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A B S T R A C T

Researchers in the Chemical Sciences Division (CSD) at the National Institute of Standards and Technology 
(NIST) have been evaluating existing and developing new analytical methods for the differentiation of hemp and 
marijuana since the passage of the Agriculture Improvement Act of 2018. This legislation defined hemp as a 
Cannabis sativa plant containing 0.3 % or less Δ9-tetrahydrocannabinol (Δ9-THC) and removed hemp from the 
United States Drug Enforcement Agency controlled substances list. The United States Department of Agriculture 
later clarified that this threshold must be representative of the total Δ9-THC, which includes the Δ9-THC acidic 
precursor Δ9-tetrahydrocannabinolic acid (Δ9-THCA). As a result, the burden of making these distinctions fell to 
forensic and Cannabis testing laboratories. NIST CSD has previously demonstrated accurate and precise analytical 
measurements for Δ9-THC, Δ9-THCA, and nine other related cannabinoids in well-characterized samples from 
interlaboratory studies at NIST by liquid chromatography with photodiode array detection (LC-PDA) following a 
methanolic extraction. This publication expands this method for the first time to include 16 commercial hemp 
samples and 20 seized Cannabis samples, simulating the types of samples typically analyzed by forensic and 
Cannabis testing laboratories. The results presented here highlight chromatographic interferences from CBNA 
and synthetic Δ8-THC by-products for Δ9-THC that can inflate its mass fraction levels and lead to the misiden
tification of Cannabis plant samples as marijuana when they are actually hemp. Data collected for 7448 plant 
samples in 2023 by a Cannabis testing laboratory were used to demonstrate the prevalence of these chromato
graphic interferences for the first time in a large sample population. Examples are included to demonstrate the 
resolution of chromatographic interferences through modification of the chromatographic method, selective 
detection methods, and peak deconvolution.

1. Introduction

Since the 1970s, Cannabis sativa (marijuana and hemp) and its psy
choactive constituent, Δ9 – tetrahydrocannabinol (Δ9-THC), have been 
classified as Schedule I controlled substances on the United States Drug 
Enforcement Administration (US DEA) controlled substances list [1]. In 
the late 1990s, however, several states legalized Cannabis for medicinal 
use, and in 2012, the first states legalized adult recreational use of 
Cannabis. Currently, marijuana and Δ9-THC remain on the controlled 
substances list, although medical marijuana is legal in 37 states and 
recreational marijuana is legal in 24 states as well as the District of 
Columbia. The passage of the Agriculture Improvement Act of 2018 (2018 
Farm Bill) defined hemp as a Cannabis plant containing 0.3 % or less 
Δ9-THC and removed hemp from the US DEA controlled substances list 

[2]. The US Department of Agriculture later issued a final ruling clari
fying that the 0.3 % threshold must represent the total Δ9-THC in 
Cannabis plant samples. Total Δ9-THC can be calculated using Eq (1), 
which includes the mass fraction levels of Δ9-tetrahydrocannabinolic 
acid (Δ9-THCA). Δ9-THCA is the acidic precursor of Δ9-THC that is 
converted to Δ9-THC via decarboxylation. For these reasons, forensic 
and Cannabis testing laboratories were forced to distinguish hemp from 
marijuana based on the ability of their analytical method to measure 
Δ9-THC and Δ9-THCA accurately. 

% Total Δ9 − THC =
(
0.877×%Δ9 − THCA

)
+ %Δ9 − THC (1) 

The Chemical Sciences Division (CSD) at the National Institute of 
Standards and Technology (NIST) has developed analytical tools to 
assist laboratories with these measurement challenges, including the 
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Cannabis Laboratory Quality Assurance Program (CannaQAP) [3], a 
hemp plant Reference Material (RM 8210) [4], sample preparation 
procedures [5,6], development of instrumental methods [6], and eval
uation of existing analytical methods [6–9]. Gas and liquid chromato
graphic methods are the primary separation techniques used to measure 
Δ9-THC and Δ9-THCA in Cannabis plant samples, as summarized in 
recent review articles [10–12]. Forensic laboratories have long 
preferred gas chromatography (GC) with mass spectrometry (MS) 
because of the short separation times, reduced solvent consumption, and 
familiarity with instrumentation. GC–MS can only differentiate Δ9-THC 
from Δ9-THCA if a derivatization step is used before analysis to prevent 
the decarboxylation of Δ9-THCA to Δ9-THC in the GC inlet [13–19]. 
Liquid chromatography (LC) is the predominant separation technique in 
the Cannabis industry when coupled with ultraviolet (UV) detection 
either through the use of a single wavelength detector or multiple 
wavelengths with a photodiode array detector (PDA) [6]. LC-UV is 
preferred because it has a lower capital cost, a more extensive linear 
dynamic range, allows the use of external calibration without the need 
for internal standards, and permits the determination of Δ9-THC and 
Δ9-THCA separately without derivatization [20–26].

