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Microwave-assisted extraction of cannabinoids
and antioxidants from Cannabis sativa aerial
parts and process modeling†‡
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Abstract

BACKGROUND: Cannabis (Cannabis sativa L.) is one of the most controversial plants. So far, its multiple application in industry
for the production of fabrics, paper and construction materials is known. Today, there is increasing interest in its application
for medical purposes, as opposed to its opiate activity. In addition to well-known cannabinoids, the presence of polyphenolic
compounds and their antioxidant and reductive abilities are of great importance. Therefore the extraction of both constituents,
polyphenolics and cannabinoids (𝚫9-tetrahydrocannabinol (THC) and cannabidiol (CBD)), of industrial hemp was carried out
using microwave-assisted extraction (MAE).

RESULTS: The effects of different extraction parameters, namely ethanol concentration (30, 50 and 70% v/v), extraction time
(10, 20 and 30 min) and solid/liquid ratio (5, 10 and 15 g mL−1), on extraction yield, total phenol content, total flavonoid content,
antioxidant activity, reductive capacity, CBD content and THC content were investigated using response surface methodology.
For the experimental design, a Box–Behnken design was chosen. In the obtained extracts, the following ranges of targeted
compounds were detected: total phenols from 0.8499 to 2.7060 mg gallic acid equivalent mL−1, total flavonoids from 0.4707 to
1.4246 mg catechin equivalent mL−1, THC from 0.0339 to 0.0637 mg mL−1 and CBD from 0.2243 to 1.8415 mg mL−1. Antioxidant
activity ranged from 0.0009 to 0.2079 mL mL−1, while reductive capacity ranged from 0.0021 to 0.0066 mL mL−1.

CONCLUSION: MAE proved to be a simple, efficient, fast and low environmental impact method for obtaining polyphenols
and cannabinoids from C. sativa L. Cannabis herb, which presents a by-product of fiber and cannabis product, showed to be
a promising source of bioactive compounds.
© 2019 Society of Chemical Industry

Supporting information may be found in the online version of this article.
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INTRODUCTION
Cannabis (Cannabis sativa L.) is one of the oldest economic crops,
employed as a source of edible grain, fiber and medicinal resins.
Nowadays, it is one of the most controversial plants owing to
legal, ethical and social implications of its use, which range from
harmful health effects and even deaths, attributed to intoxication
by consuming marijuana, to favorable therapeutic indications.1

Breeding for varying uses and natural selection pressures imposed
by diverse climates have resulted in a wide variety of growth forms
and chemical compositions of cannabis.2

Cannabis sativa L. contains more than 480 known compounds
from 18 different chemical classes.3 All cannabis constituents can
be divided into two groups: cannabinoids and non-cannabinoids.
So far, 66 cannabinoids have been identified and divided into
ten subclasses: cannabigerol (CBG) type, cannabichromene (CBC)
type, cannabidiol (CBD) type, Δ9-tetrahydrocannabinol (THC)
type, Δ8-THC type, cannabicyclol (CBL) type, cannabielsoin (CBE)
type, cannabinol (CBN) and cannabinodiol (CBND) types, cannabi-
triol (CBT) type and miscellaneous types.3 Non-cannabinoid
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constituents are terpenoids, hydrocarbons, nitrogen-containing
compounds, carbohydrates, flavonoids, non-cannabinoid phenols,
simple alcohols, aldehydes, ketones, acids, esters and lactones.3

All these pharmacologically active constituents of cannabis
are responsible for a wide range of its effects. Different studies
have shown that cannabis exerts antimicrobial activity on both
Gram-positive and Gram-negative bacteria,4 anticancer activity,5–9

analgesic effects10 and positive effects in Tourette’s syndrome.11

The psychoactive activity of cannabis is linked to its content of
THC; therefore strict limits on this constituent are defined and
allowed, and these differ from country to country.

As the interest in cannabis use for medical purposes grows over
the years, it is necessary to intensify research on the chemical
composition of cannabis and its products as well as on meth-
ods of extracting its bioactive compounds and producing innova-
tive cannabis products. Therefore the main goal of this research
was to investigate the microwave-assisted extraction (MAE) of
different hemp bioactive compounds: phenols and flavonoids
as well as cannabinoids. MAE belongs to the emerging green
extraction technologies and is particularly suitable for the extrac-
tion of polar compounds such as polyphenols.12,13 The general
advantages of MAE over conventional extraction techniques are
increased yield of targeted compounds, reduction of time, sol-
vent and energy consumption and minimization of environmental
impact because of the application of green and non-toxic solvents.
In several previous publications, MAE is also accepted as a power-
ful alternative for the extraction of organic compounds from plant
material in comparison with other extraction techniques such as
Soxhlet extraction, ultrasonic-assisted extraction and supercriti-
cal fluid extraction.14–16 For the efficient extraction of bioactive
compounds, regardless of selected extraction technique, the most
important step is to adequately adjust the process parameters. In
the case of MAE, the most important process parameters are sol-
vent polarity, extraction time, irradiation power, temperature and
contact surface area.17

