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Abstract: In order to rationally apply potassium fertilizer, it is very important to realize the rapid
and accurate evaluation of soil available potassium (K). Conventional methods are time-consuming,
consumables-consuming and laborious. A high-efficiency method was proposed in this study to
meet the demand for rapid evaluation, including rapid extraction, uniform evaporation and LIBS
detection. To shorten the extraction time, we increased the oscillation frequency and removed the
operation of dry filtration. Compared with the conventional extraction method of the Chinese
national standard (CNS), the extraction time was reduced from 30 min to 2 min. In addition, we
developed a uniform evaporation method for liquid–solid transformation on the batch-detection
fixed area aluminum substrate. This method reduced the moisture interference. At the same time,
increasing the liquid viscosity and restricting the liquid area and shape could reduce the coffee ring
effect (CRE). The determination coefficient of the calibration curve by our method was 0.99, and the
limit of quantitation reached 0.8 mg/kg. Real soil samples were taken as validation, and the average
relative error between our method and the CNS method was 3.58%. The results indicate that our
method combined with LIBS technology could provide a fast and accurate evaluation of soil available K.

Keywords: soil available potassium; laser-induced breakdown spectroscopy; coffee ring effect; rapid
extraction; moisture interference

1. Introduction

Potassium (K) is one of the important mineral nutrients for plants, which has signif-
icant effects on carbon metabolism, water stress resistance, cold resistance and disease
resistance [1–3]. Plants uptake K mainly from soil. In soil, K is mainly divided into four
forms according to its availability to plants, including water-soluble, exchangeable, non-
exchangeable and structural forms [4]. Soil water-soluble and exchangeable K are generally
considered to be readily absorbed by plants, which are usually called soil available K.
Therefore, soil available K, rather than total K, can be used to evaluate plant nutrition
status and soil fertility. However, the amount of available K is very small, with only
0.1–2% of the total K in soil [5]. In order to upgrade the yield and quality of crops, a large
amount of K fertilizer is required [6]. This has inevitably caused atmospheric and water
pollution [7] and a soil nutrient distribution imbalance [8]. Therefore, rapid evaluation of
soil available K is of great significance for evaluating soil fertility, precision fertilization and
environmental protection.

Because the determination of available K can be interfered with other forms of K in
soil, it is usually extracted firstly with chemical extractants such as ammonium acetate,
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sodium tetraphenylborate or hot HCl [9]. According to the Chinese national standard
(CNS), ammonium acetate is selected as the chemical extractant of available K for Chinese
soil. The process can be described simply as follows. The ammonium acetate solution
is added firstly according to the soil–liquid ratio of 1:10. Then, the soil–liquid mixture is
oscillated at about 150 r/min for 30 min. After dry filtration, the clean soil solution can be
obtained for K detection. We can find that most of time is spent on oscillating extraction
and dry filtration operations. To reduce the sample preparation time, we proposed some
improvements on the basis of the CNS method. On the one hand, increasing the oscillation
frequency reduced the oscillation time. On the other hand, the clean soil solution was
obtained by centrifugation instead of dry filtration to raise efficiency. In this study, the
combination of oscillation frequency and extraction time was optimized based on the
relative deviation between our method and the CNS method.

After separation, the detection of available K can rely on the spectral or chemical
characteristics of K in the soil solution. Commonly used testing instruments include atomic
emission spectroscopy (AES), flame atomic absorption spectrometry (FAAS), inductively
coupled plasma atomic emission spectrometry (ICP-AES) or high-performance liquid chro-
matography (HPLC) [10–12]. Although these instruments have high accuracy, they have a
high cost and high requirements for operators. What is more, complex sample preprocess-
ing is required. Taking FAAS as an example, the solution samples must be filtered through
a 0.22-µm membrane to prevent clogging of the vessel, which is time-consuming. Laser-
induced breakdown spectroscopy (LIBS) is an atomic emission spectroscopy technique,
which has advantages of fast analysis speed, little sample preparation and simultaneous
analysis of multiple elements [13–15]. Besides, the development of a portable LIBS instru-
ment has made rapid on-site field detection possible [9,16]. Therefore, LIBS technology can
solve the problems above and has been widely used in various fields, including agricultural
products [17], industrial application [18], mineral resources [19] and so on. LIBS technology
has great potential in the rapid determination of K in the soil solution.

