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Abstract: The valorization of solid waste hemp (Cannabis sativa L.) by a non-conventional method
is presented in this article. Hemp polyphenols were extracted using aqueous solutions of
2-hydroxypropyl-β-cyclodextrin as an eco-friendly extraction solvent. Cyclodextrins (CD’s) are
known to enhance the extraction of polyphenols in water by forming water soluble inclusion
complexes. The process was optimized by implementing a response surface methodology (RSM) that
took into consideration the following independent variables: CD concentration (CCD), solid-to-liquid
ratio (S/L), and temperature (T). The assessment of the extraction model was based on two responses:
the total polyphenol yield (YTP) and the antiradical activity (AAR). The optimum operating conditions
were found to be: CD concentration, 32.1% (w/v); solid/solvent ratio, 1/15.2 g/mL; and extraction
temperature, 28 ◦C. Different kinetic models were employed to fit with experimental data and the
Peleg’s model was successfully developed for describing the mechanism of extraction under different
processing parameters.
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1. Introduction

The demand for renewable chemicals is nowadays directing industrial practices towards
manufacturing procedures with higher sustainability to minimize waste generation, improve
cost-effectiveness, reduce energy consumption, and meet customer demand [1]. Agri-food waste
valorization is a concept that has attracted important attention over the past few years, under
the recognition that the development of innovative strategies could contribute to the exploitation
of residual materials. The rational exploitation of waste plant material is largely based on white
biotechnology and environmentally benign physico-chemical processes, aimed at fully utilizing the
bio-organic constituents. In this regard green extraction is a notion, based on the principles of green
engineering and green chemistry, which promotes sustainable extraction processes as a result of using
non petroleum-based solvents and renewable plant material [2]. A holistic, 5-stage recovery process
for the extraction of valuable compounds from natural products was described by Galanakis [3].

Cyclodextrins, a group of cyclic oligosaccharides, which have the structure of a truncated cone,
can act as host molecules that form inclusion complexes with polyphenols [4]. Aqueous solutions
of cyclodextrins could be considered an alternative to green solvents, since upon formation the
complexes between the hydrophobic cavities and the polyphenols enhance the yield of extraction.
2-hydroxypropyl-β-cyclodextrin was used as a co-solvent during the extraction of polyphenols from
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olive leaves [5]. Cylodextrins have been also used in a holistic approach for the exploitation of
pomegranate edible and non-edible parts. The presence of cylodextrin during the extraction enhances
the total phenol content and the radical scavenging activity of pomegranate extracts [6].

Oilseed processing, whether performed by solvent extraction or mechanical pressing, generates a
significant amount of waste consisting of peels, seeds, defatted oil seed meals, and oil sludge. Due
to high amounts of proteins, dietary fibers, and other bioactive compounds that provide positive
health benefits when consumed, oil seed meals have been identified as an interesting byproduct
suitable for valorization [3,7]. One of the promising, but not widely investigated, oil seed meals
is the remainder of hemp seed (Cannabis sativa L.) processing. In the European Union, it has been
recognized as a new, oilseed crop. Mostly used for the production of durable fabrics and specialty
papers, industrial hemp has been attracting growing interest worldwide for oil production. Industrial
hemp contains trace amounts of δ-9-tetrahydrocannabinol (THC) (<0.3%). Moreover, THC and other
cannabinoids have been used as therapeutic media. Due to the uniqueness of its composition, hemp
oil has been positioned as a highly valuable product usable in food, pharmaceutical, nutraceutical,
and cosmetic industries, thus justifying hemp processing, even if its oil yields are lower than those
of conventional oilseeds [8]. However, there are no reports whatsoever regarding the extraction of
polyphenolic substances from by-products originating from hemp oil processing and the estimation of
the antioxidant properties of the extracts.

According to Shirsath et al. [9], mathematical modelling can help in the design, optimization, and
control of the extraction process, as well as provide useful information for scale up of the equipment.
The typical kinetic models of extraction include unsteady diffusion, Fick’s law of diffusion, film
theory, and empirical models. In recent years, many kinetic studies were carried out in order to
describe the extraction process of bioactive compounds from biomass and to achieve the technological
transfer from lab to pilot and even industrial scale [10,11]. A mathematical model based on Fick’s law
was used for describing the extraction of capsaicin from red peppers [12] and phenolic compounds
from grape marc [13]. A two site kinetic model was also reported to be applicable for extraction
of phenolics from grape marc [13] and oak chips [14]. A phenomenological model was developed
for modelling the kinetics of the ultrasound extraction of resinoid from the aerial parts of white
lady’s bedstraw (Galium mollugo L.) [15], whereas the Weibull model was applied for the extraction of
phenolic compounds from grape pomace [16]. Many researchers used the Peleg’s model for describing
the extraction of polyphenols [9,17–20]. However, no information is available for the kinetic modeling
of polyphenol extraction from hemp oil processing byproducts.

