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Abstract
Δ9-THC, the psychotropic cannabinoid in Cannabis sativa L., for many years has been the focus of all the pharmacological 
attention as the main promising principle of the plant. Recently, however, cannabidiol (CBD) has brought a sudden change in 
the scenario, exponentially increasing the interest in pharmacology as the main non-psychotropic cannabinoid with potential 
therapeutic, cosmetical and clinical applications. Although the reactivity of CBD and Δ9-THC has been considered, little 
attention has been paid to the possible photodegradation of these cannabinoids in the vegetal matrix and the data available 
in the literature are, in some cases, contradictory. The aim of the present work is to provide a characterization of the photo-
chemical behaviour of CBD and Δ9-THC in three cannabis chemotypes, namely I (Δ9-THC 2.50%w/w), II (CBD:Δ9-THC 
5.82%w/w:3.19%w/w) and III (CBD 3.02%w/w).
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CBS	� Cannabielsol
Δ8-THC	� Δ8-Tetrahydrocannabinol
CBE	� Cannabielsoin
Δ9-THC	� Δ9-Tetrahydrocannabinol
CBQN	� Cannabinoquinone
CBG	� Cannabigerol
CBN	� Cannabinol
CBP	� Cannabiphenantrene

1  Introduction

Flowering plants of the Cannabinaceae family can be classi-
fied into several taxonomic species, within which Cannabis 
sativa L. can be further defined according to the content of 
both tricyclic and bicyclic cannabinoids which determine 
their use and application [1, 2]. In this context, the psychoac-
tive molecule Δ9-tetrahydrocannabinol (1, Δ9-THC, Fig. 1), 
is the main compound belonging to the class of tricyclic can-
nabinoids (which includes all THC derivatives, cannabinol 
and hexahydrocannabinol isomers), while cannabidiol (2, 
CBD, Fig. 1) is the main component of the bicyclic group 
[3].

Cannabis was introduced into Western medicine in 1839 
by W. B. O’Shaughnessy [4] and triggered a massive series 
of pharmacological experiments outlining its therapeutic 
utility [5–8]. In recent years CBD dramatically emerged 
as the most important non-psychotropic cannabinoid with 
therapeutic benefits [9], due to the strong interaction with 
the cannabinoid receptor type 1 (CB1, of which CBD is a 
negative allosteric modulator [5–10]) as well as its regula-
tory role on the action of Δ9-THC [11]. Such properties can 
be exploited in the treatment of several pathological condi-
tions including Parkinson’s disease [12], epilepsy [13], and 
to counteract some side effects of common chemotherapeu-
tic regimens [7]. Other investigations pointed out the role 
of CBD as an agonist towards several receptors, including, 
among others, the transient receptor potential vanilloid type 
1 receptor (TRPV1) and the 5-hydroxytryptamine 1A recep-
tor (5-HT1A) [14].

Recently, CBD has also attracted the attention of the cos-
metic industry, mainly due to its anti-inflammatory, analge-
sic, hydrating, moisturizing, and wrinkle-reducing proper-
ties [15]. CBD also acts as a sebostatic agent, inhibiting the 
proliferation of sebocytes and sebum, making it a promising 
therapeutic agent for the treatment of acne vulgaris [16].

Because of its many uses and applications, researchers 
have focused on the thermal and photochemical stability of 
cannabinoids. The first attempt at photochemical studies on 
CBD is to be attributed to Loewe in 1950 [16], which was 
followed by a serial of seminal papers by Shani and Mechou-
lam [17]. The nature of the products resulting from the UV-
induced decomposition of CBD has recently been discussed 
[6, 18, 19] and its possible photochemical conversion into 
Δ9-THC is a moot point. Despite what has been observed in 
solution [17, 19, 20], where Δ9-THC is formed as a minor 
photodegradation product, most recent investigations firmly 
exclude such behaviour (at least in the natural matrix [18, 
21] since a decrease in the concentration of CBD results in 
an unchanged concentration of Δ9-THC).

Δ9-THC is reported to break down during storage to a less 
psychoactive compound, cannabinol (CBN) and the rate of 
degradation has been found to be accelerated by exposure to 
light and heat [22, 23]. Although this conversion is thought 
to be the main pathway through which cannabis reduces 
its psychotropic activity, the rate at which it occurs in the 
vegetal matrix remains to be determined, as does whether 
degradation results in more than one product. Fairbarn et al. 
conducted experiments on the stability of Δ9-THC solutions, 
made in different solvents exposed to light [22]. Exposure 
to light appears to be the key factor in the degradation of 
Δ9-THC, a hypothesis confirmed by more recent studies 
[24, 25]; the same behaviour has been observed with can-
nabis resin and cannabis resin extracts. The effect of both 
daylight and temperature on the stability of cannabinoids in 
such matrixes was investigated in detail by Lindholst and 
coworkers [26].