However, the analytical capability of LIBS is limited by the moisture in the soil solution.
It has been reported that moisture caused the plasma quenching and reduced the spectral
emission intensities [20,21]. In order to reduce the moisture interference, liquid samples
are usually converted to solid samples by adsorption [22] or evaporation [23,24]. The
adsorption process usually takes a long time. Therefore, the evaporation method was
chosen in this study. However, the liquid evaporation process produces the coffee ring
effect (CRE), which impairs the LIBS analysis ability. CRE refers to the fact that the solutes
will accumulate at the edges and form a crater shape after the droplet dries onto the
substrate [25]. CRE leads to an uneven distribution of elements. In order to reduce the
CRE, one method is to minimize the area of liquid evaporation by increasing the water
contact angle [26,27]. This method usually requires superhydrophobic materials, which
need a variety of chemical reagents as synthetic raw materials. The preparation process is
also complicated. In order to solve these problems, we proposed a method called uniform
evaporation. This method was conducted by increasing the viscosity of the liquid and
restricting the droplet area and shape to improve the uniformity of element distribution.
Without many chemical reagents, this method is efficient and environmentally friendly. The
related parameters of this method were optimized according to the LIBS spectral stability.

In this study, we proposed a convenient and efficient method for the determination of
soil available K by LIBS combined with reducing moisture interference and CRE (REMC-
LIBS). The main objectives of this study were (1) to optimize the combination parameters
of oscillation frequency and time based on the relative deviation between our method and
the CNS method; (2) to optimize the main parameters affecting REMC-LIBS; (3) to find the
reason why REMC-LIBS can reduce the CRE through a SEM/EDS analysis; (4) to build the
optimal calibration curve for K evaluation; (5) to assess the accuracy of the REMC-LIBS
method using real paddy soil samples and two soil standard substance samples.
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2. Materials and Methods
2.1. Soil Sample Preparation

The 10 soil samples were obtained from the China National Rice Research Institute
in Hangzhou, Zhejiang Province. The institute collected soil samples from nearby paddy
fields. The soil samples have been air-dried and sifted through a 1 mm aperture. The
reference contents of available K were tested according to the. CNS method. The available
K contents of samples 1–10 were 72.65, 73.28, 122.77, 185.46, 242.00, 251.75, 406.13, 138.97,
250.16 and 405.93 mg/kg, respectively. Samples 1–7 were used for the optimization of the
soil available K extraction experiment, and samples 8–10 were used for the evaluation of
the REMC-LIBS method.

2.2. Extractant and Chitosan Solution Preparation

A 1M ammonium acetate solution was formed by dissolving ammonium acetate
powder in deionized water. We adjusted the solution with ammonia and acetic acid to a
pH of 7. Chitosan is a cationic polysaccharide composed of C, H, O and N elements [28].
Crustaceans produce chitin in their shells. Therefore, chitin is the second-most abundant
polysaccharide in nature and is also environmentally friendly [29]. Chitosan has been
widely used in the synthesis design of mucoadhesive dosage forms and metal hybrid
nanostructures [30,31]. This is because chitosan has a certain viscosity and exhibits mu-
coadhesive properties. Using these properties, we expected to improve the distribution
uniformity of the soil solution element after evaporation by adding chitosan solution.
Chitosan powder was purchased from Ahawn (Shanghai, China) with a molecular weight
of 50,000, a viscosity of 50–200 mPa·s and a degree of deacetylation of 80–90%. Chitosan
powder is not easily soluble in water. To obtain a uniform chitosan solution, chitosan
powder was dissolved in glacial acetic acid solution (1.0%) and mixed by vortex oscillating
for 10 min. The chitosan–acid ratio can influence the liquid viscosity. Therefore, the optimal
chitosan–acid ratio was optimized in this study.

