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Abstract 

Decarboxylation of cannabidiolic acid (CBDA) is an important step for efficient production of the active pharmaceuti-
cal component cannabidiol (CBD) in Cannabis species. Acidic cannabinoids (ACBs) can be easily transformed into neu-
tral cannabinoids via loss of carbon dioxide when exposed to heat. During the thermal process, several transformed 
products including psychotropic △9-tetrahydrocannabinol (△9-THC) and its isomers were produced through decar-
boxylation, hydration, isomerization, and oxidation, as identified by ultra-high-performance liquid chromatography 
quadrupole/time-of-flight mass spectrometry (UHPLC-Q/TOF MS). Their identification was carried out using authen-
ticated standards and interpreting the MS/MS fragmentations. To investigate thermal decarboxylation, CBDA was 
extracted and isolated from inflorescence of Cannabis by ultrasonication extraction and two-step column chromatog-
raphy. To investigate the decarboxylation yield of isolated CBDA and ACBs in Cannabis extract, samples were exam-
ined over a range of reaction temperatures (110–130 °C) and times (5–60 min). Time profiles of CBDA degradation and 
CBD formation were obtained as functions of the reaction temperature. In particular, most of the CBDA was converted 
into CBD at 130 °C for 20 min; this CBD was partially transformed to psychotropic THC isomers via cyclization. In 
addition to THC isomers, cannabielsoin acid (CBEA) and cannabielsoin (CBE) were also observed as minor oxidative 
transformed products. Based on structural identification and profiling data, thermal transformation pathways of CBDA 
are plausibly suggested. The results of decarboxylation of ACBs will provide important information on production of 
neutral cannabinoids, especially CBD, in Cannabis plants and quality control of Cannabis-based products in pharma-
ceutical and cosmetic industries.
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Introduction
Recently, many studies have been conducted on medi-
cal applications of Cannabis species due to various 
pharmacological effects of cannabinoids. Cannabidiol 
(CBD) and tetrahydrocannabinol (THC) are well known 

cannabinoid components in Cannabis species. CBD in 
Cannabis species has been used for treatment of epilep-
tic seizures, Parkinson’s disease tremors, psychosis, and 
ulcerative colitis (Pauli et al. 2020). THC has been applied 
to treat nausea, appetite stimulation, and convulsions in 
patients with multiple sclerosis and glaucoma, but its use 
is strictly limited due to its psychoactive effects (Martínez 
et al. 2020). However, the amounts of acidic cannabinoids 
such as cannabidiol acid (CBDA) and tetrahydrocan-
nabinol acid (THCA) are significantly higher than those 
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of CBD and THC in Cannabis plants (Aizpurua-Olaizola 
et al. 2016). These acidic cannabinoids can be easily con-
verted into their corresponding neutral cannabinoids 
by loss of  CO2 when exposed to high temperatures, UV 
exposure, or prolonged storage (Lewis et al. 2017; Tzimas 
et al. 2021).

Generally, CBDA and THCA of Cannabis species have 
some limitations in pharmaceutical applications. CBD 
and THC are delivered to the brain through the blood–
brain barrier (BBB) and used to treat central nervous 
system diseases (Calapai et  al. 2020; Russo and Marcu 
2017), but CBDA and THCA can be ionized at physio-
logical pH and do not pass well through the BBB (Ander-
son et  al. 2019; Pajouhesh and Lenz 2005). In addition, 
acidic cannabinoids have low thermal stability and can 
be converted into other components in the pharmaceu-
tical production process (Reason et  al. 2022). Thus, for 
pharmaceutical applications of Cannabis species, it is 
necessary to convert the acidic cannabinoids into their 
corresponding neutral cannabinoids through a heat 
treatment process.

In previous studies (Moreno et  al. 2020; Wang et  al. 
2016; Ryu et  al. 2021), extracts of Cannabis were heat-
treated or Cannabis plants were heat-dried at different 
temperatures for different lengths of time. In addition, 
differences between open and closed reactors were 
noticeable, where a larger total CBD loss was found in 
open reactors (Citti et al. 2018). The rate varies by indi-
vidual cannabinoid. Decarboxylation of CBDA pro-
ceeded at a slower rate than that of THCA (Ryu et  al. 
2021). When the total content was compared, CBD was 
specifically decreased compared to total THC (Wang 
et  al. 2016). The volatilization potentials of CBDA and 
CBD and the production of unknown compounds were 
suggested to explain this result (Moreno et al. 2020).

