment | (M€) 0.3 1.4 6.3
Variable costs

Cannabis Flos (k€.kg 3.08 2.91 2.49
Yield (%) 20 15.40 14.55 12.45

Solvents (€.kg) 0.03 0.03 0.03
Yield (%) 80 0.04 0.04 0.04

CO, (E.kgh) 0.11 0.11 0.11
Yield (%) 96 0.11 0.11 0.11
Utilities & manpower 20% of I/C (k€.k9 12.0 5.6 2.6
Total variable costs (k€.kg") 27.6 (79%) 20.3 (86%) 15.2 (91%)

Fixed costs

Depreciation 10% of 1/C (k€.kQ 6 3 1
Maintenance 2% of 1/C (k€.ky 1.2 0.4 0.2
Total fixed costs (k€.kg') 7.2 (21%) 3.2 (14%) 1.5 (9%)
Cost Price (k€.kgh) 34.8 (100%)| 23.5 (100%) 16 (100%)

From Table 9.5 and Table 9.6, it is strikingly eand that the cost price of tie-THC is
build up like a base chemical. The cost price 8agks dominated by the price of the
feedstock, cannabis, ranging from 70% in the cotiweal BAT, to 91% at the largest

scale in the alternative process.

Thus, the first apparent conclusion should be ithist always worthwhile to invest into
specific designed process equipment to obtain idjeelt yield and lowest overall costs

possible.

Secondly, the green alternative process with supiesd CO, clearly outperforms the
BAT. For the smallest production scale of 5 kg.eaty, the cost price of tha®>~THC
for the alternative process is 35 k€kgompared to 80 k€.Kgfor the BAT, which is a

reduction of 57 %. Of course this percentage rednatecreases with a capacity increase,
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but still is 36 % at the maximum production capacit 500 kg.yeat. Thus the reduction

of process steps from 15 in the BAT to 6 in theralative process pays out very well.

9.5 Environmental evaluation

9.5.1 Waste production

Waste generation originates from solvent losseboth patents, a significant amount of
solvents is used and lost: 145 L (heptane, watdr sadium chloride, water with sodium
hydroxide, isopropylether, hydrochloric acid, sadilnydroxide and florasil) and 120 L
(heptane, sodium hydroxide, MTBE and methanol) kgrA®-THC produced in the
patents US 2005 / 0171361 and WO 2009 / 13337(ectisely. According to the
patents, none of these organic solvents are retyCle the contrary, with the alternative
process, only 23 L of organic solvents (hexanetomee and acetonitrile) are used.
Although evaporation takes place, 80% can be redydVloreover, 96% of the G@ised
can be recycled. An extra advantage of the altemg@trocess using supercritical €3
the fact that after the extraction, the empty matri plant material is clean from any
organic solvent, and could be recycled into bioméksvever, it should be proven that
there is na\>-THC anymore, because of the legislation. Therefiomaight be cheaper to
burn it. In the case of extraction with organic solventsrasteps are needed to first
remove the organic solvent from the vegetable madnd then use it as compost.

Moreover, the alternative process has no sweetrwatesumption contrary to the BAT.

Clearly, the alternative process proposed in thissis drastically reduces the waste
production.
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9.5.2 Energy consumption

In the conventional process, the main energy copsom is in the evaporation of
organic solvents. The amount of energy needed dpaate a certain amount of organic
solvent consists of the amount of energy to heastivent from room temperature to the
boiling point temperaturé, and the heat of evaporation:

AH =C AT +A,, H (9.1)
With:

AH =Amount of energy [kJ.K§

C,, =Specific heat of liquid [kJ.K§K™]

AT =Temperature difference [K]

A,.,H =Enthalpy of evaporation [kJ.Ky

Table 9.7 summarizes the specific heat of ligthé, boiling temperature, the enthalpy of
evaporation of the different organic solvents usedhe three processes and the total
enthalpy. Table 9.8 presents mass of solvent tevlporated for the production of 1 kg

cannabis and the energy required.
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Table 9.7: Properties of chemicals to be evaporated

Chemical Cp" T AvapH AH source
[kJ.kg™K™] K] [kJ.kg] [kJ.kg']
Heptane 2.24 372 318 495 [17]
IPE 2.11 341 285 386 [18]
Methanol 2.53 338 1099 1213 [19]
MTBE 2.34 328 404 486 [20]
Hexane 2.26 342 1940 2051 [21]
Water 4.18 373 2270 2 604 [22]

Table 9.8: Energy consumption to evaporate solvents the 3 processes

US 2005/0171361 WO 2009/ 133376 Alternativecpes

Chemical| Mass Energy Mass Energy Mass Energy

kg | kd.kg Cannabis| kg | kJ.kg Cannabfs kg kJ.kg Cannabis
Heptane | 6.84 3386 20 9 899 i i
IPE 4.5 1738 - - ) )
MTBE 1 486 3 1458 ) )
Methanol| 0.5 606 1 1213 ) )
Hexane i ] ] ] 2.29 4 696
Water 0.84 2188 - - i i
Total 8404 12 570 4 696

In the alternative process developed, energy is edguired for pressurizing the GO

from 6 to 18 MPa (at 313 K). The amount of enerdycl is necessary to pressure £O

can be estimated in the following way [14, 15]:

W = 11 dp= _b8p
n-p 17* Poaverage

With:

W = Work [J.kg]

n = pump efficiency [-]

(9.2)

o = density [kg.r]
Ap = Pressure difference [Pa] = [’
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A pump efficiency of 75% is assumed. The averagesdy of CQ in the 6-18 MPa
range is 242 kg.m and the pressure difference is 12 MPa. Thereftie,amount of
energy to pressurize G&om 6 to 18 MPa is W = 66 J.R§O,. For 1 kg cannabis, 270
kg CO, are used. Therefore, the total energy to pressutieeCQ is 17.82 kJ.kg
(equation 9.2). In total the energy consumptiort i14 kJ.kg Cannabts In term of
solvent evaporation, the energy needed in thenatime process is much lower than in
the processes described in the patents. It regseaenenergy saving of 44 % compared
to the BAT. However, energy is also required totllea extraction vessel and to cool the
extract during the winterization process. As nobuggh information is available, a fair

comparison is not possible at this stage.