This investigation, therefore, aimed at performing an optimization of an extraction process, for
the efficient recovery of polyphenols from by-products originating from hemp, using eco-friendly and
non-toxic water/2-hydroxypropyl-β-cyclodextrin mixtures. The optimization was based on a central
composite design and the responses considered were the total polyphenol yield and the antiradical
activity. In addition, a mathematical model to describe the kinetic mechanisms of polyphenols
extraction was developed, whereas the dependence of the best descriptive model constants on
extraction variables was expressed by an appropriate type of model.

2. Experimental Section

2.1. Chemicals and Reagents

Folin-Ciocalteu phenol reagent was from Fluka (Steinheim, Germany). 2-Hydroxypropyl-β-
cyclodextrin (CD, average MW ~1460), gallic acid, trolox™, 2,2-diphenyl-picrylhydrazyl (DPPH•)
stable radical were from Sigma Chemical Co. (St. Louis, MO, USA). All the organic solvents used for
extraction studies were of analytical grade and purchased from Sigma–Aldrich, USA.
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2.2. Plant Material

Hemp flour with particle size >350 µm was supplied by the Institute of Food Technology (FINS)
(Novi Sad, Serbia). The hemp flour was produced by grinding hemp meal, a byproduct remaining
after the cold mechanical pressing of hemp seeds. Cannabinoid-free hemp variety Helena, bred by the
Institute of Field and Vegetable Crops, Novi Sad, Serbia, was grown in 2013 in the South Bačka district
in the northern part of Serbia.

2.3. Extraction Procedure

A certain amount of dried hemp solid waste was mixed with 20 mL of solvent in different
solid-to-liquid ratio values (1/15.2–1/5.0 g/mL), composed of varying concentrations of CD (1–40%
w/v), at different temperatures (20–60 ± 1 ◦C) in a stoppered glass bottle. The material was subjected
to extraction under stirring at 600 rpm. In all experiments, the extracts were collected at 15, 30, 45, 60,
120, and 180 min. Following extraction, samples were centrifuged in a table centrifuge (Hermle Z300K,
Gosheim, Germany) at 1957× g for 10 min. The clear supernatant was stored at −20 ◦C until used for
further analysis.

The variation of extraction yield during the extraction process was studied with various
temperatures (T), CD concentrations (CCD), and solid ratio values (S/L). A central composite design
was applied to determine the effects and the optimum levels of the above parameters. A three-factor,
five-level central composite rotatable design 23 + star was used. This design consisted of three groups
of design points, including two-level factorial design points, axial or star points, and center points.
Therefore, the three selected independent variables were studied at five different levels coded as −a,
−1, 0, 1, and +a (Table 1). The value for alpha (1.68) was chosen to fulfill the rotatability in the design.
According to the central composite design matrix, a total of 20 experiments were required (Table 2).

Table 1. Experimental values and coded levels of the independent variables used for the central
composite design.

Independent
Variable

Coded Variable Level

−1.68 −1.00 0 +1.00 +1.68

T (◦C) 20 28 40 52 60
CCD (%, w/v) 1 8.9 20.5 32.1 40

S/L (g/mL) 1/15.2 1/10.6 1/7.5 1/5.7 1/5.0

The extraction yield (YTP) and the antiradical activity (AAR) were chosen as the dependent
variables or responses because of their well-known respective dependency on the extraction
process [21].

2.4. Determination of Total Polyphenol Yield (YTP)

The concentration of total polyphenols in the extracts was determined according to a
well-established protocol [22], using the Folin-Ciocalteu methodology. Yield in total polyphenols
(YTP) was expressed as mg gallic acid equivalents (GAE) per g of dry hemp flour weight after 180 min
of extraction.