For identification and quantification of cannabinoids, 
gas chromatography–mass spectrometry (GC–MS) and 
liquid chromatography (LC)–tandem mass spectrom-
etry (MS/MS) have been the most popularly used tools 
(Gul et al. 2018; Macherone et al. 2020; Tran et al. 2022). 
GC–MS techniques have several advantages such as high 
separation capacity, high sensitivity and selectivity using 
selected ion monitoring, and a mass spectral library data-
base. In particular, GC–MS can provide higher sepa-
ration capability for similar structural analogues than 
LC–MS and reproducible spectral fragment patterns for 
analytes in electron ionization (EI) mode. However, a 
disadvantage of the GC-based method is that acid can-
nabinoids can be converted into their corresponding 
neutral cannabinoids through decarboxylation due to the 
high temperature of the GC system, producing ambigu-
ous qualification and quantitation results (Lazarjani 
et  al. 2020; Zivovinovic et  al. 2018). Cannabinoids with 

carboxylic acid and/or hydroxyl groups produce poor 
chromatographic properties such as low peak intensity 
and peak tailing in GC analysis due to their reduced vola-
tility. In order to apply the GC-based method, trimethyl-
silylation (TMS) should be introduced to enhance GC 
chromatographic properties as well as to protect against 
decarboxylation of acid cannabinoids in high-tempera-
ture injection pots and ovens (Ciolino et al. 2018).

LC–MS/MS techniques are sophisticated analytical 
tools owing to their high sensitivity and selectivity in 
quantification and qualification of cannabinoids using 
multiple-ion reaction monitoring (MRM) and prod-
uct ion scanning modes, respectively. In particular, LC-
high resolution (HR) MS was widely applied to identify 
the structures of cannabinoids extracted from Cannabis 
species and products transformed during the manufac-
turing process (Aizpurua-Olaizola et al. 2014; Citti et al. 
2019; Ferrer et  al. 2020; Chambers and Musah 2022). 
Generally, hybrid tandem Q/TOF high-resolution (HR) 
MS offers high sensitivity and selectivity in confirming 
the cannabinoids of Cannabis-based products. In par-
ticular, Q/TOF MS can be applied for confirmation of 
known and unknown cannabinoids because of its high 
mass resolving power (≥ 20,000). Also, it can easily gen-
erate an HR-MS/MS spectrum with mass measurement 
errors less than 10  ppm for individual fragments. Thus, 
HR-common fragments for similar structured cannabi-
noids can be identified by interpretation of HR-MS/MS 
spectra.

In this study, the decarboxylation patterns of acidic 
cannabinoids including CBDA contained in Cannabis 
extract were examined under thermal reaction condi-
tions. In addition, CBDA was isolated from Cannabis 
species to investigate its thermally transformed products. 
After thermal reaction of CBDA, transformed products 
including psychotropic THC isomers were identified by 
MS/MS fragmentation patterns and exact mass meas-
urement. The time profiles of isolated CBDA and acid 
cannabinoids in Cannabis species were examined as a 
function of temperature to investigate the kinetic rates 
of CBDA. Based on the time profile data and identifica-
tion results, the formation pathways of products from 
the thermal reaction of CBDA are proposed. The over-
all research concept of this study is briefly depicted in 
Fig. 1. These results will provide important guidelines for 
control of the manufacturing process in pharmaceutical 
applications of CBDA.