2.3. Substrate Selection and Fabrication

The substrate was used to hold the solution sample for evaporation and LIBS detection.
Therefore, it was preferable that the substrate did not contain the target element, whose
uniformity would interfere with the stability of the result. Furthermore, the types of
elements in the substrate should be as few as possible, and their distribution should be
as uniform as possible. Four different materials were considered in this study, including
3D printing materials (photosensitive resin), glass, Al block (GBW020063) and Al foil. 3D
printing materials made it easier to create different shapes to restrict liquids. Glass was
cheap, readily available and relatively uniform. The Al block was often used as a substrate
for LIBS detection of solution samples to enhance spectral signals [32]. Further, the Al foil
could improve the evaporation speed because of its small thickness for faster heat transfer.
Figure 1 shows the LIBS spectra and actual pictures of four different materials. The K
spectra could be determined at 766.59 and 769.98 nm, according to the National Institute
of Standards and Technology (NIST) [33]. We could find that the first three materials
contained the target element (K). The content of the K element in the Al block and glass
was lower than that in the 3D printing materials. Furthermore, Al foil did not contain the K
element. Further, the LIBS excitation spectra in the Al foil were less than those in the three
other materials, indicating that the Al foil contained fewer types of elements than others.
Therefore, the Al foil was selected as the substrate material.
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Figure 1. LIBS spectra and actual pictures of four different materials, including 3D printing materials,
glass, Al block and Al foil.

The aluminum foil was very thin, which was not convenient in operation. Therefore,
the Al foil was tiled on the surface of glass. In order to ensure that the Al foil and the glass
fitted closely, the glass surface was first moistened with alcohol. Then, the matte surface
(see Figure S1A) of the Al foil was tiled upward. It is worth noting that the thickness of the
Al foil affected the smooth degree of the Al foil on the glass. Figure S1B,C shows the shape
of the Al foil with different thicknesses on glass. We could obviously see that the Al foil
with a 0.015-mm thickness had more wrinkles, while that with 0.02-mm thickness had a
relatively smooth surface.

Therefore, Al foil with 0.02 mm-thickness was used in this study. Finally, the transpar-
ent adhesive tape was pasted on the surface vertically and horizontally, forming square
holes to restrict the liquid and achieve batch detection. The size of the square hole was
optimized in this study. At this point, a batch-detection fixed area aluminum substrate
was finished.

2.4. Samples Preparation

Using the materials mentioned above, the preparation steps of the samples are shown
in Figure 2.
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(1) Soil samples (0.6 g) and the extractant of ammonium acetate (6 mL) was mixed in
a 10-mL centrifuge tube according to the soil–liquid ratio of 1:10 (the same as CNS
method). Then, the mixture was oscillated for a certain time at high frequencies.
The optimal combination of frequency and time was optimized based on the relative
deviation between our method and the CNS method in this study.

(2) The soil–liquid mixture was centrifuged for three minutes. At this point, there might
be some small dead leaves floating in the supernatant.

(3) Diluting the soil solution was performed using a pipette to take about 4 mL of the
supernatant into a 50-mL centrifuge tube and recording its mass, m1. The content
of dead leaves was different. In order not to inhale dead leaves, the liquid volume
taken by the pipette was slightly different. According to the liquid volume and m1,
calculating of the density, ρ1, was performed. Then, we added ammonium acetate
solution into the centrifuge tube to about 25 mL and recorded the quality, m2, at this
point. To calculate the dilution volume ratio, we needed to know the density of the
diluted solution. The specific steps were as follows: take out 1 mL of the diluted
solution with a pipette first, record the quality difference, and then inject it into the
centrifugal tube, calculating the liquid density, ρ2, according to the quality difference
of 1 mL of liquid. Finally, according to the mass ratio, m2/m1, and density ratio,
ρ2/ρ1, the dilution volume ratio (α) was calculated using the formula α= m2ρ1/m1ρ2.

