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ABSTRACT: Heat-resistant steel is widely used in the construction of various types of industrial pressure-bearing equipment. 

In this work, laser-induced breakdown spectroscopy (LIBS) was applied to evaluate the aging grade of actual industrial pipe heating 

surfaces (made by T91 steel) via a self-developed portable LIBS device. First, the pretreatment effect of wavelet threshold denoising 

(WTD) and multiple scattering correction (MSC) on the LIBS spectrum is discussed. Based on the K-fold-support vector machine-

recursive feature elimination (K-SVM-RFE) and support vector machine (SVM), the aging grade model is established using the 

spectral data of the T91 artificial specimens and of the industrial pipe slices at different aging grades. The influence of the denoising 

of WTD and the transformation of MSC in the selection of optimal 

feature subsets using K-SVM-RFE are discussed along with the 

model's performance. Second, the spectral characteristics of the actual 

industrial T91 pipe heating surface of coal-fired boilers are investigated, 

and the spectral data are screened and standardized. Finally, by using 

the aging grade model to evaluate the aging grade of the industrial T91 

pipe based on the calibrated spectral data, an accuracy of 85.17% was 

achieved. The results demonstrate that the portable LIBS device and the 

corresponding hybrid model presented here have strong discrimination 

and robustness for estimating the aging grade of heat-resistant steel. 
 

INTRODUCTION 

Heat-resistant steel is extensively used for high-temperature 

pressure-bearing equipment in industries such as power plants and 

chemical plants.1,2 The micro-structure of heat-resistant steel 

changes and its macro-mechanical properties inevitably degrade 

with prolonged operation of the equipment, causing a degradation 

of steel performance and operation safety, namely, steel aging.3 

Within the aging process, the elemental composition of steel 

experiences little change, while obvious matrix variations occur 

due to micro and macro damage.  

T91 steel is a relatively new martensitic heat-resistant steel with 

good oxidation resistance and excellent mechanical properties. For 

T91 steel, aging means the recrystallization of the lath martensitic 

structure, decline of dislocation density in the crystal, coarsening 

of M23C6 carbide, and precipitation of the Z (Cr (V, Nb) N) phase, 

which increases the burst-leak possibility of the water screen tube, 

super heater, reheater, or economizer, and may lead to unplanned 

plant shutdowns and operational accidents. Traditionally, 

metallographic analysis is carried out by cutting specific locations 

of the pipes to determine the aging grade, which is time-

consuming and inconvenient due to the requirement of complex 

sample pretreatment.4 Moreover, such destructive procedures 

cause irreversible damage to the equipment and increases 

maintenance costs. Therefore, it is of great importance for proper 

equipment maintenance and human safety to develop in situ and 

non-destructive techniques for assessing the aging grade of steel.  
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Laser-induced breakdown spectroscopy (LIBS), which is a 

rapid detection technology with the advantages of simultaneous 

multi-elemental analysis, quasi nondestructive ablation, and 

necessitating little or no sample preparation, has been widely 

developed and applied in various fields for the elemental 

quantification of different materials.5-7 The measurement accuracy 

of LIBS of the elemental composition is limited by the matrix 

effects caused by the physical and chemical properties of the 

materials. These would affect the laser ablation process and 

plasma characteristics, leading to multiple sources of spectral 

uncertainty and difficulties in data processing and quantitative 

analysis.8,9 On the other hand, the spectral signal and the plasma 

properties can be used as fingerprints to distinguish the difference 

of the samples and realize the quantitative analysis of 

characteristic indicators, such as the compressive strength of 

concrete,10 the microstructures of aluminum-lithium alloys,11 the 

mechanical strain of iron alloys12 and the corrosion grade of 

magnesium.13 

In our previous work, a number of studies were carried out to 

address the failure characteristics of the metals. It was found that 

the heat-resistant steel characteristics, such as mechanical 

properties and phase transformation, can also be assessed by 

spectral characteristics. Yao et al.14 found a correlation between the 

ratios of Fe ionic to atomic lines and the tensile strength in three 

12Gr1MoV steel samples with different grades of pearlite 

spheroidization. Lu et al.15 reported the relationship between 

spectral emission intensity ratios at specific plasma regions and 

aging grades of T91 steel. Li et al.16 reported an agreement 

between the emission line intensity ratios (CrI 427.481 nm/FeI 

376.554 nm and CrI 428.973 nm/FeI 376.554 nm) and the 

hardness of T91 steel with different degrees of microstructural 

aging. 

In addition to using the above univariate model for the 

assessment of the property of steel, samples with a number of 

spectral features were coupled with the multivariate models, such 

as the support vector machine (SVM), logistic regression (LGR) 

and partial least-squares regression (PLSR), to establish a more 

reliable relationship between measured indicators and spectral 

characteristics.17-19 Moreover, to magnify the spectral difference 

between a different steel matrix and to improve the estimation 

accuracy, the spectral pretreatment, for example, the wavelet 

threshold denoising (WTD) and the feature selection methods 

based on the canonical correlation analysis (CCA), the analysis of 

variance (ANOVA) or the newly developed layered interval 

wrapper (LIW) were coupled simultaneously.19-20 On the whole, 

the developed hybrid modeling methods for evaluation of the 

properties of heat-resistant steel showed satisfactory accuracy and 

precision. However, the above achievements are based on the 

bulky laboratorial-based LIBS equipment using artificial 

specimens, which have been ground and polished to avoid 

instrumental measurement effects, i.e., from surface oxides and 

foreign contaminants.  