NIST CSD previously evaluated the commercial Cannabis Analyzer 
LC-PDA instrument, and its high-sensitivity chromatographic method 
marketed directly to forensic and Cannabis testing laboratories as an all- 
in-one system [4–9]. This method was shown to provide accurate and 
precise measurements for 11 cannabinoids in reference hemp plant 
samples from the University of Kentucky Proficiency Testing Program 
[4,6,7], certified hemp RM from the National Research Council of 
Canada [4,7], and commercial hemp plant samples [8]. NIST analyzed 
these samples after an exhaustive methanol (MeOH) extraction pro
cedure and sample clean-up that included centrifugation, filtration, and 
sample dilutions. The current study aimed to build upon previous 
research by integrating the LC-PDA method with a new sample prepa
ration procedure developed by NIST [5]. This approach was employed to 
determine the levels of Δ9-THC, Δ9-THCA, and total Δ9-THC in both 
commercial hemp plant samples and seized Cannabis plant samples. 
Some of these samples were found to contain chromatographic in
terferences for Δ9-THC that could potentially inflate the mass fraction 
levels reported on product labels if the analyst does not thoroughly 
investigate the purity of the chromatographic peaks. Data from a 
Cannabis testing laboratory was used to demonstrate the prevalence of 
these interferences that could lead to inflated Δ9-THC levels. Several 
examples are given to show how the analyst can use existing technolo
gies to minimize or eliminate chromatographic interferences. To the best 
of our knowledge, this manuscript is the first to thoroughly investigate 
the prevalence of Δ8-THC and CBNA in Cannabis plant samples and 
summarize possible options on how to handle these types of chro
matographic interferences.

2. Materials and methods

2.1. Chemicals and materials

A calibration solution containing eight neutral cannabinoids in 
acetonitrile (ACN) was obtained from Cerilliant Corporation (Round 
Rock, Texas). This solution had a nominal concentration of 500 mg/L for 
each cannabinoid, including cannabidivarin (CBDV), cannabigerol 
(CBG), cannabidiol (CBD), Δ9-tetrahydrocannabivarin (Δ9-THCV), 
cannabinol (CBN), Δ9-THC, Δ8-tetrahydrocannabinol (Δ8-THC), and 
cannabichromene (CBC). Individual calibration solutions at a nominal 
concentration of 1000 mg/L were obtained from Cerilliant Corporation 
(Round Rock, Texas) for cannabidivarinic acid (CBDVA), cannabidiolic 
acid (CBDA), cannabigerolic acid (CBGA), Δ9-tetrahydrocannabivarinic 
acid (Δ9-THCVA), Δ9-THCA, cannabicyclol (CBL), cannabinolic acid 
(CBNA), cannabicyclolic acid (CBLA), and cannabichromenic acid 
(CBCA). HPLC grade acetonitrile (ACN), water (H2O), MeOH, 85 % 
phosphoric acid (PA), and formic acid (FA) were purchased from Fisher 

Scientific (St. Louis, MI). A total of 16 hemp plant samples were pur
chased from online commercial sources. A total of 20 seized Cannabis 
plant samples from previously adjudicated cases were obtained from a 
local police department. All Cannabis plant samples were stored in the 
dark at room temperature until analysis.

2.2. Calibration standards

For quantitative LC-PDA purposes, four calibration solutions were 
gravimetrically prepared to have final mass concentrations of approxi
mately 2.5 mg/L, 10 mg/L, 25 mg/L, and 50 mg/L for CBDV, CBDA, 
CBGA, CBG, CBD, Δ9-THCV, CBN, Δ9-THC, Δ8-THC, Δ9-THCA, and CBC. 
For qualitative LC-PDA and LC-MS/MS purposes, a single working so
lution mixture of the previous 11 cannabinoids, CBDVA, Δ9-THVA, CBL, 
CBNA, CBLA, and CBCA was prepared volumetrically to have a final 
mass concentrations of ≈ 100 mg/L.

2.3. Sample grinding, extraction, and clean-up

The sample preparation procedure used in this study has been 
summarized in a previous publication [5] and a NIST training video 
[27]. Briefly, Cannabis plant samples (10 g to 20 g) were ground at room 
temperature using a small portable Magic Bullet grinder (Capital Brands, 
Los Angeles, CA). Ground plant samples were mixed thoroughly to 
promote homogeneity. Triplicate subsamples (0.10 g ± 0.01 g) of each 
plant sample were weighed into 50 mL centrifuge tubes. Samples were 
extracted with 5 mL of MeOH, vortexed for 10 s, and mechanically 
mixed for 5 min at 5.24 rad/s (50 rpm) using a large-capacity mixer 
(Glas-Col: Tools for Scientists, Terre Haute, IN). After mixing, samples 
were centrifuged for 1 min at 157.08 rad/s (1500 rpm) using an Allegra 
X-14R Centrifuge (Beckman Coulter, Brea, CA). MeOH extracts were 
decanted from the sample and an additional 5 mL aliquot of MeOH was 
added to the plant sample for a second extraction. Both extracts were 
combined and filtered (0.45 μm polytetrafluoroethylene). A 10-fold 
sample dilution was volumetrically prepared with MeOH for LC-PDA 
measurement.

