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Abstract
The paper presents multivariate partial least-squares calibration model defined for the identification and simultaneous 
determination of phenolic terpenoids—eugenol, carvacrol, and thymol—by means of the differential pulse voltammetry. 
For the first time, using boron-doped diamond electrode signal, electrochemical distinction of carvacrol and thymol, despite 
the short distance between the peaks (15 mV), was described. The analytes’ concentrations applied in the calibration model 
were selected using the 3-factorial central composite design. The multivariate partial least-squares model, with optimized 
data pre-processing, was used for determination of eugenol, carvacrol, and thymol in the concentration ranges of 0.77–13.86, 
0.58–10.40, and 0.73–7.32 mg/dm3, respectively. The quality of the method, expressed by the root-mean-squared error of 
calibration was 0.55, 0.20, and 0.26 mg/dm3 for the specified analytes. The recovery in the analysis of the pure signals was 
98.92%, 101.62%, and 101.46%, what confirmed the possibility of clearly distinguishing the thymol and carvacrol peaks. 
In the spiked honey samples, the accuracy of eugenol, carvacrol, and thymol determination, expressed by the root-mean-
squared error of prediction, was in the range 0.20–0.83 mg/dm3, and recovery in the range 80.9–111.9%. Application of the 
presented model not only enables electrochemical identification and simultaneous determination of eugenol, carvacrol, and 
thymol, but also allows rapid, accurate, and low-cost verification of authenticity of the commercial products.
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Introduction

Phenolic terpenoids: eugenol, carvacrol, and thymol

Terpenes, along with their derivatives called terpenoids, 
form a very large group of chemical compounds obtained 
mainly from plants. Up to now, more than 55,000 sub-
stances of this type have been discovered [1–3]. Due to 
their numerous and varied health properties, terpenes with 
terpenoids are of interest of many scientists. Among the 
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terpenic derivatives, phenolic terpenoids such as eugenol, 
carvacrol, and thymol have found numerous applications.

Eugenol [2-methoxy-4-(prop-2-en-1-yl)phenol, CAS 
number: 97-53-0] is a phenolic terpenoid present in 
the form of a colorless or slightly amber liquid (Fig. 1) 
obtained from essential oil of clove (Syzygium aromati-
cum) which contains 73.6–84.1% of eugenol [1, 4–6]. 
Essential oils with lower content of eugenol are cinna-
mon oil (Cinnamomum altissimum, Cinnamomum verum, 
or Cinnamomum cassia)—1.2–14.7% [6–10] and laurel 
oil (Laurus nobilis)—1.4–2.2% [11]. These oils rich in 
eugenol are used in dietary supplements, cosmetics, aro-
matherapy, and phytotherapy, due to their anesthetic, anti-
fungal, and insecticidal properties [7–15].

Carvacrol [2-methyl-5-(propan-2-yl)phenol, cymophe-
nol, isothymol, CAS number: 499-75-2] is a phenolic ter-
penoid, geometric isomer of thymol, present in the form 
of yellowish liquid (Fig. 1) obtained from essential oils 
of dictamnus (Origanum dictamnus), oregano (Origanum 
vulgare), and thyme (Thymus vulgaris): the oil contains 
42.9–82.3%, 8.6–65.1%, and 2.2–81.5% of carvacrol, 
respectively [5, 16–27]. Other oils rich in carvacrol are 
obtained from marjoram (Origanum majorana), lemon 
thyme (Thymus pulegioides), and summer savory (Satureja 
hortensis); its content in oil is: 2.2–48.7%, 32.8–62.6%, 
and 34.4–50.6%, respectively [5, 22, 23, 28–31]. Oregano 
and thyme essential oils are used in dietary supplements, 
aromatherapy, and phytotherapy for the treatment of colds, 
and as active antifungal, insecticidal, and antibacterial 
agents [5, 23, 25, 27, 29].

Thymol [5-methyl-2-(propan-2-yl)phenol, CAS number: 
89-83-8] is a phenolic terpenoid, geometric isomer of car-
vacrol, present in the form of translucent crystals (Fig. 1) 
obtained from essential oil of thyme (Thymus vulgaris): the 
oil contains 14.4–63.0% of thymol [4, 9, 26, 27, 32]. Essen-
tial oils with lower content of thymol are oregano oil (Origa-
num vulgare)—2.9–7.43% [18, 19] and ajowan caraway oil 
(Carum copticum)—45.0–55.0% of the oil content. Essen-
tial oils rich in thymol—thyme and ajowan caraway—are 
used in dietary supplements, aromatherapy, and phytother-
apy as expectorant, antiseptic, antispasmodic, antioxidant, 

antifungal, and antimicrobial agents [29, 32–35]. Thymol 
itself is used in food, pharmaceutical, and cosmetic indus-
tries [32].