The aim of this work was to develop a rapid in situ techniques 

for assessing the actual industrial heat-resisting steel heating 

surface. We developed a portable LIBS device for practical 

industrial field application. In order to propose an appropriate 

methodology for estimating the actual heating surface. First, the 

spectral data of T91 artificial specimens and industrial pipe slices 

at different aging grades were employed for establishing aging 

grade model. The performance of the optimize methods used for 

the T91 aging grade models, such as coupling wavelet threshold 

denoising (WTD), multiple scattering correction (MSC) or a 

combination of them both, together with K-fold-support vector 

machine-recursive feature elimination (K-SVM-RFE), were 

compared and discussed. Second, the spectral data of actual 

heating surfaces was screened according to the spectral stability of 

the T91 matrix elements and modified in accordance with its 

spectral characteristics. Finally, based on the calibrated spectral 

data, the actual heating surfaces were evaluated by the established 

model. 

EXPERIMENTAL 

Specimens. A reheater pipe and superheater T91 pipe taken from 

boilers in coal-fired power plants, six industrial T91 specimens cut 

from various reheaters or superheaters of boilers (two of them cut 

from the pipe specimens), and 10 artificial T91 specimens with 

different aging grades were employed as the experimental 

specimens (Fig.1a and Fig.1b). 

The preparation details of the artificial specimens have been 

described in our previous work.18-20 All specimens were analyzed 

using a metallographic microscope (LEICA DMI5000). The 

microstructure aging grade of them was evaluated according to 

China’s national standard, then the specimens were graded into 

five levels qualitatively.4 The aging grade information of the 

specimens is listed in Table 1. Specimens A1-10 represent the 

artificial specimens, while the six industrial specimens cut from 

various reheaters or superheaters are labeled with an “I” 

(specimens I5 and I6 are cut from P1 and P2, respectively), 

specimens P1-2 are industrial pipe specimens. 

LIBS setup. The newly developed portable LIBS device 

(dimensions: 296 x 126 x 149 mm; weight: 4.5 kg) employed in  

Table 1. Detailed Information of T91 Specimens 

Specimen Aging grade Specimen Aging grade 

A1 1 A10 5 

A2 2 I1 1 

A3 2 I2 2 

A4 2 I3 4 

A5 3 I4 5 

A6 3 I5 1 

A7 3 I6 3 

A8 3 P1 1 

A9 4 P2 3 
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Fig. 1 (a) Pretreated T91 specimens, (b) actual industrial T91 pipe, and (c) portable LIBS device for steel aging estimation. 

this work is shown in Fig. 1c. It included a laser head, laser 

controller, spectrometer, and focusing lens, etc. A semiconductor 

solid-state pulsed laser (Quantel, France), operated at 1064 nm and 

4 ns pulse duration, was used as the ablation source. The laser 

beam was focused with a quartz lens of 50 mm focal length onto 

the specimen vertically to create the plasma. Plasma emission was 

collected with a collimating lens and then transmitted by optic 

fiber to a single-channel spectrometer (Avantes) with a receiving 

range from 297 nm to 556 nm. The gate width of the spectrometer 

was 1.1 ms and the resolution 0.14 nm. The delay time between 

the laser ablation and the scan of the spectrometer was set to 2 μs. 

After optimizing the experimental parameters with the target of the 

best signal-to-noise ratio (SNR) and precision (%RSD) of the 

emission line intensity, the laser pulse energy was set to 7.5 mJ and 

the repetition rate to 2 Hz.  

For the artificial specimens and the industrial pipe slices, the 

specimen's surface was sanded and polished to remove the 

contaminants and the oxide layers. Each specimen was measured 

at 9 different positions with 30 laser pulses. In the case of the pipe 

specimens, no surface pretreatment was applied. It was predicted 

that the first several laser pulses would be affected by the surface 

that was not pretreated; thus, three positions on each specimen's 

surface were measured with 400 laser pulses to explore the effect 

of the actual pipe heating surface on the spectral characteristics and 

the LIBS measurement. 

Analytical methods 

1) Wavelet Threshold Denoising. The wavelet threshold 

denoising (WTD) method, based on the discrete wavelet transform 

(DWT) function, is an effective noise suppression approach for 

nonstationary signals which is often used for LIBS spectrum 

pretreatment.21,22 The nonstationary signal 𝑓(𝑡)  was first 

translated with wavelet transform (WT) to explore the 

characteristics in time-domain and frequency-domain.23,24 The 

detailed transformation is expressed as Equation (1): 

𝑊𝑇(𝑎, 𝜏) =
1

√𝛼
∫ 𝑓(𝑡)

∞

−∞
× 𝜓（

𝑡−𝜏

𝑎
)𝑑𝑡

      

