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Detection of domestic detergent residues on
porcelain tableware using laser induced breakdown
spectroscopy

Xiande Zhao, (22° Daming Dong,® Yang Li¢ and Chunjiang Zhao*°°

Domestic detergents are widely used and the detection of detergent residues on tableware is closely related
to people’s health. As is known to all, it is difficult to sample and measure the residual detergent on
tableware. The purpose of this paper is to explore a rapid in situ detergent residues detection method.
We have using laser-induced breakdown spectroscopy (LIBS) measured the detergent on porcelain plate.
Based on our previous research, we further studied the spectra of detergent in argon atmosphere, and
compared them with that in air. We found the spectral characteristics of the cyanogroup (CN) were
related to the air around the measuring point. It was indicated that CN could not as previously
speculated be used as the LIBS detection feature of detergent. The improvement of signal-to-noise ratio
(SNR) in argon environment was proved and we made a study of semi quantitative measurement by the
peak height of 330.30 nm in argon atmosphere. An experiment measuring the detergent on tableware
after washed was taken. It illustrated that the LIBS technology has promising potential applications for
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Introduction

Detergent has been widely used in the food and beverage
industry, meanwhile it has also become a household cleaning
supply used for cleaning tableware and daily necessities.
Detergent is closely related to people's health. It has been
proved that the interaction between detergent and estrogen
receptor protein can cause endocrine disorders,” and would
produce toxic effects on organisms after long term detergent
accumulation.*”® Detergent compositions are complex, and the
most important component is the surfactant.® Detecting deter-
gent residue is more complex. Generally, a specific component
in detergent is selected as the representative measurement
object which is detected by corresponding method. For
example, using spectrophotometric method the phosphate in
detergent can be monitored;” high performance liquid chro-
matography (HPLC) is a useful method to detect the non-
ylphenol polyethoxylates in detergent.® Colorimetric method
can be used to determine the level of detergent® and spectro-
scopic methods are effective in measuring detergent composi-
tion. Attenuated total reflectance-Fourier transform infrared
spectroscopy (ATR-FTIR) is used in measuring Na,EDTA in
detergent solution.'” And FTIR is used to monitored detergent
removal from biological samples." Because of the need for
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tableware cleaning process or food production process as a means of on-line detection.

pretreatment of samples, these methods are relatively complex.
There are also researchers achieve direct measurement of
detergent based on sensor technology. For instance, detergent
can be determined by chemical sensor with impedance titra-
tion," and some other sensing techniques that based on electric
potential, current, conductance, piezoelectricity and photo-
chemistry have been reported.”*** However, there are some
limitations in sensor measurement. During the sensing
process, the sensors need to contact with the measured object,
and it requires a large number of liquid sample. But the residual
detergent on tableware is very less and not easy to sample.
Therefore, sensor methods are not suitable for direct
measurement of detergent residues.

Laser induced breakdown spectroscopy (LIBS) is a promising
technology, because it does not require sampling and can detect
almost all elements." It has a great advantage and potential in
the field of on-line detection of materials in small area.”” The
LIBS technology is easy to realize the miniaturization of in situ
measurement."®"? Using LIBS to detect detergent residue is
a novel and appropriate application. This technology is more
flexible and can be used for various shapes of tableware. It can
measure very little detergent residue on the surface of tableware
whether it is dry or fresh. And it has almost no damage to the
tableware.

However, there is few literatures on the application of LIBS in
household detergents, and our team is the first to apply this
technique to the measurement of household detergents. We
have done a preliminary study on monitoring detergent resi-
dues by using LIBS technology.”® In the previous study, we
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found three characteristic bands of detergent residues, and on
this basis, we compared the spectral features of different brands
of detergent, and compared the spectral characteristics of
detergents on three kinds of substrates. We have proved LIBS
can be used in the detection of the detergent residues on
porcelain, bamboo and stainless steel tableware that often used
in people's lives. And based on the data of three characteristic
bands combining with the principal component analysis (PCA),
we realized the qualitative analysis of the detergents had been
diluted by different times.