2.4. LC-PDA method

The LC-PDA measurements were performed on a Shimadzu Cannabis 
Analyzer using the Lab Solutions software (Version 5.99) including 
Intelligent Peak Deconvolution Analysis II (i-PEeA II) software. Sepa
rations were carried out on a NexLeaf CBX for Potency C18 column 
(Shimadzu, 15.0 cm × 4.6 mm i. d. and 2.7 µm pore size) with a flow rate 
of 1.6 mL/min and a sample injection volume of 5 µL. The column 
temperature was 40 ◦C and the mobile phase was H2O (A) and ACN (B) 
with 0.085 % PA. The following mobile phase gradient elution program 
was used: hold at 70 % B for 3 min, increase to 85 % B over 4 min, in
crease to 95 % B over 0.1 min, hold for 0.9 min, and re-equilibrate for 2 
min under the initial conditions. The PDA detector collected data from 
190 nm to 700 nm; however, spectral comparisons were only performed 
in the region of 200 nm to 350 nm. An external standard calibration 
approach was implemented using a linear regression model with 
detection at 220 nm.

2.5. LC-MS/MS method

The LC-MS/MS method summarized here was used for qualitative 
purposes only and NIST CSD demonstrated its quantitative capabilities 
previously [6]. These measurements were performed on an Agilent 
Technologies 1290 Infinity II ultra-high-pressure liquid chromatography 
(UHPLC, Santa Clara, CA) system. Separations were carried out on a 
Restek Raptor ARC-18 (Bellefonte, PA) C18 column (5.0 cm × 2.1 mm i. 
d. and 2.7 µm pore size) at a flow rate of 0.4 mL/min. Column tem
perature was held at 15 ◦C. A binary solvent gradient method, summa
rized in Table S1, was used for the separation with 0.1 % FA in H2O as 

W.B. Wilson et al.                                                                                                                                                                                                                              Journal of Chromatography A 1748 (2025) 465871 

2 



mobile phase A and 0.1 % FA in 50:50 ACN:MeOH (by volume) as 
mobile phase B. The autosampler temperature and injection volume 
were 10 ◦C and 3 µL, respectively. Detection was performed using an 
Agilent 6410B triple quadrupole mass spectrometer in positive/ nega
tive electrospray ionization (ESI) switching mode. Table S2 summarizes 
this method’s scheduled multiple reaction monitoring modes (MRM). 
The gas temperature, gas flow, nebulizer pressure, and capillary voltage 
were set to 350 ◦C, 11 L/min, 345 kPa (50 psi), and 4000 V, respectively.

3. Results and discussion

3.1. Determination of Δ9-THC, Δ9-THCA, and total Δ9-THC in Cannabis 
plant samples by LC-PDA

Previous NIST CSD studies for analyzing Cannabis plant samples have 
focused on developing and evaluating effective sample preparation 
procedures and LC-PDA separation methods [6–8]. These studies 
resulted in a method requiring a total processing time of 15 min using 
standard laboratory equipment and a rapid instrumental analysis time of 
10 min. This method demonstrated accurate and precise measurements 
compared to the original method for six ground Cannabis plant samples 
from the NIST CannaQAP Program [5]. The updated method was further 
evaluated here for the first time to determine Δ9-THC, Δ8-THC, and 
Δ9-THCA in 16 commercial hemp plant samples and 20 seized Cannabis 
plant samples. Example LC-UV chromatograms (220 nm) are provided in 
Fig. 1 for a calibration standard mixture, a commercial Cannabis plant 
sample, and a seized Cannabis plant sample. Cannabinoid identification 
reported here is based on a comparison of individual cannabinoid 
retention times (± 0.10 min) and absorbance spectra (200 nm to 350 
nm) relative to those of the reference standards.

3.1.1. Commercial hemp samples
The LC-UV chromatograms at 220 nm for the 16 commercial samples 

are shown in Fig. S1 to Fig. S3. Cannabinoids identified in all com
mercial plant samples were CBG, CBGA, Δ9-THC, CBC, and Δ9-THCA. 

CBD and CBDA were identified in all the samples except for Commercial 
Sample 6. Δ8-THC was only identified in three commercial plant samples 
(Commercial Sample 10, Commercial Sample 14, and Commercial 
Sample 16). CBN was only detected in Commercial Sample 1, indicating 
minimal degradation of Δ9-THC or Δ9-THCA due to inadequate storage 
conditions among the samples studied. CBDV and Δ9-THCV were not 
identified in any commercial samples.

The mass fractions for Δ8-THC, Δ9-THC, Δ9-THCA, and total Δ9-THC 
are summarized in Table 1 for all 16 commercial hemp samples. No 
interferences for Δ9-THCA were observed in the absorbance spectra and 
Δ9-THCA was quantified in all samples. However, Δ9-THC was only 
quantified for 13 of the 16 hemp plant samples because a chromato
graphic interference was detected when Δ8-THC was present 

Fig. 1. Normalized LC-UV chromatogram at 220 nm for the 11 cannabinoids in a standard calibration mixture, commercial Cannabis plant sample, and seized 
Cannabis plant sample. The inset chromatogram in the commercial Cannabis sample enlarges the lower mass fraction analytes.

Table 1 
Cannabinoid mass fractions (%) were determined in 16 commercial hemp plant 
samples by LC-PDA.