(Eq. 1)     

where 𝑊𝑇(𝑎, 𝜏)  is the wavelet coefficient, 𝜓(𝑎, 𝜏)  is the 

wavelet-based function, and 𝑎 and 𝜏 are the control parameters 

for scaling and conversion. The symlets (sym) wavelet-based 

function, which can avoid distortion when decomposing and 

reconstructing the signal and has demonstrated superior 

performance in heat-resistant steel spectra pretreatment, was 

selected to translate each raw signal into a series of wavelets.20,25,26 

After the process of wavelet decomposition, the raw spectral 

signal is transformed to the multi-layer wavelet coefficients 

𝑊(𝑎, 𝜏)  which are equal to the addition of the pure signal 

coefficient 𝑠(𝑎, 𝜏)  and the noise coefficient 𝑛(𝑎, 𝜏)  as 

expressed in Equation (2): 

𝑊(𝑎, 𝜏) = 𝑠(𝑎, 𝜏) + 𝑛(𝑎, 𝜏)       (Eq. 2)     

The emission signal and noise signal with a different amplitude 

and change rate can be identified by the wavelet coefficient. As 

usual, the wavelet coefficient threshold 𝜆 is defined as triple the 

standard deviation of white Gaussian noise to separate the 

informative signal and noise signal. In order to avoid signal 

oscillation and the pseudo-Gibbs phenomenon, the wavelet 

coefficients are processed using a soft threshold function.21 After 

adjustment of the wavelet coefficient, the denoised signal can be 

restructured with the new coefficient matrix. 

2) Multiple Scattering Correction. Multiple scattering 

correction (MSC) is a preprocessing algorithm for correcting the 

baseline by fitting each spectral line and the average spectrum with 

a linear regression equation and using the fitting coefficients to 

carry out correction of the variables in the raw spectrum 

thereafter. The process of linear regression and correction can be 

expressed as Equation (3) and Equation (4): 

Linear regression: 𝑿𝒊 = 𝒂𝒊 + 𝒃𝒊𝒎     (Eq. 3)     

MSC correction: 𝑿𝑴𝑺𝑪 =
𝑿𝒊−𝒂𝒊

𝒃𝒊
      

(Eq. 4)     

where 𝑋𝑖  is a single spectrum, the 𝑎𝑖  and 𝑏𝑖  values are the 

slope and offset coefficients of the linear regression, respectively, 

𝑚 is the average spectrum of the specimens, and 𝑋𝑀𝑆𝐶 is the 

spectrum after being pretreated by MSC.27 
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Fig. 2 Comparison of raw spectrum and denoised spectrum of the I1 specimen. 

3) Support Vector Machine and K-fold-Support Vector 

Machine-Recursive Feature Elimination. Support vector 

machin (SVM) is a supervised algorithm based on the idea of 

mapping data to high-dimensional feature space and constructing 

a maximal margin hyperplane to split the data categories. The 

function expression of the hyperplane can be described as 

Equation (5): 

𝑓𝑝(𝑥) = 𝑤𝑇𝑥 + 𝑏         (Eq. 5)     

where 𝒘 is the weight of the support vector, which represents the 

importance of each feature for the learning machine, and 𝒃 is a 

bias value. 

LIBS data contain abundant spectral features with irrelevant 

information about the analyte. Thus, reliable estimation models 

should be established by selecting informative spectral features to 

improve model performance and to avoid the curse of 

dimensionality.28 K-fold-support vector machine-recursive feature 

elimination (K-SVM-RFE) is an efficient feature selection method 

for use when appropriate for the SVM model. Aiming at 

eliminating the irrelevant features, K-fold cross-validation is 

performed in each iteration, and the weight of features is obtained 

according to its average contribution to the prediction performance 

of the SVM model, then the 30% features with the minimum 

weight is removed. Finally, the optimal feature subset is obtained 

according to the internal cross-validation accuracy with different 

subsets. The detailed process of the K-SVM-RFE algorithm is 

presented in ref 20. 

RESULTS AND DISCUSSION 

Effect of spectral pretreatment 

It is well known that the LIBS signal is comprised of characteristic 

emission lines, the background signal, and the noise signal. The 

characteristic emission line and background signal affected by 

matrix effects could be utilized to evaluate the properties of the 

materials. However, the noise signal, which is a random and messy 

jamming signal, affects proper analysis. The noise signal caused 

by fluctuations of the optical detector and electronic system could 

be weakened by WTD. Fig. 2 shows the effectiveness of the 

denoising pretreatment with WTD. The red lines are the raw 

spectrum of the I1 specimen, and the black lines are the denoised 

spectrum. The noise signal with low amplitude and high change 

rate is corrected, while the characteristic lines of the main elements 

that change at a low frequency on a large scale are relatively 

consistent with the original. For example, the wavelengths ranging 

from 300 to 330 nm, which are mostly noise signals, are efficiently 

eliminated.  

Multiple scattering correction (MSC) is a commonly used data 

processing method in the current multi-wavelength modeling. The 

spectral data obtained after the scattering correction can effectively 

eliminate the influence of scattering and correct the baseline drift 

caused by the limited resolution of the spectrometer and 

systematic errors. Taking the representative spectra ranging from 

452 to 485 nm from six laser pulses of a single specimen as an 

example, as shown in Fig. 3a and Fig. 3b, after preprocessing the 

denoised data by the MSC method, the baselines are corrected, and 

the spectra have higher similarity and stability. 

