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+e use of pesticides will have an impact on food, organisms, and environment. Specifically, pesticide residues in food will damage
human health. Because of its high permeability, low energy, high spectral resolution, and fingerprint characteristics, terahertz
frequency-domain spectroscopy has been introduced into the determination of pesticides (imidacloprid, acetamiprid, and
triadimefon) residues in food samples (glutinous rice flour, wheat flour, and corn flour) in our present study. +ese three
pesticides exhibit their own absorption peaks in the region of 0.4–1.7 THz. For understanding the origins of these peaks, the
experimental data are interpreted by using density functional theory calculations at the level of B3LYP/6-31G (d). It is found that
these absorption peaks come from the intramolecular and intermolecular interactions. +e absorption peaks of pesticides are still
detectable in a mixture of pesticides and food samples when they reach a certain concentration. +e results from chemometrics
analysis show that quantitative detection of pesticides in food samples is feasible. +e partial least squares regression models have
high correlation coefficient (>0.99), low root-mean-square error of calibration (<1.5%), low root-mean-square error of cross-
validation (<2.4%), and low root-mean-square error of prediction (<2.3%), indicating good quality of prediction for pesticides
concentration. Our results prove that the terahertz frequency-domain spectrum combined with chemometrics can be used for the
detection of pesticides in food samples.

1. Introduction

Imidacloprid, acetamiprid, and triadimefon, as common
pesticides, are widely used in crop pest control and disease
resistance. However, the irrational utilization of these pes-
ticides can lead to unsafe residue levels in agricultural
products, which will have potential harm for human health.
In fact, pesticide residues in agricultural products are
considered to be a huge health risk. Maximal residue limits
of pesticides are established for different matrices by dif-
ferent countries. In the USA, the maximal residue limit of
imidacloprid in wheat flour is 0.05 ppm [1]. In China, the
maximal residue limit of imidacloprid is 0.05 ppm, while the
maximal residue limits of acetamiprid and triadimefon are
both 0.5 ppm [2]. However, the abusing of pesticides is
becoming a serious problem despite the legal restrictions.

+erefore, it is of great significance to ensure the safety of
agricultural products for the consumers.

In order to guarantee the safety of agricultural products,
several detection methods have been proposed for suc-
cessfully determination of pesticides in various matrices.+e
most commonly used method is gas chromatography-mass
spectrometry. It has been applied to determinate the pes-
ticides in wheat flour samples [3] and in pistachio samples
[4], and it was found that these samples were within a safe
range in terms of pesticide residue levels. +is method has
high sensitivity and good selectivity. However, the complex
pretreatment of samples and the professional operation are
needed in this method. Considering these deficiencies, the
spectroscopy techniques, including infrared spectroscopy
and Raman spectroscopy, have been introduced for the
detection of pesticides [5]. +ese spectroscopy techniques
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have the advantages of nondestructive testing and simple
operation, but they cannot detect the intermolecular vi-
brations of samples. +erefore, new spectroscopy methods
are needed to detect the pesticide residues.

Terahertz (THz) spectroscopy with a frequency band
ranging from 0.1 to 10 THz (30 μm−3mm) is a type of
electromagnetic radiation that locates between the micro-
wave and infrared regions. Compared to other electro-
magnetic spectroscopy, THz spectroscopy has unique
properties of high penetration, low ionization energy, and
fingerprint characteristics [6, 7]. Due to its superiority, THz
spectroscopy has been used as an analysis tool in many fields
such as environmental detection [8], food analysis [9], and
biomedical diagnosis [10, 11]. In recent years, THz spec-
troscopy combined with chemometrics is increasingly used
for qualitative and quantitative detection in the field of
biochemistry [12]. THz time-domain spectroscopy (THz-
TDS), a widely used THz technology, has been applied to the
detection of glucose hydrochloric acid [13], amino acids
[14, 15], and antibiotics [16]. It was found that these analytes
all have fingerprint features in the THz range and thus their
qualitative and quantitative detection can be achieved. In the
field of pesticide detection, Chen et al. successfully detected
imidacloprid in rice flour using THz-TDS [7]. Cao et al. used
THz-TDS to investigate the coexistence of imidacloprid and
carbendazim in flour and found that the absorption peaks of
ternary mixtures were offset [17]. Compared with THz-TDS,
THz frequency-domain spectroscopy (THz-FDS) based on
photon mixing technology can provide a higher frequency
resolution in a relatively wide spectral range [18]. In addi-
tion, the spectral information of the sample can be obtained
without Fourier transform process as used in the case of
THz-TDS [19]. +erefore, THz-FDS is considered to be a
very promising analysis technology [20]. Wang et al. have
reported the analysis of antibiotics in soil and chicken by
THz-FDS and verified the practicable of this technology used
for antibiotics detection in the matrix [16]. However, the
application of THz-FDS is still in its infancy. So far, qual-
itative identification and quantitative analysis of pesticides
by THz-TDS combined with chemometrics have not been
studied, and the origins of absorption peaks of imidacloprid,
acetamiprid, and triadimefon have not been interpreted.