Samples Δ9-THC Δ9-THCA Total Δ9-THC Δ8-THC

Sample 1 0.39 ± 0.011 0.17 ± 0.007 0.54 ± 0.017 ND
Sample 2 0.09 ± 0.001 0.53 ± 0.002 0.56 ± 0.003 ND
Sample 3 0.55 ± 0.002 0.59 ± 0.010 1.06 ± 0.010 ND
Sample 4 0.24 ± 0.009 0.46 ± 0.023 0.65 ± 0.029 ND
Sample 5 0.45 ± 0.026 0.51 ± 0.033 0.90 ± 0.055 ND
Sample 6 0.13 ± 0.002 0.15 ± 0.005 0.26 ± 0.007 ND
Sample 7 0.61 ± 0.037 0.08 ± 0.002 0.68 ± 0.039 ND
Sample 8 0.52 ± 0.021 0.48 ± 0.030 0.95 ± 0.048 ND
Sample 9 0.33 ± 0.037 0.45 ± 0.050 0.73 ± 0.081 ND
Sample 10 D 0.52 ± 0.015 NC 3.25 ± 0.076
Sample 11 0.33 ± 0.005 0.45 ± 0.004 0.73 ± 0.009 ND
Sample 12 0.54 ± 0.023 0.38 ± 0.021 0.88 ± 0.041 ND
Sample 13 0.27 ± 0.007 0.45 ± 0.007 0.66 ± 0.013 ND
Sample 14 D 0.48 ± 0.021 NC 5.29 ± 0.015
Sample 15 0.50 ± 0.022 0.32 ± 0.025 0.78 ± 0.044 ND
Sample 16 D 0.37 ± 0.006 NC 2.34 ± 0.332

ND = not detected.
D = detected.
NC = not calculated.
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(Commercial Sample 10, Commercial Sample 14, and Commercial 
Sample 16). Δ8-THC is a structural isomer of Δ9-THC differing only by 
the location of the double bond shown in Fig. S4. It usually is present at 
extremely low mass fraction levels in Cannabis plant samples. The 
enlarged LC-UV chromatograms for Commercial Samples 10, Commer
cial Samples 14, and Commercial Samples 16 are displayed in Fig. 2A at 
retention times ranging from 6 min to 7 min. Chromatographic peaks for 
Δ8-THC and Δ9-THC were confirmed by comparing their absorbance 
spectra (200 nm to 350 nm) to those of the reference standards in 
Fig. S5.

These isomers are not baseline-resolved in commercial hemp sam
ples (Fig. 2A) but are baseline-resolved in calibrant mixtures (Fig. 1). 
Incomplete separation was initially attributed to the high levels of Δ8- 
THC relative to Δ9-THC in the samples; however, the absorbance spectra 
collected at the valley between Δ8-THC and Δ9-THC do not correspond 
to either cannabinoid, as shown in Fig. 2B for Commercial Sample 14. 
Similar results were observed for Commercial Sample 10 and Com
mercial Sample 16 (data not shown). These results highlight the 
importance of assessing peak purity for every Cannabis sample, espe
cially when Δ8-THC is present. As a result, Δ9-THC and total Δ9-THC 
mass fractions are only summarized in Table 1 for the 13 commercial 
plant samples without the Δ8-THC chromatographic interference.

3.1.2. Seized Cannabis plant samples
NIST CSD evaluated the LC-PDA method to better understand po

tential limitations for analyzing seized Cannabis plant samples that may 
contain significantly higher levels of Δ9-THC and Δ9-THCA than com
mercial hemp samples. Cannabis plant samples from previously adjudi
cated cases provided by a local police department were analyzed for this 
work. The extracted wavelength chromatograms at 220 nm for the 20 
seized samples are shown in Fig. S6, Fig. S7, Fig. S8, and Fig. S9. CBN, 
Δ9-THC, and Δ9-THCA were tentatively identified in all samples based 
on corresponding retention times of reference standards. CBDA, CBD, 
CBG, CBGA, Δ9-THCV, and CBC were not identified in any seized sam
ples. Fig. 3A and B show two examples of 3D chromatograms for Seized 
Sample 18 and Seized Sample 19, respectively. The profile of the 3D 
chromatogram for Seized Sample 18 was identical to the 3D chro
matogram obtained for reference standards; however, significant spec
tral differences were observed between 250 nm and 350 nm for Δ9-THC 
in Seized Sample 19. These differences could not be observed in the two 
extracted wavelength chromatograms (220 nm) in Fig. 3C and D ob
tained from the 3D chromatograms.

Absorbance spectra collected at the apex of the chromatographic 
peaks for Seized Sample 18 and Seized Sample 19 are shown in Fig. S10A 
and Fig. S10B for CBN and Δ9-THCA, respectively. The spectra for CBN 

Fig. 2. (A) LC-UV chromatogram at 220 nm for three commercial hemp samples with Δ8-THC present at higher levels than Δ9-THC. (B) UV absorbance spectrum of 
Δ9-THC standard (blue; 6.64 min), Δ8-THC standard (red; 6.78 min), and between their chromatographic peaks in Commercial Sample 14 (black; 6.70 min). (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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and Δ9-THCA matched those of the reference standards from 200 nm to 
350 nm, and no chromatographic interferences were present across their 
peaks. Absorbance spectra collected for the tentatively identified Δ9- 
THC peak in Seized Sample 19 were compared to the reference standard 
in Fig. S10C. The absorbance spectra for the Δ9-THC peak in the refer
ence standard and Seized Sample 19 have similar profiles between 200 
nm and 215 nm but do not match over the range of 215 nm to 350 nm. 
The chromatographic interference was identified as CBNA based on a 
retention time and absorbance spectra comparison with a CBNA refer
ence standard shown in Fig. S10D. For these reasons, Δ9-THC and total 
Δ9-THC mass fractions are only included for the two seized plant sam
ples that did not have chromatographic interference from CBNA 
(Table 2). CBN and Δ9-THCA mass fractions are summarized in Table 2
for all 20 seized plant samples. To the best of our knowledge, this is the 
first time CBNA has been shown to be this prevalent in seized Cannabis 
plant samples, and larger data populations are needed to better under
stand the occurrence of this chromatographic interference.