In this paper, further study about the measurement of
residual detergent on porcelain tableware using LIBS tech-
nology was explored based on the previous study. The main
purpose of this study is: @ to explore the source of CN features
of detergent displayed in spectra after excited by laser, and to
determine whether it can be used for the measurement of
detergents as previously speculated; @ to improve the signal-to-
noise ratio (SNR) of LIBS system in argon atmosphere, and to
take semi quantitative measurements of detergent residue; ® at
last, simulated the actual situation in daily life, a measurement
of detergent which has been washed by water will be carried out
to verify the practicability of LIBS technology.

Materials and methods
Samples

The detergent measured in this paper was bought from
Chaoshifa Supermarket located in Zhanghua Road of Beijing,
whose brand was Diaopai (Nice Group Co., Ltd., Lishui, Zhe-
jiang, China), packaged as 500 mL per bottle. The substrate
materials of detergent was a porcelain plate with ivory color and
glaze surface. It was made of china clay and the edge with blue
painted flowers as decoration. It has been washed by deionized
water and dried. The pretreatment of detergent sample was
diluted by deionized water. Before measurement about 2 pL
detergent solution was absorbed by pipette, and dropped on the
surface of porcelain dish where clean, smooth and no dye stain.
The detergent spot was shown in Fig. 1. Then the dish with
detergent samples was put in a clean environment to dry
naturally. The sink used in the experiment was a rectangular
transparent glass tank in which the plate was washed. Its size
was 0.3 x 0.3 x 0.6 m. There was a water inlet and a water outlet

Fig. 1 Drop a detergent spot on plate.
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at both ends and the water in the tank can flow at a certain
speed.

Experimental devices

We used the LIBS system to collect the signal of the samples.
Fig. 2 shows the overall structure and optical design of the
experimental system. It comprised a laser, a delay generator,
a spectrometer and a three-dimensional moving platform. The
laser was a Q-switched Nd:YAG laser produced by Beamtech
Optronics Ltd. (Beijing, China). The wavelength of the laser
beam was 1064 nm and the pulse width was less than 7 nm with
the repetition frequency of 10 Hz. The beam laser was reflected
by a mirror. Then the laser was collimated by the lens and
focused on sample surfaces. The delay generator was integrated
into the equipment to produce the delay time from laser
emission to spectrometer collection. The spectrometer was
HR2000+ produced by Ocean Optics Company. The spectral
range of the spectrometer was from 200 nm to 1000 nm. The
resolution was 0.2 nm and the signal-to-noise ratio was 250 : 1.
The integration time was set at 1 ms. The three-dimensional
moving platform driven by a stepper motor can realize 3D
precise adjustment. It was used to adjust the position of
samples. Argon gas was introduced into the detection chamber
through a pipe to create an argon atmosphere and the flow rate

of argon gas was about 0.4 m s~ .

Experimental design

To compare the LIBS spectra collected in air and in argon, we
detected the detergent in the two kind of atmosphere using the
same settings of LIBS system. The detergent was diluted by
deionized water and dropped on the surface of plate and dried.
The concentrations of detergent were 70 800 ug cm™ >, 1416 ug
cm ™2, 708 ug cm™ 2, 141.6 pg cm™ >, 70.8 pg cm™ 2, 35.4 ug cm >
and 0 pg cm 2. In the washing progress, the detergent was
dropped on plates and dried. Then the plates were immersed in
a sink with flowing water.

When the time being detected, the detergent on plate
surfaces was ionized and vaporized by the high-power laser.
Then plasma was produced. The high-temperature vaporized
plasma would be broken down into atoms and ions. At the end
of laser pulse, the plasma would be cooled and spread to the
surrounding environment. The atoms and ions in the excited
state would relax from high energy level to low energy level and

Digital delay
generator

Cable

Fig. 2 The schematic diagram of the LIBS system.
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the optical radiation of specific wavelength would be emitted. A
quartz fiber is used to collect the spectrum signal and transmit
it to the spectrometer.

Each time, we selected 12 sampling points and collected 12
spectra for each sample and averaged 12 spectra data to reduce
the errors.

The data analyzing software used in this paper was
Unscrambler 9.7 and the diagrams were drawn by OriginPro
2016 (32-bit).