MATERIAL AND METHODS
Herbal material
The herbal material used in the study was C. sativa L. cv. Helena.
The commercial crop was produced at Bački Petrovac experimen-
tal field of the Institute of Field and Vegetable Crops in Novi Sad,
Serbia in 2017. The applied production technology was that rec-
ommended by Bócsa and Karus.18

The field sampling protocol was according to Section 2,
Appendix I of EU Regulation No. 796/200, procedure A for monoe-
cious cultivars. The procedure includes cutting off 30 cm long
parts from the tops of plants (randomly selected 700 plants per
field) that contain at least one inflorescence, 20 days after the start
of flowering.19

Each plant was cut and air dried at ambient temperature to resid-
ual humidity <120 g kg−1 before it was delivered to the laboratory.
Stems and seeds were manually separated from the dried plant
material using test sieves (mesh 1.5 mm). Laboratory samples con-
tained leaves, blossoms, small structural parts of the inflorescence
and bracts. Samples were ground in a domestic blender. The mean
particle size was determined as 0.4378 mm using a vibration sieve
set (CISA Cedacería Industrial, Barcelona, Spain).

c Department of Organic Production and Biodiversity, Institute of Field and
Vegetable Crops, Novi Sad, Serbia

Chemicals
Folin–Ciocalteu reagent and 1,1-diphenyl-2-picrylhydrazyl
hydrate (DPPH) were purchased from Sigma-Aldrich GmbH
(Steinheim, Germany). Standard compounds (±)-catechin and gal-
lic acid were obtained from Sigma (St Louis, MO, USA). Potassium
ferricyanide was purchased from Merck (Darmstadt, Germany).
All other chemicals used in this study were of analytical reagent
grade.

MAE procedure
For analysis of MAE, a home-made system was used consisting of
a domestic microwave oven (NN-E201W, Panasonic, Osaka, Japan)
connected to the appropriate glass apparatus with round-bottom
flask and condenser.

To analyze the impact of major process parameters, 17 extracts
were prepared at different extraction conditions (extraction sol-
vent, extraction time and solid/liquid ratio) according to the exper-
imental design presented below.

In each extraction run, the sample was mixed with the selected
solvent (30, 50 or 70% v/v ethanol) in the selected solid/liquid
ratio (5, 10 or 15) and the extraction was performed in a 500 mL
round-bottom flask at fixed frequency and fixed irradiation power
(580 W). The position of the flask was always at the same distance
from the magnetron. No additional agitation was applied. The total
extraction time was 10, 20 or 30 min.

After extraction, the obtained extracts were immediately filtered
through filter paper of pore size 4–12 μm (Schleicher & Schuell,
Dassel, Germany) under vacuum. The obtained liquid extracts were
collected into glass flasks and stored in the freezer until further
analysis.

Total phenol content
The content of total phenols (TP) in the liquid extracts was deter-
mined by the Folin–Ciocalteu spectrophotometric procedure.20,21

The absorbance at 750 nm was measured on a Jenway 6300 spec-
trophotometer (Stone, Staffordshire, UK). TP was expressed as mg
gallic acid equivalent (GAE) mL−1. All experiments were replicated
three times and results reported as mean values.

Total flavonoid content
The content of total flavonoids (TF) in the liquid extracts was deter-
mined by the aluminum chloride spectrophotometric method
described by Harborne.22 The sample absorbance at 510 nm was
measured. TF was expressed as mg catechin equivalent (CE) mL−1.
All experiments were replicated three times and results reported
as mean values.

Content of CBD and THC
The content of CBD and THC in the liquid extracts was determined
by gas chromatograph/mass spectrometer (GC/MS) analysis.
Absolute methanol (2.5 mL) was added to 0.5 mL of extract,
shaken and then centrifuged at 7500 g for 5 min. The supernatant
was transferred to a GC vial. Decarboxylation of the acid forms
of CBD and THC occurred in the GC/MS inlet at a temperature of
280 ∘C. Analysis of cannabinoids was performed using an Agilent
6890N GC (Papworth Everard, Cambridgeshire, UK) equipped with
an Agilent 5975B MS detector. The separation was performed
on a fused silica capillary column (HP-5MS, Agilent, Papworth
Everard, Cambridgeshire, UK, 30 m × 0.25 mm i.d., 0.25 μm film
thickness). Helium was used as carrier gas at a constant flow rate
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of 1 mL min−1. The temperature program was as follows: initial
temperature 200 ∘C kept constant for 2 min, then increased at
10 ∘C min−1 to 240 ∘C and kept constant for 10 min. The injector
and detector temperatures were set at 280 and 230 ∘C respectively.
The injected sample volume was 1.5 μL and the split ratio was 1:20.
Individual analytical standards for CBD, CBG and cannabinol (CBN)
were used for calibration. Quantitation of THC was performed
with CBN analytical standard by the method of Poortman-van der
Meer and Huizer.23