3.2. Prevalence of chromatographic interferences in Cannabis plant 
samples

The measurements performed here were limited to 16 commercial 
hemp and 20 seized plant samples. To better understand the prevalence 
of these chromatographic interferences for Δ9-THC, NIST CSD entered 
into a collaboration with Kaycha Labs, a Cannabis testing laboratory 
with seven locations in different regions of the US. This partnership 
allowed NIST to access a vast dataset to better understand the fre
quencies of the cannabinoids in this study found to provide chromato
graphic interference for Δ9-THC. Table 3 summarizes the analytical data 
collected in 2023 by Kaycha Labs for 7448 Cannabis plant samples (e.g., 
flower and pre-rolls) analyzed in Denver, Colorado. This regional labo
ratory is accredited to analyze both hemp and marijuana plant samples. 
Their LC-UV method separates 21 low-level cannabinoids, including Δ8- 

THC and CBNA (see Table 3). Fig. S11 summarizes the percentages of 
times a cannabinoid was detected above the method limit of quantita
tion (LOQ). Δ8-THC was detected above their LOQ in less than 1 % of the 
Cannabis plant samples analyzed. CBNA was present at higher levels and 
was detected in 80.9 % of plant samples above the method LOQ. The Δ8- 
THC and CBNA data sets were used in the following discussions on their 
prevalence and production in Cannabis plant samples.

3.2.1. Δ8-THC data
In recent years, there has been a surge of Δ8-THC products available 

to Cannabis users despite naturally low levels in Cannabis plant samples, 
as was illustrated by the Kaycha Labs dataset (Table 3). Out of the 7448 
Cannabis plant samples analyzed in 2023, 40 samples (0.54 % of sam
ples) had quantifiable levels of Δ8-THC (i.e., mass fraction ≥ 0.008 %). 
Δ8-THC products are typically marketed as hemp-derived finished 
products such as vapes or gummies; however, there are also online 
sources that sell smokable Δ8-THC flowers. These smokable Δ8-THC 
flower products and any other Cannabis plant samples with significant 
levels of Δ8-THC have likely been adulterated by the manufacturer.

Fig. 4A plots the mass fraction of Δ8-THC and total Δ9-THC in these 
40 Cannabis plant samples. The mass fractions for Δ8-THC and total Δ9- 
THC ranged from 0.015 % to 19.5 % and 0.12 % to 32.0 %, respectively. 
A similar comparison is presented in Fig. S12 with Δ9-THC and Δ9-THCA 
shown separately instead of total Δ9-THC. These results show that the 
adulteration of Cannabis plant samples from adding Δ8-THC is not 
limited to hemp plant samples. The adulteration process to produce 
“semi-synthetic” Δ8-THC from CBD-rich hemp includes heating the 
hemp extract in an organic solvent under acidic conditions for at least 1 
h [31–32]. The CBD in the material is converted to Δ8-THC and a 
number of by-products, which show up as unknown peaks during 
analysis. While baseline separation of Δ8-THC and Δ9-THC by LC can be 
achieved, as shown in Fig. 1; the by-products produced by this process 
introduce measurement challenges, as shown in Fig. 2.

Fig. 3. LC-PDA analysis of seized Cannabis samples: (A) 3D Chromatogram of Seized Sample 18, (B) 3D Chromatogram of Seized Sample 19, (C) extracted wave
length chromatogram at 220 nm for Seized Sample 18, and (D) extracted wavelength chromatogram at 220 nm for Seized Sample 19.
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Table 2 
Cannabinoid mass fractions (%) determined in seized cannabis plant samples by LC-PDA.

Samples CBN CBNA Δ9-THC Δ9-THCA Total Δ9-THC

Sample 1 5.52 ± 0.086 ND 3.73 ± 0.033 0.99 ± 0.056 4.58 ± 0.050
Sample 2 2.27 ± 0.184 D D 6.93 ± 0.700 NC
Sample 3 5.74 ± 0.369 D D 0.46 ± 0.024 NC
Sample 4 3.01 ± 0.065 D D 4.92 ± 0.207 NC
Sample 5 3.28 ± 0.090 D D 3.28 ± 0.072 NC
Sample 6 0.71 ± 0.044 D D 3.04 ± 0.268 NC
Sample 7 0.59 ± 0.018 D D 3.40 ± 0.145 NC
Sample 8 2.06 ± 0.044 D D 0.20 ± 0.012 NC
Sample 9 1.96 ± 0.140 D D 7.04 ± 0.624 NC
Sample 10 1.74 ± 0.086 D D 6.81 ± 0.488 NC
Sample 11 1.58 ± 0.117 D D 5.39 ± 0.447 NC
Sample 12 2.83 ± 0.094 D D 5.65 ± 0.237 NC
Sample 13 1.73 ± 0.080 D D 6.50 ± 0.419 NC
Sample 14 0.85 ± 0.034 D D 2.95 ± 0.139 NC
Sample 15 1.37 ± 0.089 D D 2.21 ± 0.013 NC
Sample 16 0.83 ± 0.004 D D 1.91 ± 0.028 NC
Sample 17 1.74 ± 0.060 D D 8.41 ± 0.065 NC
Sample 18 3.12 ± 0.022 D D 2.28 ± 0.156 NC
Sample 19 1.75 ± 0.225 D D 4.55 ± 0.528 NC
Sample 20 2.92 ± 0.044 ND 3.50 ± 0.017 0.07 ± 0.002 3.56 ± 0.019

ND = not detected.
D = detected.
NC = not calculated.