Further studies on the thermal and photochemical degra-
dation of cannabinoids derivative have been carried out on 
cannabis resin (i.e., hashish), but not on the inflorescences 
[27]. Furthermore, photochemical investigations have not 
been carried out under controlled and reproducible condi-
tions showing few degradation products.

To further investigate the photochemical stability of 
active ingredients in the vegetal matrix and to shed light 
on the anecdotical reports of intoxication from the many 
attempts to convert CBD into THC, and given how lit-
tle is known about the appropriate storage conditions and 
degradation patterns of cannabis, this work aims to inves-
tigate the degradation rate of different cannabinoids in 
their native plant matrix. It should be noted that commer-
cially available vegetal material often contains a mixture 
of decarboxylated and non-decarboxylated cannabinoids, 
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Fig. 1   Structure of Δ9-tetrahydrocannabinol (1, Δ9-THC) and canna-
bidiol (2, CBD)
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and in the aim of ensuring homogeneity to the samples, we 
focused on extensively decarboxylated cannabis.

We conducted a systematic characterization of the pho-
tochemical behaviour of Δ9-THC (1) and CBD (2) in three 
different cannabis chemotypes: chemotype I (c-I, Δ9-THC 
2.50%w/w), II (c-II, CBD:Δ9-THC 5.82%w/w:3.19%w/w) and 
III (c-III, CBD 3.02%w/w), by means of an extraction pro-
cedure combined to GC–MS analyses. Taking advantage 
of the interconversion of cannabinoids into each other and 
the possible photochemical conversion of the main ones 
into lesser-known but still active derivatives, we compared 
the products of CBD and Δ9-THC photochemical degrada-
tion with our extensive GC–MS library consisting of 22 
cannabinoids (including THD and HHC isomers).

2 � Results and discussion

The experimental set up used for the irradiation of the Can-
nabis samples is reported in Supporting Information. Briefly, 
the irradiation was performed in a Solar Box equipped with 
a xenon lamp (spectral field from 290 to 800 nm, colour 
temperature 6000 K) and a power set up at 500 W/m2. The 
cannabinoids investigated in the present work (shown in 
Fig. 2) were identified by GC–MS comparison with the can-
nabinoids from our library. The main GC–MS data obtained, 
together with the validation of the chromatographic method, 
have been reported by our group in previous works [19, 20] 
and are briefly discussed in the Supporting Information for 
the sake of completeness. The results obtained allowed for 
the assembling of a library of cannabinoids (Fig. 2) that 
was employed in the present work. All the molecules found 

Fig. 2   Structure of the com-
pounds examined in the present 
paper. The meaning of the 
abbreviations is reported above
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in the examined samples were identified and quantified by 
means of GC–MS analyses, as reported below in Table 1. 
We therefore considered any other cannabinoid other than 
those reported to be absent or present below the Limit of 
Detection (LODs). Experiments were performed in tripli-
cate, and the values reported are the mean of the results 
obtained. In all cases, as can be seen from the following fig-
ures—including error bars—and tables, the standard devia-
tion is < 20% of the mean value, which is acceptable due to 
the intrinsic heterogeneity of the plant material and of the 
intrinsic variability of the experimental set up.

The concentration of cannabinoids in the three herbal 
products (see Table 1) resulted to be:

•	 c-I: Δ9-THC 2.50%w/w, CBN, 0.88%w/w. Weight ratio 
of the two cannabinoids approximately about 3:1 (Δ9-
THC:CBN);

•	 c-II: CBD, 5.82%w/w, Δ9-THC 3.19%w/w, CBN 2.34%w/w. 
Weight ratio of the three cannabinoids approximately 
about 6:3:2 (CBD:Δ9-THC:CBN);

•	 c-III: CBD only, 3.02%w/w.

For all cannabis chemotypes we focused on the photo-
degradation trends of the cannabinoids that characterize the 
chemotypes (Δ9-THC and CBN for c-I; CBD, Δ9-THC and 
CBN for c-II; CBD for c-III); indeed, thanks to their abun-
dance, it is possible to evaluate their behaviour over time and 
obtain data relating to degradation that are not significantly 
affected by the different strains. All graphs are constructed 
by relating the irradiation time to the normalized ratio of the 
cannabinoid peak area to the internal standard’s peak area.

