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Abstract—Terahertz time-domain spectroscopy (THz-TDS) 

was used for the detection of cyfluthrin content in n-hexane 
solvent with the concentration range of 0.5-10µg/mL. The 
absorbance of the solution form cyfluthrin was obtained in the 
frequency range between 0.5-1.5THz. Two kinds of multivariate 
linear regression models were then built between the absorbance 
and the concentration of 15 samples, using partial least squares 
(PLS) and principle component regression (PCR) methods.  The 
number of factors leading to the least root-mean-square error of 
cross validation (RMSECV) was 2 for PCR and 9 for PLS 
respectively. Compared to the PCR model, the PLS model proves 
to be more effective, with the RMSECV as low as 0.565µg/mL. 
Results show that the THz-TDS plus PLS method is very 
promising for the further pesticide residue detection in food 
safety control, with the characteristics of being nondestructive 
and  laborsaving compared to other analytical tools. 

Keywords—Terahertz time-domain spectroscopy (THz-TDS)；
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I. INTRODUCTION 
Due to the mass use of pesticides in agriculture and 

household protection, pesticide detection has gained more and 
more attention in the modern world. Conventional ways to 
detect pesticides are to use gas and high pressure liquid 
chromatography (GC and HPLC), and mass spectrometry 
(MS)-coupled GC and liquid chromatography (LC) [1-3]. 
Although these techniques are highly sensitive and accurate, 
they are complex, and require skilled personnel, large amounts 
of samples, and time-consuming sample pretreatment. As a 
result, they are unsuitable for fast pesticide detection. 

More direct ways for pesticide analysis are to use spectral 
analysis techniques, such as near and mid infrared, Raman, and 
ultraviolet-visible (UV-Vis) spectroscopy [4-6]. Though these 
methods are not as sensitive as the aforementioned 
chromatographic and MS spectroscopic methods, they are 
faster and easier to use, and can be handled without tedious 
sample preparation. Furthermore, the sample and reagent 
consumption are greatly eliminated, and the waste generation is 
thus reduced.  

A recently arisen spectroscopic method is terahertz time-
domain spectroscopy (THz-TDS), which bridges the gap 

between infrared and microwave and is highly sensitive in both 
time and frequency domains [7,8]. Moreover, it can penetrate 
through nonpolar materials such as paper, clothes, ceramic, 
nonpolar organic solvents, and so on, while exhibiting strong 
spectral fingerprints for proteins, explosives, pesticides, etc. 
More interesting is that the photon energy of terahertz (THz) 
wave is in the level of several microvolts. So it is quite safe for 
exposure of human beings, live organisms, active ingredients in 
food and medicine. No wonder is that this method has found 
significant applications in biochemistry, safety defense, 
medicine quality control, food safety control et al [9-14].  

Cyfluthrin is a synthetic cyano-containing pyrethroid 
pesticide that is contact and stomach poisoning [15].  It is 
mainly used to protect crops such as cotton, turf, ornamentals, 
hops, cereal, corn, deciduous fruit, peanuts, potatoes, and other 
vegetables. The use of cyfluthrin in household pest control is 
also increasing due to its high efficiency for chewing and 
sucking insects and safety for non-target organism. 

Previous reports of THz-TDS for pesticide detection have 
been mostly limited to the detection of pesticides in powder 
form for the simple reason that there is generally a shortage of 
fingerprints for solution form pesticides. However, experiments 
show that there is link between the cyfluthrin solution 
properties and the associated terahertz (THz) spectra. In this 
paper, we investigated 15 cyfluthin n-hexane solutions with the 
concentration range between 0.5-10µg/mL and found 
concentration correlated changes in the THz spectra in both 
time and frequency domains. Linear regression models were 
then built between the concentration and the absorbance of the 
samples using partial least squares (PLS) and principle 
component regression (PCR) methods. Further, we made 
comparison between the two models, and found that the PLS 
model presented better performance than the PCR model. The 
combination of both THz-TDS and chemometrics methods 
proved to be a potential analytical tool for further pesticide 
residue analysis. 
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II. EXPERIMENTAL METHODS 