In this study, three pesticides including imidacloprid,
acetamiprid, and triadimefon in food samples are detected
using THz-FDS. It is found that these pesticides have their
own absorption peaks. +e results from density functional
theory calculations show that the absorption peaks observed
in the experiment come from the intramolecular and in-
termolecular interactions. +e absorbance spectra of dif-
ferent concentrations of imidacloprid, acetamiprid, and
triadimefon in glutinous rice flour are also investigated by
using partial least squares regression algorithms. +e results
show that partial least squares regression models have good
quality of prediction for pesticides concentration, with high
correlation coefficient (>0.99), low root-mean-square error
of calibration (<1.5%), low root-mean-square error of cross-
validation (<2.4%), and low root-mean-square error of

prediction (<2.3%). +e results in our present study verify
the potential of THz-FDS as a tool for the detection of
pesticide residues in food samples.

2. Materials and Methods

2.1. Materials. Pesticide samples, including imidacloprid
(95%), triadimefon (98%), and acetamiprid (97%), are
purchased from Shanghai Runye Biological company
(Shanghai, China). Glutinous rice flour, wheat flour, and
corn flour are purchased from Huarun supermarket in
Zhejiang Province, China. All these materials are used
without further purification.

2.2. Sample Preparation. Pure pesticide samples contain
only one pesticide. Binary mixture samples are the mixture
of one pesticide in a food sample. Ternary mixture samples
contain imidacloprid and triadimefon mixed with glutinous
rice flour. +e concentrations of pesticides in glutinous rice
flour range from 0.5% to 50% (0.5%, 1%, 5%, 10%, 15%, 20%,
25%, 30%, 40%, and 50%), while the concentration of
pesticides in corn flour and wheat flour is set to 50%. +e
10% imidacloprid and 30% triadimefon and 15% imida-
cloprid and 20% triadimefon are mixed with glutinous rice
flour to form ternary mixture samples, respectively. +en,
each sample is weighed to a total mass of 200mg and placed
in a circular tablet mold with a diameter of 13mm; a
pressure of 6 tons is applied by using a tableting machine for
2 minutes. +ree samples of each concentration are pre-
pared, and the thickness of each sample is about 1mm. A
total of 132 samples are prepared in our present study (18 for
pure compound samples, 108 for binary mixture samples,
and 6 for ternary mixture samples).

2.3. Spectral Measurements. A commercial THz-FDS (Ter-
aScan 1550, TOPTICA Photonics AG, Germany) system is
used to conduct the measurement of THz spectra, as shown
in Figure 1. +is system includes two distributed feedback
(DFB) lasers, a THz transmitter, four off-axis parabolic
mirrors, a sample holder, a THz receiver, and a signal
processing system. THz waves are collimated and focused on
the sample through the off-axis parabolic mirrors. THz
waves propagate through the sample and are detected by the
receiver. Samples containing imidacloprid and triadimefon
are measured in the range of 0.4–1.1 THz, and samples
containing acetamiprid are measured in the range of
0.4–1.2 THz. +e reference spectra are collected when the
THz waves passed through air, and they are collected before
each sample measurement. Our experiment is carried out at
room temperature with a relative humidity less than 30%.

