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Abstract: Cannabidiol (CBD) is a non-psychoactive cannabinoid compound found in hemp plants
that has recently sparked interest in the biomedical and food industries. CBD is a natural decarboxy-
lated product of cannabidiolic acid (CBDA). In this study, processing parameters were developed to
enhance the decarboxylation process of CBDA in hemp leaves using hot-melt extrusion (HME). The
hemp leaves were formulated with two different acid-based polymers, namely ascorbic acid (AA)
and ascorbyl palmitate (AP), before the HME. The results showed that the carboxylation process of
CBDA was increased by at least 2.5 times in the extrudate leaves and the content of the CBD was
four times higher when formulated with AP (2800 µg/g) compared with the raw leaves (736 µg/g).
The total phenolic and total flavonoid content, as well as the DPPH antioxidant capacity, were higher
in the AP formulated extrudate. At the same time, the ∆9-tetrahydrocannabinol (THC) content was
reduced by half in the extrudate compared with the raw leaves. It was also observed that double
HME processing did not increase the decarboxylation process. It was concluded that the HME
process significantly improved the conversion rate of CBDA to CBD in formulated hemp leaves with
a reduced THC content.

Keywords: biopolymer; formulation; decarboxylation; bioactive compounds; antioxidant capacity

1. Introduction

Cannabidiol (CBD) is a non-psychoactive and non-intoxicating cannabinoid com-
pound found primarily in hemp plants’ leaves and inflorescence. It is a 21-carbon ter-
penophenolic compound that is produced when a cannabidiolic acid (CBDA) precursor is
decarboxylated (Figure 1) [1,2]. CBD has recently gained much attention from the pharma-
ceuticals industry because of the versatile potential utilization of these compounds includ-
ing for epilepsy, as well as for its cancer anti-inflammatory, analgesic, antioxidant, antimi-
crobial, neuro-protective, and anticonvulsant properties [2–5]. Cannabinoid compounds,
including cannabidiol (CBD) and ∆9-tetrahydrocannabinol (THC), are derived from their
precursor, cannabigerolic acid (CBGA). THC/THC acid (THCA) and CBD/CBDA are
the subsequent synthesized products of CBGA. The THCA and CBDA compounds are
decarboxylated to THC and CBD, respectively, when exposed to heat and light [2].

More than 100 cannabinoids have been extracted and detected in hemp plants; among
them, THC is a psychoactive compound that is subject to strict legal restrictions in most
countries, despite its widespread acceptance by patients and medical professionals [6].
However, the CBD compound is considered to be one of the principal non psychoactive
prevalent compounds, and has been appraised and highly touted for use in many disorders
that have been licensed by the US Food and Drug Administration (FDA) [7]. Studies have
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reported that the health benefits of CBD and CBD infused products have had overwhelming
breakthroughs or even miracles for many diseases [8]. In the last few years, CBD containing
food products have also been greatly increased in US and Europe markets [9].
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Decarboxylation is an important step in order to obtain a higher yield of CBD. Re-
search has shown that naturally, the amount of CBD in hemp plants is not significant,
but its concentration can be increased by inducing a decarboxylation elicitor, such as heat
and light [10]. The efficient production of CBD from hemp plants is crucial in order to
boost the successful use of hemp plants in the medical and food industries, as CBDA is
pharmacologically inactive [11]. The CBDA compound is thermally unstable and can be
decarboxylated to CBD. The decarboxylation process starts from 80 to 230 ◦C, depending
on the duration of the exposure time [12].

In this study, we attempted to optimize the decarboxylation process of CBDA so as
to get a higher yield of CBD and to reduced THC content in the hemp leaves through
the application of hot-melt extrusion technology (HME). One goal of HME is to design,
create, and commercialize industrial processes that are both sustainable and economically
viable, while minimizing the negative chemical processes’ effects on human health and the
environment [13].

HME processing technology has been widely used in food and pharmaceutical indus-
tries for a long time [14]. HME is a thermal processing technology that generates high shear
forces to develop solid extrudates. HME facilitates in the breakdown or deformation of the
molecular structure of the extruded molecules [15]. Because of the advantages of HME, we
used it to decarboxylate the cannabinoid compounds to yield higher CBD content.