Due to their high biological activity products rich in these 
phenolic terpenoids have found wide application as: food or 
food additives, aromatic spices, para-pharmaceutical prod-
ucts, dietary supplements, herbal products, cosmetics, or fra-
grance raw materials [2, 7–15] and [29–37]. The lethal doses 
of these compounds are high—LD50 are: > 2000, 810, and 
980 mg/kg, for eugenol, carvacrol, and thymol, respectively 
(rat, orally) [38]; and what is important, in nature, these 
compounds are not present in such high concentrations.

Among the most recent literature reports (since 2015), 
the essential methods of determination have been developed 
for eugenol and thymol, while there are significantly fewer 
procedures for determining carvacrol (Table 1).

Currently, electrochemical methods of eugenol determi-
nation are dominant [12, 41, 42, 47]. Second large group 
used for this purpose is chromatographic methods, mostly 
coupled with MS [39, 40, 48, 49]. A similar situation is in 
the case of thymol, where numerous procedures have been 
developed using electrochemical methods [41, 46] and 
chromatographic methods coupled with MS [37, 43–45]. 
Determination of carvacrol is carried out mainly using chro-
matographic methods. A small number of electrochemical 
procedures for determination of carvacrol may result from 
too close position of the carvacrol and thymol peaks, pre-
venting the proper analytical evaluation of the obtained 
results [50, 51].

Due to the frequent combined occurrence of carvacrol 
and thymol in a number of matrices of natural origin—such 
as essential oils, honeys, complex medicinal products, or 
cosmetics—and the ever-increasing demand for such prod-
ucts, it is important to develop cheap, fast, and effective 
methods for simultaneous determination of phenolic ter-
penoids. Currently, only procedures based on an expensive 
chromatographic separation are used for this purpose [44, 
45]. Until now, voltammetric techniques have been used in 
work [41], where the authors employing square-wave vol-
tammetry (SWV) and a glassy carbon electrode achieved the 
satisfactory results using artificial neural network (ANN) 

Fig. 1  Structural formulas of 
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to define multivariate calibration model for eugenol, car-
vacrol, and thymol. In turn, in this work, the partial least-
squares (PLS) algorithm was used, which enabled not only 
quantitative but also qualitative analysis. In addition, we 
achieved tenfold lower detection limits for carvacrol and 
thymol, operating on twice greater concentrations ranges of 
the considered analytes.

Therefore, further application of electrochemistry in com-
bination with chemometric methods—especially multivari-
ate analysis of data obtained experimentally—can be very 
promising way, allowing the extraction and visualization of 
analytical relationships that are not observed in classical 
analysis.

Design of the experiment using central composite 
design

One of the ways to optimize the number of experiments is 
the statistical design of the experiment (DOE). From numer-
ous procedures of DOE [52, 53], in this work, the central 
composite design (CCD) was selected and constructed for 
three factors. The calibration samples (training set) con-
tained constituent patterns: the full factorial points (values 
− 1 or + 1 on each axis), central point and its repetitions 
(value 0 on each axis), and star points (at some value − γ or 
+ γ on each axis). Value of the parameter γ was calculated 
in [52] as follows:

(1)� = (2k)1∕4,

where k is the number of factors—in this case, it is the num-
ber of used phenolic terpenoids, equal to three, and hence, 
γ = 1.682. CCD is inherently rotatable, which implies equal 
precision of estimation in all directions which depends only 
on the distance from the center of design space. Since the 
rotatability depends only on the value of γ, Eq. (1) is right 
[52, 53]. The central point was repeated in six independent 
experiments, and the total number of samples considered in 
training set was 20. For validation of the calibration model, 
the testing set was created containing variables equal to the 
half of the full factorial points levels (values − 0.5 or + 0.5 
on each axis). The validation set was constructed of eight 
independent samples.