Establishment of aging grade model 

In order to propose an appropriate hybrid model building method 

for the degeneration assessment of heating pipe surfaces via LIBS, 

4320 samples from 16 pretreated specimens with different aging 

grades (10 artificial specimens and 6 industrial pipe slices, with 

270 samples in each specimen from 9 measuring positions) were 

employed as the analytes. It is worth mentioning that the spectral 

samples were first normalized by the average spectral intensity of 

the whole spectrum. From each specimen, 20% of the samples 

were selected randomly and assigned as the testing set for the 

external test of the model, and the rest of the samples were used as 

the training sets. The performance of the models was assessed by 

the overall accuracy which was calculated as the ratio of the sum 

of true positives (the number of spectral data correctly classified in 

the testing set) to the total number of testing spectral data. 
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Fig. 3 Comparison of (a) denoised spectrum and (b) denoised spectrum preprocessed by MSC of the I1 specimen. 

 

 

 

 

 

 

 

Fig. 4 Accuracy of cross-validation of different feature subsets of the 

spectra preprocessed by different spectral pretreatment under K-SVM-RFE. 

First, the normalized spectra were preprocessed by WTD, MSC 

or WTD plus MSC, respectively. Then the feature selection based 

on K-SVM-RFE was applied to the training set. For each spectrum 

undergoing different spectral pretreatment, there were 2048 

features in the spectral band of 297-556 nm. The iteration number 

of feature selection was set to 16 and the spectral features were 

eliminated from 2048 to 42. The internal cross-validation result 

was calculated by the model built within the same training samples 

at each iteration. The training set data were randomly divided into 

the training subset and the validation subset for cross-validation 

according to the ratio of 4:1, namely, K was set to 5. When the 

cross-validation accuracy reached maximum, the selected current 

features were considered the optimal subset. As shown in Fig. 4, 

the optimal feature subsets of the normalized spectra and the 

normalized spectra only preprocessed by MSC are obtained at 

iterations five and four, and the size of the feature subsets are 513 

and 642, respectively, while the CV results of the spectra that were 

preprocessed by WTD and WTD plus MSC reached maximum at 

iterations nine and seven. After the optimal feature subsets were 

obtained, the testing set screened out the corresponding features 

through the feature selection results of the training set. Finally, for 

the effective establishment of the SVM classification model, the 

kernel function of each model that was used to map the data set 

and the combination parameters were optimized by the grid-search  

Table 2. Performance of the Aging Grade Model Based on Optimal 

Subsets of the Spectra Preprocessed by Different Spectral 

Pretreatment 

Spectral pretreatment 
 Size of optimal 

subset 

External test 

accuracy 

Normalization 513 
86.81% 

(750/864) 

Normalization and 

MSC 
642 

89.00% 

(769/864) 

Normalization and 

WTD 
209 

90.97% 

(786/864) 

Normalization, WTD 

and MSC 
328 

95.37% 

(824/864) 

method. The aging grade models based on the multivariate SVM 

method were established using the optimal subsets and model 

settings, thereby performing external tests on the testing set. 

Table 2 shows that the models established with the normalized 

spectra and transformed by the WTD or MSC methods achieved 

higher external test accuracy (90.97% and 89.00%) than the model 

established with the normalized spectra (86.81%). The aging grade 

model synchronously coupled with WTD and MSC exhibited the 

highest accuracy (95.37%). It can be seen from the location map 

of the optimal feature subset (Fig. 5) that the model built with the 

normalized spectra selects a lot of noisy features, which would 

affect the constructed relationship between these spectra emissions 

and the aging grade. Moreover, many wavelengths located at 

around half maximum of the peaks were selected rather than the 

peak, which may be attributed to the baseline drift. The 

determination of the weight coefficients may be arbitrary during 

the iteration process, which can be easily disturbed by the variables 

with baseline drift and lead to a flawed feature selection result.29  

Feature selection to improve model performance is based on the 

assumption that the higher the coefficient, the more valuable the 

variable, but it is seriously affected by the difficulty of building a 

reliable relationship between variable and coefficients in the 

selection process. When it comes to the spectra denoised by WTD  
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Fig. 5 Comparison diagrams of selected feature subsets in the models built 

with (a) normalized spectral data and the (b) normalized spectral data 

pretreated by WTD+MSC. 

 

 

 

 

 

Fig. 6 Comparison of the spectrum of actual pipe specimen (P1) and pipe 

slice specimen (I5). 

 

 

 

 

 

 

Fig. 7 Variation trends of the emission line intensities of T91 matrix element 

with laser pulse number increasing on actual industrial pipe (P1). 

and transformed by MSC, the selection of the optimal subset only 

retained the profile and peak of the emission line which provided 

useful information for LIBS data classification.30, 31 Therefore, the 

discrimination capacity of the aging estimation model was 

significantly improved. 

Based on the above analysis, a hybrid aging grade model 

combined with WTD, MSC, K-SVM-RFE and the multivariate 

SVM method is proposed for the evaluation of industrial pipes 

based on all of the spectral data obtained for the pretreated T91 

specimens. 