2. Materials and Methods
2.1. Hemp Sample Preparation

We used Cannabis sativa L. strain India, which was aeroponically grown in a green-
house at the Kangwon National University, Korea. The study complied with relevant
institutional and national guidelines and legislation, with research permission (license
number 1770) from the Ministry of Food and Drug Safety (MFDS), Korea. The fully ma-
tured (120–130 days) plants were harvested, and the leaves were naturally dried (moisture
content <10%) in glasshouse for one week. The dried leaves were ground and prepared
as a powder, and then stored in an airtight bag for further use. To protect the thermal
degradation of cannabinoids during HME, biopolymers such as ascorbyl palmitate and
food grade ascorbic acid were used. Ascorbyl palmitate (AP; molecular formula C22H38O7
and molecular weight: 414.53 g/mol; Figure 2) was purchased from Berg+Schmidt, GmbH
& Co. KG, Hamburg, Germany. It is an ester formed from ascorbic acid and palmitic acid
creating a fat-soluble form of vitamin C, which is also used as an antioxidant food additive
(number E304). Food grade ascorbic acid (molecular formula: C6H8O6 and molecular
weight: 176.12 g/mol) was purchased from ES food.kr.
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2.2. Formulation Preparation

The dried hemp leaf powder, food grade arcorbyl palmate, and L ascorbic acid were
mixed according to Table 1. Formulation F0 consisted of raw fresh hemp leaf powder;
F1 and F2 were prepared with raw fresh leaf powder with ascorbic acid and palmitate,
respectively; F3 was an extrudate of fresh leaves; and F4 and F5 were made with first
extrudate leaves (F3) with ascorbic acid and palmitate, respectively. F4 and F5 were
formulated to explore the double extrusion effect on the decarboxylation process.

Table 1. Formulation ratios of the hemp leaves and biopolymers.

Mixing Ratio Formulation Processing Types

Fresh leaf 100% F0 No extrusion
F0 80% + ascorbic acid 20% (w/w) F1 First extrudate

F0 80% + ascorbyl palmate 20% (w/w) F2 First extrudate
Extrudate leaf 100% (without polymer) F3 First extrudate

F3 80% + ascorbic acid 20% (w/w) F4 Second time extrusion of F3
F3 80% + ascorbyl palmate 20% (w/w) F5 Second time extrusion of F3

2.3. Development of Decarboxylated Hemp Product by HME

The formulated hemp leaves were put into the HME feeding hopper at a feeding
rate 50–100 g/min (feeder speed 10–15 rpm), and water was added to the HME barrel at
60–70 mL/min using an auto electric pump (Festina Namsung Co., Seoul, Korea). The
HME conditions were as follows: low shear, screw speed of 1000 rpm, barrel temperature
of 80–90–120 ◦C, and an extruder plate die of 3 mm. The HME configuration was as follows:
model FX40 Extruder (Festina FX40 Namsung Co., Seoul, Korea); main motor with 14 KW;
feeder motor with 1.5 KW; production capacity of 80 kg/h; twin screw and screw speed of
1750 rpm (max); screw diameter of φ44 × 860 L; power supply of 200–400 V ± 10%/60 Hz;
HME sizes of W-1200, L-1900, and H-1800; and a total machine weight of 1 ton. The steps
for the entire decarboxylated process are depicted in Figure 3.
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Figure 3. Schematic illustration of the entire decarboxylation processing steps.

The collected extrudate materials were dried in an oven at 50 ◦C for 24 h. The dried
materials were kept in an airtight bag and store at 4 ◦C in the refrigerator for further use.
The morphology of the fresh hemp leaf powder and extrudate decarboxylated hemp leaf
powder is shown in Figure 4.
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2.4. Extraction of Cannabinoid Compounds from the Raw and Decarboxylated Extrudate Materials

About 3 g of dried sample was added with 27 mL of methanol in a conical tube. The
conical tube containing the sample was sonicated using a sonicator (JEIO Tech Co., Ltd.,
Daejeon, Korea) for 30 min at room temperature. The sonicated sample was then cen-
trifuged at 20,000 rpm at 37 ◦C for 10 min. The supernatant was collected and evaporated
through a rotatory evaporator (EYLA N-1000, Tokyo, Japan) at 40 ◦C. By dissolving the
crude extract in 80% methanol, the stock solution (10 mg/mL) was prepared and stored at
−20 ◦C for further study. All of the extraction procedures followed the standard level of
the Food and Drug Administration (FDA).