In addition to the main cannabinoids, the presence of 
minor amounts of other related compounds, namely CBT, 
CBL, CBE, CBC, CBG and CBND has been observed by 

GC–MS analyses. It should be noticed that the presence 
of other isomers (among the available standards) has been 
excluded when found at levels below 0.01%w/w in cannabis. 
An overall decrease in the concentration of all cannabi-
noids was observed, during irradiation with some slight 
variations for CBE in c-II when irradiated under a nitrogen 
atmosphere. However, the trend for these cannabinoids is 
equivocal as the small amounts give rise to a large vari-
ability in the corresponding analytical signals. All the data 
regarding the photodegradation kinetics and the compari-
son between the different atmospheres evaluated are pre-
sented in Table 2 and commented on the “Discussion”.

2.1 � Photodegradation of Δ9−THC in Cannabis sativa 
(c‑I)

When operating in air (i.e., in the presence of 20% oxy-
gen), in 108 h the content of Δ9-THC in the c-I sample 
decreases from 100% (2.50%w/w in cannabis) to 1.9% 
(0.05%w/w in cannabis) and for CBN from 100% (0.88%w/w 
in cannabis) to 19.6% (0.17%w/w in cannabis) (see Fig. 3). 
The Δ9-THC:CBN ratio changes from 3:1 to about 1:4, 
indicating either a faster degradation rate for Δ9-THC and/
or a low photochemical conversion of Δ9-THC into CBN. 
The irradiation times are consistent with the other experi-
ments carried out in air..

In the nitrogen atmosphere, Fig. 4, the concentration 
of Δ9-THC in 480 h decreases from 100% (2.50%w/w in 
cannabis) to 1.1% (0.03%w/w in cannabis) and that of CBN 
from 100% (0.88%w/w in cannabis) to 8.8% (0.08%w/w 
in cannabis). The Δ9-THC:CBN ratio changes from 3:1 
to 3:8, which is the most significant change of all the 
experiments.

Table 1   Concentration of all analytes reported as %w/w in cannabis

For both atmospheres considered, the %w/w concentrations of cannabinoids other than the main ones (reportedly CBD, Δ9-THC and CBN) found 
in all cannabis strains examined, are given for the initial (i.e. before irradiation) and final conditions. (i.e., after the maximum irradiation time, 
see Figs. 1, 2, 3, 4, 5, 6, 7 and 8)

c-I c-II c-III

Initial %w/w Air, final 
%w/w

N2, final %w/w Initial %w/w Air, final 
%w/w

N2, final %w/w Initial %w/w Air, final 
%w/w

N2, final %w/w

CBD 0.03 < 0.01 < 0.01 5.82 0.05 2.64 3.02 < 0.01 < 0.01
Δ9-THC 2.50 0.05 0.03 3.19 < 0.01 0.29 0.06 < 0.01 < 0.01
CBN 0.88 0.17 0.08 2.34 0.02 0.47 0.11 < 0.01 < 0.01
CBT < 0.01 < 0.01 < 0.01 0.02 < 0.01 0.02 0.06 < 0.01 0.01
CBL < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 0.05 < 0.01 < 0.01
CBE < 0.01 < 0.01 < 0.01 0.07 < 0.01 0.10 0.10 < 0.01 < 0.01
CBC 0.07 < 0.01 < 0.01 0.12 < 0.01 0.08 < 0.01 < 0.01 < 0.01
CBG 0.38 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
CBND 0.02 < 0.01 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
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Table 2   Photochemical 
degradation of CBD and THC 
in the considered strains of 
cannabis

The uncertainty on the last digit is reported in brackets (n = 3). A first-order kinetic model is applied. The 
kinetic parameters were measured at 500 W m−2 irradiation

Cannabis type Atmosphere CBD Δ9-THC CBN

kd (h−1) t90% (h) kd (h−1) t90% (h) kd (h−1) t90% (h)

c-I Air 0.12(2) 0.88 0.036(3) 2.93
Nitrogen 0.026(4) 4.05 0.012(1) 8.78

c-II Air 0.22(3) 0.48 0.43(4) 0.25 0.11(4) 0.96
Nitrogen 0.0011(4) 95.78 0.007(1) 15.05 0.0045(4) 23.41

c-III Air 0.073(5) 1.44
Nitrogen 0.025(1) 4.21

Fig. 3   Degradation profiles of 
Δ9-THC and CBN for c-I sam-
ple in air atmosphere. Standard 
deviation bar is reported for 
each value (n = 3)
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2.2 � Photodegradation of CBD + Δ9−THC in Cannabis 
sativa (c‑II)