A. Experimental Setup 
The experimental setup, shown in Fig.1, is comprised of a 

THz-TDS system from Zomega Terahertz Corporation and a 
femtosecond Ti-sapphire laser (Coherent Vitesse-800-5). The 
input laser beam is split into a pump beam and a detection 
beam. After transmitting through the delay line, the pump 
beam elicits a terahertz (THz) beam at the emitter which is 
composed of a photo-conductive antenna. Then the THz beam 
is focused onto the sample by two parabolic mirrors. Again 
with two parabolic mirrors, the sample-characteristic-carried 
terahertz beam meets the detection beam at the ZnTe crystal 
and is detected through the electro-optic effect. To avoid 
moisture absorption in the air, the setup is covered in a nitrogen 
purged plastic box. The effective frequency range for this 
experiment is 0.5-1.5THz. 

B. Sample Preparation 
The standard cyfluthrin n-hexane solution was purchased 

from Environmental Protection Research and Monitoring 
Institute, Ministry of Agriculture, China, with the concentration 
of 100µg/mL and the uncertainty of ±0.17µg/mL. A series of 
samples were prepared with the concentration range between 
0.5-4.5µg/mL (the interval of 0.5µg/mL) and 5-10µg/mL (the 
interval of 1µg/mL). 

 

 

 

 

 

 

 

 

 

 

Figure 1.  Schematic of the experimental setup 

 

 

 

 

 

 

 

 

 

Figure 2.  Schematic of the sample mounted in a quartz cell 

C. Data Acquisition 
The cyfluthrin solution is mounted in a 2mm quartz cell, 

shown in Fig.2, where 1, 2, 3 stand for nitrogen, the quartz cell 
and the solution, with the complex refractive index as 1N , 2N  
and 3N respectively; the thicknesses of the quartz cell and the 
solution are denoted as 2d  and 3d ; ( )0E ω  and ( )sE ω   are the 
fast Fourier transforms of terahertz pulses before and after the 
quartz cell holding the solution (referred to as the sample pulse 
in the later discussion). The reference pulse is obtained by 
scanning the quartz cell holding the n-hexane solvent, the fast 
Fourier transform of which is denoted as ( )reE ω . Then, we can 
calculate the absorbance of cyfluthrin in solution form using 
the following equation [16]: 

 
                                                                      .               (1) 

D. Modeling Theories and Methods 
Provided that there is no light reflection, scattering or 

fluorescence but absorption effect in the transmission of THz 
pulses, which are the assumptions in Lambert-Beer’s law, and 
that the incidence angle of the terahertz beam is 90°, the 
transfer function of the sample in the quartz cell can be 
simplified as [17]: 

 

.    (2) 

Also, the transfer function of the solvent in the quartz cell can 
be written as:  

,   (3) 

where 4N  is the complex refractive index of the solvent. By 
taking into the function: 

,                       (4) 

where in , iα stand for the refractive index and absorption 
coefficient, with the subscript number i=1, 2, 3, 4 denotes 
nitrogen, the quartz cell, the sample and the solvent 
respectively; c is the vacuum light velocity; and ω is the 
spectrum frequency, the real part of the ratio of the sample and 
reference spectra can be given as: 

 

                            .                  (5) 

Using (1) and (5), the absorbance of cyfluthrin can be 
transformed into: 

.                   (6) 

As is in Lambert-Beer’s law, the sample absorption 
coefficient is proportionally related to the concentration:  

                                                    ,                                      (7) 

where xc is the cyfluthrin concentration of the sample. It is not 
difficult to get: 

                         .                           (8) 
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Once we have obtained the absorbance and the relative 
concentration of a series of samples, a linear regression model 
can be built. The concentration of unknown samples can thus 
be calculated using this model. The simplest way to build this 
model is to use the simple Beer’s law, which is, however, 
based on only one frequency and is therefore, more fragile to 
environmental and instrumental noises. 

To build a more robust and precise linear model, two 
multivariate linear chemometrics methods, PCR and PLS, are 
adopted respectively. Both of these methods are factor analysis 
based, with the decomposition of correlated spectrum variables 
into fewer uncorrelated information-intensive variables 
(referred to factors in the later discussion). The main difference 
between these two methods is that factors drawn with the PCR 
method account for only the spectral information, while those 
with the PLS method are related to both spectral and 
concentration information. Detailed information of the PCR 
and PLS methods can be referred to in [18-21].  

