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Ultrasound combined with manganese-oxide
nanoparticles loaded on activated carbon for
extraction and pre-concentration of thymol and
carvacrol in methanolic extracts of Thymus
daenensis, Salvia officinalis, Stachys pilifera,
Satureja khuzistanica, and mentha, and water
samples†
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A dispersive micro solid-phase extraction (DMSPE) technique was developed using manganese-oxide

nanoparticles loaded on activated carbon (Mn3O4-NPs-AC) as an effective sorbent combined with ultra-

sound for the extraction and determination of a trace amount of thymol and carvacrol in methanolic

extracts of Thymus daenensis, Salvia officinalis, Stachys pilifera, Satureja khuzistanica and mentha, and

water samples. Thymol and carvacrol phenolic compounds were extracted from real samples using

acetonitrile (ACN) as the desorption solvent. Using central composite design (CCD), the effects of pH,

ionic strength (NaCl), nano-sorbent mass, contact time, and desorption volume were investigated.

Additionally, based on five-level variables, response surface methodology was used to determine the indi-

vidual and interactive effects between factors on the process. The optimized extraction conditions

included 12 mg of Mn3O4-NPs-AC as the sorbent, 300 μL of ACN as the desorption solvent, pH 3.0, 0.5

w/v% of NaCl, and 4.5 min sonication time. Under the optimized conditions, for all the samples, the limits

of detection were 0.054–0.104 ng mL−1 and the limits of quantification were 0.178–0.345 ng mL−1. The

correlation coefficients of the calibration curves were >0.985, i.e. in the range of 0.4–6000 ng mL−1. To

validate the effects of the matrix, the recovery, reproducibility, repeatability, and overall uncertainty were

calculated for the five methanolic extracts, at 50, 100, and 500 ng mL−1. The recovery ranged between

94.5% and 109.0% with a relative standard deviation of <8.0% for the repeatability and reproducibility pre-

cision, which strongly supports the favorable repeatability and reproducibility of the method. The pre-

sented method also has the excellent sorbent features of NPs for the sorption of the analyte, which is due

to the use of ultrasound for dispersion of the material in the sample matrix.

1. Introduction

Antioxidants are natural compounds or substances having the
ability to counteract chemically active products of metab-
olism.1 In recent years, researchers have focused their atten-
tion on phenolic compounds because of their antioxidant
activity in protecting the human body against free radicals.

Due to the presence of phenolic compounds, especially thymol
and carvacrol, a large number of plants could help avoid a
variety of diseases.2,3

Thymol and carvacrol are phenolic volatile monoterpenes
found in essential oils of different herbs, chiefly at concen-
trations between 20% and 98%.4,5 These two substances have
been affirmed for their antimicrobial activity, mainly against
Gram-positive microorganisms,6 and have a wide range of
applications in the food and veterinary industries, to combat
antibiotic-resistant pathogenic microorganisms.7

Thymus daenensis,8,9 Salvia officinalis,10 Stachys pilifera,11

Satureja khuzistanica,12 and mentha are well-known plant
species composed of thymol and carvacrol, together with their
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major components. Hence, developing a simple and an
efficient method for the extraction and quantification of such
antioxidants has been the goal of many scientists.4,13,14

High performance liquid chromatography (HPLC) has
hitherto been the most popular method, owing to its relatively
low cost and universality for the analysis of phenolic com-
pounds.13,15,16 However, prior to chromatographic analysis,
due to the intricate matrix effect and the low levels of analytes
in the actual samples, performing a simple and an efficient
sample pretreatment process for the elimination of the inter-
ferents and enrichment of the analytes is highly required.17–20

Sample preparation is a key process before the analysis of
organics in water samples.21–23 In the selection of a sample
preparation method, time consumption plays a central role
since short time assists in enhancing the working
efficiency.24,25 Therefore, to attain ultrafast extraction, the
diffusion distance both in the aqueous phase and in the
extraction phase needs to be reduced in the shortest time,
which means that the micro-extraction phase should be very
small.26 To achieve this goal, it is better for the micro-extrac-
tion phase to be well dispersed in the sample solution, rather
than aggregated or stacked together. Hence, the diffusion dis-
tance in the sample solution could be diminished effectively at
the micro level.22,23,27,28