In Fig. 5 the degradation profiles of CBD and Δ9-THC in 
the c-II sample in air are reported. The concentration of 
CBD decreases from 100% (5.82%w/w in cannabis) to 0.9% 
(0.05%w/w in cannabis) in 108 h. There is also a decrease 
in Δ9-THC from 100% (3.19%w/w in cannabis) to below 
0.01%w/w in 96 h. CBN ranges from 100% (2.34%w/w in 
cannabis) to 0.7% (0.02%w/w in cannabis) in 108 h. Δ9-THC 
degrades faster than CBD does, while CBN shows a degra-
dation kinetic comparable to that of CBD; it can be observed 

how the ratio between these cannabinoids changes from 
6:3:2 (CBD:Δ9-THC:CBN) at time zero to approximately 
a CBD:CBN 5:2 mixture (Δ9-THC falls below 0.01%w/w) 
after 108 h. In this context, the slow conversion of Δ9-THC 
to CBN cannot be safely excluded [21].

Under nitrogen atmosphere, see Fig.  6, in 480  h a 
decrease in CBD concentration from 100% (5.82%w/w in 
cannabis) to 45.4% (2.64%w/w in cannabis) was observed. 
Δ9-THC decreased from 100% (3.19%w/w in cannabis) 
to 9.0% (0.29%w/w in cannabis), and CBN from 100% 
(2.34%w/w in cannabis) to 20.1% (0.47%w/w in cannabis). In 
this atmosphere, Δ9-THC and CBN showed a similar kinetic, 

Fig. 5   Degradation profiles for 
cannabinoids in c-II sample in 
air. A) CBD, B) Δ9-THC and 
CBN
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degrading at a faster rate than CBD does; the ratio of the 
three cannabinoids changed from 6:3:2 to 10:1:2 (CBD:Δ9-
THC:CBN). The duration of this test under nitrogen atmos-
phere is comparable to that of the c-I sample, although in 
this chemotype the degradation is less accentuated at 480 h 
when compared to c-I.

Contrary to previous experiments, irradiation of this type 
of cannabis resulted also in the formation and subsequent 
degradation of CBND, due to the photodegradation of CBN 
[28] with a formation peak at 144 h equal to 0.72%w/w. Usu-
ally, the degradation of CBND results in the formation of 

cannabiphenantrene (CBP) [28], but no such behaviour was 
observed under these conditions.

2.3 � Photodegradation of CBD in Cannabis sativa 
(c‑III)

When the degradation procedure was carried out in an oxy-
genated environment (i.e., air), we observed a decrease in 
concentration from 100% (quantity normalized to the initial 
CBD content which corresponds to 3.02%w/w in cannabis) 
to 1.9% (0.06%w/w in cannabis) of CBD in 108 h. The timing 

Fig. 6   Degradation profiles for 
cannabinoids in c-II sample in 
nitrogen atmosphere. A CBD, B 
Δ9-THC and CBN
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of the experiment is comparable to that of c-II in air: both 
reached a percentage concentration in cannabis < 0.1%w/w in 
a time of 108 h (Figs. 7 and 8).

In a nitrogen atmosphere, there was a decrease in concen-
tration from 100% (3.02%w/w in cannabis) to 7.8% (0.24%w/w 
in cannabis) of CBD in 144 h.

2.4 � Discussion

Looking at the first points of the graphs for CBD and Δ9-
THC, the photodegradation of these compounds in its early 
stages has a linear trend and exhibits a first-order kinetics. 
By interpolating the data we (see S3 in S.I.) were able to 
calculate the degradation constants, kd, shown in Table 2 
which further confirm the higher photodegradation rate of 

CBD in air compared to nitrogen. The shelf-life (t90%) of the 
main cannabinoids in the vegetal matrix was calculated with 
Eq. 2 through the kd in both air and nitrogen atmospheres. 
The data obtained are reported in Table 2.

As apparent from Table 2, cannabis appears to be a rel-
atively fragile matrix that should be protected from light 
exposure throughout the production chain, including col-
lection, drying and preparation of the pharmaceutical form.