The correctness of calibration model

Multivariate PLS calibration is one of the basic techniques 
of supervised chemometric approach, which enables the 
simultaneous and precise determination of many substances, 
and elimination of the disturbing signal components, where 
each of the considered substances can be treated as an ana-
lyte or an interferent [54–57]. Due to the fact that PLS is the 
supervised method, this model is built using a calibration set 
of samples (training data set), and validated using one of the 
strategies, like cross validation by venetian blind with four 
data splits, which was applied in this work. Based on data 
from the training samples, the model predicts the values of 
samples from the external data set. Quality of the model and 

Table 1  Selected analytical methods used for determination of phenolic terpenoids

a No data available

Phenolic terpenoid Analytical technique Linearity range, mg/dm3 Limit of detection 
(LOD), mg/dm3

Year of publi-
cation

References

Eugenol GC–MS 0.001–0.05 0.0001 2015 [39]
GC–MS/MS 0.005–0.500 0.001 2016 [40]
SWV at GCE a 0.010 2016 [41]
LSV at MIP/GN-CNTs-IL/GCE 0.821–3.284 0.016 2016 [42]
DPV at GPE 0.049–8.210 0.014 2017 [12]
DPV at BDDE 0.39–14.63 0.02 2019 This work

Carvacrol HPLC–UV 1.0–80.0 0.8 2015 [43]
SWV at GCE a 0.210 2016 [41]
GC–MS 0.5–10.0 0.14 2017 [44]
GC–MS/MS 0.002–0.500 a 2018 [45]
DPV at BDDE 0.29–11.56 0.02 2019 This work

Thymol HPLC–UV 1.0–80.0 0.6 2015 [43]
DPV at BDDE 0.586–15.022 0.586 2015 [46]
HPLC–UV 0.5–15.0 0.05 2016 [37]
SWV at GCE a 0.240 2016 [41]
GC–MS 0.5–10.0 0.15 2017 [44]
GC–MS/MS 0.002–0.500 a 2018 [45]
DPV at BDDE 0.34–9.52 0.02 2019 This work
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correctness of this prediction is assessed by such param-
eters as: high correlation coefficient (r), low root-mean-
squared error of calibration (RMSEC), low RMSECV, low 
root-mean-squared error of prediction (RMSEP), low mean 
relative error of prediction (REP), critical analysis of plots 
predicted= f (measured), and recovery test for the external 
samples [55, 56, 58, 59]. The coefficient r reflects the accu-
racy of matching [56], RMSEC, RMSECV, and RMSEP are 
calculated in [59] as follows:

where yi is the reference value of the sample i, ŷi is the model 
prediction for the sample i, I is the number of calibration 
samples, Il is the number of samples left-out in the cross-
validation process and It is the number of test samples for 
the validation set, and LV is the number of latent variables 
used in model. REP is expressed as follows [58]:

where ȳ is the average real concentration value for each 
analyte.

Results and discussion

Composition of the supporting electrolyte

At the beginning, composition of the supporting electrolyte 
and measurement parameters has been optimized in the typi-
cal way. The basic optimization criterion was to obtain the 
best separation of the individual analytes peaks and low, sta-
ble background level (baseline). While position of the euge-
nol peak did not require modification, the difference between 
the carvacrol and thymol peaks was problematically low 
[46, 50, 51]. In addition, the potential range was modified 
to avoid the additional effect of the supporting electrolyte 
degradation and baseline change, what could significantly 
hinder the definition of a multivariate model. Optimization 
of composition and pH value of the supporting electrolyte 
was made similar to [50]. A wide pH range—combined 
from 1.75 to 11.00—was considered through the use of four 

(2)RMSEC =

�
∑I

i=1
(yi − ŷi)

2

I − LV − 1

(3)RMSECV =

�∑Il
i=1

(yi − ŷi)
2

Il

(4)RMSEP =

���
�

∑It
i=1

(yi − ŷi)
2

It
,

(5)REP =
RMSEC

ȳ
× 100%,

buffers (Britton-Robinson, acetate, ammonium, and phos-
phate). 0.1 mol/dm3 acetate buffer pH 6.0 was chosen as the 
most optimal for the further research. In the acetate buffer 
environment, no significant effect of pH on the peak posi-
tions of the considered analytes was observed [50].

Effect of scan rate

Then, electrochemical behavior of eugenol, carvacrol, and 
thymol has been investigated by recording cyclic voltam-
mograms (CV) using the scan rates of 0.05, 0.1, 0.2, 0.25, 
and 0.5 V/s (Fig. 2a–c).