III. RESULTS AND DISCUSSION 

A. Sample Spectra 
The sample and reference pulses were obtained by scanning 

the quartz cell holding the cyfluthrin solution and the n-hexane 
solvent respectively. The reference pulses were obtained before 
every three sample pulses to compensate for the background 
change. To reduce the variations caused by instrumental and 
environmental noises, each case was scanned for more than 
three times, and the mean pulse was calculated for each case. 
For clarity, we present only 10 mean sample pulses (in the 
range of 1-10µg/mL, the interval of 1µg/mL) and one reference 
pulse in Fig.3, among the obtained 15 mean sample pulses and 
5 mean reference pulses.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.  Selected mean THz pulses of the samples and the reference: (a) 
overall view of the THz pulses, (b) enhanced view. The concentration range of 

the samples presented is 1-10µg/mL (the interval of 1µg/mL).  

As can be seen in Fig.3a, the waveforms of all the sample 
pulses are quite similar, showing the stability of the system 
performance. Moreover, the pulse amplitude decreases with the 
increase of concentration (the general trend, shown in Fig.3b), 
especially for samples with the concentration higher than 
5µg/mL, indicating the probability of the determination of 
cyfluthrin content based on the absorption effect of the 
samples. Exceptions for this trend may be caused by random 
noises or errors in operation, which can be improved with 
chemometrics modeling methods. 

After the application of fast Fourier transforms on both the 
sample and reference pulses, the absorbance spectra of all the 
samples can be calculated according to (1), of which 10 spectra 
( corresponding to the samples shown in Fig.3) are presented in 
Fig.4. The general increasing trend with concentration is more 
obvious than what is implied in the time-domain pulses. Again, 
this trend is especially true for samples with the concentration 
higher than 5µg/mL, as is also indicated by Fig.3b. However, 
the relative position of the 3µg/mL and 4µg/mL sample spectra 
in Fig.4 does not match that in Fig.3b, which can be explained 
by the use of reference pulses obtained at different time. 

 

 

 

 

 

 

 

 
 

 

 

Figure 4.  Selected absorbance spectra of the samples. The concentration 
range of the samples is 1-10µg/mL (the interval of 1µg/mL), which 

corresponds to that in Fig.3. 

 

 

 

 

 

 

 

 
 

Figure 5.  Correlation between root-mean- squre error of cross-validation 
(RMSECV) and factors for PLS and PCR methods. 

 

(a) 

(b) 

 



B. Results with PLS and PCR Models  
We apply a commercial software, TQ Analyst v6, for the 

building of the PLS and PCR models between the absorbance 
and concentration of the 15 samples, all of which are used as 
the calibration set. As there are no obvious spectral peaks in the 
absorbance spectra, the whole frequency range 0.5-1.5THz is 
selected for modeling. The selection of factor number is based 
on Fig.5, which shows the correlation between the number of 
factors and the root-mean-square error of cross-validation 
(RMSECV) for both PCR and PLS models. We choose 2 
factors for PCR and 9 factors for PLS according to the least 
RMSECV. For comparison, a 9-factor PCR model is also built. 
It should be noted that the selection of more factors will lead to 
greater model precision within the calibration set but may 
result in worse prediction ability due to the introduction of 
noise with these increased factors. Calibration results of the 9-
factor PCR, 2-factor PCR and 9-factor PLS models are shown 
in Fig.6 and Table 1. 

Fig.6 shows us the scattered plot of the predicted 
concentration against the reference values, with the reference 
line representing zero residuals between the predicted and 
reference values. The predicted concentration in Fig.6a is 
calculated from the above three models with the input of the 
absorbance spectra from the calibration set, while that in Fig.6b 
is obtained through the leave-one-out cross-validation, during 
which one sample is removed from the 15-sample calibration 
set and its concentration is predicted from the model built with 
the left 14 samples. It is easy to tell that the closer the scattered 
points are to the reference line, the better the performance will 
be. Moreover, the result in Fig.6a is related to the model 
precision within the calibration set, whereas that in Fig. 6b 
reflects the prediction precision of the models to some extent. 