Optimization of laser energy and delay time

In the LIBS system, the pulsed laser ablated the sample by
emitting an instantaneous high energy laser to excite the
materials and make them plasma. The choice of laser energy
needs to consider some factors. Firstly, the phase of the sample
should be considered because different phase samples have
different characteristics of reflection, absorption and trans-
mission, and they have different responses to the laser excita-
tion. Secondly, the presence of water molecules can reduce the
laser ablation threshold of the sample, so the moisture content
of the sample is an important factor to be considered. In
addition, the change of atmospheric pressure also affects the
formation of plasma.

According to the principle of LIBS system, after the laser
beam focused on a target, the instantaneous radiation is mainly
the bremsstrahlung, thermal radiation and scattered light on
the object surface. When the sample has just been excited to
plasma by the high energy laser, the atomic spectrum emitted
from the plasma is submerged in the background noise signal.
The baseline of the spectrum is high and the observed signal
tends to be continuous spectrum. With the decrease of plasma
energy, the bremsstrahlung and thermal radiation are weaker
and weaker, while the atomic emission spectrum of the plasma
is becoming stronger and stronger. At this time, more and more
obvious and regular useful signals are emerge, which are
characteristic peaks of each wavelength.

To form plasma successfully, the laser energy is required
high enough to exceed the threshold of excitation. Both too low
and too high energy laser pulses will cause the SNR reduction.
So the detection ability of the system can be improved by opti-
mizing the laser pulse excitation energy. When the energy of
laser beam is at a relatively low level but just higher than the
breakdown threshold we can get the best SNR.>* Meanwhile the
LIBS system requires strict timing of spectral acquisition. It is
important to choose the appropriate delay time to improve the
SNR of the signal. It is necessary to consider the types, shapes
and properties of samples, and the excitation energy is also
a consideration. The excitation energy needs to be fixed and
stable. To get the optimal SNR we need select the suitable laser
excitation energy and match the acquisition delay time.

Fig. 3 shows the spectra of the dried detergent that dropped
on a clean porcelain dish when it was liquid. Fig. 3(a) shows the
spectra variation when the laser excitation energy decreased
from 100% (150 mJ) to 30% (45 my]). It can be seen that when the
laser energy was 100%, the spectrum had a large number of
peaks, but there was also a strong background noise signal

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 The variations of spectra with the changes of laser output
energy (a) and acquisition delay time (b).

which caused the baseline not smooth. With the decline of the
excitation energy, the background noise signal decreased while
the SNR increasing. When the laser energy was reduced to 30%,
the baseline became smooth, but the spectrum has lost most of
the useful characteristic peaks. In order to ensure a better effect,
the laser excitation energy was optimized to 70% (105 mJ) in
order to ensure the excitation of the spectrum. Fig. 3(b) shows
the spectra change when the acquisition delay time extended
from 0 ps to 10 ps. There was a strong light signal immediately
after laser excitation. At this time, the signal contained strong
bremsstrahlung and thermal radiation and so much useless
background noise makes the signal appear continuous spec-
trum. Within 0-1 us after laser excitation, the background noise
signal decreased gradually with time, but the baseline near the
signal peak was still lifted, and the peak was deformed. So this
was not the right time to collect the spectral signal. When the
delay time was more than 1 ps, the SNR increased and the
baseline gradually became smooth. At the delay time of 7 s, the
baseline was almost a straight line and most of characteristic
peaks were lost except some strong signal. Now it has been not
suitable for the acquisition of spectral signal.

RSC Adv., 2017, 7, 28689-28695 | 28691
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In this study, a comprehensive consideration of the laser
excitation energy and signal acquisition delay time was made.
The laser energy has been set at 105 mJ (Fig. 3(a), blue line). In
order to obtain the highest SNR and reduce the difficulty of the
follow-up data processing, we set the signal acquisition delay
time was 1.5 ps (Fig. 3(b), red line) at which we can obtain the
highest SNR while retaining the most characteristic peaks.