Experiments
Materials
Cannabis species samples [blending Cannabis sativa, 
Cherry Blossom hybrid] were received from Nongboom-
ind Company (Seoul, Korea) under the permission of the 
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Ministry of Food and Drug Safety. These samples were 
air-dried in the dark at room temperature, ground using 
an electric  grinder (Hanil, Seoul, Korea),  and stored at 
− 20  °C. Silica gel 60 (mesh size 0.040–0.063  mm) and 
Sephadex LH-20 (particle size 18–111 µm, dry) for isola-
tion of CBDA were purchased from Merck (Darmstadt, 
Germany) and Cytiva (Uppsala, Sweden), respectively. 
TLC plates (silica gel 60  F254) were purchased from 
Merck (Darmstadt, Germany). The natural convection 
oven used as the thermal reactor was supplied by JEIO 
TECH (ON-02GW, Seoul, Korea).

Reference standards including a mixture of 8 neutral 
cannabinoids [cannabidiol (CBD), cannabigerol (CBG), 
cannabinol (CBN), cannabichromene (CBC), canna-
bidivarin (CBDV), ∆8-tetrahydrocannabinol (∆8-THC), 
∆9-tetrahydrocannabinol (∆9-THC), tetrahydrocan-
nabivarin (THCV)] and a 6-acid cannabinoid mixture 
(purity ≥ 98.5%) [cannabichromenic acid (CBCA), can-
nabidivarinic acid (CBDVA), cannabidiolic acid (CBDA), 
cannabigerolic acid (CBGA), tetrahydrocannabivarinic 
acid (THCVA), tetrahydrocannabinolic acid-A (THCA)] 
as 500 µg/mL ampoules were purchased from Cerilliant 
(Round Rock, TX, USA). Individual ampoules of 100 µg/
mL solutions of isotopically labeled internal standards 
including △9-THC-d3, CBD-d3, CBDA-d3, and THCA-d3 
(purity ≥ 99.9%) were purchased from Cerilliant (Round 
Rock, TX, USA). These reference standards were diluted 
with methanol at analytical concentrations.

All reagents and organic solvents were extra pure and 
analytical grade for column chromatography and analy-
sis, respectively. Ethyl acetate, methanol, and chloro-
form were purchased from Duksan Pure Chemicals 
(Ansan, Korea). Petroleum ether, ethyl alcohol, and 

dichloromethane were purchased from Daejung Chemi-
cal & Metal (Siheung, Korea). Analytical grade ace-
tonitrile (ACN) and methanol (MeOH) were obtained 
from Honeywell (Morris Plains, NJ, USA). Formic acid 
(purity ≥ 98%) was purchased from  Sigma-Aldrich (St. 
Louis, MO, USA). Acetonitrile and methanol used in the 
LC analysis were filtered through a 0.45-µm membrane 
filter and degassed for 10 min. De-ionized water was pre-
pared using a Millipore Direct-Q3 purification system 
from the Millipore Corporation (Billerica, MA, USA), 
filtered through a 0.2-µm membrane filter, and degassed 
for 10  min prior to use. The trimethylsilyl (TMS) deri-
vatization reagent N,O-bis(trimethylsilyl)-trifluoroacet-
amide (BSTFA) with 1% trimethylchlorosilane (TMCS) 
(purity ≥ 99%) was purchased from Sigma-Aldrich (St. 
Louis, MO, USA) and used in the GC–MS analysis.

Isolation of CBDA from the extract of Cannabis 
inflorescence
Ten grams of ground Cannabis inflorescence was placed 
into 500 mL of ethanol in a 1 L beaker and sonicated for 
60 min in an ultrasonicator bath (Branson, Denbury, CT, 
USA). After sonication and filtration (Grade 1 Qualita-
tive Filter Paper, Whatman, Dassel, Germany), extract 
was concentrated using a rotary evaporator (EYELA, 
Tokyo, Japan), and 1.54  g of a dark green crude extract 
was obtained. The analytical procedure for extraction 
of cannabinoids and isolation of CBDA from Cannabis 
inflorescence is depicted in Fig. 2.