Antioxidant activity
The antioxidant activity of the liquid extracts was analyzed using
the DPPH assay as described by Espín et al.24 A certain volume of
diluted sample/liquid extract was mixed with 95% methanol and
90 μmol L−1 DPPH solution to obtain different final concentrations
of the test sample. For the control, 30, 50 or 70% ethanol was used
instead of extract solution. The absorbance of the test sample and
control at 515 nm was then measured after 60 min of incubation at
room temperature.

The antioxidant activity obtained by the DPPH method was first
expressed as radical-scavenging capacity (RSC) and further as the
IC50 value, where IC50 represents the concentration of the test
sample which inhibits 50% DPPH radicals present and which is
required to obtain 50% RSC. All experiments were replicated three
times and results reported as mean values.

Reductive capacity
The reductive capacity of the liquid extracts was determined
by the reducing power test described by Oyaizu.25 This method
is based on the transformation of Fe2+ into Fe3+, which can be
provoked by polyphenol antioxidants. According to the experi-
mental procedure, 1 mL of extract (different dilutions) was mixed
with 1 mL of 0.2 mol L−1 phosphate buffer and 1 mL of 10 g L−1

potassium ferricyanide in a glass tube. The prepared reaction
mixture was incubated for 20 min at 50 ∘C. After incubation, 1 mL
of 100 mL L−1 trichloroacetic acid solution was added to the reac-
tion mixture and the tube was centrifuged at 1000 g for 10 min.
Then 2 mL of the supernatant was mixed with 2 mL of doubly
distilled water and 0.4 mL of 1 g L−1 ferric chloride solution. The
absorbance at 700 nm was measured.

The reductive capacity was expressed as the EC50 value, where
EC50 is the concentration of the test solution that provides 50%
Fe3+ ion reduction. All experiments were replicated three times
and results reported as mean values.

Experimental design
For mathematical analysis of the MAE process of C. sativa herb,
three process parameters (ethanol concentration, extraction time
and solid/liquid (S/L) ratio) were selected as input variables to
be observed. A Box–Behnken experimental design with three
numerical factors at three levels, which consisted of 17 random
experiments with five replicates at the central point, was used for
MAE. Table 1 shows the actual and coded values of the selected
input variables.

The influence of the input variables on MAE and the optimization
of this process were performed by response surface methodology
(RSM).

In the set experiment, seven output variables (responses) were
observed: yield, TP, TF, CBD content, THC content, IC50 value and
EC50 value.

According to Bezerra et al.,26 in order to appropriately describe
the relationship between the input and output variables, the

Table 1. Actual and coded values of input variables

Values of input variables

Input variable Coded Actual Coded Actual Coded Actual

Ethanol concentration
(% v/v)

−1 30 0 50 1 70

Extraction time (min) −1 10 0 20 1 30

Solid/liquid ratio
(g mL−1)

−1 5 0 10 1 15

responses must be fitted with the following second-order polyno-
mial equation:

Y = 𝛽0 +
∑

i=1

3
𝛽iXi +

∑

i=1

3
𝛽iiXi

2 +
∑

i<j=1

3
𝛽ijXiXj (1)

where Y represents the response variable, Xi and Xj are the input
variables and 𝛽0, 𝛽 i , 𝛽 ii and 𝛽 ij are the regression coefficients for
linear, quadratic and interaction terms respectively.

The optimization of the observed MAE process was carried out
separately for TP, TF, IC50 and EC50 responses and CBD and THC
responses. According to TP, TF, IC50 and EC50 values, optimization
of the MAE conditions was performed with respect to the maxi-
mum TP and TF and minimum IC50 and EC50 values. According to
CBD and THC contents, optimization of the MAE conditions was
performed dually. In both cases, optimization was made concern-
ing the maximum content of CBD, while the content of THC in
the first case was set to minimum values and in the second case
was not taken into account. The experimental design and multi-
ple linear regression analyses were performed using Design-Expert
V. 7 Trial (Stat-Ease, Minneapolis, MN, USA). The results were sta-
tistically tested by analysis of variance (ANOVA). The adequacy of
the models was evaluated by the coefficient of determination (R2),
the coefficient of variance (CV) and the P value for the model and
lack-of-fit testing.

