
R E S E A R CH A R T I C L E

Characterization of CBD oils, seized on the Belgian market,
using infrared spectroscopy: Matrix identification and CBD
determination, a proof of concept

Céline Duchateau1,2 | Caroline Stévigny1 | Kris De Braekeleer1 |

Eric Deconinck1,2

1Pharmacognosy, Bioanalysis and Drug

Discovery Unit, RD3, Faculty of Pharmacy,

ULB, Brussels, Belgium

2Medicines and Health Products, Scientific

Direction Physical and Chemical Health Risks,

Sciensano, Brussels, Belgium

Correspondence

Deconinck Eric, Medicines and Health

Products, Scientific Direction Physical and

Chemical Health Risks, Sciensano, Brussels,

Belgium.

Email: eric.deconinck@sciensano.be

Abstract

The availability of cannabidiol (CBD) oil products has increased in recent years. No

analytical controls are mandatory for these products leading to uncertainties about

composition and quality. In this paper, a methodology was developed to identify the

oil matrix and to estimate the CBD content in such samples, using mid-infrared and

near-infrared spectroscopy. Different oils were selected based on the information

labeled on products and were bought in food stores in order to create a sample set

with a variety of matrices. These oils were spiked with CBD to obtain samples with

CBD levels from 0% to 20%. The first part of the study was focused on the qualita-

tive analysis of the oil matrix. A classification model, based on Soft Independent

Modeling of Class Analogy, was build using the spiked oils to distinguish between the

different oil matrices. For both spectroscopic techniques, the sensitivity, the specific-

ity, the accuracy and the precision were equal to 100%. These models were applied

to determine the oil matrix of seized samples. The second part of the study was

focused on the quantitative estimation of CBD. After determination of CBD in seized

samples using gas chromatography-tandem mass spectrometry, partial least square

regression (PLS-R) models were built, one for each matrix in the sample set. Both

techniques were able to classify unknown oily samples according to their matrix, and

although only few samples were available to evaluate the PLS-R models, the

approach clearly showed promising results for the estimation of the CBD content in

oil samples.
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1 | INTRODUCTION

Cannabis sativa L. is already used for a long time for multiple applica-

tions such as traditional medicine and agricultural applications.1 This

plant of the Cannabaceae family is able to biosynthesize not less than

565 chemical compounds including terpenophenolic compounds, the

so-called cannabinoids. These compounds accumulate mainly in

the glandular trichomes of the female plant.2 To date, 177 phytocan-

nabinoids have been identified among which the two well-known can-

nabinoids, to which medical properties or health claims are assigned:

the psychoactive substance Δ9-tetrahydrocannabinol (THC) and

cannabidiol (CBD).3 They are synthetized as carboxylic acids andKris De Braekeleer and Eric Deconinck contributed equally as project leaders.
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decarboxylated to the neutral form during exposure to light, heat, or

prolonged storage; Δ9-tetrahydrocannabinolic acid (THCA) is decar-

boxylated to THC, and cannabidiolic acid (CBDA) is decarboxylated to

CBD.4

Cultural, social, and political legal opinions regarding the use of

cannabis products have been altered due to the abundance of

(presumed) pharmacological activities.5 Thereby, CBD hemp was pro-

duced and is becoming a major commodity crop in the United States.6

Medical cannabis is cultivated under controlled environmental condi-

tions in order to have a higher standardization of the cultivation

process.7

Worldwide, the availability of oils enriched in CBD on Internet, in

pharmacy, in shops, and so on has increased in recent years.8,9 Several

companies produce and distribute CBD-based products (e.g., CBD

oils) since CBD is not a controlled substance in the European Union,

in contrast to THC. Due to lack of regulation, no analytical controls

are mandatory for these products leading to uncertainty about the

composition and quality of the products offered to the consumers.5

On websites, these products claim lots of benefits on different dis-

eases such as epilepsy, pain, sleep disorders, digestive disorders.

CBD oils for medical use were first introduced in the

United States of America at the end of the 90s and in Canada in

2018.10 The first oral CBD oil (Epidyolex®) approved by the European

Medicine Agency (EMA) in 2019 was used as adjunctive therapy for

seizures associated with Lennox–Gastaut syndrome combined with

the drug clobazam.11

Next to the registered medicinal products, a whole series of CBD

oils can be found on the market and are most often based on hemp

seed oil, obtained from the extraction of seeds of different chemo-

types of Cannabis sativa L.5 In short, two CBD oils categories have to

be distinguished here: The CBD enriched hemp seed oils and the

other vegetal oils to which CBD is added. However, the origin of oils

used as matrices are often doubtful and may be falsified or contami-

nated by other oils, according to the cost or the availability.