Two-step column chromatography was applied to iso-
late CBDA from the Cannabis inflorescence extract. Iso-
lation of CBDA from Cannabis extract was carried out 
based on a previously reported method (Martinenghi 
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et al. 2020). Sephadex LH-20 was packed in slurry mode 
in a 50-cm column tube with a diameter of 3.5  cm. 
Dried extract residue (1.54  g) was re-dissolved in the 
eluent solvent, loaded into a Sephadex LH-20 column 
(35  mm × 500  mm), and eluted with  CHC13-MeOH. 
Individual collections (each 7  mL) were monitored by 
TLC silica gel 60 F254 (Merck, Søborg, Denmark). A 
total of 4 fractions of eluents were collected in the TLC 
experiments. Fractions 2 and 3 were shown to include 
abundant CBDA and were combined. For further purifi-
cation of the combined fractions 2 and 3, silica gel col-
umn chromatography (30  mm × 400  mm) was applied 
using petroleum ether–ethyl acetate–formic acid 
(6:1:0.007, v/v/v) as the eluent. In the 168–294  mL col-
lected, approximately 190  mg of CBDA was effectively 
isolated. Its purity was checked in the LC–MS scan mode 
and was above 96%. The isolated CBDA was lyophilized 

in a freeze-dryer (Gyrozen, HyperCOOL HC3110, Seoul, 
Korea) at − 110  °C for 12  h to evaporate residual sol-
vent, and CBDA powder was stored in an amber vial at 
− 20  °C. Isolated CBDA was confirmed by exact mass 
measurement, matching the retention time, and the MS/
MS spectrum of the authentic standards in LC-Q/TOF 
MS analysis.

Decarboxylation of the extract of Cannabis inflorescence 
and isolated CBDA
The decarboxylation experiments of CBDA of Canna-
bis inflorescence extracts were performed on cherry 
blossom (CB). A Cannabis inflorescence sample (0.1 
g) was dissolved in 5 mL of ethanol and extracted by 
sonication for 20 minutes. The Cannabis inflores-
cence extract was centrifuged at 6000 rpm for 5 min 
and then filtered using a 0.2-µm PTFE filter to remove 

Fig. 2 Flow of isolation of CBDA from extract of Cannabis inflorescence
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the solid parts of the extract. The stock solution of iso-
lated CBDA was prepared in ethanol at a concentra-
tion of 1 mg/mL.

The thermal reaction was conducted in a convection 
oven for dried extract of Cannabis inflorescence and 
isolated CBDA in closed vials according to variations 
of temperature (110–130°C) and time (5–60 min). After 
the thermal reaction, the reactant sample was dissolved 
in ethanol and analyzed by UHPLC-Q/TOF MS.

LC‑Q/TOF–MS conditions
Ultra-high-performance liquid chromatography 
(UHPLC) analysis was performed using an Agilent 1290 
UHPLC system (Agilent Technologies, Palo Alto, CA, 
USA).  The chromatographic separation was carried 
out on a Phenomenex Luna Omega polar  C18 column 
(100 × 2.1  mm, 1.6  µm). Mobile phases A and B were 
0.1% (v/v) formic acid in water and acetonitrile-meth-
anol (9:1, v/v), respectively. The gradient elution mode 
was programmed as follows: 50% of mobile phase B for 
0.0–15.0 min, 50–75% of B for 15–34.5 min, 75–95% of 
B for 34.5–35.0 min, 95% of B for 35–37 min, 95–50% 
of B for 37–37.5 min, and 50% B for 37.5–40 min. The 
flow rate, injection volume, and column temperature 
were set at 0.4 mL/min, 2 µL, and 40 °C, respectively.

All LC–MS and LC–MS/MS experiments were 
performed using a 6530 accurate mass quadrupole 
time-of-flight mass spectrometer instrument (Agilent 
Technologies, Santa Clara, CA, USA). This instrument 
was operated in the extended dynamic range of 2 GHz 
(m/z 1700 Th) in the high-resolution mode. Positive 
ions of analytes were generated using an electrospray 
ionization (ESI) source from Agilent Jet Stream Tech-
nology. The ESI source parameters included a  super-
heated nitrogen sheath gas temperature of 350  °C and 
a flow of 11 L/min. The mass spectrometer conditions 
were a capillary voltage (Vcap) of 4000  V, nebulizer 
pressure of 45 psi, drying gas flow of 8 L/min, and a gas 
temperature of 300  °C. The fragmentor, skimmer, and 
octapole RF voltages were set at 120, 65, and 750  V, 
respectively. The mass scan ranges were m/z 90–400 
for profiling of CBDA and CBD and m/z 100–1000 for 
purity analysis of isolated CBDA. Reference masses of 
m/z 121.050873 (purine) and 922.009798 (HP-0921) 
were used to calibrate the mass axis during analysis. 
The MS/MS experiments were performed at a fixed col-
lision energy of 25 V. For MS/MS spectra of individual 
analytes, the [M +  H]+ ions were selected as precursor 
ions. The exact mass measurements for all of the MS 
and MS/MS data were controlled using MassHunter 
Qualitative and Quantitative Analysis software B.07.00 
(Agilent Technologies, Santa Clara, CA, USA).