2.5. Determination of the Antiradical Activity (AAR)

For AAR determination, a previously described protocol was essentially used [23]. Briefly, an
aliquot of 0.025 mL of sample was added to 0.975 mL DPPH• solution (100 µM in MeOH) and the
absorbance was read at t = 0 and t = 30 min. Trolox™ equivalents (mM TRE) were determined
from linear regression, after plotting %∆A515 of known solutions of trolox™ against concentration,
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where %∆A515 =
At=0

515−At=30
515

At=0
515

× 100. Results were expressed as µmol TRE per g of dry hemp solid

waste weight.

2.6. Kinetic Models

In the present study, three different mathematical approaches were selected for the kinetic
modelling of extraction of hemp polyphenols, namely, the Peleg’s model, the first-order kinetic model,
and the second-order kinetic model. These three models were compared by fitting the experimental
data obtained from extraction into each model.

Peleg’s model

Peleg’s equation [Equation (1)] is a non-exponential empirical equation proposed as [20]:

Ct =
t

K1 + K2 · t
(1)

where Ct is the concentration of polyphenols in the extract (mg/mL) at time t (min), K1 is Peleg’s rate
constant (min mL/mg), and K2 is Peleg’s capacity constant (mL/mg). Peleg’s K1 parameter refers to
the extraction rate (B0, mg/min mL) at the very beginning (t = t0) according to Equation (2):

B0 =
1

K1
(2)

Peleg’s capacity constant K2 refers to the maximum extraction yield, that is, the equilibrium
concentration of total extracted analyte when t→ ∞ (Ceq, mg/mL), as indicated in Equation (3).

Ceq =
1

K2
(3)

First-order kinetic model

According to Poojary and Passamonti [20], when we plot the concentration of extracted
polyphenols in the matrix against time, the curve that describes the extraction kinetics usually shows
an exponential decay. The most usual form of the first-order kinetic model is presented in Equation (4).

Ct = Ceq

(
1− e−KA ·t

)
(4)

where KA is the overall extraction rate constant (1/min).

Second order kinetic model

The solid-liquid extraction process can be considered as the reverse of an adsorption operation,
therefore the bases of the adsorption kinetic equations can be applied to solid-liquid extraction and the
second-order law was found to give the best fits for the extraction rate [24]. The general second-order
model can be written as [25]:

dCt

dt
= KB ·

(
Ceq − Ct

)2 (5)

where KB is the second-order extraction rate constant (mL/mg min). The integrated rate law for a
second-order extraction under the boundary conditions t = 0 to t and Ct = 0 to Ct, can be written as an
Equation (6) [26]:

Ct =
KB · t · Ceq

2

1 + KB · t · Ceq
(6)

where h is the initial extraction rate (mg/mL min) when t approaches 0:
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h = KB · Ceq
2 (7)

2.7. Statistical Analysis

Extractions were repeated twice and all determinations were carried out in triplicate. The values
obtained were averaged.

The parameters of the kinetic models were estimated by nonlinear regression. To evaluate the
goodness of fit of each model, two criteria were used: the coefficient of determination, R2, which is the
relative variance explained by the model with respect to the total variance, and the standard error of
the estimate, SEE (Equation (8)), which is a measure of the accuracy of predictions.

SEE =

√√√√∑
(

Ct,exp − Ct,pred

)2

N
(8)

where Ct,exp is the experimental value of the polyphenols concentration in the extract at time t, Ct,pred is
the predicted concentration, and N is the number of observations.

The effect of process variables on extraction yield and antiradical activity (extraction for 180
min) and on kinetic parameters were analyzed using the statistical software MINITAB (Release 13.32,
Minitab Inc., State College, PA, USA). Regression analysis was used to fit a full second order polynomial,
reduced second order polynomials, and linear models to the data of each of the variables evaluated
(response variables). F values for all reduced and linear models were calculated to determine if the
models could be used in place of full second order polynomials to predict the response of a variable to
the independent variables. The square root of mean square error (S) and the Mallows’ Cp statistic (Cp)
were used as comparison criteria to compare models with different numbers of predictors.

3. Results and Discussion

3.1. Extraction Yield

The screening carried out was designed to evaluate the effect of three selected variables, that is
the solid-to-liquid ratio (S/L in g/mL), the CD concentration (CCD in % w/v), and the temperature
(T in ◦C) on the total polyphenol yield (YTP in mg GAE/g dw) and the antiradical activity (AAR in
µmol TRE/g dw). The regression coefficients were calculated and the data was fitted to second-order
polynomial equations. F values for all reduced second-order polynomials and linear models with
an R2 ≥ 0.70 were calculated to determine if the models could be used in place of full second order
polynomials to predict the responses. The best models are presented in Equations (9) and (10). The
significance of model fitting was assessed using the square coefficient of correlation (R2), the mean
square error (S), the Mallows’ Cp statistic (Cp), and the F value, that is the ratio of variation explained
by the model to variation left unexplained. This outcome clearly pointed to a statistically significant
match between observed and predicted responses and that the models given in Equations (9) and (10)
can predict the optimal experimental conditions with high reliability.