Validation of experiment
To perform validation of the obtained model, C. sativa extract was
prepared under previously defined optimal conditions.

Validation of the experiment was made for the optimization
process according to maximum TP and TF and minimum IC50 and
EC50 as well as for maximum CBD and no THC and maximum CBD
and minimum THC. The extract was prepared according to the
MAE procedure described previously. The extraction conditions for
maximum TP and TF and minimum IC50 and EC50 were ethanol
47.6%, extraction time 10 min and S/L ratio 5, while for maximum
CBD and no THC and maximum CBD and minimum THC they were
ethanol 67 and 47%, extraction time 10.9 and 10 min and S/L ratio
5.1 and 5 respectively. TP, TF, contents of CBD and THC as well
as antioxidant and reductive capacities in the extract obtained
at optimal process conditions were measured according to the
above-described procedures and methods.

Experimentally obtained results and predicted values were com-
pared and further analyzed using Design-Expert V. 7 Trial.

RESULTS AND DISCUSSION
Model fitting
According to the literature, C. sativa has been mostly extracted
by conventional extraction methods by application of different
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Table 2. Box–Behnken experimental design with MAE parameters and experimentally obtained values of yield, total phenol content
(TP), total flavonoid content (TF), antioxidant activity (IC50), reductive capacity (EC50), cannabidiol (CBD) andΔ9-tetrahydrocannabinol
(THC)

Independent variables Responses

Run

Ethanol

concentration

(% v/v)

Extraction

time

(min)

Solid/

liquid

ratio

(g mL−1)

Yield

(mg mL−1)

TP

(mg GAE mL−1)

TF

(mg CE mL−1)

IC50

(mL extract mL−1)

EC50

(mL extract mL−1)

CBD

(mg mL−1)

THC

(mg mL−1)

1 50 20 10 20.68 1.4173 0.6426 0.0016 0.0042 0.8634 0.0458

2 50 20 10 20.96 1.4398 0.6722 0.0016 0.0035 0.8438 0.0444

3 30 30 10 20.86 1.2517 0.6803 0.0016 0.0048 0.2766 0.0344

4 50 20 10 21.02 1.3921 0.6552 0.0015 0.0029 0.8541 0.0382

5 50 20 10 20.04 1.4173 0.6964 0.0014 0.0044 0.8432 0.0446

6 30 10 10 21.18 1.2938 0.6767 0.0015 0.0039 0.2816 0.0344

7 50 30 5 37.60 2.2259 0.9937 0.0011 0.0032 1.4589 0.0516

8 70 10 10 15.90 1.2320 0.8388 0.0016 0.0049 0.9819 0.0480

9 70 20 15 10.96 0.8499 0.6453 0.0021 0.0066 0.6324 0.0428

10 70 20 5 27.56 2.0687 1.4246 0.0011 0.0029 1.8415 0.0637

11 50 10 5 36.72 2.7060 1.3592 0.0009 0.0025 1.5856 0.0553

12 50 30 15 14.98 1.0524 0.4913 0.0021 0.0036 0.6238 0.0418

13 30 20 15 14.64 0.9342 0.4707 0.0019 0.0055 0.2243 0.0345

14 30 20 5 38.08 2.1220 1.2105 0.0011 0.0021 0.2542 0.0339

15 50 10 15 13.44 1.0187 0.5029 0.0020 0.0055 0.4836 0.0393

16 50 20 10 19.66 1.3443 0.6588 0.0015 0.0035 0.8124 0.0446

17 70 30 10 16.42 1.1478 0.8549 0.0018 0.0049 0.9152 0.0472

solvents.27,28 These extractions were focused mostly on the isola-
tion of cannabinoids and the measurement of their content.

In a study on the extraction of cannabinoids from medicinal
cannabis Bediol® with THC content ∼6.3% and CBD content ∼8%,
approved by the Office of Medicinal Cannabis (OMC), Cittia et al.28

used three different solvents: olive oil, ethanol and supercriti-
cal CO2. Extraction with olive oil and ethanol were done under
refluxing (CMERs) and without refluxing (CMEs). CMERs olive oil
extracts had CBD and THC contents from 1.88 to 2.69 mg mL−1

and from 1.53 to 2.12 mg mL−1 respectively, while CMERs ethanol
extracts had CBD and THC contents from 3.11 to 4.36 mg mL−1

and from 2.49 to 2.65 mg mL−1 respectively. CMEs olive oil extracts
had CBD and THC contents from 1.11 to 1.46 mg mL−1 and from
0.72 to 1.01 mg mL−1 respectively, while CMEs ethanol extracts
had CBD and THC contents from 0.62 to 0.93 mg mL−1 and from
1.29 to 1.46 mg mL−1 respectively. The contents of CBD and THC
in Bediol® extracts obtained with supercritical CO2 were in the
ranges 1.39–1.69 and 1.10–1.16 mg mL−1 respectively. The study
concluded that the highest cannabinoid yield was obtained by
ethanol when extraction was done under refluxing. That is why
in this study the same solvent, at different concentrations, was
selected to be used for the preparation of C. sativa Helena extracts
by MAE.