Results and analysis

?® we have known that the characteristic

In previous studies,
peaks of many kinds of elements can be observed in the spec-
trum of detergent. It shown that detergents contain the
elements corresponding to the characteristic peaks, including
Ca, Na, C, H, O, N and other elements. There were obvious
spectral features in three spectral bands which are 615-617 nm,
568-570 nm and 382-390 nm. These three bands represented
different atoms and molecules. 615-617 nm band has two
peaks, 615.42 nm and 616.22 nm, that both are the character-
istic peaks of Na element. There were two characteristic peaks in
the 568-570 nm band, and the two peaks had some overlap,
which respectively are the emission line of Na at 568.82 nm and
the emission line of H2 at 568.41 nm. The last band 382-390 nm
was characterized by a series of regularly arranged spectral
lines, including 385.09, 385.47, 386.19, 387.14 and 388.34 nm,
which are the characteristics of CN molecule. In addition to the
above mentioned several characteristic bands, there were still
some weak characteristic peaks, for example, the spectral line of
Ca element at 247.73 nm and 399.46 nm; the emission line of
Na at 330.24 nm. The intensity of these spectral lines are rela-
tively weak.

The LIBS characteristics of detergent are clear, and the
previous studies may be able to achieve qualitative and quan-
titative measurement using the three bands. In the last two
decades, it has been shown that a certain number of diatomic
molecular fragments such as C2 and CN also provide useful
indications for identification of organic materials.>»** But for
LIBS of detergent, the formation cause of CN was not clear. The
CN spectral lines are important features of the LIBS spectra of
detergent. It is significant for the qualitative and quantitative
measurement, so the formation mechanism of molecule CN is
an important exploration of the research.

Source of CN molecule

There are three possible sources of CN. The first is that the
chemical bond of the macromolecular compound in detergent
is interrupted by high energy laser, and the CN molecule is
released directly. The second is the C and N atoms in the excited
plasma combine to form CN molecules. There is also a possible
source that is the C and N elements in detergent to form CN
reacting with ambient air during laser excitation, and the
molecular emission lines are excited before the energy is
completely dissipated.

In this paper, we studied the source of CN in the LIBS
spectrum of detergent. We collected the LIBS spectra of deter-
gent respectively in air and argon atmospheres and compared
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the spectral peaks of CN in the two cases with that of blank dish.
The CN band of detergent and blank dish under two atmo-
spheres were displayed in Fig. 4.

In air atmosphere, the LIBS spectrum of detergent had
obvious CN peaks, but the spectrum of the ceramic dish without
detergent had no CN peaks. It was shown that the CN peaks can
form when the detergent was stimulated by laser in air. While in
argon atmosphere, there were four adjacent spikes in this band
of the detergent LIBS spectrum, which was very similar to the
characteristic of CN. But the relative intensity distribution of
the four peaks was different from the range of CN peaks. The
strongest intensity one in the four peaks was most close to the
short wave direction and the lower peaks were closer to the long
wave direction. It was opposite to the arrangement of the CN
peaks which shows that the longer the wavelength, the stronger
the peak intensity. Comparing the LIBS spectra of detergent and
the blank plate in argon, it was found that the peaks at the band
of 382-390 nm were almost same and unlike the spectral peaks
collected in air who had obvious differences. Therefore, we
inferred that the existence of air was the key factor to produce
the CN molecules.

According to the above results, we analyzed when the
detergent irradiated by high energy laser in air atmosphere, the
molecule bonds of detergent around the laser action point were
interrupted and lots of unstable ions were released. Then these
ions contact and react with the high-energy excited air. In the
reducing process of the plasma energy, a large number of C and
N ions combined and existed as the CN molecules form which
was relatively stable. When the molecular energy was reduced,
the molecular spectrum was emitted to form the CN spectral
characteristics.

Therefore, the characteristic band of CN at 382-390 nm has
relationships with both the C, N elements in detergent and the
surrounding air. So it cannot fully reflect the concentration of
detergent. This band can be used to developed qualitative

700+
= Detergent_Air
~—Blank_Air
6004 385.47nm — Dclcrg—cm_f\r
Blank_Ar
500 385.09nm 386.19nm 388.34nm
g [ 387.14nm
'Z 400+ l
S
=

300

200

382 383 384 385 386 387 388 389 390
Wavelength(nm)
Fig. 4 LIBS spectra collected in air and argon gas atmospheres.
Detergent_Air was the spectrum of detergent collected in air, Blan-
k_Air was the LIBS spectrum of porcelain dish without detergent that
collected in air, Detergent_Ar was the LIBS spectrum of detergent in

argon gas and Blank_Ar was the spectrum of blank porcelain dish
collected in argon atmospheres.
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auxiliary measurements, but not enough to be taken quantita-
tive measurements.