YTP = 10.134 + 0.023 · CCD − 103.560 · S/L− 9.389 · 10−4 · T2+

238.600 · S/L2 + 0.479 · T · S/L
(9)

Equation (9) has a R2 value of 0.754, and F, Cp, and S equal to 8.60, 2.2, and 0.567, respectively.

AAR = 33.862− 0.234 · T + 9.797 · 10−2 · CCD − 335.02 · S/L+
798.4 · S/L2 + 1.524 · T · S/L

(10)

Equation (10) has a R2 value of 0.764, and F, Cp, and S equal to 9.04, 2.5, and 1.670, respectively.
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Values of the independent process variables considered, as well as measured and predicted values
for all responses are analytically given in Table 2.

Table 2. Measured and predicted values of extraction yield (YTP) and antiradical activity (AAR)
(extraction for 180 min) determined for the individual design points.

Design Point

Independent Variables Responses

YTP (mg GAE/g dw) AAR (µmol TRE/g dw)

T (◦C) CCD (%, w/v) S/L (g/mL) Measured Predicted Measured Predicted

1 20 20.5 1/7.5 1.78 1.90 4.38 4.78
2 52 8.9 1/10.6 2.66 2.52 7.01 5.68
3 40 20.5 1/5.0 1.89 1.71 4.06 3.63
4 40 1.0 1/7.5 1.76 1.60 1.90 2.25
5 40 20.5 1/7.5 2.24 2.05 3.97 4.16
6 40 20.5 1/7.5 1.76 2.05 4.20 4.16
7 28 32.1 1/5.7 1.47 1.63 2.81 3.76
8 52 32.1 1/10.6 3.37 3.06 8.22 7.95
9 28 8.9 1/5.7 1.18 1.09 2.12 1.49
10 40 20.5 1/15.2 1.81 2.05 3.43 4.16
11 40 20.5 1/7.5 3.95 4.52 10.43 11.79
12 40 20.5 1/7.5 2.23 2.05 4.47 4.16
13 40 40.0 1/7.5 1.86 2.50 4.64 6.07
14 40 20.5 1/10.6 1.00 2.05 1.89 4.16
15 28 32.1 1/5.7 4.51 3.79 12.40 10.17
16 52 32.1 1/5.7 2.14 1.82 5.14 4.50
17 52 8.9 1/10.6 0.94 1.29 1.72 2.23
18 28 8.9 1/7.5 3.23 3.26 6.81 7.90
19 40 20.5 1/7.5 3.27 2.05 8.51 4.16
20 60 20.5 1/7.5 1.40 1.45 2.61 3.55

The effect of the three independent variables (temperature, CD concentration, and solid-to-liquid
ratio) on the two responses (total polyphenol yield and antiradical activity) is presented in the form of
main effects plots (Figure 1). The increment of the temperature up to 52 ◦C leads to increased values
of both YTP and AAR. This effect could be attributed to the solubilization of polyphenols that has
been proven to be endothermic, hence thermodynamically favored at elevated temperatures [27,28].
According to Bonfigli et al. [29], the increment of extraction yield with temperature under conventional
solvent extraction may be explained by the accelerated softening and swelling of materials and the
increased solubility and diffusivity of the extracted compounds. The decrease of polyphenolic content
above 52 ◦C may be attributed to the degradation of polyphenols. Similar effects were found by
Ursache et al. [30], who studied the effect of thermal processing (50–100 ◦C) on the phytochemicals
degradation in sea buckthorn extract. Their results showed that heating the extracts at 60 ◦C for
5–20 min resulted in a total polyphenol content reduction of 87 to 89%. According to Spigno, Tramelli,
and De Faveri [31], the use of extraction temperatures higher than 50 ◦C decreases the total polyphenol
yield, which is probably due to their degradation. This effect may be associated with the fact that
the heat could solubilize the phenolic compounds but without breaking the covalent bonds of these
compounds bound to the walls of the solid [32]. Cacace and Mazza [33] and Karacabey and Mazza [34]
also observed that lower temperatures yielded higher quantities of extracted anthocyanins and ferulic
acid from milled berries and grape canes, respectively. In addition, increasing extraction temperature
might result in more solvent volatilization, more energy cost, and extraction of undesired materials [9].
When the results for temperatures of 28 and 52 ◦C were compared, no significant difference in the
extraction yield was observed. Hence, 28 ◦C was selected as the optimum temperature with reasonable
yield and lower energy requirements.