Results and discussion
Identification of thermally transformed cannabinoids 
of CBDA and Cannabis extract
To identify the products of CBD and Cannabis extracts 
transformed under thermal reaction conditions, individ-
ual reactant residues were analyzed by UHPLC-Q/TOF–
MS. The typical total ion chromatograms (TICs) of the 
conversion products of CBDA obtained after the ther-
mal reaction of Cannabis extracts are shown in Fig. 3. A 
total of 7 transformed products were observed for CBDA 
after thermal reaction at 130 °C for 30 min. Transformed 
products in the CBDA reaction solution were mainly 
formed through decarboxylation, hydration, and cycliza-
tion of CBD. As shown in Fig. 3A, after the thermal reac-
tion of isolated CBDA, CBDA (peak 5) and CBD (peak 6) 
were detected as major components. Minor components 
such as CBEA (peak 3), CBE (peak 4), △9-THC (peak 
9), △8-THC (peak 10), and THCA (peak 12) were also 
detected. These transformed products including CBDA 
were clearly identified by matching retention times (RTs) 
and mass spectra of authentic standards, except for 
CBEA and CBE. These two were tentatively identified 
by LC retention behavior (Luca et  al. 2021), exact mass 
measurement, and interpretation of MS/MS spectral pat-
terns due to the lack of authentic standards. The exact 
mass values of CBEA and CBE were within ± 3.5 ppm of 
their corresponding theoretical mass values. The MS/MS 
spectra and fragmentation patterns of CBE and CBEA 
were intensively interpreted and will be described in  
“ESI mass fragmentations of thermal transformation can-
nabinoids of CBDA and Cannabis extract” Section. Inter-
estingly, THC isomers, known psychotropic substances, 
were observed at trace levels. Therefore, the occurrence 
of THC isomers should be carefully monitored and con-
trolled during the thermal reaction of Cannabis and its 
derived products.

To investigate the transformed cannabinoid profiles, 
Cannabis extracts were analyzed and compared by LC/
MS scans before and after the thermal reaction [Fig. 3B, 
C]. After thermal reaction of Cannabis extract at 
130 °C for 30 min, acid cannabinoids of CBDA, THCA, 
CBDVA, and CBGA were almost fully converted into 
their corresponding neutral cannabinoids of CBD, 
THC, CBDV, and CBG, respectively, through decarbox-
ylation. These compounds were identified by match-
ing the RTs and mass spectra of authentic standards. 
Most of the CBDA in Cannabis extract was converted 
into CBD and expected to be transformed to △9-THC, 
resulting in significant increase in its amount [peak 5 
in Fig. 3B]. Decarboxylation of CBDA, THCA, CBDVA, 
and CBGA also readily converted these species into 
their corresponding neutral cannabinoids, exhibiting 
decarboxylation reaction yields of 97, 99, 93, and 98% 
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in Cannabis extract, respectively. However, about 43% 
of the isolated CBDA was decarboxylated, as shown 
in the TICs in Fig.  3A, indicating less frequent decar-
boxylation of CBDA than for Cannabis extract. This is 
consistent with the literature (Wang et al. 2016), where 
decarboxylation of CBDA readily occurred under ther-
mal reaction of Cannabis extract but did not readily 
occur for isolated CBDA. This suggests that the matrix 
components in Cannabis extract play an important role 
as catalysts during the thermal reaction. Also, the for-
mation yields of THCA and THC were less than 0.1% 
for isolated CBDA, indicating that CBDA was rarely 
converted into THCA and THC. On the other hand, no 
CBEA and CBE were observed without thermal treat-
ment of Cannabis extract. These compounds are known 
to be formed under oxidative conditions of CBDA 
(Hanuš et al. 2016). This is thought to be generated by 

the reaction of a trace amount of oxygen in the closed 
vial with CBDA.