Obtained CV signals suggest an irreversible electrode 
processes. Diagnostic criteria used to characterize an irre-
versible system are [60–63]: no reverse peak and linear rela-
tion between peak current (ip) and square root of scan rate 
(ν1/2). The peak potential values should be proportional to 
the log(ν) as the following Eq. (6) at 298 K:

where Ep is the peak potential, α is a kinetic parameter that 
characterizes the effect of electrochemical potential on the 
activation energy of an electrochemical reaction and can be 
calculated according to the slope of Ep vs. log(ν) in linear 
range; and nα is the number of electrons involved in pro-
cess. The last criterion of an irreversible system is given by 
Eq. (7) at 298 K:

where Ep/2 is the potential where the current equals one half 
of the peak value.

In registered cyclic voltammograms, the anodic peaks of 
eugenol, carvacrol, and thymol are not accompanied by a 
cathodic peak (Fig. 2a–c), which indicates that their redox 
reaction is totally irreversible. In addition, the linear rela-
tionships between peak current (ip) and the square root of 
scan rate (ν1/2) have been obtained (Fig. 2d and Table 2).

Further examination of CV at different potential scan 
rates (Fig. 2a–c) reveals that the peak potential shifts to 
more positive potentials on the increasing scan rate ν. The 
dependence of Ep on the log(ν) for three considered analytes 
is shown in Fig. 2e and Table 2. Value of αnα is 0.50, 0.66, 
and 0.40 for these three systems, what was obtained from 
Eq. (6). For the lowest of the considered scan rates, i.e., 
0.05 V/s, according to Eq. (7), αnα was also estimated—
obtained values were in line with the previously given and 
were equal to 0.58, 0.69, and 0.49 for eugenol, carvacrol, 
and thymol, respectively. In the case of carvacrol and thy-
mol, interpretation of the registered curves was hampered by 
the specific shape of the registered cyclic curves. Because, 
for irreversible processes, parameter α is in the range 0.3–1.0 
[63], we can conclude that one electron participates in each 

(6)
||
|
dEp∕d log (�)

||
|
= 0.0296∕�n�[V],

(7)Ep − Ep∕2 = 0.0477∕�n�[V],
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of the analyzed processes. It is compatible with the previous 
literature reports [41, 50].

In turn, dependence slopes of the straight line of the 
logarithm plots of peak currents vs. logarithm of scan rate 
(Fig. 2f and Table 2) were near the theoretical value of 0.5, 
what suggests that the electrochemical process is diffusion 
controlled [64].

Univariate calibration

Next, univariate calibrations were performed for each of the 
considered phenolic terpenoids (Table 3 and Fig. 3). From 
the recorded voltammograms, experimental backgrounds 
were subtracted by approximation, using polynomials of 
third degree.

The LOD value—calculated as three times the standard 
deviation of the blank  (Sblank), divided by the slope (a) of 
the calibration curve—for each of the phenolic terpenoids 
was the same (0.02 mg/dm3). The obtained results show 
that sensitivity for thymol was higher than for eugenol and 
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Fig. 2  Cyclic voltammograms by the scan rate of 0.05, 0.1, 0.2, 0.25, 
and 0.5  V/s obtained for: a 4.27  mg/dm3 of eugenol (navy blue), b 
8.67 mg/dm3 of carvacrol (brick-red), and c 7.32 mg/dm3 of thymol 

(green); in 0.1  mol/dm3 acetate buffer pH 6.0. Relation between 
anodic peak current ip or peak potential Ep and scan rate ν: d ip versus 
ν1/2, e Ep versus log(ν), and f log(ip) versus log(ν)

Table 2  Parameters of straight line fitted to cyclic voltammograms; 
where: ip [µA]—peak current, ν—scan rate [V/s], Ep—peak potential 
[V], a—slope, b—intercept, and r—correlation coefficient

Phenolic terpenoid Relation a b r

Type Concentra-
tion, mg/
dm3

Eugenol 4.27 ip versus ν1/2 3.03 0.06 0.9999
Ep versus log(ν) 0.059 0.809 0.9978
log(ip) versus 

log(ν)
0.47 0.48 0.9998

Carvacrol 8.67 ip versus ν1/2 4.97 − 0.35 0.9961
Ep versus log(ν) 0.045 1.10 0.9939
log(ip) versus 

log(ν)
0.65 0.72 0.9936

Thymol 7.32 ip versus ν1/2 1.83 0.39 0.9933
Ep versus log(ν) 0.074 1.09 0.9949
log(ip) versus 

log(ν)
0.34 0.33 0.9987
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carvacrol—by 49% and 22%, respectively. The difference 
between the position of the carvacrol and thymol peaks was 
equal to ~ 15 mV (Fig. 3a). Such a small distance does not 
allow for identification and univariate calibration, if both 
analytes are present at the same time. The solution to this 
problem is to use the PLS calibration model.