Increasing CCD up to 32.1% (w/v) led to increased values of both YTP and AAR. The optimization
of CD content by implementing a central composite experimental design in the extraction medium is
also crucial as the total amount of ingredients (polyphenols or not) that can form inclusion complexes
with CD and thereby influence positively the extraction process cannot be estimated theoretically.
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This fact is corroborated by studies using single-polyphenol solutions and β-cyclodextrin, where the
molecular stoichiometry observed was 1:1 [35]. Thus, increased CD enabled the entrapment of more
polyphenol molecules that diffused from the solid particles, leading to higher solubilization in the
liquid phase [36], hence higher YTP and AAR values. Furthermore, inclusion of polyphenols in CD
has been shown in several instances to enhance the antioxidant potency [21], mainly by enhancing
polyphenol solubility, although contrasting results have also been reported [37]. The optimum value
for CCD was 32.1% (w/v).

Figure 1. Main effects plots illustrating the effect of extraction temperature (T), CD concentration
(CCD), and solid-to-liquid ratio (S/L) on the extraction yield (YTP) (a) and the antiradical activity (AAR)
(b) during extraction of polyphenols from hemp waste for 180 min.

The S/L ratio was assayed within a range varying from 1/15.2 to 1/5 g/mL and the optimum
value was found to be 1/15.2 g/mL. It is important to optimize the solid to liquid ratio as the excess
of solvent does not have a significant role on the extraction yield, which can result in wastage of the
solvent and larger vessel size or decreased throughput. The effect that decreasing S/L ratio leads to
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increased extraction efficiency was attributed to the concentration gradient between the solid and the
bulk of the liquid, which defines mass transfer and it is greater when a lower solid-to-solvent ratio is
used [24]. Goula [24] and Qu, Pan, & Ma [26] also reported this trend during extraction of antioxidants
from pomegranate peels and marc, respectively. However, according to Prasad et al. [38], with further
decrease in solid-to-liquid ratio, a decrease in total extracted compounds may be observed. If the
solution is very dilute, an increased quantity of solvent would not lead to a sufficient increase in the
concentration gradient and the increase in extraction yield would be limited [9]. Thus, the optimum
value of solid to solvent ratio is specific to the system under investigation and needs to be established
experimentally. In the present work, based on the obtained results, the optimum ratio of dried hemp
solid waste to solvent was selected at 1/15.2 g/mL.

To further demonstrate the efficiency of the CD in the polyphenol extraction, extraction of hemp
waste polyphenols was also comparatively studied using conventional solvents such as methanol,
ethanol, and water. The extractions performed under continuous stirring at 600 rpm, for 180 min, at a
solids-to-solvent ratio of 1/15 g/mL and an extraction temperature of 28 ◦C (optimum conditions of
extraction with CD at optimum concentration) (Figure 2). Extraction with CD at optimum conditions
afforded an antiradical activity of 12.4 µmol TRE/g dw, which was higher than those achieved with
methanol, ethanol, and water by 43, 76, and 90%, respectively.

Figure 2. Total phenolic yields (YTP) (a) and antiradical activities (AAR) (b) obtained by extraction
with methanol, ethanol, water, and aqueous solutions of CD at optimum conditions.
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Similar results obtained for total phenolis yield. Albehari et al. [39] also showed that
β-cyclodextrin as extraction solvent resulted in increased extraction yields, indicating that the
extraction of polyphenols could be effectively enhanced by cyclodextrins. The ultrasound-assisted
extraction of resveratrol and other polyphenols from the milled roots of Polygonum cuspidatum has
been efficiently carried out in a water solution of β-cyclodextrin (1.5%) [40]. According to Mantegna
et al. [41], the selective inclusion properties of cyclodextrins toward phenolic stilbenes gave a much
cleaner analytical extract profile if compared with that obtained with methanol. Thanks to polyphenol
encapsulation, this extract showed excellent water dispersibility, higher stability and antioxidant power.
Extraction using a water solution of β-cyclodextrin can fulfill almost all the principles as defined by
Chemat, Vian, and Cravotto [40] to be considered as a green process e.g., applying environmentally
friendly solvents, reducing the energy consumption, and producing the non-denatured extract
without contaminants.