More recently, a new method of solid-phase extraction
(SPE), namely solid-phase microextraction (SPME), has been
increasingly utilized.29 Compared to traditional SPEs, SPME
uses a trace of solid phase for extraction (i.e. of the order of
µg), thereby minimizing the consumption of sorbent and max-
imizing the extraction process.30 Dispersive micro-solid phase
extraction (DMSPE) is one of the extraction techniques in
which the volume of extraction phase is very small, and the
extraction efficiency depends on the distribution of the target
analytes between the extraction phase and the sample solu-
tion.31 The greater the tendency of the analytes to accumulate
in the extraction phase, the more is extracted, hence increasing
the extraction efficiency. In the DMSPE method, in the extrac-
tion phase, the analyte is absorbed through a solid phase with
the aid of magnetic stirring, vortexing, or ultrasonication. The
analyte is then rinsed with a solvent or a mixture of organic
solvents.32 In this method, the mixture of the analytes by ultra-
sonication leads to an increase in mass transfer to the solid
phase. In spite of the reduction in the volume of organic sol-
vents in SPME, the use of ultrasound means that it is per-
formed faster due to the formation of fine droplets and the
increase in the contact surface between the two liquid transfer
fluids. Therefore, new miniaturized approaches such as
DMSPE provide numerous advantages such as suitability for
analyzing very small amounts of analyte, consumption of
small amounts of sorbent, and low use of toxic organic
solvents.33,34

On the basis of our experiences with manganese-oxide
nanoparticles (Mn3O4-NPs) and based on the data from the lit-
erature, these particles have the ability of strong surface com-
plexing for sorption of phenolic compounds with fast kinetics.
Physicochemically, they have also been shown to be highly

stable against acids, alkalis, oxidants, and reductants35 and to
be non-toxic and poorly soluble in water.36 Application of
metal nanomaterials has been demonstrated to elevate, to a
great extent, the sorption capacities of phenolic compounds
because of the special features of nano-scaled materials, i.e.
high surface-area-to-volume ratio and homogeneous distri-
bution in solution.37,38 The presence of hydroxyl groups in
phenolic molecules makes these molecules a good candidate
for extraction from real matrices by Mn3O4-NPs.

In the DMSPE method, the extraction efficiency may be
affected by various factors, especially type and volume of de-
sorption solvent, pH, nano-sorbent mass, and extraction time.
Therefore, it is important to optimize the extraction con-
ditions.39,40 To better examine the parameters in DMSPE using
Mn3O4-NPs-AC, the procedures of experimental design are a
preferable option.41 By considering the interaction and quad-
ratic effects, these procedures are able to fit second-order
response surfaces, thereby optimizing the experimental con-
ditions more effectively with relatively minimal experimental
trials.42,43

A literature review indicates that no DMSPE method has
been previously reported using Mn3O4-NPs loaded on activated
carbon (Mn3O4-NPs-AC) for the extraction of phenolic com-
pounds, including thymol and carvacrol. Therefore, in the
present investigation, DMSPE was used to extract these pheno-
lic compounds from Thymus daenensis, Salvia officinalis,
Stachys pilifera, Satureja khuzistanica, mentha, and water
samples prior to their determination by HPLC-UV. For this
purpose, the effective parameters in the DMSPE extraction
method for the two analytes were investigated and optimized
by the experimental design approach, central composite
design (CCD). The type of desorption solvent can be readily
optimized by the one-variable-at-a-time approach. The DMSPE
method was validated for precision, repeatability, recovery, and
qualitative and quantitative limits and was employed to deter-
mine phenolic compounds.

2. Materials and methods
2.1. Reagents, solutions, and instrumental and operating
conditions

Carvacrol (>98%) and thymol (≥98.5) were procured from
Sigma-Aldrich (Saint Louis, MO; USA). The stock solutions of
thymol and carvacrol (50 mg L−1) were prepared by dissolving
5 mg of each phenolic compound in 100 mL of methanol
(MeOH) and stored in a refrigerator at 4 °C. From these stock
solutions, the standard working solutions were obtained daily
by using double distilled water. Calibration curves (Fig. S1†)
were constructed using different concentrations of the
phenolic compounds in the range of 0.0005–2.0 mg L−1.
Manganese(II) acetate [Mn(CH3COO)2], ammonium acetate
[NH4(CH3COO)], sodium sulfide (Na2S), AC, and analytical or
HPLC-grade organic solvents such as acetonitrile (ACN),
MeOH, acetone (Ac), ethanol (EtOH), dimethyl sulfoxide
(DMSO), dimethylformamide (DMF), tetrahydrofuran (THF),
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and other reagents were purchased from Merck Company
(Darmstadt, Germany).