Multivariate PLS approach

Subsequently, the training and validation curves for PLS 
multivariate calibration model were recorded. Concentra-
tions of the phenolic terpenoids used in model were devel-
oped on the basis of DOE—the values from CCD have 
been converted into the analyte concentrations (Table 4). 

The exact composition of phenolic terpenoids mixtures 
used in the experiment is shown in Table S1.

The concentrations of eugenol, carvacrol, and thymol 
used in the multivariate calibration model were within the 
linear ranges of univariate calibrations models of these 
analytes (see Table  3). The voltammograms obtained 
experimentally for training set are shown in Fig. 4. Two 
peaks were observed on the curves: first at ~ 715 mV and 
second at ~ 950 mV. The first one increased with the addi-
tion of eugenol, while the second one increased with addi-
tion of carvacrol or thymol. The curves derived from three 
independent experiments with the same parameters were 
averaged and used for further actions.

Table 3  Parameters of the univariate calibration models for eugenol, carvacrol, and thymol (voltammograms in Figs. S1–S3), where S is stand-
ard deviation for the slope (Sa) and intercept (Sb). The experimental background was subtracted by approximation using third-degree polynomials

*For 7.40 mg/dm3 of eugenol, 5.55 mg/dm3 of carvacrol, and 4.10 mg/dm3 of thymol – Fig. 3a

Phenolic terpenoid Linearity range, 
mg/dm3

Ep
* mV a, µA/mg/dm3 Sa, µA/mg/dm3 b, µA Sb, µA LOD, mg/dm3 r

Eugenol 0.39–14.63 715 0.0863 0.0005 0.0319 0.0040 0.02 0.9996
Carvacrol 0.29–11.56 940 0.0708 0.0006 0.0491 0.0037 0.02 0.9992
Thymol 0.34–9.52 955 0.1056 0.0020 0.0556 0.0103 0.02 0.9970
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Fig. 3  a DP voltammograms of the analyzed phenolic terpenoids, 
obtained for 7.40 mg/dm3 of eugenol, 5.55 mg/dm3 of carvacrol, and 
4.10 mg/dm3 of thymol in 0.1 mol/dm3 acetate buffer pH 6.0; without 
background subtraction (raw data). b Univariate calibration relation 

for 0.39–14.63 mg/dm3 of eugenol. c Univariate calibration relation 
for 0.29–11.56 mg/dm3 of carvacrol. d Univariate calibration relation 
for 0.34–9.52 mg/dm3 of thymol
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The background subtraction procedure (baseline cor-
rection) was chosen in such a way that the value of the 
RMSECV was as small as possible. Different types of 
baseline subtraction strategies have been tested, including 
PLS Toolbox function which calculates weighted baseline 
by the second- or third-degree polynomial with autoscal-
ing procedure and next an innovative ATEB procedure [65]. 
However, they brought no satisfactory results: RMSECV 
for raw data was 0.38–0.97 mg/dm3, and after background 
subtraction 0.58–1.80 mg/dm3, depending on the phenolic 
terpenoid and the assumed LV number. The reason of the 
lack of the expected improvement was the fact that simulated 
background was not in relation to a single peak (as typically 
in voltammetry), but in relation to two peaks (with one cre-
ated by carvacrol and thymol). Therefore, in this work, the 
baseline correction was completely abandoned.

In this work, instead of the background subtracting, 
various signals pre-processing methods were tested, such 
as: autoscaling, mean centering, and differentiation by 
Savitzky–Golay (SG) strategy, with the optimization crite-
rion being the lowest possible value of LV (model com-
plexity), and RMSECV parameters for each of the analyte 
(predictive correctness). Initially, Savitzky–Golay second 
derivative with second-degree polynomial (in 21-point 
frame) with additional autoscaling was chosen as the pre-
liminary pre-processing approach. Figure 5 shows the values 

of RMSEC and RMSECV parameters depending on the 
selected number of LVs and the mentioned pre-processing 
procedure.