Some cannabis oils contain other cannabinoids than CBD and

therefore also Δ9-THC depending on the cannabis variety used for

the extraction.10,12 Indeed, the U.S. Federal Drug Administration

(FDA) mentioned that some companies manufactured and sold

cannabis-derived products that are not compliant to the “Food, Drug

and Cosmetic act” and that they might put the health and safety of

consumers at risk.13

Different methods exist14 to prepare CBD oils. The cannabinoid

content may vary according to the production process. Parameters

like temperature and extraction time affect the quality of the cannabis

macerated oils.15,16 Correct storage conditions are critical for the can-

nabinoids content. Degradation products as CBN could be formed

under the stability conditions described by Kosovic et al.17 Pavlovic

et al. assessed the overall quality of CBD oil preparations by chro-

matographic methods and results presented notable differences in the

overall cannabinoids profiles justifying the necessity to provide strong

regulation and control.5

Conventional methods used to quantify CBD in oils are chro-

matographic techniques including gas chromatography coupled to

mass spectrometry (GC–MS) and liquid chromatography coupled to

an UV (LC-UV) or a mass spectrometric detector (LC–MS).16–19

Although these methods are accurate and sensitive, they are slow and

expensive and require a complete sample preparation without forget-

ting the requirement of trained personnel.20 Mid-infrared (MIR) and

near-infrared (NIR) analysis are non-destructive, fast, and green tech-

niques and have been used across various fields.21,22 The combination

of spectroscopic techniques with chemometrics provides a powerful

tool for the interpretation and analysis of spectra and has demon-

strated a great potential in the analysis of plant natural products.23

Moreover, in connection with a part of this work, classification models

were already used to discriminate different kind of oils between

them.24 Especially the use of attenuated total reflectance (ATR) sam-

pling with MIR is described as one of the main methods used for liquid

analysis by infrared spectroscopy.25 NIR using transmittance, reflec-

tance, and transflectance is a promising option to evaluate the quality

of oilseeds and edible oils.26 Chen et al. determined CBD in hemp oil

by NIR spectroscopy in reflectance mode coupled to chemometrics.27

This study describes an application of NIR and MIR spectros-

copies combined with chemometrics to classify samples, according to

the oil matrix used and to estimate the CBD content in these samples.

For the latter, NIR spectra, MIR spectra, NIR and MIR concatenated

spectra, and MultiBlock Partial Least Squares Regression (MB-PLS-R)

were compared between them. Indeed, data were obtained by two

distinct sources (NIR and MIR spectroscopies) to reach a better under-

standing of the physico-chemical properties of the analyzed oily sam-

ples.28 In this case, the data is multi-modal and multi-source and not

simply multivariate. In the current study, the modes are represented

by the two different spectroscopic techniques and spectral profiles

are multivariate.

2 | MATERIAL AND METHODS

2.1 | Materials

2.1.1 | Oils for spiking

Three kinds of oils were selected based on the information labeled on

the CBD oil products. They were purchased in different food stores:

three different brands of hemp seed oils, three different brands of

olive oils, and three different brands of pumpkin seeds oils. These

were stored at room temperature (20�C).

2.1.2 | Reagents and chemicals

CBD to spike the different oils was purchased from Fagron (Nazareth,

Belgium, purity 98.4% m/m).

Sodium chloride was purchased from Chem-Lab (Zedegem,

Belgium), sodium hydroxide 1 M, n-hexane, sodium sulfate, and

hydrogen chloride (HCl) solution 0.5 M in methanol were purchased

from Sigma-Aldrich (Darmstadt, Germany). Ultrapure Water was
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obtained using a milli-Q system from Merck Millipore (Bedford,

MA, USA).

2.1.3 | Preparation of spiked oils

Six concentration levels of CBD were chosen according to the avail-

ability of samples on the market and according to the solubility of

CBD in oil: 0% w/w, 2% w/w, 5% w/w, 10% w/w, 15% w/w, and 20%

w/w. Samples were prepared directly in glass vials by weighing the

respective mass of CBD and the necessary amount of oil matrix. CBD

was solubilized using sonication.

2.1.4 | Seized oil samples

Seventeen CBD oil samples were seized by the Belgian authorities in

different shops. Samples were kept at room temperature before anal-

ysis, and sample codes were assigned to them. Samples are mixtures

of different oils or/and hemp extracts. Some samples are labelled as

“full spectrum CBD oil.” This is an extract containing all the com-

pounds found in the hemp plant as terpenes, flavonoids, and other

cannabinoids.29

2.2 | Spectroscopic methods

All spiked and seized oil samples were measured in triplicate using a

Frontier MIR/NIR Spectrometer™ (PerkinElmer™, USA). The averages

of the spectra for each sample were used for further data analysis.

2.2.1 | MIR spectra—reflectance

Spectra were measured using the Universal ATR Reflectance Acces-

sory with a resolution of 4 cm�1. Sample was placed on top of a dia-

mond crystal with a high refractive index. Then pressure is applied to

ensure a good contact between the sample and the crystal.

Each spectrum was recorded in the region of 400–4000 cm�1

and averaged across 32 scans. Background spectra were collected

when no pressure was applied to the crystal. The background was

recorded between each sample.