HPLC was carried out using a Knauer system (Berlin,
Zehlendarf, Germany), equipped with a UV-VIS 2500 Detector.
The separation of analytes was performed on a Knauer column
(4.6 mm diameter × 250 mm length, particle size of 5 µm,
Eurospher 100-5 C18) with a pre-column (Eurospher 100-5
C18). The mobile phase included 55% ACN and 45% (v/v)
water, delivered from separate pumps. The flow rate remained
at 1.1 mL min−1 with UV detection at 220 nm, and the column
temperature was set at room temperature. All of the other
instruments applied in this research have been fully described
in our previous publications.44,45

2.2. Synthesis of DMSPE nano-sorbent

The preparation of Mn3O4-NPs-AC was carried out as follows:
first 10.0 mL of 1.0 mol L−1 Mn(CH3COO)2 solution and
10.0 mL of 1 mol L−1 NH4(CH3COO) solution were mixed with
5.0 mL of Na2S solution and 5.0 mL of sodium hydroxide solu-
tion. To this mixture, deionized water was added to prepare
100 mL of total volume. The reaction solution was then pre-
served at 50 °C. After 24 h, the prepared NPs were first filtered,
then rinsed several times with deionized water and finally
dried at room temperature. In the next step, 0.15 g of the
Mn3O4-NPs was dispersed in 250 mL of deionized water in an
Erlenmeyer flask to form an insoluble suspension. Finally, the
homogenous deposition of Mn3O4-NPs-AC was carried out by
adding 10 g of AC to the prepared Mn3O4-NP suspension while
stirring strongly at room temperature for 4 h. After filtering
and rinsing several times with deionized water, the prepared
Mn3O4-NPs-AC was rinsed, dried at the temperature of 50 °C
and used as a sorbent for extraction experiments.

2.3. Preparation of real samples

All plant materials (Thymus daenensis, Salvia officinalis, Stachys
pilifera, Satureja khuzistanica, and mentha) were gathered from
Kohgiluyeh and Boyer-Ahmad Province, Yasuj, Iran, during the
flowering season of the plant. After identification, the plant
leaves were cleaned, shade dried and finely ground. The
extract was prepared by successive maceration of the powder
(100 g) with MeOH/water (80 : 20%; to give 10 g of the extract)
at room temperature (25 ± 2 °C) for 48 h. Following filtration,
the evaporation of the extract was done in a rotary evaporator
under low pressure (45 °C).45 The extract was stored at −4 °C
from where it was used when required. The dried extract
material (0.01 g) was dissolved in MeOH (50 mL) in an ultra-
sonic bath device for 10 min for daily use in our extraction
experiments. The dissolved extract, which was centrifuged at
6000 rpm for 15 min, was filtered through filter paper as well
as through a 0.45 μm membrane filter (Millipore, USA).

2.4. Analytical procedure

DMSPE experiments were conducted in a 15 mL centrifuge
tube. First, 12 mg of Mn3O4-NPs-AC was dispersed into 15 mL
of standard solution containing 100 ng mL−1 of each phenolic
compound, and the pH of the mixture was set to 3.0 with HCl/

NaOH. For the complete adsorption of the analytes, the tube
was immersed in an ultrasound bath for 4.5 min.
Subsequently, the isolation of sorbent from the solution was
performed by centrifugation at 4000 rpm for 5 min. After dis-
carding the supernatant, the adsorbed thymol and carvacrol
were eluted from the sorbent with 300 μL ACN under vortexing
for 2 min. After centrifugation at 4000 rpm for 5 min, the
eluted phase was collected and filtered by the use of a
Whatman 0.22 µm syringe filter. Finally, 20 μL of the eluted
phase was injected into HPLC for analysis. Each experiment
was repeated at least three times, and the results are reported
as the mean value of these three experiments.

In this study, various extraction-controlling parameters
(pH, nano-sorbent mass, extraction time, ionic strength
(NaCl), and desorption volume) were optimized by response
surface methodology (RSM)-based CCD. For each variable, five
levels (0, −α, +α, −1, and +1) were assigned as the central
points, low axial runs, high axial runs, low fractional factorials,
and high fractional factorials, respectively, based on the CCD
principle. The percentages of extraction recovery (ER%) of car-
vacrol and thymol were chosen as the response variables,
whereas solid pH (X1), ionic strength (X2), nano-sorbent mass
(X3), extraction time (X4), and desorption volume (X5) were
selected as the independent variables. The obtained experi-
mental data fitted to the second-order polynomial model have
been fully explained in our and other previous
investigations.46,47

In this well-designed CCD model, with the goal of maximiz-
ing the recovery of thymol and carvacrol, we analyzed the
impacts of the five independent variables on the response
functions and evaluated the optimal preparation conditions.
To ensure the accuracy of the model, conducting analysis of
variance (ANOVA) is necessary; therefore, we used this method
to affirm the linear, quadratic and interaction regression
coefficients, individually. The statistical analysis of the com-
puted F-value at P < 0.05 was performed in order to evaluate
the importance of the dependent variables. Two variables that
showed interactive effects on the process responses were main-
tained at the same time by fixing the other variable at its
central point (i.e. 0). These effects were depicted using the 3D
response surface plots drawn based on the fitted quadratic
equation.