Comparing the graphs obtained from the c-III irradia-
tion, the experiment carried out in a nitrogen atmosphere 
achieves an almost complete degradation of CBD (residual 
amount < 0.5%w/w compared to the initial) in 108 h, which 
is 85 h more than in air. The difference in degradation rate 
is due to the different atmospheres in which the experiment 
is carried out: in the presence of oxygen, some oxidation 

Fig. 7   CBD degradation profile 
for cannabinoids in c-III sample 
in air
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reactions (which significantly increase the degradation rate 
of organic compounds) can take place, causing CBD to be 
consumed much faster than in a situation where photodeg-
radation is carried out in an oxygen-free environment. The 
same can be observed with c-II..

The behaviour of c-I cannot be directly compared to that 
of c-III, because of the lack of a common cannabinoid to 
follow, but it is, however, still possible to evaluate Δ9-THC 
degradation. Indeed, the discrepancy in irradiation time in 
different atmospheres in c-I leads to a difference of 42 h 
between nitrogen and air, which is the shortest discrepancy 
among the three chemotypes evaluated, highlighting the 
effect of different atmospheres on cannabis degradation. 
Although it was not possible to identify the degradation 
products of the cannabinoids, we performed HPLC-TOF 
analyses of the extracts that does not show the presence of 
cannabinoids oligomers in significant amount. In this con-
text, we consider that under the examined conditions and in 
vegetable matrix, generation of phenoxy radical intermedi-
ates [29] from irradiated cannabinoids followed by grafting 
of the lignocellulosic matrix represents a reasonable degra-
dation path for the examined substrates [30–32].

While all three experiments lead to the same conclusion, 
it is worth noting that the photodegradation of cannabis c-I 
and c-II in a nitrogen atmosphere appears to have a distinctly 
different timing compared to the corresponding photodeg-
radation of c-III: c-I and c-II experiments require at least 
480 h of irradiation time to be considered complete, with 
c-I showing a substantial degradation of all cannabinoids 
present (concentrations dropping to 0.03%w/w for Δ9-THC, 
and 0.08%w/w for CBN), while c-II still contains a significant 
amount of cannabinoids (2.64%w/w for CBD, 0.29%w/w for 
Δ9-THC and 0.47%w/w for CBN); finally, c-III degrade to 
0.24%w/w in 144 h.

The Δ9-THC chemotypes of cannabis show a differ-
ent behaviour under a nitrogen atmosphere compared to 
the CBD chemotype. In the presence of oxygen, however, 
the photodegradation rate observed for the three cannabis 
chemotypes is comparable, as all three have halved their 
cannabinoid concentration by the 10-h mark or slightly less.

3 � Conclusions

In the present manuscript, we investigated the behaviour 
of different decarboxylated chemotypes of cannabis when 
exposed to sunlight, to assess the possible photochemi-
cal conversion of the present cannabinoids into different 

compounds and to obtain information on the photodegra-
dation profile of the strands studied, thus providing more 
data on the optimal storage conditions for cannabis. The 
presence of all the 22 cannabinoids present in our library 
was investigated in each sample collected. In addition to 
the main cannabinoids, small amounts of other related 
compounds (CBT, CBL, CBE, CBC, CBG and CBND) 
were observed by GC–MS analyses.

While exposure to light results in a significant degrada-
tion of all cannabinoids without favouring the formation 
of any type of cannabinoid artefacts, the atmosphere used 
for storage seems to be the key factor when it comes to the 
survival of the cannabinoids. The presence of oxygen dra-
matically increases degradation rates due to the oxidation 
reactions and the formation of non-cannabinoid oxidation 
products, critically reducing shelf-life. CBD shows a bet-
ter resistance to light exposure, followed by CBN; out of 
the three cannabinoids considered in this work, Δ9-THC 
seems to be the most light-sensitive cannabinoid: evidence 
can be found mainly in the change of CBD:Δ9-THC:CBN 
ratio during c-II irradiation. Storing the sample in an inert 
atmosphere would be a better solution to preserve all the 
active constituents for a longer period– always bearing in 
mind that exposure to light will, eventually, lead to the 
degradation of cannabinoids regardless of the atmosphere.

The experiments carried out on c-III certainly indicate 
that a photochemical conversion of CBD into the psycho-
active Δ9-THC, as sometimes reported in the literature 
[17, 20], is not feasible and this is crucial to exclude the 
risk of any accidental contamination by Δ9-THC in CBD-
containing cannabis, even if not properly protected from 
light and atmospheric conditions.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s43630-​024-​00589-4.
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