It was observed that selection of one or two latent vari-
ables meant the high values of the RMSEC and RMSECV 
parameters. The choice of 3–6 LVs gave in the effect accept-
able level of the RMSEC and RMSECV parameters. The 
selection of higher number of LV did not improve signif-
icantly the model quality. Therefore, the influence of the 
other signal pre-processing procedures was examined in 
detail with only 3–6 LVs, resulting in RMSECV values in 
the range 0.33–1.93 mg/dm3, depending on the phenolic 
terpenoid and the adopted LV number. It was found that 
the calibration model obtained after the same signal pre-
processing for each analyte was insufficient.

Therefore, the values of the models evaluation param-
eters for the individual phenolic terpenoids were examined 
separately: the best five models were selected for each ana-
lyte, indicated by the lowest RMSECV value (Table S2). 
Then, for these selected models, validation with the use of 
an external test set (validation set) was performed. Finally, 
the PLS calibration model was built using voltammograms 
pre-processed by the strategies, as shown in Table 5.

Table 4  Coded and actual values of the factors (phenolic terpenoid concentration) used in CCD

Type of factor CCD plan

− 1.682 (− γ) − 1 − 0.5 0.0 + 0.5 + 1 + 1.682 (+γ)

Factor 1: concentration of eugenol mg/dm3 0.77 3.39 5.39 7.39 9.39 11.24 13.86
Factor 2: concentration of carvacrol mg/dm3 0.58 2.54 4.05 5.55 7.05 8.44 10.40
Factor 3: concentration of thymol mg/dm3 0.73 2.05 3.07 4.10 5.12 6.00 7.32
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Fig. 4  Raw data voltammograms registered for the training set, based 
on CCD: full factorial points (blue), star points (olive), and central 
points (red); in 0.1 mol/dm3 acetate buffer pH 6.0
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The correctness of model was confirmed by the analysis 
of graphs presenting the relations of concentration values 
in relation predicted = f (measured) (Fig. 6). Relatively low 
RMSECV in the range of concentrations of each of the ana-
lytes (Table 6) also confirmed the correctness of this models.

After confirming correctness of the models, their valida-
tion was done using data from the external validation set. 
Low  REPv error values in the 1.8–5.1% range (Table 6) and 
good recovery values in the range of: 89.0%  (v2)—101.1% 
 (v4) for eugenol, 94.5%  (v3)—101. 4%  (v8) for carvacrol, and 

85.6%  (v1)—108.3%  (v8) (Fig. S4) were obtained. Graphs 
of concentration values in relation predicted = f (measured) 
were shown in Fig. 7a–c. All obtained results allowed to 
recognize the constructed predictive model as meeting the 
typical acceptance criteria.

Finally, the validated PLS model was used for the analysis 
of samples containing only one analyte (Table 7) using data 
from the external set (Table S1 and Fig. S5).

In each case, the predictive model showed correct content 
of the analyzed analyte (with satisfactory recovery within 

Table 5  Optimal pre-processing used in the PLS model

Type of phenolic 
terpenoid

Optimal pre-processing used in the PLS model

First step—Savitzky–Golay differentiation Second step LV number

Eugenol Second derivative with second-degree polynomial in 21-point frame Mean centering 3
Carvacrol First derivative with first-degree polynomial in 15 points frame Autoscaling 6
Thymol First derivative with second-degree polynomial in 15 points frame Autoscaling 5

Fig. 6  Graphs presenting rela-
tions of concentration values in 
relation predicted = f (measured) 
in calibration set for: a eugenol, 
b carvacrol, and c thymol. The 
light green line is proper (a = 1, 
b = 0, and r2 = 1.0000) and the 
black line is fitted (r2 is on 
figure)
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Table 6  Values of errors: RMSEC, RMSECV, RMSEP, and REP in optimized PLS model; where c—calibration data set, v—validation data set, 
and h—honey-spiked sample set

Phenolic terpenoid Concentration 
range, mg/dm3

RMSEC, 
mg/dm3

RMSECV, 
mg/dm3

RMSEPv, 
mg/dm3

RMSEPh, 
mg/dm3

REPc % REPv % REPh %

Eugenol 0.77–13.86 0.55 0.71 0.37 0.20 7.4 5.0 2.7
Carvacrol 0.58–10.40 0.20 0.42 0.13 0.83 3.6 1.8 15.0
Thymol 0.73–7.32 0.26 0.38 0.38 0.29 6.3 5.1 7.1
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98.92–101.62%) and the slight presence of other analytes. 
In this way, it was shown that the presented predictive model 
allows voltammetric identification of eugenol, carvacrol, and 
thymol. In particular, distinction of thymol and carvacrol is 
correct, despite the short distance between peaks (15 mV).