3. Results and discussion
3.1. Characteristics of the nano-sorbent

SEM images of the prepared Mn3O4-NPs-AC at different magni-
fications (Fig. 1) reveal that the Mn3O4-NPs-AC is formed from
spherical shaped NPs with diameters of about 40–80 nm.

Fig. 2a shows the histogram of Mn3O4-NP size distribution.
The diameters of the Mn3O4-NPs were in a wide range of
30–70 nm. The average diameter of the Mn3O4-NPs was 58 nm,
which was close to the SEM result. The chemical composition
of the prepared Mn3O4-NPs-AC was studied by energy disper-
sive X-ray (EDX) analysis. The C, Mn, and O peaks detected in
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the EDX spectrum of the Mn3O4-NPs-AC are shown in Fig. 2b.
These results confirmed that the particles were composed of
manganese and oxygen elements.

The type IV isotherm patterns with H3 hysteresis loops can
be observed from the adsorption/desorption curves of the
nano-sorbent, which shows a mesoporous structure (Fig. 2c).
The Brunauer–Emmett–Teller surface area of the nano-sorbent
is 310 m2 g−1, and the total pore volume is 0.392 cm3 g−1.

The X-ray diffraction (XRD) pattern of the prepared Mn3O4-
NPs-AC was investigated in the 2θ region of 10–80°. According
to the XRD pattern (Fig. 2d), the diffraction peak at 2θ of 24.0°
was attributed to the planar structure of AC. Likewise, all of
the characteristic diffraction peaks of a pure tetragonal crystal
of Mn3O4-NPs at 2θ of 18.0° (101), 28.88° (112), 31.016° (200),
32.32° (103), 36.10° (211), 36.45° (202), 38.00° (004), 44.45°
(220), 49.82° (204), 50.71° (105), 53.86° (312), 56.01° (303),

58.51° (321), 59.84° (224), 64.65° (400), 69.66° (305), 74.15°
(413), 76.58° (422), and 77.51° (404) were also present for the
Mn3O4-NPs-AC, further indicating the successful synthesis of
Mn3O4-NPs-AC, based on the good agreement with JCPDS card
(No. 24-0734).

3.2. Selection of the desorption solvent

The elution is a key step for obtaining good recovery and
recyclability of the sorbent material; however, incomplete
elution results in a carry-over effect and restricts the use of the
material. Elution solvent polarity is a crucial factor in the
process of solvent selection. According to the principle of “like
dissolves like”, a good agreement between the polarities of the
desorption solvents and the target analytes is required to lead
to better desorption efficiency. Various elution solvents, viz.
ACN, Ac, MeOH, THF, EtOH, DMF, and DMSO, were used to

Fig. 1 SEM images of Mn3O4-NPs-AC at different magnifications.
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desorb the phenolic compounds from the nano-sorbent; the
highest extraction efficiency of each analyte was obtained
when ACN was selected as the desorption solvent (Fig. 3). To
investigate the effect of volume of solvent on desorption,
further experiments were done by eluting the analytes with
different amounts of ACN (50–350 μL).

3.3. Statistical design of experiments

3.3.1. CCD and fitted regression. The total number of runs
(n = 32) in CCD and the output responses for the carvacrol and
thymol, as analyte extraction, are shown in Table S1.†

To attain an estimation of the pure error variance, we used
three replicate runs at the center of the design. Using multiple

Fig. 2 Particle size distribution (a), EDX analysis (b), N2 adsorption/desorption isotherms (c), and XRD pattern (d) of Mn3O4-NPs-AC.

Fig. 3 Selection of the desorption solvent for the DMSPE experiments. Conditions: sample volume, 15.0 mL; desorption volume, 200 µL; extraction
time, 3 min; nano-sorbent mass, 10 mg; desorption time, 3 min; pH, 5.0; room temperature.
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regression analysis, the responses (carvacrol and thymol extrac-
tion) were closely related to all five design factors by using the
second-order polynomial. Meanwhile, the quadratic regression
models for ER% carvacrol and ER% thymol in terms of actual
factors such as pH (X1), ionic strength (X2), nano-sorbent mass
(X3), extraction time (X4), and desorption volume (X5) are given
by eqn (1) and (2), respectively:

ER%Carvacrol ¼ 110:4þ 1:9X1 � 5:9X3 � 3:3X4 þ 0:02X5 þ 0:91X1X4

� 0:03X1X5 þ 5:0X2X3 � 5:4X2X4 þ 0:2X2X5 þ 0:6X3X4

þ 0:02X3X5 þ 0:04X4X5 � 1:4X1
2 � 1:067X4

2

ð1Þ

ER%Thymol ¼ 119þ 0:4X1 � 0:1X3 � 9:8X4 þ 0:1X5 þ 7:3X1X2

þ 0:7X1X4 � 0:03X1X5 þ 12:4X2X3 þ 4:7X2X4

þ 0:6X3X4 þ 0:02X3X5 þ 0:03X4X5 � 1:2X1
2

� 68:0X2
2 � 0:6X3

2 � 0:6X4
2

ð2Þ

The significance and the fitness of the models was tested
by ANOVA (Table S2†). The high “Model F-values” (59.69 for
carvacrol and 43.66 for thymol) suggest that the models are
significant, and there is a 0.01% chance of “Model F-values”
this large happening owing to noise.45

The “Lack of Fit F-values” of 2.72 and 4.82 for carvacrol and
thymol, respectively, reveal that the models are insignificant;
there is a chance of 14.6% for carvacrol and 5.3% for thymol
that the “Lack of Fit F-value” occurred because of noise.18 The
high values of correlation coefficient (R2; 0.991 for carvacrol
and 0.990 for thymol) for eqn (1) and (2) show the significance
of the models and indicate a good connection between the
observed values and the predicted values of the responses
(Fig. 4).

In this study, X2, X2
2, X1X2, X2X3, and X3

2 for carvacrol and
X2, X2X5, and X1X3 for thymol were not significant factors for
both responses. On the contrary, X1, X3, and X4 were signifi-

cant for both responses. The resulting effects and the signifi-
cance of each factor are observable using a Pareto chart
(Fig. S2†). Using this chart, it is feasible to accentuate the sig-
nificant factors exceeding the vertical line (P = 0.05). Moreover,
it is possible to detect the relationship and the magnitude of
the effect of these factors, which is described by the signal and
the value on each horizontal bar.

The adequate precision, a signal/noise ratio measuring the
errors in the predictions at the design points, was found to be
in the desirable range (<4).29 The values of adequate precision
were obtained as 30.68 and 26.70 for carvacrol and thymol,
respectively, suggesting the capability of the developed quadra-
tic models in navigation of the CCD design. The value of the
coefficient of variance, which represents the error between the
observed data and predicted data, was observed to be 4.6% for
both responses. In addition, the value of coefficient of variance
was <10%, which showed that the error in the model is non-
significant.48

3.3.2. RSM plots of the carvacrol and thymol recovery. The
association between the dependent variables and independent
variables was clarified by constructing response surface plots
(Fig. 5). In the regression model, there are five independent
variables; one variable was kept fixed at the center level for
each plot; therefore, a total of four response surface plots were
produced for the responses.

As it is apparent from Fig. 5, the responses of both thymol
and carvacrol reduce with pH elevation for all of the target
solutions. The reason for this phenomenon could be due to
the presence of carboxyl and hydroxyl groups on the sorbent,
which can be ionized at high pH. These two groups are polar
acidic, and at low pH, they are in the neutral form; therefore,
both carboxyl and hydroxyl groups are appropriate for adsorp-
tion of polar analytes such as thymol and carvacrol. The
highest extraction efficiency for the proposed nano-sorbent
was achieved at pH 3.0 (Fig. 5a and b). Basically, in aqueous

Fig. 4 The observed values for thymol and carvacrol determination plotted against the predicted values calculated from the CCD.
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solutions, the speciation of compounds that are weakly acidic
is related to the solution properties, i.e. its pH value. It has
been demonstrated that acidification of water solutions can
reduce the dissociation of weakly acidic analytes, which may
raise the extraction efficiency of the target compounds in the
case of the strong binding of the non-dissociated form to the
sorbent.49,50 In this situation, these acidic drugs have an
interaction with the nano-sorbent surface through hydro-
phobic and π interactions, as well as hydrogen-bond
formation.51

The enhancement of the extraction efficiency depends on
time up to 4.5 min (Fig. 5a and c). This result demonstrated
that 4.5 min is sufficient time for the complete equilibration
of the sample solution and the sorbent. Therefore, this time
was chosen as the optimal extraction time for further studies,
since it is supposed to be able to achieve a balance between
the extraction amount and the extraction time. However,
extraction times longer than 4.5 min decrease the extraction

efficiency, which is likely due to interchange of adsorbed ana-
lytes and other species in the aqueous solution.