Spectral characteristics of actual pipe heating surface  

During coal-fired boiler operation, the pipe surface of a heating 

surface undergoes oxidation in the high-temperature aerobic 

environment. Fly ash and other coal combustion products may be 

deposited on the pipe surface, resulting in the growth of a thin layer 

composed of metal oxides and slagging. Fig. 6 shows the 

representative spectrum of the actual superheater pipe (P1) and its 

slice (I5). Ca and Al are common elements of slagging on the 

heating surface of coal-fired boilers, which can be observed in the 

spectra of actual pipe specimens.32 The extra iron spectral lines 

may be attributed to the metal oxide layer. Fig. 7 shows the 

variations of the matrix element (Fe, Cr, Mn, V) line intensities of 

T91 with the laser pulse number increasing on the surface of the 

superheater pipe. In the early 225 shots, the increase of line 

intensities is obvious, resulting from the consumption of the oxide 

layer and more abundant ablation on the T91 steel matrix with the 

increase of pulse number. After that, the line intensities are 

relatively stable. In the last 75 pulses, the intensities slightly 

decrease with the increase in pulse number after a brief rise. This 

is attributed to the evident change of crater depth and shape with 

the further increase of the pulse number, which is called the crater 

effect.33,34 

Aging grade estimation of actual pipe heating surface  

In order to better apply the aging grade model to the evaluation of 

the actual industrial pipes, the spectral data of the pipe specimens 

from the first 225 and the last 75 laser pulses were excluded in the 

subsequent analysis. Thus, we obtained a testing set with 600 

samples (a superheater pipe and a reheater pipe, with 300 samples 

in each specimen from three measuring spots). After preprocessing 

the normalized testing data by the WTD and MSC methods, 209 

spectral features of testing sets were retained based on the results 

of the feature selection of the aging grade model. Owing to the fact 

that the feature selection is based on the pretreated specimens, the 

characteristic spectral lines specific to the actual industrial pipe, 

such as the emission lines of Ca and Al, are not selected.  

Furthermore, the selected features of the pretreated specimens 

and the actual pipe specimens were compared. Fig. 8 shows the 

intensities of the representative selected features of the pipe 

specimens and the average intensities of the optimal subsets of the 

pretreated T91 specimens. The characteristics of these selected 

spectral features were different owing to significantly different 

surface properties as well as element composition and 

concentrations between the polished specimens and the actual pipe 

specimens. Several major scale intensity features such as the 

atomic Fe, Cr, and V emission lines of the pretreated T91 

specimens were stronger, while most of the rest of the features, 

file:///H:/Dict/8.9.3.0/resultui/html/index.html%23/javascript:;
file:///H:/Dict/8.9.3.0/resultui/html/index.html%23/javascript:;
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Fig. 8 Comparison of the intensities of the representative selected features 

of pipe specimens and the average intensities of the optimal subsets of 

pretreated T91 specimens. 

Table 3 Aging Grade Estimation Result of Pipe Specimens 

Specimen Aging 
grade 

Accuracy 
rate 

Average 
accuracy 

Superheater 

pipe (P1) 
1 

86.33% 

(259/300) 
85.17% 

Reheater 

pipe (P2) 
3 

84.00% 

(252/300) 

including the ionic Fe, Cr, and Mn emission lines, were weaker 

than the features of the actual pipe specimens. 

Pořízka et al.35 proposed that the data standardization process is 

significant for multivariate data analysis, especially when there is 

a significant difference between the testing data and the data for 

the construction of the estimation model. Rescaling each variable 

not only balances the relative weight of the spectral features, but it 

also reduces the spectral differences due to the inconsistent 

ablation behavior between actual surface and polished surface, 

thereby greatly improving the detection effectiveness.36 Therefore, 

the testing set was standardized for reliable evaluation. In this 

study, we proposed a spectral standard method according to the 

spectral characteristic difference between the actual pipe and the 

pretreated specimens and applied it to the feature subsets of the 

pipe. 

First, the ionic spectral emission line of Fe II at 522.24 nm, 

which was the most intense ionic spectral line of the main 

component element of T91 steel, was selected as the internal 

standard. The intensity of the spectral features was then divided by 

the intensity ratio of the FeII 522.24 nm line of the feature subset 

and the FeII 522.24 nm line of the average optimal subset of the 

pretreated T91 specimens. The detailed function is expressed as 

Equation (6): 

𝐼𝑖𝑛 = 𝐼𝑗
𝐼𝐹𝑒′

𝐼𝐹𝑒
         (Eq. 6) 

where 𝐼𝑖𝑛 is the feature subset after standardization, 𝐼𝑗 is the 

raw subset, 𝐼𝐹𝑒 is the intensity of the FeII 522.24 nm emission 

line of the raw subset, and 𝐼𝐹𝑒′ is the FeII 522.24 nm emission 

line intensity of the average optimal subset of the pretreated T91 

specimens. After standardization of the selected features of the 

actual industrial pipe specimens, the estimation of aging grade 

achieved an accuracy of 85.17% (as shown in Table 3). The 

established hybrid model presented here has a strong 

discrimination capacity and robustness (the capability of handling 

the fluctuations of spectral signals under different measuring 

conditions). 