3.2. Extraction Kinetics

Different kinetic models were employed to fit with the experimental data. The highest values of
R2 and lowest values of SEE were chosen for goodness of fit. Table 3 presents the R2 and SEE values
for the kinetic models. Among these, the Peleg’s model fits the best with experimental values showing
the highest average values of R2 (0.899–0.993) and the lowest average values of SEE (7.175–34.917).
The applicability of Peleg’s equation on food materials has been demonstrated extensively [20].

Table 3. Statistical parameters of the kinetic models for extraction of polyphenols from hemp waste.

A/A Peleg’s Model First-Order Kinetic Model Second-Order Kinetic Model

R2 SEE R2 SEE R2 SEE

1 0.990 9.227 0.969 15.898 0.929 24.134
2 0.993 7.737 0.987 10.648 0.931 24.435
3 0.979 20.737 0.960 28.412 0.863 53.006
4 0.959 17.549 0.933 22.389 0.901 27.315
5 0.899 34.917 0.875 38.761 0.741 55.937
6 0.989 9.364 0.969 15.518 0.937 21.891
7 0.982 12.576 0.961 18.635 0.942 22.680
8 0.952 26.199 0.937 29.966 0.664 69.036
9 0.971 13.769 0.952 17.788 0.882 27.912
10 0.988 9.558 0.961 17.320 0.769 41.936
11 0.958 20.567 0.960 20.244 0.737 51.557
12 0.985 13.506 0.969 19.550 0.735 57.516
13 0.975 15.877 0.972 16.598 0.841 39.876
14 0.982 7.175 0.985 6.727 0.981 7.385
15 0.965 27.424 0.926 39.831 0.795 66.248
16 0.985 16.936 0.952 30.173 0.861 51.337
17 0.947 12.978 0.920 16.015 0.902 17.707
18 0.957 21.866 0.915 30.552 0.820 44.596
19 0.978 23.539 0.952 35.243 0.807 70.339
20 0.969 12.050 0.949 15.556 0.859 25.782

Average 0.970 16.678 0.950 22.291 0.845 40.031

The kinetic parameters of the Peleg’s model at different extraction conditions are presented in
Figure 3. It should be noted that a lower K1 value in Equation (1) implies a faster rate of the process, whilst
the lower K2 value indicates maximum yield [42]. As it can be seen, the kinetic parameters decreased with
the increase of temperature as expected based on the experimental results. The extraction rate and capacity
decreased with a decrease in solid-to-liquid ratio. According to Rakotondramasy-Rabesiaka et al. [43],
who studied the extraction of protopine from Fumaria officinalis L., when solid/liquid ratio is small the
quantity of protopine is small.
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Figure 3. Contour plots illustrating the effect of extraction temperature (T), CD concentration (CCD),
and solid-to-liquid ratio (S/L) on the kinetic parameters K1 (a, b) and K2 (c, d) of the Peleg’s model.



Recycling 2018, 3, 15 11 of 15

Figure 4 presents the comparison of predicted and experimental values of polyphenols
concentration in the extract for the Peleg’s model at an extraction temperature of 60 ◦C, a CD
concentration of 20.5%, and a solid-to-liquid ratio of 1/7.5 g/mL. The figure presents also the
confidence band (CB) and prediction band (PB) for the polyphenols concentration at the solvent
phase against time. It is noted that similar trends were observed for all experiments. The PB is the
region where 95% of the experimental data points are expected to be and it is observed that all obtained
observations fall within it. Likewise, the CB is the region where 95% of the regression lines are expected
to be, and contain the experimental values for all the observations reported here [28].

Figure 4. Experimental and predicted by the Peleg’s model values of polyphenols concentration in the
extract at an extraction temperature of 60 ◦C, a CD concentration of 20.5% w/v, and a solid-to-liquid
ratio of 1/7.5 g/mL.