As can be seen in Fig. 5c and d, the ER of the analytes
increased with nano-sorbent mass, which is because of the
high specific surface area and small particle size of the
sorbent. The extraction rate increased noticeably at a greater
surface area and ratio of analyte to available sorption sites. On
the other hand, nano-sorbents such as Mn3O4-NPs-AC have a
high surface-area-to-volume ratio; therefore, the diffusion
route of the analytes is short, which results in rapid and high
extraction performance.

The desorption solvent volume in DMSPE has two opposite
effects on the extraction efficiency. This means that with the
elevation of the solvent volume, the solid–liquid equilibrium
of the analytes shifts to the solvent phase, and, therefore,
dilution of the final extract increases. In other words, the
elevation of the solvent volume causes an increase in the
extraction efficiency (Fig. 5b and d).

Fig. 5 Response surface plots of the interaction effect of different parameters on thymol and carvacrol recovery. (a) Interactive effect of pH and
extraction time, (b) interactive effect of pH and desorption volume, (c) interactive effect of extraction time and nano-sorbent mass, and (d) interactive
effect of desorption volume and nano-sorbent mass.
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3.3.3. Optimization of the process parameters. According
to the quadratic model, the estimated optimum conditions for
the extraction of carvacrol and thymol from real samples are as
follows: pH, 3.0; nano-sorbent mass, 12 mg; desorption volume;
300 μL; extraction time, 4.5 min, and NaCl, 0.5 w/v% (Fig. S3†).

Experiments were performed in triplicate under the
optimal extraction conditions, and a comparison was carried
out between the mean values of the observed results and the
predicted values. Under the optimum conditions, the extrac-
tion amounts of carvacrol and thymol from real samples were
98.89% and 99.45%, respectively, which were close to the pre-
dicted value of 100%. The results obtained from confirmation
experiments indicated that the model is adequate for predict-
ing the expected optimization.

3.4. Method evaluation and real sample analysis

3.4.1. Evaluation of method performance. Under the opti-
mized conditions, the performance of the developed Mn3O4-
NPs-AC-based DMSPE method was evaluated to determine the
two phenols in real samples. The results are presented in
Table S3,† including limits of detection (LODs), limits of
quantification (LOQs), linear ranges, R2, enrichment factor
(EFs), repeatability, and reproducibility of the developed
method. As illustrated in Table S3,† the method showed good
linearity, in the range from 0.4 to 6000 ng mL−1, and the R2 of

the linearity was in the range of 0.985–0.999. The LODs and
LOQs of the proposed method, calculated based on the signal-
to-noise ratio of 3 and 10, respectively, were in the range of
0.054–0.104 ng mL−1 and 0.178–0.345 ng mL−1, respectively.
The EFs of the two phenols ranged from 100.5 to 222.80.

3.4.2. Application to medical plants and water samples.
The applicability of the method to real samples was evaluated
by our developed Mn3O4-NPs-AC-based DMSPE method in
order to detect the two phenolic compounds in extracts of
plants. The recovery of the proposed method was validated by
DMSPE of the two phenols spiked at three concentration levels
(50, 100, and 500 ng mL−1), and the results are shown in
Tables 1 and 2.

The obtained extraction recoveries were used to evaluate the
accuracy of the model, which ranged from 94.49 to 108.97%
with the relative standard deviation (RSD) in the range of
1.37–7.80%. As displayed in Tables 1 and 2, the repeatability
for carvacrol and thymol standard solutions was evaluated
with three different injections of spiked real samples at three
concentration levels (50, 100, and 500 ng mL−1), and the
obtained RSD values of ER% were in the range of 1.37–5.20%.
The reproducibility was evaluated in the same laboratory but
conducted by different operators and under different environ-
mental conditions on three separate days, and the obtained
RSD ranged from 1.62% to 7.80%. These results further con-

Table 1 Results of carvacrol and thymol determination in real samplesa

Real samples Added (ng mL−1)

Found (ng mL−1) RR%b RSD (%)

Carvacrol Thymol Carvacrol Thymol Carvacrol Thymol

Double-distilled water 0.0 NDc ND — — — —
50 49.78 49.92 99.55 99.85 2.52 2.56

100 102.58 101.64 102.58 101.64 3.19 3.34
500 495.19 493.16 99.04 98.63 1.39 1.37

Thymus daenensis Celak 0.0 81.70 101.69 — — — —
50 135.82 153.28 108.24 103.17 4.41 4.80

100 184.55 198.04 102.85 96.35 4.75 3.58
500 577.37 615.41 99.13 102.74 1.91 5.20

Salvia officinalis 0.0 33.29 31.59 — — — —
50 85.64 83.07 104.70 102.97 4.23 5.12