9.6 Conclusions

The alternative process presents many advantagepared to the current processes

described in the BAT from an economical as wekeslogical point of view:

The number of pieces of equipment is reduced fram4.

The number of steps is also reduced by 65 % (frérfob steps).

« This leads to a reduction cost to produce 1ARgTHC of 57 % for a production
capacity of 5 kg.yedrand of 36 % for a production capacity 100 timeghki (500
kg.yeat’).

* The chemical costs are comparable for each proddss.price of the feedstock
dominates the overall cost price.

» It is worthwhile to invest into specific processuggment to obtain the highest yield
and lowest overall costs possible.

e The green alternative process with supercriticah @@nomically outperforms the
BAT.

* The waste production is reduced.

* The alternative process has no sweet water consumgaintrary to the BAT.
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Therefore, it can be concluded that the developrokatsustainable process #t-THC

turns out to be economically and ecologically sigrer

Additionally, this process could be applied to &eotkind of cannabis containing other
cannabinoids in higher quantity in order to inceetige production of minor cannabinoids,
such as CBD or CBG. The economical and ecologiaation of such a process would

be similar to the one developed in this chapter.
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Conclusions and Outlook

On the road to success...
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10. Conclusions and Outlook
10.1 Conclusions

In this thesis, an alternative process for the vepp and purification of cannabinoids

from Cannabis, using supercritical €Os presented. The aim was to develop a
sustainable and economically feasible processttaeand purify the main cannabinoids,
i.e. delta-9-tetrahydrocannabindi®THC), cannabinol (CBN), cannabigerol (CBG) and

cannabidiol (CBD), from Cannabis Flos because eif tinteresting medicinal properties.

Among the different process steps, the decarbdrylateaction, transforming tha®-
THC-acid naturally present in the plant into thehaceutically active cannabinaid-
THC, is studied. Experiments showed a pseudo firder reaction. Using molecular
modeling, two options for an acid cataly§e#eto acid type mechanism were identified.
Evidence for this was found by performing an extaacexperiment with Cannabis Flos.

It revealed the presence of short chain carboxadids supporting this hypothesis.

Furthermore, it has been demonstrated that supeatriCO, is a suitable solvent to
extract the main cannabinoids. Their solubilitieavén been measured showing a
sufficiently high solubility for extraction with gercritical CQ. In extraction
experiments, it was shown that an equal amounf6THC and more CBN and CBG are
extracted with SFE than with hexane (a commonlyduselvent in conventional
processes). Waxes co-extracted with cannabinoil$easeparated using a winterization

step. The final extract contained about 83%THC after the winterization step.

In order to purify the extracts centrifugal paditichromatography has been studied. The
successful separation Af-THC, CBN and CBG is presented using the two-plsgséem
hexane / acetone / acetonitrile. A purity highemt!®9% is achieved fa*- THC. With
CBN and CBG the highest purity obtained is 90%.
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Additionally, an economical and ecological evaloatihas been carried out for the
production of A>-THC, showing that the alternative process presemday advantages
compared to conventional processes. The numbeteps ss reduced. Per batch of 1 kg
cannabis, the production cost of 0.02K§THC leads to a reduction cost of 57 % for a
production capacity of 5 kg.yeaand of 38 % for a production capacity 100 timeghhbt
(500 kg.year).

Furthermore, waste production is reduced. The gngaging represents 24 % and 62 %
in term of solvent evaporation, in comparison witlte classical production routes.
Therefore, it can be concluded that the alternginaeess developed in this thesis seems
to be economically and ecologically viable.

10.2 Outlook

Although the alternative process is feasible ferphoduction oA>-THC, it is unlikely to
be used in the industry because current productiotes to producA’-THC are already
used to producA’-THC for use in clinical trial material and prodsictherefore, it will
be very costly to change these production routed,implementation of the new process
is unlikely, even if this production route would b®re sustainable and economically
viable.

This is not the case yet for the other cannabindittgeover, the solubility of CBD, CBN
and CBG in supercritical GQOis higher than the solubility o&°-THC. Therefore, the
alternative process can be applied to produce atnenabinoids than’-THC. It would
be advisable to use other types of cannabis contpihese cannabinoids in relatively
high quantities. For example, CBD could be isolatedigh quantity and purity from the
cannabis variety called Bediol, which contains agpmately 6% CBD and 5%°THC.

A first extraction step at low pressure (~15 MP@a)ld be used to extract mainly the D9-
THC and a second extraction step could extractQBB. Further purification could be
done by CPC.
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CBN could be obtained in higher quantities by expgpshe Bedrocan variety to light to
accelerate the degradation process in WAGBHC becomes CBN. However, this might

also lead to other decompositions products, sueff-a$iC.

CBG could be obtained from a CBG dominant plant. &ample, a French fiber hemp
has CBG as the major constituent, occupying 94 #hetannabinoid fraction.

The developed process could be applied under GMbbdGVianufacturing Practice)

conditions to increase the availability of the éi#nt cannabinoids and to develop new

medicines.
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