(4) Adding chitosan solution was performed by taking 0.5 mL of the diluted soil solution
into a new centrifugal tube. Then, after adding 1 mL of chitosan solution, the mixture
was oscillated for 1 min to ensure the uniformity.

(5) Using a pipette to drop the liquid above on the batch-detection fixed area aluminum
substrate, the surface of the substrate was pasted with transparent adhesive tape to
form square holes. The liquid was evenly spread over the square hole. The substrate
material, square hole area and dropping volume were optimized in this study.

(6) The substrate was dried for 10 min using a heater at 40 ◦C. At this point, samples
were finished.

2.5. Experimental Setup

The experiment was carried out with a self-assembled LIBS system. The schematic
diagram is shown in Figure 3. A Q-switched Nd:YAG pulsed laser (Vlite-200, Beamtech
Optronics, Beijing, China) generated the 532 nm laser with a pulse duration of 8 ns. The
reflectors directed the laser to the sample’s position. Right above the sample, a plano-
convex lens (f = 100 mm) was fixed to focus the laser 2 mm below the surface of the
sample. Then, the laser ablated the sample to produce plasma. A spectrometer (ME5000,
Andor, Belfast, UK) connected with a collector was used to collect spectral signals from
the plasma. The spectrometer could split a spectrum in a range from 229 to 878 nm with
a resolution of 0.03 nm. The delay generator was used to control the time consistency
between laser generation and spectrometer operation to obtain the optimal signal. It was
also used to control laser frequency, which was set as 1 Hz in this study. Therefore, the
spectrum acquisition at each position took only 1 s. To prevent repeated ablations, an X-Y-Z
motorized stage was applied to move the sample. To improve data stability, 16 different
positions in a square hole were ablated. Each position was ablated once. The spectra were
averaged to represent the LIBS spectrum of a square hole. The delay time and gate width
were the two parameters for the LIBS system, which were set as 2 and 10 µs, respectively,
as a matter of experience. When the laser energy was larger than 30 mJ, the film produced
by the evaporation of chitosan solution was destroyed, which reduced the spectral stability
and quality. In this study, the laser energy was set as 25 mJ to ablate the film producing the
clear ablative spots.
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2.6. SEM/EDS Technology

The SEM/EDS used in the experiment was the Phenom ProX system (Phenom ProX,
Phenom-World BV, Eindhoven, The Netherlands), which was a platform that integrated a
scanning electron microscope (SEM) and energy dispersive X-ray spectrometer (EDS). In
SEM, the electron detector collected low energy electrons from the surface of the sample, so
it was the best choice for analyzing the surface morphology information of LIBS samples.
The Phenom ProX system enabled surface microscopic observation of nano and submicron
samples with diameters less than 100 nm and magnifications up to 100,000 times.

In EDS, a high-brightness CeB6 filament was equipped to excite a large number of
X-rays, enhancing the signal and improving the accuracy of elemental analysis. The EDS
software could assess the relative contribution of each detected element in the region of
interest, expressed as a weight percentage [34]. In addition, the integration of them could
achieve a visual distribution of detected elements in the selected area, which was used to
visually observe the element distribution uniformity in this study.

3. Results and Discussion
3.1. Optimizing the Combination of Oscillation Frequency and Oscillation Time

The extraction efficiency of soil available K was affected by oscillation frequency and
oscillation time. In this study, the oscillation frequency was set as 20, 40 and 60 Hz. For
each frequency, the extraction time was set as 2, 4 and 6 min. There were nine groups of
combination parameters in total. For convenient expression, A–B was used to represent
one combination mode. For example, the combination of oscillation frequency of 20 Hz and
oscillation time of 2 min was represented by 20–2. Seven soil samples (Samples 1–7) were
used to analyze the optimal combination parameters. According to step 1–3 of LIBS samples
preparation (Figure 2), we could get the diluted soil solution and the dilution volume ratio
(α). The K content (Cl) in the diluted soil solution was measured by FAAS (the same as
CNS method). Then, the available K content in soil samples (Cs) could be calculated using
the formula Cs = 10αCl. The optimal combination parameters were determined based
on the relative deviation of available K content by our method (step 1–3 in Figure 2) and
CNS method.