100 128.01 137.57 94.72 105.98 3.60 2.42
500 541.85 524.36 101.71 98.55 1.41 1.54

Stachys pilifera 0.0 109.91 55.47 — — — —
50 159.26 102.71 98.70 94.49 3.55 3.96

100 212.62 158.19 102.71 102.72 2.71 4.54
500 632.53 554.78 104.52 99.86 1.97 2.18

Satureja khuzistanica 0.0 76.32 76.47 — — — —
50 127.98 127.42 103.33 101.89 4.49 3.50

100 171.54 178.83 95.22 102.36 2.89 5.00
500 575.02 591.27 99.74 102.96 2.33 4.04

Mentha 0.0 68.78 6.08 — — — —
50 117.37 57.27 97.18 102.37 2.22 2.44

100 173.04 110.48 104.26 104.40 4.14 4.44
500 566.44 519.68 99.53 102.72 1.56 3.06

a Intra-day. b Relative recovery (RR%). cNot detected.
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Table 2 Results of carvacrol and thymol determination in real samplesa

Real samples Added (ng mL−1)

Found (ng mL−1) RR%b RSD (%)

Carvacrol Thymol Carvacrol Thymol Carvacrol Thymol

Double-distilled water 0.0 NDc ND — — — —
50 51.11 50.19 102.22 100.38 2.37 5.03

100 98.43 99.90 98.43 99.90 1.62 3.03
500 500.97 511.45 100.19 102.29 2.18 4.81

Thymus daenensis Celak 0.0 81.70 101.69 — — — —
50 131.76 155.14 100.11 106.90 7.80 6.98

100 177.41 203.67 95.71 101.98 2.47 6.55
500 593.55 583.20 102.37 96.30 4.63 5.67

Salvia officinalis 0.0 33.29 31.59 — — — —
50 87.25 83.41 107.93 103.65 6.69 5.04

100 128.41 128.08 95.12 96.49 5.01 3.34
500 548.77 537.75 103.10 101.23 3.73 7.56

Stachys pilifera 0.0 109.91 55.47 — — — —
50 157.49 103.68 95.15 96.41 6.02 7.15

100 211.65 157.44 101.74 101.97 2.29 3.18
500 601.58 568.81 98.33 102.67 5.50 6.98

Satureja khuzistanica 0.0 76.32 76.47 — — — —
50 130.27 129.49 107.91 106.03 5.08 4.91

100 179.42 171.38 103.10 94.91 4.39 5.33
500 557.12 600.94 96.16 104.89 2.21 4.11

Mentha 0.0 68.78 6.08 — — — —
50 123.26 58.80 108.97 105.44 4.31 5.76

100 163.55 103.64 94.77 97.56 6.65 6.35
500 600.00 481.82 106.24 95.15 7.27 7.22

a Inter-day. bRelative recovery (RR%). cNot detected.

Table 3 Comparison of the method presented in this study with other reported methods for the determination of the selected phenolic
compounds

Method
Sample
preparation Sample ER (%)

Precision
(% RSD)

LOD
(ng mL−1)

LOQ
(ng mL−1)

Linear range
(ng mL−1)

Time
(min) Ref.

HPLC-UV SPE Thymus vulgaris L. volatile oil 96.70–98.70 0.80–0.490 0.6–1.8 2.8–8.6 2.0–90 000 >30 14
GC-FID SPE
GC-FID HS-SPME Human plasma 81.0–118.0 3.87–18.0 8.1 15 8.1–203.5 35 52
GC-FID HD-HSME Thymus transcaspicus 89.0–116.0 2.3–9.56 230–1870 77–6230 1250–87 500 50 9
HPLC-UV UAME-NMSPD Broncho T.D. syrup 94.50–99.40 2.66–4.93 0.21–0.23 — 5.0–2000 15 15

Thymian syrup
HPLC-UV VASEDLLME Broncho T.D. syrup 93.8–105.2 1.02–4.85 0.160 0.500 5.0–4000 10 20

Thymian syrup
Distilled thyme

HPLC-UV Electrochemical Peppermint oil 99.0–108.0 3.00–15.0 0.81–5.0 2.70–57.0 10–10 000 30 53
Basil oil
Oregano oil
Clove oil

HPLC-UV SPME Thyme, Savory, Honey 94.00–119.0 6.80–12.70 0.60–0.80 — 1.0–80 >120 13
GC-MS HS-SPME Plasma; milk — 2.00–16.00 0.31–0.89 — 2.0–400.0 40 4
HPLC-UV DMSPE –Thymus daenensis 94.49–108.97 1.37–7.80 0.054–0.104 0.178–0.345 0.4–6000 <10 This work