Improvement of SNR in argon atmosphere

It is possible to significantly improve the SNR of the LIBS
spectrum by making argon atmosphere around samples in the
measurement system. This is mainly due to the low ionization
energy of argon, which is easier to ionize and produce more
electrons. In addition, the mass of argon atoms is large and
argon has a higher density than air at the same pressure.
Therefore, the space constraint of argon is stronger than air in
the process of plasma expansion. So it is easy to prevent the
electrons from escaping from the observation area and easy to
obtain a strong characteristic spectral line signal.

Under argon atmosphere, the spectral strength of back-
ground is also increased. It is due to the decrease rate of elec-
tron density and the reduction rate of plasma temperature are
both slower in argon atmosphere than in air,”* and the intensity
of continuous background radiations that caused by brems-
strahlung and recombination radiation are higher in argon
atmosphere. Compared the LIBS spectra of detergent collected
in argon atmosphere and that in air, we found obvious
improvement of SNR at the spectral line position. Fig. 5 shows
two emission lines of sodium at the wavelength of 328.28 nm
and 330.30 nm. It can be seen that when the detergent was
diluted 2000 times, it was almost impossible to detect the peak
of the spectrum at 328.28 nm in air and the signal to back-
ground ratio (SBR) was only 1.77. The peak intensity at
330.30 nm was slightly stronger, but the SBR was only about
2.88. However, in argon atmosphere, the SBRs of the spectral
peaks at 328.28 nm and 330.30 nm were increased to 3.05 and
6.79 respectively. Therefore, argon atmosphere has a significant
signal enhancement for LIBS technology on the detection of
detergent. When developing detergent residue detection
equipment on the basis of LIBS technology, we can add an
argon accessory for the device to create an argon atmosphere to
reduce the detection limit and improve the detection ability of
the equipment.

——Diluted 2000 times_Ar

400, —Diluted 2000 times_Air
3504
330.30 nm
3004
250 328.28 nm

Intensity(a.u.)

328 329 330 331 332

Wavelength(nm)

327

0
326

Fig. 5 Comparison of spectral peaks at 328.28 nm and 330.30 nm in
argon and air atmosphere.
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Semi quantitative measurement

The LIBS technology need not sampling and can detect almost
all elements, with the advantage in micro area testing, it is
a kind of effective online detecting technique with great
potential and broad prospects on online elemental analysis.
Domestic detergent is widely used in people's daily life used for
cleaning tableware and even fruits. The general is dissolved in
water, diluted after use, so the detergent diluted LIBS detection
ability is of our concern, this paper uses LIBS technology to
detect different concentrations of detergent, we try to realize the
quantitative measurement of detergent. Generally, detergents
are dissolved in water and used after dilution. So the LIBS's
ability to detect diluted detergent is our concern. In this paper,
the LIBS technology was used to detect the detergent with
different concentrations. We attempt to explore the quantitative
measurement of detergent.

In the previous study,* we have used principal component
analysis (PCA) to realize the classification of four detergent
concentrations at two spectral bands of 568-570 nm and 615-
617 nm. However, due to the strong peak intensity in these two
bands, it is easy to cause the detector signal response saturation
and result in the spectral peaks deformation that affect the
accuracy of quantitative measurement. Through careful study,
we found that the characteristic peak of Na element at
330.30 nm has a good linear variation. The detergent after being
diluted to different concentrations dropped on a plate and
dried, then the measurements were performed in an argon
atmosphere using LIBS and the result was shown in Fig. 6.

Fig. 6(a) shows the peak intensities of the spectra at the
330.30 nm position. We can see that the intensity of this
wavelength was positively correlated with the amount of
residual detergent; Fig. 6(b) shows the histogram with error
bars of peak intensity at 330.30 nm. As can be seen from the
graph, the spectral peak intensity decreased from 912.5 to 82.4
when the residual detergent was decreased from 70 800 g cm ™
to0gem 2

Therefore, the LIBS technology has the potential to quanti-
tatively measure the residual detergent on porcelain plates.
However, when the residue of detergent is lower, the error of
LIBS measurement is larger. In this experiment, the maximum
standard deviation was 48. This may be because when the
detergent concentration was reduced, the error caused by the
uneven distribution of dried detergent on the surface of the
porcelain dish was greater, which affected the accuracy of the
LIBS measurement. In the actual measurement process, if the
detergent concentration is low, we can reduce or even eliminate
the measurement error caused by uneven distribution of
detergent by multiple measurements at different locations.
Therefore, in the development of portable LIBS detection
equipment, the mobility of measurement points is a quite
important design content.