ESI mass fragmentations of thermal transformation 
cannabinoids of CBDA and Cannabis extract
All ESI–MS/MS spectra of thermal transformation prod-
ucts, neutral cannabinoids, and acidic cannabinoids 
obtained in this study are presented in Additional file 1: 
Fig. S1 and Additional file  1: Fig. S2. ESI mass spectra 
of cannabinoids exhibited protonated molecular ions 
[M +  H]+. The MS/MS spectra of acidic cannabinoids 
(CBDA, CBGA, CBCA, CBDVA, and THCA) can be 
characterized by the weak intensity of the [M +  H]+ ion 
and their common of [M + H-H2O]+, m/z 285, 261, and 
233 ions and abundant m/z 219 ion. Their MS/MS spec-
tra and fragmentation pathways are depicted in Addi-
tional file  1: Fig. S1 and Additional file  1: Scheme S1. 
These common fragment ions at m/z 285 and 261 might 
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be formed by losses of  C4H8 (butene) and  C6H8 (hexa-
diene) molecules from the [M + H-H2O]+ ion. Also, the 
abundant characteristic ion at m/z 219 may be produced 
by loss of  C3H6 (propene) molecules accompanied by 
hydrogen migration at the unsaturated alkyl chain from 
the m/z 261 ion. Several fragment ions below m/z 177 
may be formed by successive loss of  CH2 radicals at the 
alkane chain  (C5H11) of the benzene ring from the m/z 
219 ion.

For neutral cannabinoids [Additional file  1: Fig. S2], 
the weak [M +  H]+ ion and common characteristic ions 
[M + H-C4H8]+ (A) and [M + H-C9H14]+ (B) formed 
by cleavage of the substituted unsaturated group at the 
benzene ring were observed. Fragments A and B ions 
have a relatively stable benzyl cation. From alkane chain 
cleavage of A and B ions, other common ions such as 
[A-C2H4]+, [A-C3H6]+, [B-C2H4]+, and [B-C5H10]+ were 
also observed, as depicted in Additional file  1: Scheme 
S2. Below m/z 190, structures of common characteristic 
ions such as m/z 181, 153, 135, and 93 were suggested. 
ESI–MS/MS spectra of neutral cannabinoids can be 
characterized by the presence of these common ions. 
These fragmentation pathways can help to structurally 
elucidate new emerging cannabinoids in plants or trans-
formed cannabinoids produced from thermal or chemi-
cal reactions of Cannabis species.

The MS/MS spectra of tentatively identified CBE and 
CBEA in this study are depicted in Fig. 4A, B. Structures 
of these substances with furan and cyclohexane rings 
are slightly different from those of other cannabinoids. 
Their MS/MS spectral patterns were complicated com-
pared to those of other cannabinoids. For CBE, some of 
the common ions such as m/z 193, 165, 123, and 93 were 
the same as those of neutral cannabinoids. For CBEA, 
characteristic ions at m/z 357 and 339 formed by succes-
sive loss of  H2O molecules from the [M +  H]+ ion were 
observed, and the ions at m/z 231 and 219 were formed 
by the loss of  C8H12 and  C9H12 from the ion at m/z 339. 
The common ion of m/z 109 for CBEA and CBE was 
also observed. Based on the suggested fragmentation 
pathways of other acidic and neutral cannabinoids, frag-
mentation pathways of CBE and CBEA are suggested in 
Fig. 4C.