2.4. Spectral Analysis. THz waves are focused by the para-
bolic mirrors, and the photocurrent amplitude is obtained
after scanning the sample. +e absorbance of the sample can
be calculated as follows:
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α � −lgT, (1)

where T is the transmittance, which is calculated by com-
paring the photocurrent amplitude of sample to that of
reference. +e calculations of absorbance spectra are carried
out by using the TOPAS_cw Terahertz Control software
(version 2.5.0.1870, TOPTICA Photonics AG, Germany)
and the Origin software (version 8.0724, Origin Lab Inc.
USA).

2.5. Density Functional 0eory. In order to interpret the
origins of absorption peaks for these pesticides, the exper-
imental data are interpreted using density functional theory
(DFT) calculations by considering a single molecule of the
pesticides. DFT is a quantum mechanics method for
studying the electronic structure of multielectronic systems
by taking into account the correlative effects of electron
energy and spin. It is suitable for the analysis of most
molecular structures with high accuracy and low compu-
tational complexity [21]. B3LYP hybrid density function and
6-31G (d) basis set are used for DFT calculations, where (d)
denotes the addition of polarization functions made by non-
H atoms [21]. +e effectiveness of the combination of the
B3LYP/6-31G (d) for interpreting the THz spectrum has
been demonstrated previously [22].+eDFTcalculations are
carried out in Gaussian 09 software (revision D.01, Gaussian
Inc., USA) [23].

2.6. Chemometrics Analysis. Chemometrics have become an
important tool for qualitative and quantitative analysis in the
spectroscopic technology. Partial least squares regression
(PLSR) is used to establish the prediction model [24, 25] in
our study. +e low root-mean-square error of calibration
(RMSEC), low root-mean-square error of prediction
(RMSEP), low root-mean-square error of cross-validation
(RMSECV), and correlation coefficient (R) values are used to
evaluate the model performance [25–28]. In each model, the
data of all bands are used for modeling. In order to improve
the accuracy of model, the spectra are preprocessed using the

Savitzky–Golay (S-G) smoothing method [29] and the
multiscatter correction (MSC) [30]. +e S-G smoothing
method is typically used to smooth out the noise signal in the
spectrum, while MSC is used to eliminate the influence of
sample scattering. +e simple linear regression (SLR) model
is applied to describe the relationship between pesticide
concentration in glutinous rice flour and absorbance. +e
coefficient of determination (R2) that represents the degree
of influence of independent variables on dependent variable
is used to evaluate the prediction performance of the model.
+e higher the R2 value is, the more accurate the prediction
is [22]. +e chemometrics are realized by using the TQ
analysts (version 8.3.0.125, +ermo Fisher Scientific Inc.,
USA) software.

3. Results and Discussion

3.1. Qualitative Analysis. Figure 2 shows the measured
absorbance spectra of imidacloprid, acetamiprid, and tri-
adimefon in the range of 0.4–1.7 THz (black lines) and the
calculated discrete spectra of corresponding pesticide
molecule (red lines). It can be seen from Figure 2(a) that
imidacloprid has a narrow and distinct absorption peak at
0.88 THz, two less obvious absorption peaks at 1.14 THz and
1.27 THz, and a relatively obvious and broad absorption
peak at 1.49 THz. +e most remarkable absorption peak is
observed at 0.88 THz, which agrees well with the previous
report [7, 17]. In the calculation, imidacloprid has an ab-
sorption peak at 1.08 THz, which corresponds to the peak at
1.14 THz in themeasurements.+is peak is mainly caused by
the joint motion of two parts: one is the deformation and
tension vibration of pyridine ring and the other is the torsion
of hydrogen atom, as shown in Figure 3(a). Figure 2(b)
shows that acetamiprid has two obvious and relatively broad
absorption peaks at 1.08 THz and 1.44 THz. Calculations
show that there are two absorption peaks at 0.98 THz and
1.4 THz for acetamiprid, which correspond to the peaks at
1.08 THz and 1.44 THz in the measurements, respectively.
+e peak at 0.98 THz is caused by the torsion of methylene,
methyl, and carbon atoms, while the peak at 1.4 THz comes
from the twisting of methylene and hydrogen atoms, as
shown in Figures 3(b) and 3(c). +e triadimefon has three
obvious and narrow absorption peaks at 0.95 THz, 1.18 THz,
and 1.62 THz (Figure 2(c)). Calculations show that there
exists an absorption peak at 0.91 THz caused by the tensile
vibration of the fused heterocycle (Figure 3(d)), which
corresponds to the peak at 0.95 THz in the measurements.
+ese results demonstrate that these three pesticides have
their own distinct THz absorption peaks that can be used for
qualitative analysis. +e absorption peak at 1.14 THz for
imidacloprid, peaks at 1.08 THz and 1.44 THz for acet-
amiprid, and peak at 0.95 THz for triadimefon are derived
from the intramolecular interactions and can be observed in
the theoretical calculations. +e slight differences in the
intensity and the position of absorbance peaks between the
measurements and calculations are due to the fact that the
experiments are carried out at room temperature while the
calculations are at 0 degrees. Other absorption peaks that do
not appear in the calculation are considered as a result of
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Sample