2.2.2 | Near infrared spectra—transflectance

Spectra were measured in transflectance mode with a resolution of

8 cm�1. The sample was placed into the sample dish and covered by

the liquid transflectance accessory.

Each spectrum was recorded in the region of 10,000–4000 cm�1

and averaged across 16 scans. Background spectra were collected

with a reflector provided by PerkinElmer™. The background was

recorded between each sample.

Spectra were also measured using the NIR Reflectance Accessory

in diffuse reflectance mode but the spectral data obtained seemed

inferior and results in chemometrics were much better in transflec-

tance mode. Therefore, these results were not discussed in the pre-

sented paper.

2.3 | Oily matrix analysis: GC–MS and sample
preparation procedure

The seized oil samples were analyzed by an inhouse GC–MS method

to identify the composition of the matrix. Each seized sample was

analyzed only once due to the small volume of samples available.

The assay solution was prepared as follows: 300 mg of the seized

oil sample was dissolved and diluted to 10.0 mL with n-hexane. After

homogenization, 2.5 mL of this solution was dried under a nitrogen

stream. The residue was dissolved in a mixture of 2.5 mL HCl 0.5 M

methanolic solution and 2.5 mL of n-hexane, using vortex (1 min) and

heating in an oven at 80�C for 30 min. After cooling, 2.5 mL sodium

hydroxide 0.5 M, 2.5 mL of n-hexane, and 0.5 g of NaCl were added

to the mixture (vortex 1 min). The organic layer was separated, and

anhydrous sodium sulfate was added. The solution stands for 5 min,

and the supernatant was diluted 10 times with n-hexane; 1 mL was

placed in a GC–MS vial.

Fatty acids were analyzed using a Thermo Scientific Trace GC

Ultra with DSQ II GC–MS system (Thermo Fischer Scientific, Austin,

USA) equipped with a SP-2560 capillary highly polar GC column

(fused silica L 100 m � I.D. 0.25 mm � df 0.20 μm, Sigma-Aldrich,

Darmstadt, Germany). The injector temperature was 230�C with an

injection volume of 1 μL in split mode (1/50). The carrier gas (He) flow

rate was set at 1.5 mL/min. The temperature gradient started at 50�C

which was held for 1 min. Then, the temperature was linearly

increased to 250�C at a rate of 20�C/min and held for 4 min. Finally,

the temperature was linearly increased to 290�C at a rate of

20�C/min and held for 3 min. The MS detector temperature was set

at 280�C. The device was controlled by Thermo Xcalibur software

(software version 3.1).

The fatty acids in the extract were identified by matching the

mass spectrum with the National Institute Standard Technology

(NIST). The required matching was achieved with a match factor

thresholds >900 NIST library guidelines. More the match factor is

high, better is the mass spectral match.

Based on the fatty acid composition, olive oil, hemp seed oil, and

pumpkin seed oil were identified. The following composition of fatty

acids was found in the literature.30–33 Oleic acid: 76% (olive),

10%–16% (hemp seed), and 29%–41% (pumpkin seed); linoleic acid:

1%–8% (olive), 50%–70% (hemp seed), and 44%–52% (pumpkin

seed); α-linolenic acid: almost absent in olive and pumpkin seed and

15%–25% for hemp seed. The identification was not always straight-

forward due to the presence of degradation products, like for

instance pentadecanoic acid which is an oxidation product of linoleic

acid and linolenic acid or heptanoic acid which is an oxidation prod-

uct of oleic acid.34

DUCHATEAU ET AL. 3
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The determination of the CBD content of the seized samples was

performed following the GC–MS/MS method described previously by

our group.35

2.4 | Chemometrics

2.4.1 | Software

Chemometric analysis was performed using the PLS_toolbox

(Eigenvector Research, WA, USA) with Matlab version R2020b (The

Mathworks™, Natick, USA).

2.4.2 | Data preprocessing

Single-block data analysis

Several pretreatment techniques and different combinations were

applied on the raw MIR and NIR spectra. The first derivative, using

the Savitsky-Golay algorithm with window size of 15 and a second

order polynomial was used to correct the baseline drift.

Multi-block data analysis

To investigate the complementarity of the information obtained from

the two spectroscopic techniques, the preprocessed NIR and MIR

spectral profiles were concatenated36 and analyzed by SIMCA and

PLS-R.

MB-PLS-R37 was applied after block variance scaling (inter-block

preprocessing) and first derivative, using the Savitsky-Golay algorithm

with window size of 15 and a second order polynomial was used to

correct the baseline drift (intra-block preprocessing).

2.4.3 | Unsupervised analysis—principal component
analysis (PCA)

PCA is commonly used to perform exploratory data analysis of spec-

tral data. PCA reduces the dimensions of the original data space into

latent variables called principal components to show the similarities

and differences between the spectra.38,39

2.4.4 | Kennard and Stone algorithm

The Kennard and Stone algorithm was applied to select a training

and a validation set.39 The training set was used to generate the

model, and the validation set was selected to perform validation of

the prediction capacity of the model. The Kennard and Stone

method selects samples (spectra) in the validation set sequentially

based on a distance measure, starting with the spectrum closest to

the mean spectrum. The next sample is situated furthest away

from the first one. The third selected is the most distant one

from the samples selected in the validation set. The selection

continues until a predefined number of samples is selected in the

validation set. The remaining samples are included in the

training set.