As can be seen in Fig.6a，almost all the points from the 9-
factor PLS model sit on the reference line, while the points 
from the 9-factor PCR model are more scattered, and those 
from the 2-factor PCR model the most. From this, we can tell 
that the 9-factor PLS model has the best model precision and 
that the increase of factors results in better model precision 
within the PCR model.  

Fig.6b manifests that the points from the 9-factor PLS 
model keep the closest to the reference line, while those from 
the 2-factor PCR model the second and those from the 9-factor 
PCR model the third. Thus the 9-factor PLS model exhibits the 
best prediction ability. The increase of factors leads to worse 
prediction ability for the PCR models here due to the 
introduction of extra noise. Furthermore, it is clear that the 
points for the higher concentration are relatively closer to the 
reference line than those for the lower concentration, indicating 
that all of the three models predict the samples with higher 
concentration better than those with lower concentration. Thus 
the PLS method proves to be better than the PCR method in 
this experiment. 

The calibration parameters of the three models are listed in 
Table 1, with the correlation coefficient (R), the root-mean-
square error of calibration (RMSEC) obtained from the data in 
Fig.6a and RMSECV from the data in Fig.6b [22]. The closer 
R is to 1 and RMSEC is to 0, the higher the model precision is, 
whereas the closer RMSECV is to 0, the higher the model 

prediction precision is. Apparently, the 9-factor PLS model 
ranks the first in model performance among the three, with the 
largest R, the least RMSEC and RMSECV. Compared to the 9-
factor PCR model, the 2-factor PCR model has better 
prediction precision but worse model precision, with smaller 
RMSECV and R but larger RMSEC. The results in Table 1 
accord well with those from Fig.6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

Figure 6.  Plots of the predicted concentration vs. the reference concentration 
from (a) the calibration set, (b) leave-one-out cross-validation, with the 9-

factor PCR, 2-factor PCR and 9-factor PLS models. The reference line in both 
(a) and (b) indicates the zero residual line between the predicted and reference 

concentration. 

TABLE I.  CALIBRATION RESULTS OF R, RMSEC AND RMSECV FROM 
THE 9-FACOR PCR, 2-FACTOR PCR AND 9-FACTOR PLS MODELS 

 

 

 

 

 

 

Method Factors 
Calibration Precision Prediction Precision 

R RMSEC (µg/mL) RMSECV(µg/mL) 

PCR 9 0.991 0.390 0.960 
2 0.977 0.605 0.747 

PLS 9 0.999 0.087 0.565 

(a)

(b)



IV. CONCLUSION 
This paper proved the feasibility of the combination of 

THz-TDS and chemometrics methods for the detection of 
cyfluthrin n-hexane solutions. Both PLS and PCR methods 
were used for the modeling between the calculated absorbance 
and concentration of the samples. As there were no spectral 
fingerprints in the absorbance spectra, the whole frequency 
range was selected. The number of factors was chosen as 2 for 
PCR and 9 for PLS, which corresponded to the least RMSECV. 
Compared to the PCR model, the PLS model gave better 
performance. Results with the two built PCR models also 
showed that the increase of factors for modeling would lead to 
higher model precision but might result in lower prediction 
precision due to the introduction of noise with these increased 
factors.  

Moreover, it is not difficult to notice that the model 
performance is influenced by three parts: the modeling part, the 
absorbance calculation part, and the concentration obtaining 
part. The first part is affected by the linearity between the 
absorbance and the concentration, the selection of the modeling 
methods and frequency range; the second is related to the 
calculation process of the absorbance and the noise introduced 
by the originally obtained time-domain pulses; and the third is 
more fragile to errors produced in the sample preparation 
process. On the above analyses, further research can be carried 
out by introducing proper pretreatment and careful frequency 
range selection of the absorbance spectra. Reflection and 
scattering effects in THz transmission will be taken into 
account, which results in nonlinearity between the absorbance 
and the concentration. And a more accurate model should be 
developed, giving better explanation of this relationship. Errors 
in the sample preparation process can also be reduced by using 
more precise gauges. 
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