Figure 4 shows the available K content of seven soil samples based on different
combination parameters and the CNS method. For each combination parameter, Figure 4
shows a rising trend from right to left on the soil number axis, which consisted of the
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fact that the content of soil available K increased gradually from samples 1 to 7. For each
soil sample, at the same oscillation frequency, there was little difference in column height,
indicating that the oscillation time had little influence on the extraction results. However,
with the increase of oscillation frequency, the column height presented a rising trend. This
indicated that the oscillation frequency had a more important effect on the extraction
results than the extraction time. In agreement with our result, Luan [35] also demonstrated
that increasing speed and time could increase the extraction content of available K, but
increasing speed could increase the extraction amount more. The oscillation frequency
played an important role in extraction. The oscillation frequency in ultrasound could even
determine the substantially different characteristics of mechanical and chemical effects in
the food extraction industry [36]. The difference of column height between 60–2 and the
CNS method was the smallest. The detail image was used to show the relative deviation of
them. The values were in the range of 1% to 5%. These results indicated that the available
K in soil could be effectively extracted through oscillation at 60 Hz for 2 min. Compared
with the CNS method, our method reduced the extraction time from 30 to 2 min, which
greatly improved the extraction efficiency.
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3.2. Optimizing the Chitosan–Acid Ratio

Chitosan could reduce the CRE by increasing the viscosity of the liquid, but too
much viscosity would lead to the unstable values of the quality of the liquid taken by
pipette. Therefore, the chitosan–acid ratio needed to be optimized. Relative standard
deviation (RSD) was used to evaluate the stability [37]. Different dosages of chitosan
powder were dissolved in 5 mL of glacial acetic acid solution (1.0%) to form chitosan
solutions with different viscosities. The dosages of chitosan were set as 10, 20, 30, 40 and
50 mg, respectively, in this study. To determine the RSD of pipetting quality, 25 µL of the
chitosan solution was taken by a pipette, and the quality was recorded. The operation was
repeated 10 times with the pipette tips changed each time.
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Figure 5A shows the RSD of pipetting quality based on different dosages of chitosan.
From Figure 5A, with the increase of chitosan dosage, the RSD of pipetting quality increased
gradually, indicating that the more viscous the liquid, the more unstable the pipetting
quality. The RSD value was below 5% when the chitosan dosage was in the range of
10–40 mg. To determine the RSD of spectral intensity of K, LIBS samples were prepared.
KCl powder was dissolved in ammonium acetate to form 100 ppm of K solution. Then,
0.5 mL of K solution was mixed with 1 mL of the chitosan solution. Finally, the mixed
solution was transferred to the batch-detection fixed area aluminum substrate, according
to Steps 4–6 (Figure 1) with three repetitions. The square hole area and dropping volume
were tentatively set as 6 mm2 and 15 µL. The corresponding RSD was calculated according
to the three average spectra of K. Figure 5B,C shows the RSD of the K intensity based
on different dosages at 766.59 and 769.98 nm, respectively. From Figure 5B,C, with the
increase of chitosan dosage, the RSD of the K intensity first decreased and then increased.
This was because when the viscosity of the liquid was too low, the CRE could not be
effectively inhibited. With the increase of viscosity, the CRE could be reduced to some
extent. However, when the viscosity was too high, the instability of pipetting quality would
lead to an inconsistent sample surface density, thus affecting the spectral stability. The two
RSD values were below 5% when the chitosan dosage was in the range of 20–40 mg. As
an overall consideration, when 20 mg of chitosan was dissolved in 5 mL of acetic acid, the
pipetting quality stability and K spectral stability were the best. Therefore, the optimal
chitosan–acid ratio was 4:1.
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3.3. Optimizing the Combination of Square Hole Area and Dropping Volume