2.4.5 | Supervised analysis

Soft independent modelling of class analogy (SIMCA)

SIMCA is a supervised classification technique that uses samples with

known origin to define a decision rule, which allows to classify new

samples with unknown origin. Each class is modelled individually by

F IGURE 1 NIR absorbance raw
spectra in the wavenumber region
10,000–4000 cm�1.

4 DUCHATEAU ET AL.
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PCA. The number of PCs of each class of the training set (spiked sam-

ples) was selected by venetian blinds cross validation.40 Statistical

parameters used to evaluate the model were: sensitivity, specificity,

accuracy, and precision.

Partial least square regression (PLS-R)

In PLS-R, latent variables are defined as linear combinations of the

manifest variables. These combinations or PLS factors are selected to

maximize the amount of variation explained in the spectral data that

is relevant for predicting the concentration of CBD.41 The number of

latent variables (LVs) was selected by venetian blinds cross validation.

PLS-R searches for the maximum co-variance between the spectra

and the concentrations. Quality measures of the PLS-R models are as

follows: the root mean square error for calibration (RMSEC), cross

validation (RMSECV) and validation set (RMSEP), the determination

coefficient R2 between predicted and real values for, respectively,

calibration (R2
(cal)), cross-validation (R2

(CV)), and validation set(R2
(p))

and the absolute errors of residuals for the samples of the

validation set.

MB-PLS-R

SIMCA and PLS-R (single-block chemometrics techniques) were

used for single-mode data generated by a single analytical tech-

nique and for the simple concatenated NIR and MIR spectra before

chemometrics. For the concatenated data, these techniques extract

only a limited part of the information. This is the reason why

F IGURE 2 MIR absorbance raw spectra in the wavenumber region 10,000–4000 cm�1 showing two deviating seized samples spectra in red
(a) and a close-up look at this deviating part (b).

DUCHATEAU ET AL. 5
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F IGURE 3 NIR spectra after the first derivative.

F IGURE 4 MIR spectra after the first derivative showing two deviating seized samples in red (a) and a close-up look at this deviating part (b).

6 DUCHATEAU ET AL.
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multi-block data analysis techniques were used to extract more

information from the data generated by the multiple modes to

improve the quality of the models. This approach maximizes the

covariance with the response variables and allows the extraction of

global scores.28

3 | RESULTS AND DISCUSSION

3.1 | Preprocessing

A NIR matrix (54 � 3001) and a MIR matrix (54 � 3601) of the spiked

oils (3 types of oil � 3 brands of oil � 6 concentration levels = 54

spectra) and a NIR matrix (17 � 3001) and a MIR matrix (17 � 3601)

for the seized samples (17) were created. Seized samples were previ-

ously analyzed by GC–MS (see Section 2.3) to identify the fatty acids

and to check the label claim. NIR raw spectra are shown in Figure 1.

Figure 2a shows the MIR raw spectra. On the figures, two seized sam-

ples (spectra colored in red) have a deviating fingerprint. Figure 2b

proposes a close-up look at the deviating part because the deviation

of the two seized samples (colored in red) is more pronounced for

MIR. The pretreated spectra are shown in Figure 3 for NIR and in

Figure 4a,b (close-up look at the deviating part) for MIR. The composi-

tion for one of the outlier samples was clearly different. Figure 5 rep-

resents a chromatogram showing hemp seed oil, olive oil, and

pumpkin seed oil, and the two outlying samples. For one outlier, the

highest peak was matched with myristynoyl glycinamide, and another

peak was matched with eicosanoic acid, a major constituent of peanut

oil. For the other outlier, the presence of linoleic acid and α-linolenic

acid implies the presence of hempseed oil, but for both outliers, an

unknown compound is present at 19 min and the peak at 8 min is

totally absent.

3.2 | PCA

The seized samples with deviating fingerprint were also observed in

the PCA plot and were removed before supervised analysis. Figure 6a

shows the PCA plot for the NIR data with the outlying samples in red,

and Figure 6b shows the PCA plot for NIR data without the outlying

samples showing clearly the separation of the samples according to

the oil matrix. Figure 7a,b shows the PCA plot for the MIR data before

and after the removal of the deviating profiles. These figures show

clearly the separation of the samples according to the oil matrix.

Hemp-based oils (■) were separated from olive-based oils (▲).

Pumpkin-based oils (▼) were situated between them.

Both spectroscopic techniques show the same results and the

first three PCs explain more than 99% of the total variance.