For further identification of CBE and CBEA, reactant 
residue was trimethylsilylated (TMS) with BSTFA and 
analyzed in GC/MS scan mode. As shown in Fig. 4D, E, 
CBE and CBEA were clearly detected as TMS derivatives 
in TIC, and their electron ionization (EI) mass spectra 
were obtained. Their molecular ions  [M+] appeared at 
m/z 474 and 590, respectively, with weak intensities. The 
base peaks and abundant ions of the CBE-(OTMS)2 and 
CBEA-(OTMS)3 derivatives were commonly observed 
at m/z 108  [C8H12]+ and m/z 130  [C3H5OTMS]+, 

respectively, and these ions were formed by two bond 
cleavages of cyclohexane. Other characteristic ions were 
structurally assigned in their mass spectra, and the mass 
fragmentations are summarized in Fig. 4F. The ESI–MS/
MS and GC/MS spectral data obtained in this study 
were complementary and useful for clear identification 
of acidic and neutral cannabinoids without authentic 
standards.

Time profiles of decarboxylation of CBDA during thermal 
reaction
In this study, the decarboxylation profiles of CBDA for 
Cannabis inflorescence extract and isolated CBDA were 
obtained at various thermal reaction temperatures. For 
quantification of the thermally transformed cannabi-
noids, isotope-labeled CBD-d3 and CBDA-d3 were used 
as internal standards. According to previous reports 
(Moreno et  al. 2020; Ryu et  al. 2021), CBDA was easily 
converted into CBD above 100  °C, but it was difficult 
to achieve sufficient decarboxylation of CBDA below 
100  °C, even for 60  min. In this study, the temperature 
was adjusted among 110 °C, 120 °C, and 130 °C with vari-
ous reaction times ranging from 5 to 60  min. Also, the 
thermal reaction was performed in a closed reactor to 
reduce the loss of neutral cannabinoids such as CBD and 
THC with relatively low boiling points. The time profiles 
of CBDA decarboxylation and CBD formation in the 
extract and isolated CBDA are shown in Fig. 5.

As shown in Fig. 5A, the amount of CBDA in Canna-
bis extract decreased radically when the temperature was 
increased. The reaction time needed to obtain maximum 
decarboxylation of CBDA decreased as the tempera-
ture increased. At 130  °C, the amount of CBDA in the 
extract decreased exponentially to 10  min, and no sig-
nificant decrease was observed after 20  min. The maxi-
mum decarboxylation rate of CBDA in the extract was 
approximately 95% at 110 °C for 60 min, 97% at 120 °C for 
50 min, and 97% at 130 °C for 20 min. This phenomenon 
clearly demonstrates that the decarboxylation reaction of 
CBDA is temperature dependent. On the other hand, the 
maximum formation rate of CBD was approximately 63% 
at 110 °C for 60 min, 64% at 120 °C for 50 min, and 65% at 
130 °C for 20 min [Fig. 5A]. Compared to the decarboxy-
lation efficiency of CBDA, the formation rate of CBD 
was low. This may be because some of the CBD was lost 
due to its relatively low boiling point even in the closed 
reaction vial, and CBDA was partly converted into other 
transformed products such THC isomers, THCA, CBEA, 
and CBE during the thermal reaction.

As shown in Fig. 5A, B, compared to the decarboxy-
lation efficiency of CBDA in Cannabis extract, that 
of isolated CBDA was significantly lower. The decar-
boxylation efficiency of CBDA gradually increased as 
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temperature and reaction time increased. At 130  °C 
for 60 min, the decarboxylation yield of isolated CBDA 
was about 52%. Also, the formation efficiency of 
CBD increased when temperature and reaction time 
increased. At 130  °C for 60  min, the formation yield 
of CBD was about 25%. This implies that the matrix 
of the extract significantly influences the decarboxyla-
tion of CBDA. In other words, various components in 
the matrix of the extract can significantly influence and 

accelerate the decarboxylation reaction of CBDA and 
other acidic cannabinoids. This phenomenon produced 
similar results in a previous study (Wang et al. 2016).