CONCLUSIONS 

This study proposed a hybrid model based on WTD, MSC, K-

SVM-RFE and SVM for the estimation of the aging grade of 

actual industrial pipe heating surface via a newly developed 

portable LIBS device. It was found that the noise signal and 

baseline drift of the LIBS spectrum could be corrected effectively 

with WTD and MSC, which was conducive to the selection of 

optimal feature subsets using K-SVM-RFE. The aging grade 

model established with the optimal spectral feature subsets of T91 

artificial specimens and industrial pipe slices achieved an accuracy 

of 95.4% for the external test. Due to the presence of surface 

oxidation and slagging, the spectrum of the actual industrial T91 

pipes showed significantly different spectral characteristics from 

the artificial specimens versus the industrial pipe slices. Hence the 

spectral data of the pipe specimens were screened and 

standardized for improving the representativeness. The 

assessment of the aging grade was achieved with an accuracy of 

85.17%, which verifies the effectiveness of the aging grade model 

for performing practical measurements. The portable LIBS 

technology coupled with the spectral pretreatment and the feature 

selection algorithm has great potential for industrial applications 

in heat-resistant steel estimation. 
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ABSTRACT: U-Pb dating geochronology by laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) 

has been widely applied in geological research as a low-cost and high-efficient in situ micro-analytical tool. Currently, quantitative 

analysis using LA-ICP-MS requires matrix-matched external standards to correct for elemental fractionation. Since natural standard 

minerals are often limited in supply or not available, non-matrix-matched calibration methods using synthetic glasses as the 

calibration standards have attracted attention. In addition, access to a higher spatial resolution capability of <10 μm spot size has been 

driven by the interest in studying the temporal records of fine mineral grains or rims compared to the conventional >20 μm laser 

ablation spots used in most LA-ICP-MS laboratories for zircon dating. In this study, we present an LA-ICP-MS analytical procedure 

for non-matrix-matched U-Pb zircon dating using a 9 μm laser ablation spot size and a synthetic silicate glass (NIST SRM 610) as 

the external standard. The elemental fractionation between the NIST SRM 610 glass and zircons can be significantly reduced by 

using a low laser frequency (2 Hz) and energy density (3 J/cm2). To minimize the matrix effect on matrix-mismatched calibration 

between samples and standards, the effect of adding a small amount of water vapor or hydrogen into the carrier gas was investigated. 

A small amount (about 1.9 μL/min) of water vapor added into the sample cell can reduce the Pb/U ratios of the NIST SRM 610 up 

to 14% during a 40 s ablation time 

at a small spot size. However, by 

adding water vapor after the 

sample cell can achieve an 

accuracy and precision of better 

than 2.3% for the weighted average 
206Pb/238U ages using a 9 μm spot 

size. In addition, the laser-ablated 

crater depth needs to be less than 

4.3 μm to control the down-hole 

fractionation during laser ablation. 
 

INTRODUCTION 

In situ U-Pb dating of zircon using laser ablation inductively 

coupled plasma mass spectrometry (LA-ICP-MS) is one of the 

most widely applied geochronological analytical tools in the 

earth sciences.1-8 Compared with isotope dilution thermal 

ionization mass spectrometry (ID-TIMS), LA-ICP-MS is more 

commonly used due to its simple sample preparation, high spatial 

resolution, high throughput and acceptable precision.1,6 The 

spatial resolution of single-spot ablation used in LA-ICP-MS is  

normally larger than 20 μm, and most of the U-Pb age accuracy 

is within 2-4%.8,9 Although many U-Pb dating obstacles by using 

LA-ICP-MS have in the interim been solved, information 

regarding the age or the chemical features in specific domains, 

such as fine-grained zircons and/or zircons with complex 

zonation, are indistinguishable at these scales. Thus, the demand 

for higher spatial resolution at a scale of less than 10 μm has been 

driven by many geologists.7,10,11 However, zircon U-Pb dating 

using LA-ICP-MS has challenges when the spot size is less than 

20 μm. Different elemental fractionation between Pb and U 
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occurs during a thermal effect induced by laser ablation sampling, 

and the particles with different sizes and compositions yielded by 

phase separation.12 These lead to different transport efficiency 

and ionization zones within the plasma and result in observed 

U/Pb fractionation. Furthermore, the U and Pb fractionations 

evolve significantly with the increasing aspect ratio (depth/width) 

of the ablation crater, which is commonly referred to as down-

hole fractionation (DHF). Matrix-matched reference materials 

are normally used to quantify the trend of DHF, and then the 

correction factor to unknown samples to yield reliable Pb/U ratio 

is applied. This method is based on the assumption that the  

samples and the calibration standards have the same elemental 

fractionation patterns.13 However, DHF is not only time-related 

but also matrix-dependent, so the elemental fractionation in 

different matrices is affected by their physical and chemical 

properties13,14 even the same species is unlikely to share the same 

trait in elemental fractionation.7,14,15 Previous research suggests 

that DHF can be alleviated by using a larger diameter spot size, 

shorter ablation time,7 or by carefully adjusting the laser 

parameters such as fluence, repetition rate or laser wavelength 

which determines the aspect ratio. Several studies suggested that 

DHF could be calibrated using mathematical models.15,16  

Significant matrix effects often occur in U-Pb isotope 

measurements using LA-ICP-MS. Previous U-Th-Pb isotope 

studies have reported systematic errors from 4.9% up to 28.8% 

higher than the reference ages obtained by using zircon as the 

non-matrix-matched reference material to calibrate allanites,4 

which necessitates the use of external matrix-matched standards.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 Schematic diagram of the experimental setup. (a) Adding additional 

gas after sample cell. (b) Adding additional gas before the sample cell. (c) 

Water introduction system (homemade). The diameter of the quartz bottle 

is 65 mm. The glass bottle was designed with a heat preservation cover to 

control the temperature. 