The loadings for the first three PCs were explored in order to

identify the most specific regions linked to the oil matrix and the CBD

concentration. Siano et al. compared the chemical characteristics and

ATR-MIR analysis of hemp-based oils samples.42 The typical carbonyl

(C=O) band from carboxylic acid of fatty acids contained in lipids is

shown at 1744 cm�1. The generic structure of fatty acids is CH3-

(CxHy)n-COOH.43 In addition from this bands, hydrogen/carbon (C-H)

bond due to the lipid content in oil is shown in the region of 2700–

3010 cm�1. Carbohydrates possess strong and characteristic IR

absorptions between 1200 and 750 cm�1 and are normally missing in

oil. Figure 8 represents the loadings according to PC3 showing these

spectral regions. The loadings on PC1 and PC3 are almost identical,

yet the loading of the carbonyl (C=O) band at 1744 cm�1 is very high

on PC1 (Figure 9).44 For the NIR spectra, lipids are shown at

5780 cm�1, 5681 cm�1, 4300 cm�1, and 4255 cm�1 while aromatic

hydrocarbons present in cannabinoids, like CBD, are typically present

at 6000 cm�1.45 Figure 10 represents the plot of loadings according

to PC3 showing the spectral regions of lipids (C=O bands), and

F IGURE 5 Chromatogram of GC–MS method showing fatty acids pics in various type of oils indicated with different colors depending on the
matrix: hemp seed oil (dark blue), olive oil (fuchsia), pumpkin seed oil (cyan), and the two outlying samples (red).
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Figure 11 shows the plot of loadings according to PC1, which may be

related to the CBD signal. Performing PCA analysis with only the

selected regions did not improve the separation.

3.3 | Supervised analysis

The two seized samples considered as outliers (Section 3.1) were

excluded after PCA analysis and were not considered for SIMCA and

PLS-R.

3.3.1 | SIMCA

Before modelling, Kennard and Stone was used to select 16 spiked

CBD oils as a validation set. The 38 remaining spiked CBD oils formed

the training set.

Classification models were created by attributing a class to each

of the respective oil matrices under consideration. The first class rep-

resents hemp seeds oil, the second class olive oil, and the third pump-

kin seeds oil. Statistical values obtained with SIMCA for NIR and MIR

are shown in Table 1.

F IGURE 6 PCA plot obtained with the NIR
spectra. Samples are indicated with different colors
depending on the oil matrix: hemp seed oil (■),
olive oil (▲), pumpkin seed oil (▼), and the two
outlying samples (◊) (a). PCA plot without the two
outlying samples and various matrices grouped in
ellipses (b).

8 DUCHATEAU ET AL.
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Each sample of the validation set was attributed to one of the

three classes. The accuracy was 100% for the training set (cross vali-

dation) and for the validation set for both NIR and MIR.

The classification model was applied to predict the 15 remaining

seized oil samples. Results are shown in Table 2. Each seized sample

was attributed to one of the three classes and the predicted class cor-

responded with the label claim and the analysis of fatty acids by GC–

MS. The color of the seized samples with the same label claim was

not always the same. For instance, CBD 1 and CBD 2 have not the

same color than CBD 5 and CBD 6. Nevertheless these four seized

samples are labelled with hemp seed oils and hemp extract. Probably,

the difference in color is due to the extract added in the hemp seed

oil or due to natural variation. The difference in color has no impact

on the classification of the NIR and MIR spectra.

3.3.2 | PLS-R

In order to estimate the amount of CBD, PLS-R models were built for

each oil matrix: hemp seed oil, olive oil, and pumpkin seed oil. The

seized samples were analyzed using GC–MS/MS according to a

method developed previously by our group35 and used in this

research as reference method. The chromatographic results and label

claims are shown in Table 3.

Table 4 gives an overview of the statistical values (Section 2.4.5)

obtained with PLS-R for NIR and MIR spectra, concatenated NIR-MIR

spectra, and MB-PLS-R. The statistical parameters shown in the table

are R2 between predicted and real values for, respectively, R2(calibration),

R2(CV) and validation set (R2(p)), RMSEC, RMSECV, and RMSEP, and

the absolute errors or residuals for the samples of the validation set.

F IGURE 7 PCA plot obtained with the MIR
spectra. Samples are indicated with different
colored symbols depending on the oil matrix: hemp
seed oil (■), olive oil (▲), pumpkin seed oil (▼),
and the two outlying samples (◊) (a). PCA plot
without the two outlying samples and various
matrices grouped in ellipses (b).
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These values are given for information. Due to the high variability in

the seized sample set compared to the spiked sample set, it was

decided to combine both matrices and to select training set and vali-

dation set on the matrix. The Kennard and Stone algorithm selected

25% of samples in the validation set. The number of samples used for

each set is described in the table as well as the sample code of sam-

ples used for the validation set. Attention was paid to include also

seized samples in the validation set. Since for the pumpkin seed oil

only one seized sample was available, this one was selected for the

validation set. The discussion hereunder is mainly focused on

the values for the validation set, since these are the most important,

pointing at the overall reliability and robustness of the model.