Emitter Receiver
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Figure 1: Schematic diagram of THz-FDS system.
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intermolecular interactions. Because the calculations are
based on the single molecule structure, thus no intermo-
lecular interactions are shown in their results.

Figure 4 shows the absorbance spectra of glutinous rice
flour, wheat flour, and corn flour in the 0.4–1.2 THz. It is
found that glutinous rice flour has no distinct absorption
peaks in this band, as reported in the previous study [7].
Similarly, there are no absorption peaks in the absorbance
spectra of wheat flour and corn flour. Corn flour has a
relatively high absorbance ranging from 0.72 to 3.2. In the
region of 0.61–1.2 THz, the absorbance spectra of glutinous
rice flour and wheat flour are overlapping with an absor-
bance ranging from 1.18 to 2.94, while in 0.4–0.61 THz, the
absorbance spectrum of glutinous rice flour is higher than
that of corn flour, with the absorbance ranging from 0.76 to
1.18. In addition, a slope background is observed in these

absorbance spectra. +is is because there are various com-
ponents in these food samples such as cellulose, protein, and
starch that can absorb THz radiation and thus cause scat-
tering. +ese results indicate that the pesticides mentioned
above are likely identified in these food samples according to
their fingerprint features.

3.2. Quantitative Analysis. +e absorbance spectra of binary
mixture samples in the 0.4–1.2 THz region are investigated
to explore the possibility of THz-FDS for quantitative de-
tection of pesticides in the food samples. +e absorbance
spectra of imidacloprid, acetamiprid, and triadimefon in
glutinous rice flour at different concentrations are analyzed
in detail, as shown in Figure 5. Besides, a simple analysis of
the absorbance spectra of these pesticides in wheat flour and
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Figure 2: Measured absorbance spectra (black lines) and calculated discrete spectra (red lines) of the imidacloprid (a), acetamiprid (b), and
triadimefon (c).
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corn flour is also presented (the insets in Figure 5).
Figure 5(a) shows the absorbance spectra of imidacloprid in
glutinous rice flour with different concentrations. +e ab-
sorption peak of imidacloprid at 0.88 THz can be clearly
identified when the imidacloprid concentration is greater
than 5%. As the concentration increases, the absorption peak
becomes more and more obvious. When the imidacloprid
concentration is lower than 1%, no significant absorption
peak can be identified. +e absorbance spectra of the imi-
dacloprid in the corn flour and wheat flour at the