It was also observed that, for all experiments, the polyphenols concentration increased
asymptotically, tending to an equilibrium concentration. About 80% of polyphenols were extracted in
the first 30 min. These values were close to the ones reported by many researchers for the extraction
of antioxidants. The mass transfer mechanism of bioactive compounds from the interior of plant
materials to the bulk of the liquid extract can be simply explained with two stages, involving the
rapid washing of free target solute from the plant particles and slow diffusion of solute through plant
material; the latter one is usually the rate limiting step of the overall process. According to Goula [24],
extraction presents two stages: the first stage, which is characterized by a rapid rate, involves the
penetration of the solvent into the cellular structure followed by the dissolution of soluble constituents
in the solvent, whereas the second stage involves the external diffusion of soluble constituents through
the porous structure of the residual solids and its transfer from the solution in contact with the particles
to the bulk of the solution. In addition, as the solid cell walls ruptured, impurities such as insoluble
substances, are suspended in the extract, lowering the solvent’s permeability into cell structures [44].
Furthermore, target components also re-adsorb into the ruptured tissue particles due to their relatively
large specific surface areas, lowering extraction yields [45].
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Qu et al. [26], who studied the extraction of antioxidants from pomegranate marc, fitted the
relationships between kinetic parameters and processing factors (particle size, water/sample ratio,
and temperature) by linear, power or second-order polynomial functions. However, they developed
a different model for each factor. In this work, multiple regression analysis was used to develop
equations predicting the effect of all extraction factors simultaneously. The effect of extraction variables
on Peleg’s model constants can be expressed by Equations (11) and (12).

K1 = 0.0404− 0.000106 · T − 0.020 · S/L + 0.000315 · CCD − 0.000006 · T2

−0.000006 · CCD
2 + 0.980 · S/L2 + 0.000064 · T · CCD − 0.0022 · T · S/L−0.0170 · CCD · S/L

(R2 = 0.897)
(11)

K2 = 0.00714− 0.000103 · T + 0.0122 · S/L− 0.000004 · CCD−
0.000001 · CCD

2 − 0.078 · S/L2 + 0.000301 · T · S/L− 0.000254 · CCD · S/L
(R2 = 0.897)

(12)

Substituting Equations (11) and (12) into Equation (1), a kinetic model for predicting polyphenols
extraction from hemp waste can be obtained. Even though the empirical models in (11) and (12) cannot
account for the phenomena governing extraction processes, they could be used to determine the effects
of temperature, CD concentration, and solid-to-liquid ratio on the polyphenols extraction capacity [24].
According to Goula, Chasekioglou, and Lazarides [46], mechanistic models provide more from a basic
understanding of a given system, a greater basis for extrapolation and a representation of a response
function that is more precise than one attained empirically. In the food industry, on the other hand, if it
is desired to optimize a given unit process, the process of developing an empirical model would most
likely be more economically feasible. Such models may be more limiting than mechanistic models.
However, for the purposes of the manufacturer, the main concern is narrowing the range of processing
variables to produce the best product possible [47].

4. Conclusions

The study presented herein showed for the first time that the usage of aqueous solutions of
2-hydroxypropyl-β-cyclodextrin might be a very effective solvent system regarding the extraction
of antioxidant polyphenols from hemp solid waste, acting as a simultaneous extraction/inclusion
system. The experimental design based on a response surface optimization methodology permitted
the determination of the optimal set of conditions, which enabled the generation of extracts with
enhanced antioxidant properties. The results indicated that the recovery yield in total polyphenols, as
well as the antioxidant activity observed, may surpass the values reported in the literature for other
agri-food waste extracts and in this respect hemp solid waste may be considered as a very rich source
of functional constituents, with a high potential in developing bioactive formulations for the food,
pharmaceutical, and cosmetics industries.
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Nomenclature

AAR antiradical activity (µmol TRE/g dw)
Ct concentration of polyphenols in the extract (mg/mL)
C0 polyphenols concentration (mg/mL) at time t = 0
Cp Mallows’ Cp statistic
CCD hydroxypropyl-β-cyclodextrin concentration (%, w/v)
CTP total polyphenol concentration (mg GAE/L)
K1 Peleg’s rate constant (min mL/mg)
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K2 Peleg’s capacity constant (mL/mg).
R2 square coefficient of correlation
S/L solid-to-liquid ratio
S mean square error
T temperature (◦C)
YTP yield in total polyphenols (mg GAE/g dw)
Abbreviations
CD hydroxypropyl-β-cyclodextrin
DPPH• 2,2-diphenyl-picrylhydrazyl
GAE gallic acid equivalents
TRE trolox equivalents
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