Table 3 
Cannabinoid measurement summaries from Kaycha Labs that analyzed 7448 Cannabis plant samples in 2023.

Cannabinoids Laboratory 
LOQ 
(%)

Number of Samples 
> LOQ

Percentage of 
Samples

Mass Fraction 
Range (%)

CBDV 0.0046 35 0.47 0.007 to 1.86
CBDVA 0.003 731 9.83 0.011 to 7.27
CBG 0.006 233 3.14 0.006 to 4.00
CBD 0.0043 917 12.3 0.038 to 87.0
CBDA 0.0042 6667 89.5 0.042 to 30.3
Δ9-THCV 0.006 8 0.11 0.077 to 7.00
CBGA 0.005 7234 97.1 0.005 to 15.8
CBN 0.005 1329 17.9 0.010 to 8.00
exo-THC 0.012 484 6.50 0.028 to 9.00
Δ9-THC 0.003 6611 88.8 0.007 to 77.3
Δ8-THC 0.008 40 0.54 0.015 to 19.5
Δ9-THCVA 0.004 6104 82.0 0.005 to 2.89
Δ10-THC 0.0065 8 0.11 0.010 to 1.00
CBNA 0.005 6023 80.9 0.005 to 3.49
CBC 0.008 1843 24.8 0.005 to 2.52
Δ9-THCA 0.006 7345 98.6 0.007 to 64.3
CBCA 0.006 1628 21.9 0.006 to 3.83
Δ9-THC-Acetate 0.01 1 0.01 1.36
CBL 0.015 1 0.01 0.150
CBLA 0.003 0 – –

LOQ, limits of quantitation.
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3.2.2. CBNA data
CBNA and CBN are the primary degradation products of Δ9-THCA 

and Δ9-THC, respectively, when either in the presence of oxygen, 
exposed to UV light, or stored improperly for more extended periods 
[28–30]. Additionally, CBNA can decarboxylate to CBN under the same 
conditions [28]. NIST has recently issued RM 8210 Hemp Plant, rec
ommending storage in a sealed plastic bag at or below − 20 ◦C to prevent 
degradation and decarboxylation [4]. These storage conditions are not 
typically practiced by Cannabis testing laboratories, forensic labora
tories, product manufacturers, and dispensaries. As a result, samples 
stored improperly for long periods are expected to contain decreased 

levels of Δ9-THC/Δ9-THCA and increased levels of CBN/CBNA. This 
expectation is supported by the NIST-determined mass fraction levels 
summarized in Tables 1 and 2. The commercial hemp plant samples used 
in this study were all stored in the dark at − 20 ◦C. As a result of those 
storage conditions, CBN was only detected in a single commercial hemp 
plant sample and CBNA was not detected in any samples (Figs S1 to S3). 
Conversely, degradation was observed for the 20 seized Cannabis plant 
samples, which were stored in the dark at room temperature for at least 
4 years, with CBNA detected in 18 samples and CBN detected in all 
samples.

The data plotted in Fig. S11 from Kaycha Labs shows that CBNA and 

Fig. 4. (A) Levels of Δ8-THC and total Δ9-THC plotted for different samples in order of increasing levels of Δ8-THC. (B) Δ9-THC and CBNA mass fractions for 7448 
Cannabis plant samples measured by Kaycha Labs in 2023, plotted in order of increasing Δ9-THC levels.
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CBN were detected above their LOQ in approximately 80 % (CBNA) and 
18 % (CBN) of the 7448 Cannabis plant samples analyzed (hemp and 
marijuana). It was surprising to the authors that CBNA was detected in 
80 % of the samples, considering most of the Cannabis plant samples are 
analyzed before they are released for sale. As a result, there would have 
been a limited opportunity for the degradation of Δ9-THCA or Δ9-THC to 
form CBN, which is supported by the limited detection percentage for 
CBN.

Fig. 4B plots the mass fraction of CBNA and Δ9-THC in the 7448 

Cannabis plant samples by Kaycha Labs to better understand the prob
ability that the CBNA chromatographic interference could be present. 
Neither CBNA nor Δ9-THC were detected in 702 samples and 100 
samples had measurable levels of CBNA but no Δ9-THC. These results 
demonstrate that CBNA can be present in relatively fresh Cannabis plant 
samples even in the absence of Δ9-THC. CBNA was determined to have 
mass fraction levels below 1 % in all but two samples. Additionally, 
CBNA mass fractions were less than or equal to Δ9-THC mass fractions in 
all but three samples that contained Δ9-THC. In general, the mass 

Fig. 5. (A) LC-UV chromatogram at 220 nm (black) and 254 nm (red) for the 15 cannabinoids in a standard calibration mixture. (B) Total ion chromatogram of 17 
cannabinoids and five internal standard mixtures analyzed by LC-MS/MS. (Insert) MRM chromatograms for CBC and CBNA from the cannabinoid mixture. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

W.B. Wilson et al.                                                                                                                                                                                                                              Journal of Chromatography A 1748 (2025) 465871 

8 



fraction levels of CBNA increased as Δ9-THC mass fraction levels 
increased.