concentration of 50% are also plotted in the inset in
Figure 5(a).+e absorption peak of imidacloprid at 0.88 THz
can be clearly observed. In the case of acetamiprid, the peak
at 1.08 THz can be distinguished when the concentration is
greater than 10% as shown in Figure 5(b). +e absorbance of
acetamiprid is comparable to that of glutinous rice flour, as
shown in the Figures 2(b) and 4 (the red line with circles).
+erefore, the absorbance of glutinous rice flour has an
important impact on the absorbance spectra of their binary
mixture samples, and no absorption peak appeared when the
acetamiprid concentration is lower than 10%. In addition,
there are no regular changes of the absorbance with the
increase of acetamiprid concentration. +e inset in the
Figure 5(b) shows that the absorption peak of acetamiprid
can also be detected in both cases of corn flour and wheat
flour at the concentration of 50%. However, for triadimefon,
the absorbance decreases, but the absorption peak at
0.95 THz becomes more and more obvious as the concen-
tration increases, as shown in Figure 5(c). When the tri-
adimefon concentration is greater than 5%, its absorption
peak can be identified easily. Although the absorbance
spectra of triadimefon with a concentration of 0.5% and 1%
had no distinct absorption peak, they could be distinguished
from each other based on the differences in the absorbance.
+e inset in Figure 5(c) shows that the absorption peak of
triadimefon with a concentration of 50% can be detected
clearly when mixed with corn flour and wheat flour,
respectively.

+e analysis for absorbance spectra of these three pes-
ticides in glutinous rice flour indicated that these pesticides
are still identifiable when mixed with glutinous rice flour.
When the concentration falls below a certain level, the

(a) (b)

(c) (d)

Figure 3: Calculated vibration modes of (a) imidacloprid at 1.08 THz, (b) acetamiprid at 0.98 THz, (c) acetamiprid at 1.4 THz, and (d)
triadimefon at 0.91 THz.
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absorption peaks of pesticides cannot be clearly identified or
even disappeared.+is phenomenon can be explained by the
fact that the absorbance of glutinous rice flour plays a
dominant role in the absorbance spectra, which masks the
absorption peaks of pesticides. However, although without
the absorption peaks at low concentrations, each concen-
tration of pesticides can be distinguished from each other
based on the differences in the absorbance. +e absorbance
spectra of these three pesticides with a concentration of 50%
in corn flour and wheat flour are given as an example to
verify the feasibility of detecting pesticides in other food
samples using THz-FDS.

To further evaluate the performance of THz-FDS used
for detecting these pesticides in glutinous rice flour, the
PLSR models for these absorbance spectra are established.
Each model contained 30 binary mixture samples with 10
concentrations (0.5%, 1%, 5%, 10%, 15%, 20%, 25%, 30%,
40%, and 50%). For each model, 23 binary mixture samples
with 10 concentrations (0.5%, 1%, 5%, 10%, 15%, 20%, 25%,
30%, 40%, and 50%) are used as the calibration set, and 7
binary mixture samples with 7 concentrations (5%, 10%,
15%, 20%, 25%, 30%, and 40%) are used as the prediction set.
+e results of the PLSR models are plotted in Figure 6 and
their corresponding model performance is summarized in
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Figure 5: Measured absorbance spectra of imidacloprid (a), acetamiprid (b), and triadimefon (c) in the glutinous rice flour with different
concentrations. +e insets show the corresponding pesticides with a concentration of 50% in corn flour and wheat flour.
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Figure 6: Correlation statistics between the actual values and calculated values of imidacloprid (a), acetamiprid (c), and triadimefon (e).
Error statistics of actual value and calculated value of imidacloprid (b), acetamiprid (d), and triadimefon (f).
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Table 1. Figures 6(a), 6(c), and 6(e) show the correlation
statistics between the actual values and calculated values of
these three pesticides in glutinous rice flour. It can be found
that all the data points are distributed very close to the
diagonal dotted line, indicating the high accuracy of these
models. Figures 6(b), 6(d), and 6(f ) show the error in
concentration in these models. +e calibration set and the
prediction set in each model are close to the error value of 0,
and the difference between the actual values and calculated
values is less than 0.05, which confirm the credibility of PLSR
for the quantitative analysis of pesticides. Good performance
is obtained for these PLSR models, with high correlation
coefficient value (>0.99) and low root-mean-square error
value (<2.4%). +e acetamiprid model performs the best
with R� 0.99, RMSEC� 1.1%, RMSECV� 1.5%, and
RMSEP� 1.6%. +e imidacloprid model comes second with

R� 0.99, RMSEC� 1.3%, RMSECV� 2.4%, and
RMSEP� 2.3%, while the triadimefon model comes in last
with R� 0.99, RMSEC� 1.5%, RMSECV� 2.2%, and
RMSEP� 1.4%. +ese results indicate that these PLSR
models are effective and reliable for prediction, highlighting
the potential of THz-FDS combined with chemometrics
analysis to the detection of pesticide residues in food
samples.