In this study, CBD contents in the extracts obtained by
MAE according to the experimental design were in the
range 0.2243–1.8415 mg mL−1. The highest CBD content
(1.8415 mg mL−1) was obtained when the MAE parameters were
set as ethanol 70%, extraction time 20 min and S/L ratio 5. THC con-
tents in the extracts were in the range 0.0339–0.0637 mg mL−1.
The lowest THC content was obtained in the case of ethanol 30%,
extraction time 20 min and S/L ratio 5.

Despite the fact that C. sativa is investigated and used for
its cannabinoid compounds, the content of polyphenolic

compounds as well as the antioxidant activity of this herb and its
products should not be ignored. According to the results, TP in
the MAE extracts ranged from 0.8499 to 2.7060 mg GAE mL−1. The
highest TP (2.7060 mg GAE mL−1) was obtained with ethanol 50%,
extraction time 10 min and S/L ratio 5. TF in the extracts ranged
from 0.4707 to 1.4246 mg CE mL−1. The highest TF (1.4246 mg CE
mL−1) was obtained with ethanol 70%, extraction time 20 min and
S/L ratio 5. Antioxidant activity expressed as the IC50 value for the
extracts was in the range from 0.009 to 0.0021 mL extract mL−1.
The extract prepared with ethanol 50%, extraction time 10 min
and S/L ratio 5 showed the highest antioxidant activity (0.0009 mL
extract mL−1). Reductive capacity expressed as the EC50 value for
the extracts was in the range from 0.0021 to 0.0066 mL extract
mL−1. The extract obtained with ethanol 30%, extraction time
20 min and S/L ratio 5 showed the highest reductive capacity.

Table 2 shows the Box–Behnken experimental design with MAE
parameters and obtained values of investigated responses (TP, TF,
EC50, IC50, CBD and THC). The obtained values for each investi-
gated response were fitted with a second-order polynomial and
the model fitting was checked through ANOVA (supporting infor-
mation Table S1). The first parameter, the coefficient of determi-
nation (R2), showed good agreement of experimental and model
prediction data. Namely, for all responses, R2 was close to 1; for
yield, TP, TF, IC50, EC50, CBD and THC, it was 0.9922, 0.9835, 0.9547,
0.9849, 0.9397, 0.9667 and 0.9452 respectively.

The second parameter used in ANOVA was the CV. A low value
of CV (<10%) indicates good reproducibility of the responses.29

CVs lower than 10% were obtained for yield, TP, TF, IC50 and THC,
namely 5.15, 2.15, 4.79, 4.06 and 6.53% respectively. CVs for EC50

and CBD were somewhat higher, 11.52 and 15.96% respectively,
indicating an increase in the difference between experimental and
obtained results. However, as the CVs were only slightly higher,
these differences can be characterized as irrelevant errors.

wileyonlinelibrary.com/jctb © 2019 Society of Chemical Industry J Chem Technol Biotechnol 2020; 95: 831–839
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Figure 1. Response surfaces showing combined effects of parameters on extraction yield.

The final statistical parameter for more detailed analysis was the
P value for the model and lack-of-fit testing. The P value for the
model for all investigated responses was less than 0.05, meaning
that the model is a good approximation to the experimental
data. The P value for lack-of-fit testing was higher than 0.05 for
all investigated responses, except for the yield and THC where
lower values of 0.0461 and 0.0003 respectively were determined.
According to Mayers et al.,30 this means that the dispersion of the
experimental design was a model-independent measure of the
pure error.

Total extraction yield
P values of linear, interaction and quadratic terms of regression
coefficients for extraction yield are shown in supporting informa-
tion Table S2. According to the obtained results, it is clear that the
linear and quadratic terms of ethanol concentration (X1 and X1

2),
the linear and quadratic terms of S/L ratio (X3 and X3

2) and the
interaction of these two input variables (X1X3) affect the extrac-
tion yield in the case of MAE of C. sativa herb. The highest influ-
ence on yield was S/L ratio, because the P values for both linear
and quadratic terms were less than 0.0001, meaning that their
impact was highly significant. The linear and quadratic terms of
ethanol concentration also had a highly significant impact, as their
P values were 0.0001 and 0.0034 respectively (<0.01). The inter-
action of ethanol concentration and S/L ratio was also significant,
because the P value of this interaction was 0.0188. Therefore, in the
case of MAE, it can be concluded that applied extraction solvent
(ethanol concentration) and S/L ratio are the most dominant pro-
cess parameters that affect the total extraction yield. Based on the
significance of the process parameters, the mathematical equation
describing the model for yield is