Similar plots are shown in Fig. S13A and Fig. S13B for comparing 
CBN and Δ9-THCA mass fractions, respectively. Similar trends were 
observed for CBN and CBNA about Δ9-THC mass fractions. Δ9-THCA 
mass fraction levels were significantly higher than Δ9-THC in most 
samples, which suggests that CBNA could have formed during the 
growth process of the Cannabis plant as it was exposed to UV light. 
Another option could be that most Cannabis plants are cured in big 
warehouses that may or may not have a controlled environment, leading 
to potential degradation. It is also important to note that approximately 
94 % of these samples had a total Δ9-THC value above the 0.3 % 
threshold, suggesting that Cannabis testing laboratories or forensic lab
oratories should anticipate most marijuana samples to have some CBNA 
present. As a result, these laboratories should take the necessary steps to 
ensure the accuracy of the methods and make modifications to resolve 
the CBNA interference with Δ9-THC, as is discussed in the following 
sections.

3.3. Solutions for resolving chromatographic interferences in Cannabis 
plant samples

3.3.1. Chromatographic modifications
Previous studies at NIST CSD demonstrated how LC separations of 

cannabinoids can be improved by modifying the mobile phase compo
sitions and column temperature to help resolve chromatographic in
terferences [6]. Fig. 5 shows two examples of LC chromatograms: UV 
detection at 220 nm and 254 nm (Fig. 5A) and MS/MS detection 
(Fig. 5B) for complex cannabinoid mixtures. Fifteen cannabinoids were 
separated using the LC-PDA on an ACE 3 C18 column with isocratic 
elution at 75 % ACN and 25 % H2O in 0.1 % FA, flow rate of 1.0 mL/min, 
and a column temperature of 15 ◦C. Δ9-THC and CBNA are resolved by 
the LC-PDA method; however, CBNA co-elutes with Δ8-THC under these 
conditions. These initial studies were expanded to include CBL and CBLA 
for determining 17 cannabinoids in Cannabis plant samples by 
LC-MS/MS. Fig. 5B shows the total ion chromatogram for the standard 
cannabinoid mixture and five commercially labeled internal standards 
available for purchase at that time (CBD-d3, CBG-d3, Δ9-THC-d3, CBC-d3, 
and Δ9-THCA-d3). Cannabinoids were separated on a Raptor ARC-18 C18 
column with mobile phase (A) 50:50 ACN:MeOH (by volume) in 0.1 % 
FA and mobile phase (B) H2O in 0.1 % FA (see Section 2.5). Δ9-THC, 
Δ8-THC, and CBNA are baseline resolved; however, CBNA co-elutes with 
CBC but was resolved by selective MS/MS detection.

3.3.2. Selective detection for LC separations
NIST CSD previously administered a CannaQAP interlaboratory 

study in early 2021 with over 200 participants measuring up to 17 
cannabinoids, including CBNA, as potential chromatographic in
terferences to Δ9-THC [6]. Overall, the participant’s data showed a high 
bias for the sample containing CBNA. Approximately 87 % of the labo
ratories reported results for Δ9-THC in hemp plant samples via LC-UV 
using a variable wavelength UV detector or a PDA detector. In com
parison, approximately 9 % of the participating laboratories used LC-MS 
or LC-MS/MS. LC-UV methods are still the predominant analytical 
technique used today because of their simplicity and lower cost; how
ever, LC-MS and LC-MS/MS methods are more selective and sensitive 
techniques. The following subsections provide examples of using PDA 
and MS instrumentation to remove or minimize chromatographic 
interferences.

3.3.2.1. Multi-wavelength UV detection. During the LC run, PDA de
tectors can acquire real-time spectra across the entire wavelength range. 
This capability enables confirmation of Δ9-THC identification and 
determining chromatographic peak purity. An additional advantage of 
PDA detection is the ability to resolve coelution through selective UV 

detection at specific wavelengths. For example, the absorbance spectra 
obtained for Δ9-THC and CBNA are compared in Fig. S14. Overlapping 
spectra hinder selective detection of Δ9-THC in the presence of CBNA in 
the range of 190 nm to 250 nm. However, the interference of Δ9-THC on 
the quantitation of CBNA can be minimized by selective detection for 
CBNA in the range of 250 nm to 280 nm, as shown in the LC-UV chro
matogram at 254 nm in Fig. 5A.