According to previous studies on the kinetics of CBDA 
decarboxylation (Citti et al. 2018), an Arrhenius plot for 
CBDA decarboxylation against 1/T (T: absolute tempera-
ture, Kelvin) was generated and is shown in Additional 
file 1: Fig. S3A. The linear equations and correlation coef-
ficients were calculated using the least squares method 
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(Nielsen et  al. 2001). As expected, the kinetic rate con-
stant (k) increased when the reaction temperature 
increased. Also, the reaction rates of CBDA decarboxyla-
tion with various reaction temperatures were determined 
in the graph of concentration (C) against reaction time, 
as illustrated in Additional file 1: Fig. S3B, C. The correla-
tion coefficients of CBDA decarboxylation in extract are 
0.9681, 9737, and 0.9829 at 110  °C, 120  °C, and 130  °C, 
respectively, indicating good linearity. Regarding CBDA 
decarboxylation, the reaction exhibited first-order kinet-
ics within the reaction time range. Based on rate con-
stants according to variation of reaction temperatures, 
the decarboxylation rate constants of the isolated CBDA 
were about tenfold less than those of CBDA in extract. It 
can explain that matrix components of Cannabis extract 
are expected to be acted as catalyzers in decarboxylation 
of CBDA, resulting in increasing rate constants. How-
ever, the decarboxylation rate constant of isolated CBDA 
mainly depends on reaction temperature. Thus, the 
reaction temperature above the threshold temperature 
(100 °C) is a key factor for decarboxylation of CBDA.

Based on the identified transformed products 
and time profile of CBDA decarboxylation, the 

transformation pathways during the thermal reaction 
of CBDA are suggested in Fig. 6. The formation of the 
major product, CBD, can be simply explained by loss 
of  CO2 molecules due to heat treatment. CBD can be 
partly converted into △9-THC via intramolecular cycli-
zation and then partly isomerized into △8-THC (Hanuš 
et  al. 2016). Although THC isomers were detected as 
minor components, they are potent psychoactive sub-
stances (Livne et  al. 2022). Therefore, the formation 
of these compounds should be carefully monitored 
and controlled during processing of Cannabis-derived 
products.

Under thermal reaction of CBDA, CBEA and CBE 
were initially formed through epoxydation at the dou-
ble bond of the cyclohexene ring to form an epoxy ring, 
followed by epoxy ring opening and intramolecular 
cyclization to form a furan ring. The formation mech-
anism of CBEA and CBE from CBDA is indicated in 
Scheme S3. It was reported that the thermal reaction 
of CBD in the presence of oxygen led to formation of 
CBE (Czégény et  al. 2021). In this study, the amounts 
of CBEA and CBE significantly increased when the 
thermal reaction of CBDA was performed in an open 
reaction vial. Thus, conversion of CBDA into CBEA and 
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CBE (0.21%)

THCA (0.04%)CBEA (0.10%) CBDA

CBD
(37.32%)

Δ 9-THC (0.10%)

- CO2
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Cyclization
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Fig. 6 Thermal transformation pathways of CBDA under thermal reaction at 130 °C for 30 min. Percentages are calculated using peak areas of total 
ion chromatogram
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CBE could be greatly affected by both above threshold 
temperature and presence of oxygen.

Conclusion
In this study, chemical transformation of CBDA in a 
thermal reaction was investigated according to vari-
ations of reaction temperature and reaction time. 
UHPLC-Q/TOF–MS was successfully applied to obtain 
the mass spectra of the transformed products of CBDA 
and Cannabis extract under the thermal reaction of 
CBDA and Cannabis extracts. Based on the interpre-
tation of mass spectra, several types of transformed 
products were clearly identified, and 13 cannabinoids 
in Cannabis extract, including psychoactive THC iso-
mers, were observed. In this study, the formation of 
CBEA and CBE was observed in the thermal reaction 
of CBDA, and their formation mechanism was sug-
gested. ESI–MS/MS fragmentations of cannabinoids 
were plausibly proposed based on structural character-
istic ions. MS/MS fragmentations are useful for identi-
fication of related cannabinoids and newly transformed 
cannabinoids during thermal treatment of Cannabis to 
produce various molecules that can be used as dietary 
supplements, drugs, and cosmetic products.

Based on identification of the transformed products 
and time profile data of CBDA, the formation pathways 
and formation mechanisms under thermal reaction 
conditions are suggested. The formation pathways and 
mechanisms of transformed products are pertinent to 
safety management and quality guidelines in the pro-
cessing of Cannabis-based products.
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