2.5. Chromatographic Analysis of Cannabinoid Compounds

High-performance liquid chromatography (HPLC; Shimadzu LC-20AT HPLC system)
was used to analyze the CBDA/CBD and THCA/THA from the fresh and decarboxylated
extrudate hemp leaves, according to the method of Jin et al. [16]. The HPLC chromato-
graphic method was validated and optimized according to FDA guidelines. The parameters
that were evaluated during method development were specificity, linearity, limits of de-
tection (LOD) and limits of quantitation (LOQ), range, accuracy, and precision [16]. All of
the other parameters, such as operating parameters, reagents, standards control sample,
and calculations, also maintained the FDA standard. The column used in this analysis was
Reverse phase Zorbax SB-C18 (4.6 mm × 100 mm, 3.5 µm), with a mobile phase of 70%
acetonitrile containing 0.1% formic acid in isocratic mode, with a flow rate of 1.5 mL/min
(for CBDA/THCA) and 1.0 mL/min (for CBD/THC), injection volume of 10 µL, oven tem-
perature of 30 ◦C, and detectors of 275 nm (for CBDA/THCA) and 220 nm (for CBD/THC).
A standard calibration curve was plotted for the absorption of CBDA and CBD (Ceril-
liant, Round Rock, TX, USA) showing the standard and peak area of the standard sample.
The contents of the cannabinoid (three replications) were expressed as µg/g on the dry
matter basis.

2.6. Estimation of the Total Phenol, Flavonoid Content, and Antioxidant Capacity

The total phenol content (TPC) was measured according to the Folin–Ciocalteau
process [17]. Briefly, 200 µL of Folin–Ciocalteau reagent (1N) was added to a test tube
containing 1 mL of sample (1 mg/mL). The volume of the mixture was increased by
adding deionized water (1.8 mL) and was kept (3 min at room temperature) before being
vortexed. Afterward, 400 µL of sodium carbonate (10% v/v) was added to the reaction
mixture. Finally, 600 µL of deionized water was added to adjust the volume up to 4 mL,
and it was placed in dark ambience for 1 h of incubation. The absorbance was measured
with a spectrophotometer (UV-1800 240 V, Shimadzu Corporation, Kyoto, Japan) against
the control at 725 nm. The TPC was calculated from a calibration curve (plotting the value
of absorbance vs. concentration) using gallic acid, and was expressed as mg of GAE/100 g
of sample.

According to the previously mentioned procedure, the total flavonoid content (TFC)
was calculated with some modifications [18]. In brief, 0.5 mL of sample (1 mg/mL) was
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added to 100 µL of aluminum nitrate (10% wt/vol), 100 µL of potassium acetate (1 M), and
3.3 mL of distilled water. The mixture was vortexed and placed in incubation (for 40 min
at room temperature). The sample’s TFC content was measured using a spectrophotometer
(UV-1800 240 V, Shimadzu Corporation, Kyoto, Japan) at 415 nm and was expressed in
mg/100 g CBGA equivalents.

2.7. DPPH Free Radical-Scavenging Capacity

The antioxidant activity was determined by scavenging DPPH (2,2-diphenyl-1 picryl
hydroxyl) free radicals, following the method from the authors of [19]. In short, 3 mL
of freshly prepared DPPH (0.004% wt/vol in methanol) was added to the 1 mL of stock
solution (1 mg/mL). The reaction mixture was vortexed and placed in the dark ambience
for incubation (30 min at room temperature). The scavenging of DPPH was measured
at 517 nm using the spectrophotometer (UV-1800 240 V, Shimadzu Corporation, Kyoto,
Japan). The percentage of the scavenging capacity was calculated against the negative
control (methanol + DPPH) and was expressed by the following equation:

Scavenging effect (%) = [(Absc − Abss)/Absc] × 100

where Absc is the absorbance of control and Abss is the absorbance of DPPH radical +
sample (extract/standard).