Y = 20.47 − 2.99X1 − 10.74X3 + 1.71X1X3 –2.38X1
2 + 4.72X3

2 (2)

According to Eqn (2), both terms of ethanol concentration and
the linear term of S/L ratio have a negative influence on the extrac-
tion yield, while the quadratic term of S/L ratio has a positive influ-
ence. This means that with an increase in ethanol concentration
in the extraction solvent, the total extraction yield in the MAE of
C. sativa herb will decrease. The negative effect of the linear term
and positive effect of the quadratic term of S/L ratio mean that
the extraction yield decreases with S/L ratio increase to a certain
point, after which an increase in S/L ratio has a positive influence
on extraction yield. The interaction of these two parameters has
a positive effect on yield; namely, when the interaction of ethanol
concentration and S/L ratio increases, the yield increases too.

Therefore the total extraction yield of C. sativa in the MAE process
decreases with increasing ethanol concentration and S/L ratio.
The combined effect of S/L ratio and ethanol concentration has
a positive effect on yield. Figure 1 clearly shows that Eqn (2)
corresponds to the experimentally obtained results.

Content of total phenols
P values of linear, interaction and quadratic terms of regression
coefficients for TP are shown in supporting information Table S2.
Based on the P values for all terms, it can be concluded that the
most dominant factors that affect the extraction of TP in MAE are
the linear and quadratic terms of ethanol concentration (X1 and
X1

2), the linear term of extraction time (X2), the linear term of S/L
ratio (X3) and the interaction of extraction time and S/L ratio (X2X3).
All these input variables have a highly significant impact on the
MAE of TP from C. sativa herb, because the P value for each of them
was less than 0.01. Therefore the extraction of TP from C. sativa,
taking into account the significance of all process parameters, can
be explained by the equation

TP = 14.02 − 0.37X1 − 0.72X2 − 6.58X3 + 1.28X2X3 − 2.14X1
2 (3)

The linear and quadratic terms of ethanol concentration have a
negative influence on TP, as do the linear terms of extraction time
and S/L ratio. The positive influence on TP in the obtained C. sativa
extracts is the interaction of extraction time and S/L ratio, meaning
that with an increase in these parameters, TP increases too.

Figure 2 shows that the interaction of S/L ratio and extraction
time has a positive influence on TP extraction from C. sativa.
Extraction time has no significant influence on TP extraction from
C. sativa, while with an increase in ethanol concentration to central
level, TP extraction increases, after which it decreases.

Content of total flavonoids
The linear and quadratic terms of ethanol concentration (X1 and
X1

2), the linear term of S/L ratio (X3), the interaction of these two
input variables (X1X3) and the interaction of S/L ratio and extrac-
tion time (X2X3) impact significantly on TF extraction (support-
ing information Table S2). The effects of both linear and quadratic
terms of ethanol concentration and the linear term of S/L ratio are
highly significant, because their P values are less than 0.01. The
interaction of ethanol concentration and S/L ratio and the inter-
action of extraction time and S/L ratio have a significant influence
on TF. The equation describing the model for TF, taking only signif-
icant parameters into account, has the form

TF = 6.65 + 0.90X1 − 0.44X3 − 3.59X1X3 + 0.88X2X3 + 0.99X1
2

(4)

J Chem Technol Biotechnol 2020; 95: 831–839 © 2019 Society of Chemical Industry wileyonlinelibrary.com/jctb



836

www.soci.org Z Drinić et al.

Figure 2. Response surfaces showing combined effect of parameters on total phenol content.

Figure 3. Response surfaces showing combined effects of parameters on total flavonoid content.

The linear and quadratic terms of ethanol concentration and
the interaction of extraction time and S/L ratio have a positive
influence on TF, meaning that their increase will lead to an increase
in TF extraction from C. sativa. The linear term of S/L ratio and the
interaction of ethanol concentration and S/L ratio have a negative
influence on TF extraction from C. sativa, so with their increase, TF
in the obtained extracts will decrease.

Figure 3 and Eqn (4) describing the model for TF show the same
results, i.e. increased ethanol concentration and interaction of
extraction time and S/L ratio will lead to increased TF extraction
yield, while increased S/L ratio and interaction of ethanol concen-
tration and S/L ratio will lead to decreased TF extraction.