Different combinations of the square hole area and dropping volume might affect
the solution drying process to affect the element distribution uniformity and then affect
the spectral stability. Tests were performed using the mixed solution above (0.5 mL of
100 ppm K solution and 1 mL of chitosan solution) and different combination parameters.
In order to ensure the same surface density of the solution after evaporation under different
hole areas, the larger the hole area, the larger the dropping volume. Table 1 shows the
specific parameters. For the convenient expression, different surface densities from low
to high were represented by numbers 1–3, and different hole areas from low to high
were represented by numbers 5–7. Then, the combination of 5 × 5 mm–10.2 µL could be
expressed as 5–1. In order to intuitively compare the effect of the hole and chitosan, three
other conditions were designedl including no hole and chitosan (No HC), only hole (Only
H) and only chitosan (Only C). Five repetitions were carried out under each condition.
Each sample had 16 spectra with 16 K intensities, and the RSD of 16 K intensities was
calculated. Five repetitions had five corresponding RSDs. The averaged RSD of five RSDs
for 16 K intensities was calculated. Figure 5A shows the corresponding results at K 766.59
and 769.98 nm, respectively. The error bars were the standard deviations of five RSDs.
At the same time, the K average intensity of 16 K intensities was calculated to represent
the K intensity of a sample, and the RSD of five repetitions for the K average intensity was
calculated. Figure 5B shows the corresponding results at K 766.59 and 769.98 nm, respectively.



Chemosensors 2022, 10, 374 9 of 15

Table 1. Different combination parameters of the square hole area and dropping volume.

Square Hole Area (mm2)
Surface Density (µL/mm2)

5 × 5 6 × 6 7 × 7

Dropping volume
(µL)

10.2 14.7 20.0 0.4
12.8 18.4 25.0 0.5
15.3 22.0 30.0 0.6

For the two K spectra at 766.59 and 769.98 nm, respectively, the values of the corre-
sponding RSDs had the same trend of change. Therefore, only the K (766.59 nm) spectrum
was analyzed below. For the averaged RSD (Figure 6A), from the comparison of no HC
and only H, we could find that the value based on no HC was higher than that based on
only H, indicating that the hole constraint reduced the spectral stability. This was because
in the case of H, the solution diffused towards the edges of the square hole as it evaporated
(see Figure S2), while in the absence of H, the solution slowly evaporated from outside to
inside. From the comparison of no HC and only C, we could find that the value based on
no HC was lower than that based on only C, indicating that the added chitosan solution
improved the element distribution uniformity. From the comparison of HC and only C,
we could find that chitosan combined with a hole constraint further improved the spectral
stability. This indicated that increasing the viscosity of the solution could attenuate the
diffusion of the solution to the edges of the square hole. For the RSD of five repetitions for
the K average intensity (Figure 6B), the same trend could also be observed. In addition, the
ordinate value of Figure 6B was lower than that of Figure 6A, indicating that the average
of repetitions could improve the spectral stability further. The optimal combination of the
square hole area and dropping volume was 6–1 (6 × 6 mm–14.7 µL) with the two RSDs of
13% and 1% for K 766.59 nm and 14% and 3% for K 769.98 nm, respectively.
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3.4. SEM/EDS Analysis