Ultimately, PLS model was used for quantitative analy-
sis of natural objects of complex composition, i.e., the 
spiked honey samples. Voltammograms of the honey 
samples with the corresponding amounts of phenolic 
terpenoids were recorded according to the validation 
plan (Table S1 and Fig. S6). The values of the obtained 

 RMSEPh parameters were in the range 0.20–0.83 mg/dm3 
(Table 6). The  REPh coefficients for the honey samples 
were low in the case of eugenol and thymol determination: 
2.7% and 7.1%, respectively; however, for carvacrol—due 
to the central position of the carvacrol peak, comparing 
to eugenol and thymol peaks—the  REPh value was higher 
(15.0%). It should be remembered that the value of  REPh 
strongly depends on the sample composition—matrix 
effect. Recovery values for the honey samples were also 
calculated and were in the range of: 95.7%  (h7)–104.0% 
 (h1) for eugenol, 80.9%  (h1)–92.5%  (h7) for carvacrol, and 
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Fig. 7  Plots of concentration values in relation predicted =  f (measured) for validation set: a eugenol, b carvacrol, and c thymol; and for honey-
spiked sample set: d eugenol, e carvacrol, and f thymol. The light green line is proper and the black line is fitted

Table 7  Qualitative analysis of 
phenolic terpenoids using the 
PLS model

a recovery if one analyte present in the solution

Phenolic terpenoid Added, mg/dm3 Predicted, mg/dm3 Recoverya%

Eugenol Carvacrol Thymol Eugenol Carvacrol Thymol

Eugenol 7.39 0.00 0.00 7.31 0.02 0.40 98.92
Carvacrol 0.00 5.55 0.00 0.43 5.64 0.38 101.62
Thymol 0.00 0.00 4.10 0.23 0.09 4.16 101.46



1000 M. Kowalcze, M. Jakubowska 

1 3

83.0%  (h7)–111.9%  (h1) for thymol (Fig. S4). Graphs of 
concentration values in relation predicted = f (measured) 
are shown in Fig. 7d–f. In this way, the usefulness of the 
created PLS calibration models in simultaneous determi-
nation of phenolic terpenoids in the complex natural sam-
ples has been also proved.

Conclusions

It has been proved that there is a possibility of identifica-
tion and simultaneous determination of eugenol, carvacrol, 
and thymol using the differential pulse voltammetry (DPV) 
technique on the BDD electrode in 0.1 mol/dm3 acetate 
buffer of pH 6.0. The reaction mechanism was tested using 
the cyclic voltammetry and it was shown that, in each case, 
it is a diffusion-controlled process in which one electron 
was involved. It has been demonstrated that the methods of 
eugenol, carvacrol, and thymol determination were linear 
in the range of 0.39–14.63, 0.29–11.56, and 0.34–9.52 mg/
dm3, respectively, and LOD was 0.02 mg/dm3 for all the 
considered analytes. The peaks of eugenol, carvacrol, and 
thymol were not separated from each other, and their loca-
tion was ~ 715 mV, ~ 940 mV, and ~ 955 mV, respectively. In 
particular, attention was paid to almost perfect overlapping 
of the carvacrol and thymol peaks—the difference in their 
position is only about 15 mV. Therefore, the multivariate 
strategy was proposed for voltammetric identification and 
determination of these analytes.

To optimize the PLS model, a low complexity and 
simple data pre-processing procedures were chosen. The 
calibration models constructed separately for each analyte 
provided results of higher quality then in one calibration 
model for all three phenolic terpenoids. In the concentration 
ranges of 0.77–13.86, 0.58–10.40, and 0.73–7.32 mg/dm3, 
the RMSEC values were 0.55, 0.20, and 0.26 mg/dm3, for 
eugenol, carvacrol, and thymol, respectively. In this way, the 
correctness of the created model was proved.

The optimized PLS model was used for quantitative 
analysis of the used phenolic terpenoids. It has been shown 
that an effective identification of eugenol, carvacrol, and 
thymol, when only one of these analytes is present in the 
sample, is possible. The values of recoveries were within 
the range of 98.92–101.62%. The calibration model was also 
used for analysis in the complex samples of natural origin 
which was a solution of honey.  REPh values of 2.7%, 15.0%, 
and 7.1% were achieved, for eugenol, carvacrol, and thymol, 
respectively.