However, other investigations suggest that the matrix effect can 

be minimized by optimizing the laser ablation mode and the 

instrumental operating conditions.3,17 Although laser-induced 

elemental fractionation can be minimized by optimizing the laser 

parameters, ICP-induced elemental fractionation and the matrix 

effects related to the sample composition may still persist.18 The 

non-matrix-matched standardization mentioned above suggests 

that particle size, mass load, and ionization efficiency are the 

dominant issues in restraining elemental fractionation in ICP.17 

Furthermore, adding moisture or so-called wet plasma conditions 

has been demonstrated to suppress the matrix effect in isotope 

analysis significantly.19,20 

In this work, we investigated zircon U-Pb dating by using 

NIST SRM 610 as the non-matrix-matched external standard at 

9 μm spot size and 193 nm laser ablation-ICP-MS. The 

enhancement and matrix effects by introducing additional H2O 

and H2 into the carrier gas were systematically investigated. The 

precision and accuracy of this analytical protocol were verified 

by examining the results obtained using five international zircon 

standards. 

EXPERIMENTAL 

Instrumentation and operating conditions 

A 193 nm ArF excimer laser ablation (LA) system was used in 

this study. The LA system consitsts of a Coherent ExciStar XS 

200 laser, with the beam delivery system and operating software 

provided by Beijing HLG Instrument LTD. The pulse width of 

the laser system was about 5 ns, and the repetition rate varied 

between 1 to 200 Hz. This laser ablation system was equipped 

with a customized small rectangular sample cell, six mounts with 

a diameter of 16 mm which can be placed in a linear array in one 

run. The sample cell was flushed with helium gas during laser 

ablation, and the ablated aerosol flushed out from the sample cell 

was first mixed with 0.9 L/min argon via a Y-junction, then 

passed through a homemade on-line mercury removing and 

signal smoothing device2 before reaching the ICP-MS. 

Minor additional gases (hydrogen or water vapor) were 

introduced into the carrier gas (helium) before or after the sample 

cell. Hydrogen was supplied by electrolyzing ultrapure water 

with a hydrogen generator (QL-500, Shandong Saikesaisi 

Hydrogen Energy Co., Ltd.), and the gas flows were controlled 

using an external mass flow controller (1-10 mL/min) (Fig. 1). 

The stable introduction of water vapor was performed using an 

in-house system (Fig. 1c) and consisted of a quartz glass bottle 

filled with ultrapure water (18.2 MΩ·cm, Millipore Corporation, 

USA). A constant helium gas flow (20 mL/min) was introduced 

into this system which carried an extremely small amount of 

water vapor (about 1.9 μL/min) that spontaneously evaporated in 

this container as the helium gas passed through the water surface 

(A ≈ 33 cm2) at room temperature (22 oC). This system can  
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Table 1. Instrumental Parameters Used in this Work 

ICP-MS model: Jena PQ-MS Elite 

RF power 1.6 kW 

Plasma Flow 9.5 L min-1 

Auxiliary Flow 1.5 L min-1 

Nebulizer Flow 0.80-0.90 L min-1 

Trace elements measured 7Li, 9Be, 29Si, 44Ca, 45Sc, 49Ti, 51V, 53Cr, 55Mn, 57Fe, 59Co, 60Ni, 63Cu, 66Zn, 69Ga, 72Ge, 85Rb, 88Sr, 89Y, 90Zr, 
93Nb, 95Mo, 133Cs, 137Ba, 139La, 140Ce, 141Pr, 146Nd, 147Sm, 153Eu, 157Gd, 159Tb, 163Dy, 165Ho, 166Er, 169Tm, 
172Yb, 175Lu, 178Hf, 181Ta, 182W, 202Hg, 204Pb, 205Tl, 206Pb, 207Pb, 208Pb, 209Bi, 232Th, 238U 

Detector mode Pulse counting 

Laser ablation system 

Laser Coherent ExciStar XS excimer laser 

Wavelength 193 nm 

Pulse width  5 ns 

Fluence  2-5 J/cm2 

Repetition rate  2-5 Hz 

Carrier gas (He) 500 mL/min 

Spot size 9 μm 

Dwell time 10ms for 204Pb, 206 Pb, 207 Pb, 208 Pb, 232Th, 235U, 238U; 6ms for other isotopes 

Table 2. Five Zircon Reference Materials with Preferred ID-TIMS Ages and U Concentration Ranges 

Sample 
ID-TIMS Ages (Ma, ±2σ) 

206Pb/238U ratio U range (μg/g) References 
206Pb/238U 207Pb/206Pb 

91500 1062.4±0.4 1065.4±0.3 0.17917 71-86 31 

GJ-1 599.8±1.7 602.1±1.6 0.09761 212-422 5 

Plešovice 337.13±0.37 337.23±0.18 0.05368 465-3084 32 

Qinghu 159.38±0.12 159.68±0.22 0.02516 684-2413 33 

Temora-2 416.78±0.33 416.99±0.24 0.06679 61-389 34 

 

provide a stable amount of H2O to the ICP and can alter the water 

vapor introduction rate by changing the helium gas flow rate and 

water temperature.  