Antioxidant activity
P values for linear, interaction and quadratic terms of regression
coefficients obtained for antioxidant activity, expressed as IC50,
are shown in supporting information Table S2. A highly significant
influence on the antioxidant activity of C. sativa extracts obtained
by MAE is shown only by the linear term of S/L ratio, while a
significant influence is exerted by the linear terms of ethanol
concentration and extraction time. The equation describing the
impact of process parameters and their different terms on IC50 of
C. sativa extracts obtained by MAE is

IC50 = 0.15 + 6.85 × 10−3X1 + 7.25 × 10−3X2 + 0.046X3 (5)

All input variables impacted positively on IC50, meaning that
their increase will lead to a decrease in antioxidant activity of C.
sativa extracts.

Figure 4 clearly shows that the lowest IC50 was in the area of
the lowest values of the parameters extraction time and ethanol

concentration. It also shows that IC50 will increase with increasing
parameter values.

Reductive capacity
P values for linear, interaction and quadratic terms of regression
coefficients obtained for reductive capacity, expressed as EC50,
are shown in supporting information Table S2. The linear term of
ethanol concentration (X1), the linear term of S/L ratio (X3) and
the quadratic term of extraction time (X2

2) impact the reductive
capacity of C. sativa extracts obtained by MAE. A highly significant
impact is shown only by S/L ratio, while the other two parameters
have a moderately significant effect on this response. Reductive
capacity, expressed as EC50, taking into account the significance of
all process parameters, can be described by the equation

EC50 = 0.37 + 0.038X1 + 0.16X3 + 0.050X2
2 (6)

All input variables have a positive influence on EC50, meaning a
negative influence on reductive capacity. Therefore, by increasing
these input variables, reductive capacity will decrease too.

Figure 5 is in accordance with Eqn (6). Increasing the parameters
has a positive influence on EC50, except for ethanol concentration
whose increase leads to a decrease in EC50 to the central level of
the investigated concentration range, after which the EC50 value
decreases. Ethanol concentration has the opposite effect on TP
(Fig. 2) than it does on EC50 (Fig. 5), so it can be concluded that
reduction capacity is directly proportional to TP.

Content of CBD and THC
P values for linear, interaction and quadratic terms of regression
coefficients obtained for CBD content are shown in supporting

wileyonlinelibrary.com/jctb © 2019 Society of Chemical Industry J Chem Technol Biotechnol 2020; 95: 831–839
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Figure 4. Response surfaces showing combined effects of parameters on antioxidant activity (IC50).

Figure 5. Response surfaces showing combined effects of parameters on reductive capacity (EC50).

information Table S2. From the presented results, it can be seen
that the input variables which affect the MAE process of C. sativa
are the linear and quadratic terms of ethanol concentration (X1

and X1
2), the linear and quadratic terms of S/L ratio (X3 and X3

2)
and the interaction of these two variables (X1X3). Apart from the
quadratic term of S/L ratio which has only a significant influence on
CBD content, the impact of all other terms was highly significant.
Based on the significance of process parameters, the mathematical
equation describing the model for CBD content is

CBD = 0.84 + 0.42X1 − 0.40X3 − 0.29X1X3 − 0.26X1
2 + 0.16X3

2

(7)
The linear term of ethanol concentration and the quadratic

term of S/L ratio show a positive influence on CBD content.
This indicates that for more efficient extraction of CBD from C.
sativa, a higher concentration of ethanol needs to be applied.
The linear term of S/L ratio, the interaction of ethanol concen-
tration and S/L ratio and the quadratic term of ethanol con-
centration show a negative impact on the content of CBD in C.
sativa extracts obtained by MAE in the investigated ranges. This
means that an increase in these parameters reduces the content
of CBD.

Figure 6 shows that an increase in ethanol concentration has a
positive influence on the MAE of CBD from C. sativa herb, while
an increase in S/L ratio has a negative influence. With an increase
in ethanol concentration, CBD increases significantly. With an
increase in S/L ratio, CBD decreases insignificantly. The combined
effect of ethanol concentration and S/L ratio has a negative effect
on the extraction of CBD. Figure 6 shows that CBD extraction is
most successful when the S/L ratio is in the area of lower values
and the ethanol concentration is in the area of higher values.

The linear term of ethanol concentration (X1), the linear term of
S/L ratio (X3) and the interaction of these two variables (X1X3) have
a highly significant impact on the extraction of THC from C. sativa.
The equation describing the MAE of THC from C. sativa, taking
only significant parameters into account, can be presented in the
form

THC = 0.044 + 8.073 × 10−3X1 − 5.747 × 10−3X3

− 5.402 × 10−3X1X3 (8)

The linear term of ethanol concentration shows a positive influ-
ence on the concentration of THC in C. sativa extracts, which means
that with increasing ethanol concentration, the content of THC will
increase too. The linear term of S/L ratio and the interaction of
ethanol concentration and S/L ratio impact negatively on THC con-
tent. This means that by increasing these parameters, the content
of THC can be reduced.