+e SLR models for describing the relationship between
pesticide concentration in glutinous rice flour and absor-
bance are shown in Figure 7. Figure 7(a) shows the SLR
model for the concentration imidacloprid in glutinous rice
flour and the absorbance at 0.88 THz. +e R2 value is 0.913,
indicating a good linear regression relationship. Figure 7(b)
shows the SLR model of acetamiprid concentration in
glutinous rice flour and the absorbance at 0.7 THz, the R2
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Figure 7: SLR models of (a) imidacloprid, (b) acetamiprid, and (c) triadimefon in the glutinous rice flour.

Table 1: Descriptive statistics of the prediction models built by PLSR.

Model RMSEC (%) RMSEP (%) RMSECV (%) R Factors
Imidacloprid 1.3 2.3 2.4 0.997 4
Acetamiprid 1.1 1.6 1.5 0.998 2
Triadimefon 1.5 1.4 2.2 0.997 2
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value reaches 0.943. Figure 7(c) presents the SLR model
between the triadimefon concentration in glutinous rice
flour and the absorbance at 0.95 THz, resulting in an R2

value of 0.924. All these models have the R2 reaching above
0.91, demonstrating the great potential of THz technology
combined with SLR model for pesticide detection in gluti-
nous rice flour.

3.3. Analysis of Ternary Mixture Samples. In order to detect
the simultaneous presence of various pesticides in glutinous
rice flour, ternary mixture samples of glutinous rice flour
containing two different pesticides are investigated. Imi-
dacloprid and triadimefon are selected as the targets because
they contain remarkable absorption peaks located at dif-
ferent frequencies (imidacloprid at 0.88 THz and tri-
adimefon at 0.95 THz). Figure 8 shows the absorbance
spectra of these ternary mixture samples. In the case where
15% imidacloprid and 20% triadimefon are added to the
glutinous rice flour, the absorption peak of imidacloprid at
0.88 THz is observed, while the absorption peak of tri-
adimefon at 0.95 THz is not obvious. +is is because the
absorbance at the absorption peak of triadimefon is much
lower than that of imidacloprid.When the 10% imidacloprid
and 30% triadimefon are added to the glutinous rice flour,
the absorption peak of triadimefon at 0.95 THz is high-
lighted. At the same time, the absorption peak of imida-
cloprid at 0.88 THz can also be clearly observed. +e
absorbance of the sample containing 10% imidacloprid and
30% triadimefon is lower than that of the sample containing
15% imidacloprid and 20% triadimefon. +e reasons for this
are that the absorbance of glutinous rice flour and imida-
cloprid is higher than that of triadimefon, and the content of
glutinous rice flour and imidacloprid in the former is higher
than that in the latter, resulting in an overall decrease of
absorbance. +e above results preliminarily indicate that
THz-FDS can be used to detect two different pesticides in
glutinous rice flour.

4. Conclusion

In this study, a new method based on THz-FDS combined
with chemometrics is developed for the detection of imi-
dacloprid, acetamiprid, and triadimefon in food samples. By
comparing the experimental results and DFTcalculations, it
is verified that the absorption peaks of these pesticides come
from intramolecular and intermolecular interaction. PLSR
models are used to realize the quantitative analysis of these
pesticides in glutinous rice flour and demonstrate that these
models have the high R (>0.99) and low RMSEC (<1.5%),
RMSECV (<2.4%), and RMSEP (<2.3%). SLR models that
describe the relationship between pesticide concentration in
glutinous rice flour and absorbance have the high R2 (>0.91).
+e results show that this method can reliably predict the
concentration of pesticides in food samples. At the same
time, this method can detect two different pesticides in the
ternary mixture samples. Our study indicates that THz-FDS
combined with chemometrics can be utilized for pesticide
detection in food samples.
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