It could be seen from the above that the combination of the chitosan and hole constraint
improved the spectral stability. The LIBS system obtained spectral signals through surface
ablation. In order to explain this phenomenon, SEM/EDS was applied to obtain surface
morphology and element distribution information of samples. Figure 7B,C shows the real
image of LIBS samples with and without the hole (H) and chitosan (C). From Figure 7B, we
could clearly observe the CRE by naked eyes. Two samples (Figure 7A) were randomly
selected from Figure 7B,C, respectively, for SEM/EDS analysis.
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For the samples without HC (the left part of Figure 7A), a random area near the
edges of the drying traces was selected. The tail of the red dotted line indicates the
specific location, and the head indicates its surface morphology (Figure 7N). Figure 7R
shows the weight percentage and spectral lines of Al, C and O. From Figure 7N, the edge
part presented a bright white line, indicating that the corresponding concentration was
relatively high. Furthermore, the interior appeared black and white, indicating the uneven
distribution of the soil solution. Figure 7O–Q shows the distribution of elements of Al, C
and O represented by green, red and blue, respectively. The overall color of Figure 7O was
green, because the substrate material was Al, and the edge appeared white because the
high concentration traces blocked the signal of Al. It could be seen from Figure 7P,Q that
red and blue was mainly distributed on the drying traces, indicating that C and O mainly
came from the soil solution. The edge part was deeper, which further indicated that most
elements gathered at the edge after the evaporation of the liquid.

For the samples with HC (the right part of Figure 7A), two random areas away from
the ablative pits were selected. The tail of the red dotted line indicated the specific location,
and the head indicated its surface morphology (Figure 7D,I). Figure 7H,M shows the
weight percentage and spectral lines of Al, C and O. From Figure 7D,I, the overall color
was relatively consistent, indicating that the elements were evenly distributed after the
evaporation of liquid. Figure 7E–G and Figure 7J–L show the distribution of elements of
Al, C and O represented by green, red and blue, respectively. The color distribution of the
three elements was dense and uniform, with no obvious stratification phenomena, which
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was obviously different from Figure 7O–Q, indicating that the added chitosan and hole
constraint could indeed improve the element distribution uniformity.

Figure 8A,B shows the calibration curve of K 766.59 nm before and after MAD, re-
spectively. Figure 8C,D shows the calibration curve of K 769.98 nm before and after MAD,
respectively. We could find that the calibration curve of K 769.98 nm obtained a higher
value of R2 and better stability than that based on K 766.59 nm. This indicated that the
spectral intensity at K 769.98 nm was more suitable for retrieving the K concentration in the
LIBS sample. From Figure 8C,D, on the whole, we could find that the length of the error
bars in Figure 8D was lower than that in Figure 8C, especially at 0. The average RSD before
and after MAD were 4.6% and 3.3%, respectively, which indicated that the MAD algorithm
contributed more positive effects to stability. Figure S3 shows the calibration curve effects
of K 769.98 nm by three parallel experiments without taking the average, displaying the
results before and after MAD. The value of R2 was 0.977 and 0.985, respectively. The results
were improved after MAD, which demonstrated that the MAD algorithm could remove
the outliers. The R2 of both Figure 8C,D based on the average results of three parallel
experiments exceeded 0.99 with little difference around 0.001. In general, the calibration
curve in Figure 8D was selected for the prediction of the K concentration. The LOD was
defined as three times the standard deviation of the background intensities divided by the
slope of the calibration curve. The LOD was 0.25 mg/kg, and the LOQ was 0.8 mg/kg. The
average RSD obtained by REMC–LIBS was 3%.
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3.5. Analysis of Real Samples

Three real paddy soil samples (samples 8–10) from the China National Rice Research
Institute and two soil standard substances, GBW07456 (sample 11) and GBW070046 (sample
12), were analyzed to assess the accuracy of the REMC-LIBS method. Three replications
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for each sample were used. Figure 9 shows their average LIBS spectra. We could find that
the positions of excitation peak of five soil samples were relatively consistent. According
to NIST, these excitation peaks were closely related to elements, some of which had been
labeled in Figure 9. This indicated that the compositions of the elements in these LIBS
samples were similar. The reason might be that the extraction of ammonium acetate, the
addition of a large amount of chitosan solution and the use of batch-detection fixed area
aluminum substrate made the sample environment more consistent, which could also
weaken the matrix effect to some extent [38]. Table 2 shows the analytical results of real soil
samples obtained by the REMC-LIBS and CNS methods. For samples 11 and 12, because
their available K content was much higher than that of the paddy soil, they were diluted
three times after step 1–3 in Figure 1. The RSDs of three K (769.98 nm) intensities by
REMC-LIBS were 0.40–5.77%, and the average RSD was 2.75%. The relative errors between
the REMC-LIBS and CNS methods were 1.61–6.59%, and the average relative error was
3.58%. These results reflect the stability and accuracy of the REMC-LIBS method. Therefore,
REMC-LIBS could accurately quantify available K in soil and provide data support for
plant nutrition evaluation, soil fertility evaluation and accurate fertilization.
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Figure 9. Average LIBS spectra for three real soil samples (samples 8–10) from the China National Rice
Research Institute and two soil standard substances, GBW07456 (sample 11) and GBW070046 (sample 12).