For the olive oil model, very comparable results could be obtained

for both the NIR and the MIR spectra, as well as for the concatenated

NIR and MIR spectra. The NIR-MIR MB PLS-R model shows the smal-

lest value for RMSEC and for RMSECV indicating that these model fits

the data best. However, NIR and MIR (single block) models require

fewer factors than the other models for the same data, which is

advantageous in both model implementation and model interpreta-

tion. For the prediction on new samples, with RMSEP values of,

respectively, 0.9 for NIR, 1.7 for MIR, 1.8 for concatenated NIR-MIR

spectra, and 3.0 for MB-PLS-R, models were able to estimate quite

closely the CBD content in olive oil. Overall, the best model for olive

oil is obtained with NIR with its RMSEP value of 0.9 and a maximal

residual for the validation set of 1.3%. For this data set, it seems that

the combination of data obtained with both techniques did not result

in better models compared to the individual techniques.

F IGURE 8 Average of loadings according to PC3 obtained with
MIR spectra showing the carbonyl and lipids bands in boxes.

F IGURE 9 Average of loadings according to PC1 obtained with
MIR spectra showing the carbonyl band in box.

F IGURE 10 Average of loadings according to PC3 obtained with
NIR spectra showing the lipids bands band in boxes.

F IGURE 11 Average of loadings according to PC1 obtained with
NIR spectra showing the aromatic hydrocarbon (from CBD) in box.
The chemical structure of CBD is shown in the upper right corner.
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A different view was obtained for the hemp seed oil. Here, it can

be observed that the RMSEP value for the NIR model is higher than

those of the other models (RMSEP of 3). This is also reflected by the

residuals obtained for the external validation set. The hemp seed

model, which is the most trustworthy model, due to a significantly

higher number of seized samples included, clearly shows that much

better estimations can be obtained with MIR with a maximum residual

of 2.5%. The maximum residuals was 3.6% for NIR and 5.5% for

concatenated NIR-MIR spectra. The second best model is the one

based on the MB-PLS-R using both NIR and MIR spectra. Here, the

lowest RMSECV and RMSEP values could be obtained of, respec-

tively, 2.8 and 1.6, though the maximal residual for the validation set

was here 3.5%, which is significantly higher than the one obtained

with MIR alone. Again, it could be observed that the combination of

techniques had no added value for modelling this data set.

For pumpkin seed oil, no reliable models could be obtained due to

the lack of seized pumpkin seed oil samples. Any seized sample could

be added in the training set to increase the matrix variability. First, the

only seized sample shows a residual of more than 5 for the three

models, which is unacceptable. Although small values are obtained for

RMSEC and for RMSECV, especially for the NIR-MIR MB-PLS-R

model (with 1.0 and 1.2, respectively), the RMSEP values are unac-

ceptable, especially for the concatenated NIR-MIR matrix with 3.9

and NIR-MIR MB-PLS-R with 3.7. Though it has to be said that here

the model is only based on spiked samples, so less variability in matrix

was added to the model compared to the others. This shows the

TABLE 2 SIMCA prediction results according to the label claim, the analysis of the matrix, and aspect of the sample.

Sample-code Label claim (major ingredients constituting the matrix) Matrix analysis Prediction

CBD1 Hemp seed oil and hemp extract Hemp seed oil Hemp seed oil

CBD2 Hemp seed oil and hemp extract Hemp seed oil Hemp seed oil

CBD3 Full spectrum CBD oil Hemp seed oil Hemp seed oil

CBD4 Full spectrum CBD oil Hemp seed oil Hemp seed oil

CBD5 Hemp seed oil and hemp extract Hemp seed oil Hemp seed oil

CBD6 Hemp seed oil and hemp extract Hemp seed oil Hemp seed oil

CBD7 Hemp seed oil Hemp seed oil Hemp seed oil

CBD8 Olive oil and hemp extract Olive oil Olive oil

CBD9 Olive oil and hemp extract Olive oil Olive oil

CBD10 Full spectrum CBD oil Hemp seed oil Hemp seed oil

CBD11 Full spectrum CBD oil Hemp seed oil Hemp seed oil

CBD12 Full spectrum CBD oil Hemp seed oil Hemp seed oil

CBD13 Pumpkin seed oil, Cannabis sativa flower extract Pumpkin or hemp seed oil Pumpkin seed oil

CBD14 Hemp seed oil Hemp seed oil Hemp seed oil

CBD15 Hemp seed oil, hemp extract Hemp seed oil Hemp seed oil

CBD 16 Hemp seed oil, CBD extract Hemp seed oil Not considered, outlying sample

CBD 17 Hemp seed oil, CBD extract Not identified Not considered, outlying sample

TABLE 1 Statistical values obtained with SIMCA for NIR and MIR

spectra.