The proposed PLS model with relatively low complex-
ity and typical pre-processing procedures can be success-
fully used for voltammetric identification and simultaneous 
determination of eugenol, carvacrol, and thymol, although 

position of the carvacrol and thymol peaks differs only by 
15 mV.

Experimental

Measuring apparatus and software

A multipurpose Electrochemical Analyzer M161 with the 
electrode stand M164 (both mtm-anko, Poland) was used for 
all the voltammetric measurements. The classical three-elec-
trode quartz cell of 10 cm3 volume was applied. It consisted 
of the boron-doped diamond electrode (BDDE, φ = 3.0 mm, 
Windsor Scientific, UK) as a working electrode, the double-
junction reference electrode Ag/AgCl/KCl (3 mol/dm3) with 
replaceable outer junction (2.5 mol/dm3  KNO3), and a plati-
num wire as an auxiliary electrode. The ambient temperature 
was ca. 23 °C. The mtm-anko EAQt software enabled elec-
trochemical measurements, data acquisition, and processing 
of the results. Sonification of the honey samples was carried 
out in ultrasonic cleaner IS-2 (manufactured by Intersonic, 
Poland).

Chemicals, glassware, and samples

Acetic acid and sodium acetate (both pure for analysis, 
POCh, Poland) were used for the preparation of the sup-
porting electrolyte—0.1 mol/dm3 acetate buffer pH 6.0. 
The other chemicals were buffers (prepared from pure for 
analysis reagent, POCh, Poland): acetate (pH 3.0, 3.5, 4.0, 
4.5, 5.0, 5.5, 6.0, and 6.5), ammonium (pH 10.0), Britton-
Robinson (pH 1.75, 3.75, and 11.0), and phosphate (pH 8.0). 
As the standards, ethanol (99.8%, for HPLC, POCh, Poland) 
solutions of eugenol (99%, ReagentPlus, Sigma-Aldrich), 
carvacrol (99%, natural, food grade, Sigma-Aldrich), and 
thymol (≥ 98.5%, Sigma–Aldrich), were used. For activation 
of the electrode, 0.5 mol/dm3 solution of sulfuric acid (VI) 
prepared from 96%  H2SO4 (pure for analysis, POCh, Poland) 
was applied. Washing the electrode between the measure-
ments was done using 50% ethanol (obtained from 99.8%, 
for HPLC, POCh, Poland). For testing of the developed pre-
dictive model, the solution of multifloral honey from the 
local apiary in Galicia was used. 0.20 g of honey was placed 
in an Eppendorf tube and 800 mm3 of 0.1 mol/dm3 acetate 
buffer of pH 6.0 was added. The resulting solution was 
sonicated in ultrasonic cleaner for 5 min (in ambient tem-
perature). All reagents used were prepared using quadruply 
distilled water (two last stages from quartz). All glassware 
was first immersed in 6 mol/dm3 nitric acid, and then rinsed 
repeatedly with distilled water.
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Standard procedure of measurements

The BDD electrode was activated by immersing in 0.5 mol/
dm3  H2SO4 solution and applying the potential of − 3.0 V 
for 15 min once before the whole experiment. The measure-
ments were performed using differential pulse voltammetry 
(DPV). In the quartz voltammetric cell, 5 cm3 of 0.1 mol/
dm3 acetate buffer (pH 6.0) was placed as a supporting elec-
trolyte, and then, adequate volume of the analytes (euge-
nol, carvacrol, and thymol) according to the experiments 
plan was added. In the case of honey samples, 25 mm3 of 
a honey solution was also added in cell. The solution was 
stirred (ca. 500 rpm) using a magnetic stirring bar. Then, 
the electrode potential of 2.4 V for 1 s and 0.2 V for 5 s 
was applied and DP voltammogram was recorded from 0.3 
to 1.25 V. The other experimental parameters were as fol-
lows: step potential, Es = 5 mV; pulse potential, dE = 50 mV; 
time of potential step and pulse together was 80 ms, i.e., 
2·(twaiting + tsampling), where twaiting and tsampling = 20 ms. The 
measurement parameters were developed and optimized 
based on the previous experiments and literature reports [46, 
50]. All experiments were carried out in triplicate at ambient 
temperature about 23 °C. Between the individual measure-
ments, the electrode was washed with 50% ethanol solution.

Software

Processing of the experimental data and calculations were 
conducted with the home-written procedures in Mathworks 
Matlab 2014b and Eigenvector Research PLS Toolbox 8.0.
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