Table 2. The analytical results of real soil samples obtained by the REMC-LIBS and CNS methods.

Samples Dilution Volume
Ratio (α)

K 769.98 nm Intensity by REMC-LIBS
for Three Replications RSD (%) Available K Content by

REMC-LIBS (mg/kg)
Available K Content

by CNS (mg/kg)
Relative

Errors (%)

8 5.41 461.71 461.11 458.30 0.40 138.97 130.38 6.59
9 5.53 536.70 540.96 546.39 0.90 250.16 255.49 2.09

10 5.77 651.92 622.30 661.92 3.25 405.93 412.56 1.61
11 16.68 574.73 556.48 536.39 3.45 812.32 839.05 3.19
12 16.23 549.32 607.76 608.57 5.77 918.62 879.90 4.40

3.6. Contrastive Analysis with Other Detection Methods

REMC-LIBS and other methods for the determination of soil available K are compared
in Table 3. REMC-LIBS required only 0.6 g of soil, less than most other methods. The
test time was less than 20 min, which was much lower than other methods. Besides, the
batch-detection fixed area aluminum substrate could simultaneously hold 12 samples. The
average detection time of one sample was less than 7 min. The LOD and LOQ of our
method were also the lowest among all methods, which were 0.25 and 0.8, respectively.
This was due to the surface enhancement by the combination of the liquid to solid method
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and the Al material [24,35]. Compared with other methods, REMC-LIBS was a simpler and
faster method for quantitative detection of soil available K.

Table 3. Comparison of REMC-LIBS and other methods for the determination of soil available K.

Method Soil (g) Accuracy Test Time LOD (ppm) LOQ 1 (ppm) Ref.

Potentiometric multi-syringe
flow injection system 5 RSD < 3.0% >2 h 6 19.8 [39]

Modified NaBPh4 method 0.5 SD 2 (mg/kg)
10–27

>2 h <19 / [40]

All-solid-state K ISE and
Ion-selective electrode 2.5 RSD

0.2–11.8% >1 h 4.8 15.8 [41]

CEMA-LIBS 10 RE 3

1.36–5.15%
>24 h 2.2 7.3 [8]

REMC-LIBS 0.6 RE
1.61–6.59% <20 min 0.25 0.8 This work

1 LOQ: limit of quantitative; 2 SD: standard deviations; 3 RE: relative errors.

4. Conclusions

We developed a new high-efficiency method using LIBS for evaluating soil available
K combined with reducing moisture interference and CRE to avoid problems such as
complex pretreatments, long analysis times and a low stability of CRE. A high oscillation
frequency could effectively reduce the extraction time. The main parameters affecting the
REMC-LIBS method were also optimized. The calibration curve of the REMC-LIBS method
was built using the optimal experimental parameters. The R2 of the calibration curve was
0.99, and the LOD and LOQ were 0.25 and 0.8 mg/kg, respectively. Three real paddy soil
samples and two soil standard substances were used to assess the REMC-LIBS method. The
average relative error between the REMC-LIBS and CNS methods was 3.58%. Therefore,
REMC-LIBS was a simpler and faster method for quantitative evaluation of soil available K.
This strategy made it possible for the rapid and on-site evaluation of K, contributing to the
precision fertilization, environmental protection and agricultural sustainable development.
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by three parallel experiments (A) before MAD and (B) after MAD.
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