3. Statistical Analysis

All of the data were expressed as mean ± standard deviation (SD) of the triplicate
measurements using the excel program. The obtained data of the cannabinoid content
(CBD/CBD and THC/THCA) were compared with the formulations of extrudate hemp
leaves using a paired t-test, so as to observe significant differences at a level of 5%. Paired
t-tests considering the mean values within each cannabinoid content with the different
treatments were conducted using MINITAB (version 17.0, Minitab Inc., State College,
PA, USA).

4. Result and Discussions

The extracted cannabinoids from the decarboxylated and fresh hemp leaves are shown
in Table 2. It was observed that the content of CBD in the decarboxylated leaves was about
three times higher compared with the raw leaves. The CBD content in the raw leaves
was 736.69 µg/g, whereas the highest CBD content was found to be 2800 µg/g in the
F2 formulation. It was observed that without polymer mixes, the extrudate leaves (F3)
achieved 1959 µg/g CBD, which was three times higher than for F0. It was observed that
only HME had a tremendous effect on the decarboxylation process of the CBDA; however,
the polymer mixed decarboxylated leaves enhanced the CBD content more than those
without polymer mixed decarboxylated leaves.

Table 2. The CBD and CBDA content of fresh and decarboxylated hemp leaves.

Formulation CBD (µg/g) CBDA (µg/g)

F0 736.7 ± 75 d 6023.3 ± 543 a

F1 2459.0 ± 134 b 1052.0 ± 152 b

F2 2800.3 ± 153 a 1280.7 ± 183 b

F3 1959.0 ± 116 c 1008.6 ± 164 b

F4 1836.2 ± 164 c 770.2 ± 173 c

F5 2451.0 ± 172 b 748.3 ± 111 c

Values marked by different letters in each column is significantly different in the t test (p < 0.05). Mean ± standard
error (SE; n = 3).

The CBD content was increased four times and decarboxylation of CBDA was in-
creased more than 78% in F2 formulation compared with F0. However, the decarboxylation
rate was higher in the F5 formulation, which was 87%, and the increment of CBD was
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increased by more than three times. Among the different formulations, it was observed
that double extrusion was not able to speed up the decarboxylation process.

In Table 3, the psychoactive cannabinoid (THCA/THC) is demonstrated. Interestingly,
it was found that the THC and THCA compounds were drastically reduced after extrusion.
The THC content was 4751 µg/g in the raw leaves, but it was reduced to 3142 µg/g in F1.
Likewise, THCA was reduced to 283 µg/g from 4389 µg/g in F5 to F0, respectively.

Table 3. The ∆9-tetrahydrocannabinol (THC) and THC acid (THCA) content of fresh and decarboxy-
lated hemp leaves.

Formulation THC (µg/g) THCA (µg/g)

F0 4751.2 ± 578 a 4389.5 ± 987 a

F1 3142.7 ± 754 b 377.8 ± 86 c

F2 2249.5 ± 578 c 533.4 ± 101 b

F3 3219.6 ± 976 b 601.0 ± 121 b

F4 2339.4 ± 567 c 304.1 ± 98 c

F5 2245.9 ± 875 c 283.7 ± 95 c

Values marked by different letters in each column is significantly different in the t test (p < 0.05). Mean ± SE
(n = 3).

The total flavonoid content (TFC), total phenolic content (TPC), and DPPH antioxidant
capacity of the fresh and extrudate leaves were also analyzed (Table 4 and Figure 5). It
can be seen that TFC and TPC were significantly increased in the F2 formulation, and the
DPPH antioxidant capacity was also increased in the F2 formulation.

Table 4. The TFC and TPC content of fresh and decarboxylated hemp leaves.