Spectroscopic technique NIR MIR

Devices preprocessing 1st derivative 1st derivative

SIMCA

Model building: Training set

Number of PC's for each

classes (venetian blinds)

2–3–3 4–3–3

Sensitivity 1.00–1.00–1.00 1.00–1.00–1.00

Specificity 1.00–1.00–1.00 1.00–1.00–1.00

Accuracy 1.00–1.00–1.00 1.00–1.00–1.00

Precision 1.00–1.00–1.00 1.00–1.00–1.00

Model building: Validation set

Sensitivity 1.00–1.00–1.00 1.00–1.00–1.00

Specificity 1.00–1.00–1.00 1.00–1.00–1.00

Accuracy 1.00–1.00–1.00 1.00–1.00–1.00

Precision 1.00–1.00–1.00 1.00–1.00–1.00

DUCHATEAU ET AL. 11
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TABLE 3 Analysis of CBD oils
products.

Model CBD label claim (% w/w) CBD GC–MS/MS (% w/w)

CBD1 Hemp 2.9 2.7

CBD2 Hemp 4.0 2.5

CBD3 Hemp 5.0 5.9

CBD4 Hemp 5.0 5.3

CBD5 Hemp 5.0 8.4

CBD6 Hemp 3.0 3.6

CBD7 Hemp 5.0 6.5

CBD8 Olive 4.0 4.5

CBD9 Olive 10.0 4.8

CBD10 Hemp 20.0 3.8

CBD11 Hemp 10.0 2.9

CBD12 Hemp 10.0 2.8

CBD13 Pumpkin 5.0 3.1

CBD14 Hemp 15.0 8.4

CBD15 Hemp 10.0 4.5

TABLE 4 Statistical values obtained with PLS-R for NIR spectra, MIR spectra, concatenated NIR-MIR spectra, and for MB PLS-R for olive oil,
hempseed oil, and pumpkinseed oil models.

Olive oil

Spectroscopic technique NIR MIR Concatenated NIR-MIR NIR-MIR MB-PLS

Devices preprocessing 1st derivative

Number of samples (training set) 14 spiked samples + 1 seized sample = 15 samples

Number of samples (validation set) 4 spiked samples + 1 seized sample = 5 samples

Number of LVs (venetian blinds) 2 2 3 3

R2 (calibration) 0.90 0.89 0.91 0.98

R2 (CV) 0.84 0.86 0.89 0.97

R2 (p) 0.98 0.94 0.96 0.88

RMSEC 2.8 3.0 2.7 1.2

RMSECV 3.7 3.3 3.1 1.6

RMSEP 0.9 1.7 1.8 3.0

Sample code % CBD: MeasuredjPredicted (residuals)

HS1_10% spike 10.9j12.2 (1.3) 10.9j12.5 (1.6) 10.9j13.7 (2.8) 10.9j13.0 (2.1)

HS2_15% spike 17.4j16.6 (�0.8) 17.4j15.0 (�2.4) 17.4j16.9 (�0.5) 17.4j16.4 (�1)

HS3_2% spike 2.0j2.0 (0) 2.0j2.4 (0.4) 2.0j2.2 (0.2) 2.0j2.6 (0.6)

HS3_15% spike 16.7j16.1 (�0.6) 16.7j17.8 (1.1) 16.7j19.3 (2.6) 16.7j18.5 (1.8)

CBD8 4.5j3.2 (�1.3) 4.5j6.6 (2.1) 4.5j6.1 (1.6) 4.5j0 (�4.5)

Hemp seed oil

Spectroscopic technique NIR MIR Concatenated NIR-MIR NIR-MIR MB-PLS

Devices preprocessing 1st derivative

Number of samples (training set) 14 spiked + 9 seized samples = 23 samples

Number of samples (validation set) 4 spiked samples + 3 seized samples = 7 samples

Number of LVs (venetian blinds) 4 5 2 2

R2 (calibration) 0.96 0.96 0.66 0.90

R2 (CV) 0.56 0.76 0.53 0.88

R2 (p) 0.86 0.90 0.84 0.94

RMSEC 1.5 1.6 4.4 2.4
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importance for the inclusion of matrix variability into the models, not

only here, but generally when creating chemometrics models.

4 | CONCLUSION

NIR and MIR spectroscopy coupled to chemometrics were applied as

tool to classify CBD containing oils based on their oil matrix and to

estimate the CBD content. In the present study, different types of oils

were spiked at different concentration levels to create a pool of sam-

ples in order to build models for classification and regression. During

unsupervised analysis, both MIR and NIR allowed the discrimination

between different types of oils along PC3 and showed an ascending

tendency of CBD concentration according to PC1. This analysis also

revealed seized samples with deviating matrix, which would interfere

with the modelling and therefore were removed from the sample set.

Indeed, the GC–MS analysis confirmed, at least for one of them the

total difference in composition of fatty acid and for the other seized

sample the presence of undetermined components affected the sam-

ples discrimination.

Based on the promising results of the unsupervised approach,

supervised analysis was conducted to classify the samples and esti-

mate their CBD content. After the classification step, regression

models were built for each type of oil to estimate the CBD content in

each type of oil. For that, single-block and multi-block data analysis

techniques were compared.