3.3.2.2. Mass spectrometry detection. MS has continued to see an 
increased usage as a selective detection method for quantitative LC 
measurements because the complexity of the sample matrix and number 
of isomeric compounds continue to increase. NIST CSD previously 
developed an LC-MS/MS method for determining 17 cannabinoids in 
Cannabis samples in CannaQAP [6]. The total ion chromatogram for 
these cannabinoids is shown in Fig. 5B using the MS/MS detector in 
positive (neutral cannabinoids) and negative (acidic cannabinoids) ESI 
modes. Detection was performed in scheduled MRMs with two transi
tions monitored for each cannabinoid, as summarized in Table S2. 
Although CBC and CBNA coelute, unbiased quantitation is possible using 
different MRM transitions (Fig. 5B insert). Similar comparisons can be 
made when using LC-MS in selective ion monitoring mode for any 
chromatographic method for Δ9-THC and CBNA, which have molecular 
ions of m/z 315.2 and m/z 353.2, respectively.

3.3.3. Chromatographic peak deconvolution
The need for rapid and efficient separation capabilities has increased 

in many research focus areas over the past decades. For example, the 
mainstream use of UHPLC has increased the peak capacity per unit of 
time for LC separations compared to the more conventional HPLC 
methods, which can lead to an increase in chromatographic in
terferences. Several researchers have demonstrated the use of chemo
metrics, mathematics, and PDA data to help resolve chromatographic 
interferences [33,34]. In the current study, NIST uses LC-PDA to sepa
rate and detect cannabinoids in Cannabis plant samples. Peak decon
volution software based on the multivariate curve resolution-alternating 
least squares method [35] was evaluated for applications to the Cannabis 
method in this study. To the best of our knowledge, this manuscript is 
the first time peak deconvolution has been applied to Cannabis plant 
samples for removing chromatographic interferences of Δ9-THC.

Fig. 6A–C show the chromatograms at a wavelength of 220 nm (black 
line) in data acquired for the three commercial hemp plant samples with 
measurable mass fraction levels for Δ8-THC in Table 1. By-products from 
the synthetic Δ8-THC were believed to be present in the chromatogram 
between the Δ9-THC and Δ8-THC peaks based on the absorbance spectra 
shown in Fig. 2. The three deconvoluted chromatograms were identified 
by the software at 220 nm for Δ9-THC (blue line), Δ8-THC (yellow line), 
and unknown by-product (green line) over the time range of 6.5 min to 
6.9 min. The unknown by-products cannot be identified in the regular 
chromatogram because of the low concentration, which is obscured by 
the Δ9-THC and Δ8-THC peaks.

Fig. 6D–F show the chromatograms at a wavelength of 220 nm (black 
line) in data acquired for three seized Cannabis plant samples with 
different mass fraction ratios between Δ9-THC and CBNA. The identity 
of Δ9-THC and CBNA was confirmed based on the absorbance spectra in 
Fig. S11. The software identified the three deconvoluted chromatograms 
in Fig. 6 at 220 nm for Δ9-THC (blue line) and CBNA (orange line) over 
6.35 min to 6.55 min. Arase et al. [35] previously demonstrated the 
quantitative capability of a two-component model mixture to decon
volute analytes in a sample similar to this co-elution. A one-point cali
bration curve without weighting was prepared using two co-eluting 
analytes under a single peak, demonstrating good precision and accu
racy with a relative standard deviation of 0.8 % and a percent error of ≤
1.2 %. Despite these results, any laboratory that would like to implement 
quantitation using the deconvolution software should perform a more 
thorough validation and include more calibration data points.
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4. Conclusions

Δ9-THC, Δ9-THCA, and nine other related cannabinoids were 
measured in Cannabis plant samples in less than 10 min using a previ
ously established LC-PDA method. NIST CSD has previously demon
strated the capabilities of this LC-PDA method with a rapid MeOH 
extraction method in less than 15 min using only routine laboratory 
equipment [8]. This LC-PDA method provides a baseline separation of 
Δ9-THC from the other 10 cannabinoids, including Δ8-THC. In the cur
rent study, this method was further evaluated for the determination of 
the 11 cannabinoids in 16 commercial hemp plant samples and 20 seized 
Cannabis plant samples. These measurements were performed to better 
understand potential chromatographic biases that could inflate the 
levels of Δ9-THC reported by forensic and Cannabis testing laboratories. 
A chromatographic interference was identified for commercial hemp 
samples containing high levels of Δ8-THC. This interference was a 
by-product of Δ8-THC synthetically produced from CBD-rich hemp 
materials. The interference eluted between Δ9-THC and Δ8-THC would 
result in slightly elevated levels of Δ9-THC.

CBNA was detected in 18 of the 20 seized Cannabis plant samples and 
coeluted with Δ9-THC. CBNA is a known degradation product of Δ9- 
THCA and was believed only to be present in the seized samples because 
they were stored at room temperature for four years. However, data 
provided here from a Cannabis testing laboratory identified CBNA in 80 
% of the 7448 plant samples analyzed in 2023, which were primarily 
fresh samples. The seized Cannabis plant samples analyzed by NIST had 
higher levels of CBNA than typically measured by the testing laboratory 
probably due to long-term storage at room temperature. For these rea
sons, laboratories should include proper storage conditions in their 
standard operating procedures (NIST recommends ≤ − 20 ◦C [4]), 
continue to investigate the purity of all chromatographic peaks, and 

continue to modify their analytical methods as needed. NIST CSD 
highlighted the benefits of modifying the chromatographic mobile 
phase, using selective detection methods (PDA and MS), and using peak 
deconvolution to resolve chromatographic interferences of Δ9-THC.
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