Formulation TFC (mg/100 g) TPC (mg/100 g)

F0 4711.8 ± 112 c 7.3 ± 2.5 b

F1 5923.8 ± 164 b 9.6 ± 3.2 b

F2 8326.4 ± 253 a 15.4 ± 4.3 a

F3 5654.8 ± 274 b 7.4 ± 1.5 b

F4 5176.3 ± 321 b 12.6 ± 4.3 b

F5 5237.9 ± 473 b 13.5 ± 3.5 a

Values marked by different letters in each column is significantly different in the t test (p < 0.05). Mean ± SE
(n = 3).
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Figure 5. The DPPH antioxidant capacity of fresh and decarboxylated hemp leaves. Values marked
by different letters in each column are significantly different in the t test (p < 0.05). Mean ± SE (n = 3).
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There are several parameters, including temperature, reaction time, oxygen exposure,
moisture content of the materials, and chemical catalysts, that are important factors for
the CBDA decarboxylation process. The biosynthesis of CBD occurs through CBDA
synthase, which catalyzes the stereoselective oxidocyclization of cannabigerolic acid into
CBDA [20]. It has been proven that the biosynthesis of CBDA/THCA is accelerated and
decarboxylated to CBD and THC, respectively, after heating to 200–210 ◦C for 5 min [12],
120 ◦C for 20 min [20], or 80–145 ◦C for 5 to 10 min in a vacuum oven [10]. It has been shown
that the decarboxylation of CBDA and THCA is accelerated by the heating process. The
decarboxylations discussed above were carried out in dry conditions in a vacuum; however,
with our HME technology, the process was done in moist conditions (20% moisture) with a
high shear HME.

We found that HME extrudate materials have a higher CBD content compared with
non-extrudate materials, and the highest CBD content was achieved in the F2 extrudate.
The decarboxylated process became faster when ascorbyl palmitate was added compared
with ascorbic acid only. Even though the reason for the enhanced decarboxylation in the
F2 formulation is still not clear, it is assumed that ascorbyl palmitate (ascorbic acid and
palmitic acid) enhanced the decarboxylation process because of the acid nature, which
prevented the oxidation of CBD during the HME process. The presence of COOH/OH in
ascorbyl palmitate could possibly act as a catalyst during processing, thus enhancing the
CBD content. Another probable reason for the enhanced CBD in the extrudate leaves is
because of the high moisture content of the extrudate during extrusion, which prevents
the CBD from oxidation. This is the first study to evaluate the decarboxylation process in
moist condition; however, other researchers have done so in dry environments [10,12,20].

Likewise, the total phenolic compounds and total flavonoid compounds were in-
creased in the F2 formulation, as HME has been a proven to enhance the beneficial com-
pounds from plant materials [21,22]. Because of the strong correlation between the phenolic
compounds and the antioxidant capacity [23], the DPPH antioxidant capacity was also
significantly increased in the F2 formulation.

Interestingly, THCA and THC were oxidized during processing, and resulted in
a very low THC in the extrudate hemp (Table 2). THC was oxidized in the processed
extrudate because of the high heat sensitivity of the THC compounds. The biopolymers
(either ascorbic acid or ascorbyl palmitate) had a negative impact on maintaining the THC
during HME processing. The increased TFC and TPC in the extrudate F2 formulation were
because of the HME extrusion effect. HME is the most convenient processing technology
for developing solid formulations in the food and pharmaceutical industries [21]. The high
shear-oriented screw design with a high-pressure facilitates bioactive compounds in being
released from their complex molecular bonding and structure [23]. The twin screw of the
HME rapture the cell wall of the molecules is thus released from the compounds [20].

5. Conclusions

The decarboxylation process was successfully demonstrated as an efficient CBD
conversion technique using HME. It proved that CBD conversion can be enhanced when
acidic biopolymer (ascorbyl palmitate) is added during HME. Therefore, it is concluded
that the F2 formulation could successfully be used to obtain a higher CBD content from
CBDA through the demonstrated HME process. Further investigations are needed in order
to optimize the HME configurations (temperature, shear, and pressure), so as to enhance
the decarboxylation process and result in zero THC.
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