Measurement of detergent after washing

Detergent is often dissolved and diluted and then used for
cleaning tableware. After cleaning the dishes, a large amount of
water is used to rinse them to remove the residual detergent.

RSC Adv., 2017, 7, 28689-28695 | 28693
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Fig. 6 The change of measurement signal with the concentration of
detergent, (a) shows the positive correlation between LIBS spectral
peak and detergent concentration (b) the peak intensity at 330.30 nm
reduced from 912.5 to 82.4 with the detergent decreased from
70800gcm2to0gcm™2

But it is very difficult to completely remove the detergent
residue on tableware. If the amount of flushing water or rinse
time is not enough, it is easy to cause detergent residues,
endangering people's health. Based on this, we rinsed the
detergent attached on porcelain plate with clear water, and then
studied the detection effect of LIBS technology on measuring
the residual detergent on plate after washing for different time.

We dropped original detergent on porcelain plate and dried
it in natural condition. Then we put the plate into a water tank
with flowing water. The water in the water tank was flowing at
a rate of about 0.25 m s~ and updating through the water inlet
and outlet. The detergent attached on the porcelain dish was
slowly dissolved into the water, and the dissolved portion would
flow along with the water. The LIBS spectra in argon atmo-
sphere were collected when the porcelain dish was immersed in
water for a period of time. As shown in Fig. 7, the peak height at
330.30 nm was correlated with the soaking time of the deter-
gent. The peak intensity decreased with the increasing of the
rinsing time. When rinsing for 16 minutes, the amount of water
used for flushing was about 21.6 L, at this time the spectral peak
at 330.30 nm was very weak whose intensity was about 194.48,
which indicated that there was still a small amount of detergent
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Fig. 7 Decrease of spectral peak as the rinsed time passes.

on the porcelain dish. Therefore, when using detergent to clean
tableware, adequate amount of water should be ensured in
order to reduce detergent residues.

LIBS is a reliable detection technology for the qualitative
determination of detergent. It is effective to be used to deter-
mine whether there is any detergent residue on tableware. It can
be used for developing the online rapid detecting equipment
used in dishwashers or other food production lines, and it has
very broad application prospects.

Conclusions

In this paper, the method of using LIBS technology to detect the
detergent residue on porcelain tableware was studied. It was
found that the optimal SNR can be obtained when the laser
excitation energy was 105 m] and the acquisition delay time was
1.5 us. By comparing the LIBS spectra in air and argon atmo-
sphere, it was found that the CN group in excited plasma was
not entirely from detergent, and the CN spectral characteristics
cannot be used as the basis for quantitative measurement of
detergent. The SNR of LIBS signal can be enhanced in argon
atmosphere, and using the characteristic peak at 330.30 nm in
argon atmosphere, we can realize the semi quantitative
measurement of the concentration of detergent. By simulating
the tableware cleaning process, the detergent residue on the
porcelain plate was detected. It was proved that the LIBS tech-
nology has the potential to be used in the tableware cleaning
process as an on-line detection method. However, due to the
stability of the laser and the existence of interference factors,
this study did not achieve accurate quantitative detection. The
follow-up research work can be carried out to improve the
stability of the system and to eliminate all kinds of interference
factors.

The LIBS technology does not need to sample, and can detect
almost all elements. It is suitable for on-line measurement and
has the characteristics of convenient and easy miniaturization.
This technology can be used to develop a small on-line analysis
equipment, installed in the food industry production line or
household dish-washing machine, to realize the automatic

This journal is © The Royal Society of Chemistry 2017
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measurement of detergent, which is very innovative and prac-
tical. The research on the method of LIBS technology for the
detection of detergent, and the development of the rapid
detection devices based on LIBS spectroscopy technology has
a strong practical significance.
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