–Salvia officinalis
–Stachys pilifera
–Satureja khuzistanica
–Mentha
–Water samples

HPLC-UV: High-performance liquid chromatography UV detector. SPE: Solid-phase extraction. GC-FID: Gas chromatography coupled with flame
ionization detector. HS-SPME: Headspace solid phase microextraction. HD-HSME: Hydro distillation-headspace solvent microextraction.
UAME-NMSPD: Ultrasound-assisted microextraction-nanomaterial solid-phase dispersion. VASEDLLME: Vortex-assisted surfactant-enhanced
dispersive liquid–liquid microextraction. GC-MS: Gas chromatography-mass spectrometry. SPME: Solid-phase microextraction. DMSPE:
Dispersive micro-solid phase extraction.
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firmed the good repeatability and reproducibility of the pro-
posed method.

3.4.3. Comparison with other methods. Comparison of the
proposed method with other techniques in terms of LODs,
LOQs, recoveries, linear range, RSDs, and extraction time
(Table 3) revealed that our developed method has a wide linear
range, low LOD, and good reproducibility compared to other
reported methods. The Mn3O4-NPs-AC-based DMSPE method
also has some other significant merits, such as saving of time,
providing an efficient procedure for lowering the costs, and
being involved in the control of two phenols in real samples.
The presented method is also more environmentally friendly
and uses less toxic reagents in comparison to the methods in

the literature that need a lot of organic solvents. Hence, it is
apparent that the presented HPLC-UV technique with the
Mn3O4-NPs-AC-based DMSPE preparation process is a simple,
rapid, eco-friendly, and robust method suitable for the analysis
of carvacrol and thymol in different real samples.

Fig. 6 and Fig. S4–S8† show the chromatograms obtained
using the Mn3O4-NPs-AC-based DMSPE method coupled with
HPLC-UV for two target compounds in real samples at the
spiking concentration of 100 ng mL−1.

3.5. Reusability of the nano-sorbent

The reusability of the nano-sorbent material is key and an
effective indicator used in the extraction processes. This cri-

Fig. 6 Typical chromatogram obtained for the extraction of a water sample spiked with the two analytes under the optimum conditions: (a) non-
spiked, (b) spiked with 100 ng mL−1 before DMSPE, and (c) extracted from a water sample after DMSPE of the analytes.
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terion suggests the regeneration efficiency and also the cost-
effectiveness of the system. To evaluate the extraction re-
usability of Mn3O4-NPs-AC, the material was reused for several
extraction experiments. Fig. S9† shows the recycling efficiency
of the Mn3O4-NPs-AC. Under the same experimental con-
ditions, the sorbent can be used for the recovery of two com-
pounds. After the sixth cycle, only 8.0% and 3.0% of the carva-
crol and thymol compounds were liberated from the sorbent,
respectively, depicting that the prepared nano-sorbent can be
used as a high-performance recyclable sorbent for DMSPE
applications.

4. Conclusions

Using Mn3O4-NPs-AC in combination with HPLC-UV, a method
was developed for the DMSPE and determination of carvacrol
and thymol in medical extracts of plants and water samples.
This new methodology provided excellent recoveries for the
two phenolic compounds, showing the applicability of the
method for medical extract analysis. The presented technique
also provides efficient enrichment of the extract and allows the
required sensitivity using HPLC and UV-Vis as a detector. In
the current work, a five-level-five-factor CCD combined with
RSM experiments was used for the optimization of the ER of
the two phenolic compounds. Under the optimal conditions,
the developed method demonstrated low LODs (0.054–0.104
ng mL−1), good precision (<8.0%), good repeatability
(1.37–5.20%), a wide linear range (0.4–6000 ng mL−1, R2 >
985%), and good EFs (100.5–222.80) for detecting the two
phenols. Additionally, the method was successfully applied in
the detection of the two phenols in medical extracts of plants
and water samples with satisfactory recoveries
(94.49–108.97%). Owing to the π–π stacking interactions and
H-bonding between the oxygen-rich functional groups of the
activated carbon and the hydroxyl groups of the phenol ana-
lytes, the Mn3O4-NPs-AC nano-sorbent exhibited great extrac-
tion performance for the two phenols. Taken together, the
novelty of the present investigation is the use of a nano-
material, namely Mn3O4-NPs-AC, as a sorbent for the analysis
of phenol compounds. The nano-properties of the sorbent
allow a small nano-sorbent mass to be used without loss of
efficiency and enable its application in real samples. Based on
our results, this technique is suitable for the determination of
a trace amount of thymol and carvacrol in methanolic extracts
of plants and water samples.
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