Figure 7 shows results for THC similar to those for CBD (Fig. 6).
This means that higher extraction yield of both cannabinoids THC
and CBD can be achieved at lower S/L ratio and higher ethanol
concentration.

Optimization
Estimated optimal conditions and predicted values of investigated
responses for all three optimizations are given in Table 3.

The optimal conditions for extraction of C. sativa herb accord-
ing to the highest TP and TF and lowest IC50 and EC50 values
are ethanol concentration 47.6%, extraction time 10 min and S/L
ratio 5 with desirability 0.959. The predicted values of investi-
gated responses in the extract prepared at these conditions are
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Figure 6. Response surfaces showing combined effects of parameters on cannabidiol (CBD).

Figure 7. Response surfaces showing combined effects of parameters on Δ9-tetrahydrocannabinol (THC).

33.6633 mg mL−1 for total extraction yield, 2.6093 mg GAE mL−1

for TP, 1.3221 mg CE mL−1 for TF and 0.0009 and 0.0017 mL mL−1

for IC50 and EC50 respectively.
The optimal conditions for extraction of C. sativa herb according

to the highest CBD content are ethanol concentration 67%, extrac-
tion time 10.9 min and S/L ratio 5.1. The predicted values of CBD
and THC in the extract prepared at these conditions are 1.8949 and
0.0634 mg mL−1 respectively.

The optimal conditions with respect to the highest CBD con-
tent and lowest THC content THC are ethanol concentration
47%, extraction time 10 min and S/L ratio 5. At these condi-
tions, the values of CBD and THC are predicted to be 1.1504 and
0.0474 mg mL−1 respectively.

These results emphasize that the extract prepared using ethanol
as extraction solvent at a concentration of 47%, an extraction time
of 10 min and an S/L ratio of 5 has the best features concerning
TP, TF, antioxidant activity and reductive capacity as well as CBD
content.

Validation of the obtained model was made by preparing the
extract under the previously defined optimal conditions according
to TP, TF, IC50 and EC50. This extract had a total extraction yield
of 30.9400 mg mL−1, a TP content of 2.1192 mg GAE mL−1, a TF
content of 1.0753 mg CE mL−1, an IC50 value of 0.0004 mL mL−1 and
an EC50 value of 0.0020 mL mL−1. All actual values of the process
variables correspond to the predicted values of the model within
95% confidence interval, with negligible deviations. For the same

Table 3. Estimated optimal conditions and predicted values of investigated responses yield (Y), total phenol content (TP), total flavonoid content
(TF), antioxidant activity (IC50), reductive capacity (EC50), cannabidiol (CBD) and Δ9-tetrahydrocannabinol (THC))

Independent variables Process variables

Target

Ethanol
concentration

(% v/v)

Extraction
time
(min)

Solid/liquid
ratio (g mL−1)

Y
(mg mL−1)

TP
(mg GAE mL−1)

TF
(mg CE mL−1)

IC50

(mL extract mL−1)
EC50

(mL extract mL−1)

TP max,
TF max,
IC50 min,
EC50 min

47.60 10.00 5.00 33.6633 2.6093 1.3221 0.0009 0.0017

CBD (mg mL−1) THC (mg mL−1)
CBD max,
THC none

67.00 10.90 5.10 1.8949 0.0634

CBD max,
THC min

47.00 10.00 5.00 1.1504 0.0474
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optimal conditions, the contents of CBD and THC were determined
as 1.042 and 0.043 mg mL−1 respectively.

CONCLUSIONS
MAE is an innovative, green technique for the extraction of bioac-
tive compounds from plant materials. It gives a higher rate of
recovery of bioactive compounds compared with classical extrac-
tion. Also, MAE has great potential for industrial scale-up.

In this study, modeling of the MAE of C. sativa herb cv. Helena was
carried out. The influence of input process parameters (ethanol
concentration, extraction time and S/L ratio) on output vari-
ables (yield, TP, TF, IC50, EC50, CBD and THC) was examined. A
second-order polynomial model for each investigated response
provided an adequate mathematical description of the MAE pro-
cess. ANOVA showed that ethanol concentration and S/L ratio had
a highly significant influence on MAE for all responses. Increased
ethanol concentration had a negative impact on yield and TP, while
its impact on TF, IC50, EC50 and THC was positive. Increased ethanol
concentration also had a positive impact on CBD extraction to a
certain point, after which it had a negative impact. Increased S/L
ratio had a negative influence on all output variables except IC50

and EC50, though on yield and CBD it only had a negative influence
to a certain point, after which it had a positive influence.

The optimal conditions for obtaining an extract with maxi-
mum TP, TF and CBD contents and minimum THC content would
be ethanol concentration 47%, extraction time 10 min and S/L
ratio 5.
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