This study was limited by the small amount of seized oil samples,

which was particularly an issue for the regression models, tempting to

estimate the CBD content in the samples. In order to be routinely

applicable, these regression models should be based on a large num-

ber of samples from the market, previously analyzed with standard

techniques like GC–MS/MS, in order to incorporate the variation in

TABLE 4 (Continued)

Hemp seed oil

Spectroscopic technique NIR MIR Concatenated NIR-MIR NIR-MIR MB-PLS

RMSECV 5.4 4.1 5.3 2.8

RMSEP 3.0 2.4 2.6 1.6

Sample code % CBD: MeasuredjPredicted (residuals)

HS13_10% spike 10.9j11.3 (0.4) 10.8j12.0 (1.2) 10.9j10.2 (�0.7) 10.9j11.2 (0.3)

HS14_15% spike 17.7j17.7 (0) 17.4j18.1 (0.7) 17.1j15.1 (�2) 17.7j16.8 (�0.9)

HS15_2% spike 2.0j1.5 (�1) 1.9j2.1 (0.2) 2.0j1.6 (�0.4) 2.0j1.6 (�0.4)

HS15_ 15% spike 15.3j13.5 (�1.8) 15.1j15.9 (0.8) 15.3j12.5 (�2.8) 15.3j15.1 (�0.2)

CBD2 2.5j1.0 (�1.5) 2.5j1.1 (�1.4) 2.5j4.4 (1.9) 2.5j4.5 (2)

CBD6 3.6j0 (�3.6) 3.6j1.9 (�1.7) 3.6j3.8 (0.2) 3.6j2.9 (�0.7)

CBD10 3.8j6.0 (2.2) 3.8j6.3 (2.5) 3.8j9.3 (5.5) 3.8j7.3 (3.5)

Pumpkin seed oil

Spectroscopic technique NIR MIR Concatenated NIR-MIR NIR-MIR MB-PLS

Devices preprocessing 1st derivative

Number of samples (training set) 15 spiked samples

Number of samples (validation set) 4 spiked samples + 1 seized sample = 5 samples

Number of LVs (venetian blinds) 2 3 3 2

R2 (cal) 0.91 0.96 0.98 0.94

R2 (CV) 0.86 0.96 0.96 0.92

R2 (p) 0.84 0.93 0.73 0.45

RMSEC 2.6 1.2 1.3 1.0

RMSECV 3.4 1.5 1.9 1.2

RMSEP 3.3 2.7 3.9 3.7

Sample code % CBD: MeasuredjPredicted (residuals)

HS19_10% spike 11.7j13.4 (1.7) 11.6j12.5 (0.9) 11.7j12.6 (0.9) 11.7j13.0 (1.3)

HS20_15% spike 17.2j14.8 (�2.4) 17.0j17.7 (0.7) 17.2j15.9 (�1.3) 17.2j12.3 (�4.9)

HS21_2% spike 2.3j3.9 (1.6) 2.3j2.5 (0.2) 2.3j2.9 (0.6) 2.3j1.0 (�1.3)

HS21_15% spike 17.8j17.6 (�0.2) 17.5j16.2 (�1.3) 17.8j18 (0.2) 17.8j17.6 (�0.2)

CBD13 3.1j9.7 (6.6) 3.1j8.3 (5.2) 3.1j11.7 (8.6) 3.1j13.3 (10.2)
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matrices on the market in the model. It was clearly shown in this

research, since only when including part of the seized samples into

the training set, acceptable results for the seized samples in the vali-

dation set could be obtained. Models based on only spiked samples

resulted in significantly higher deviations.

For the classification according to the oil matrix, both techniques,

NIR and MIR spectroscopy, showed comparable results. Classification

techniques could be applied to check the matrix mentioned on the

label claim for oily samples. In the context of the regression for esti-

mation of the CBD content, MIR as stand-alone technique gave the

best results. Regression models for CBD based on MIR could be

applied to estimate the interval of concentration of samples. This con-

clusion is mainly based on the model for hem seed oil, for which more

seized samples were available.

It was also shown that the combination of NIR and MIR data, by

simple concatenation or in multi-block analysis, did not result in better

models, meaning probably that for our sample set complementarity

between both techniques is lacking. The fact that MIR was selected as

the best option is also advantageous from a practical point of view

since this facilitates on-site analysis and the implementation of the

presented approach. It could be realized to sort dubious samples

before analysis with an expensive reference.

The results reveal a promising tool for the fast characterization

and safety evaluation of CBD containing oils, which could be broad-

ened and exploited even more, due to the emergence of high quality

portable infrared spectrophotometers. Indeed, classification and

regression models could be transferred in portable devices offering

the possibility to do on-site analysis. It could be useful for inspectors,

distributors, and sellers. Next to oil identification and CBD content

estimation, the techniques are also able to detect deviating samples,

based on unexpected oils, perhaps even dangerous, and cases of

deception of the consumer by either using cheaper oils than labelled

or deviating CBD content compared to the label.
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