A model PlasmaQuant MS ICP-MS was used for the 

experiments (Analytik Jena, Germany). This instrument was 

operated in high-sensitivity mode with 1390 million counts per 

second/ppm for 115In in the solution nebulization mode. The ICP-

MS was optimized for stability and sensitivity in the solution 

mode before being connected to the laser ablation system. The 

plasma was kept lit during removal of the spray chamber and its 

connection to the laser ablation system. We used the line-scan 

mode to tune the operating parameters of the ICP-MS and used 

the NIST SRM 610 glass as reference material. The nebulizer gas 

flow rate and the ion optics were optimized to maximize the 

sensitivity and to make sure the 232Th16O+/232Th+ ratios were 

below 0.3% and the ratios of 238U/232Th between 0.96-1.00. After 

adding water vapor or hydrogen, the oxide formation was slightly 

increased, and the gas flow rate was retuned to keep the 
232Th16O+/232Th+ ratios below 0.8%. All measurements for the 
238U, 232Th, 208,207,206,204Pb, and 202Hg isotopes were collected in 

peak jumping mode. Mass 204 was measured to monitor the 

presence of common Pb in the zircon grains, and 202Hg was 

measured in order to correct for the isobaric interference of 204Hg 

on 204Pb. The details of the instrumental operating conditions and 

parameters used in this study are summarized in Table 1. The 

instrument was warmed up for at least one hour prior to the start 

of sample analysis.  

Reference samples 

In this study, five zircon standards were used as the unknown 

samples, i.e., 91500, GJ-1, Plešovice, Temora-2, and Qinghu, all 

of which have well-characterized U–Pb ID-TIMS ages (Table 2). 

These zircon reference materials cover a wide range of U 

concentrations and ages and were used to assess the precision and 

accuracy of the analytical protocol proposed in this study. The 

synthetic glass NIST SRM 610, one of the most commonly used 

reference materials in LA-ICP-MS analysis, was used as an 

external standard to calibrate the zircon U-Pb ages. The external 

standard was measured twice between every six samples to 

calibrate the instrumental drift. The U concentration of NIST 

SRM 610 is 475 μg/g.21 The reference 206Pb/238U ratio of NIST 

SRM 610 is 0.2236±0.015 (2σ),22 and the working value of 

207Pb/235U ratio is 28.1753±0.016 (2σ) as calculated by Horn et 

al. (2007) and assuming 238U/235U = 137.818.23 Fragments of the 

zircon grains and the NIST SRM 610 glass were mounted into 

16-mm diameter round epoxy mounts and polished with one-

micron diamond paper until 1/3 of each zircon was exposed.  

Data reduction 

The U-Pb dating raw data were calculated using the 

ICPMSDataCal software, and the detailed calculations for the  
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U-Th-Pb isotopic ratios and the correction method used were as 

reported by Liu et al. (2009).24 Non-matrix-matched U-Pb dating 

standardization requires similar elemental fractionation between 

standard and sample. The observed elemental fractionation 

during analysis can occur in various processes, including 

ionization and atomization within the plasma, 18 aerosol 

transportation, and at the ablation site.12,14 The fractionation 

factor was used here to indicate the elemental fractionation  

(Eq. 1): 

f206/238 = ( Pb206 / U238
0−(

𝑡

2
) 𝑠

/ Pb206 / U238
(

𝑡

2
)−𝑡 𝑠

)  (Eq. 1) 

where t is the total integration time. The fractionation factor (f) 

of 206Pb/238U ratio should be around 1 if little fractionation occurs. 

Fig. 2 illustrates the fractionation factor of the 206Pb/238U ratios 

for the five zircon standards and NIST SRM 610 glass at 9 μm 

spot size (2 Hz, 3 J/cm2) using different integration intervals. 

With a deepening of the ablation pit, the fractionation factor of 

NIST 610 is basically around 1, indicating little effect of the DHF 

on the U/Pb rarios of NIST 610. However, the U/Pb ratios of the 

zircons increased with a deepening of the ablation pit, and the 

fractionation factors of the zircon samples were all significantly 

higher than those of the NIST SRM 610 when using 40 s 

integration intervals (Fig. 2b), which indicates a severe influence 

from the DHF. In addition, when ablation takes place on the 

sample surface at the beginning, there was a relatively high U/Pb 

ratio in the first 5 s, even higher than the U/Pb ratio which is 

affected by DHF in the later stage of laser ablation (Fig. 2a and 

2c), indicating elemental fractionation occurred before an 

increase of the aspect ratio. This suggests a volatile/refractory 

element fractionation within the plasma and/or along the particle 

transportation efficiency between the sample cell and the plasma. 

The laser ablation process produces larger particles in the initial 

several seconds for single-hole ablation.25 The refractory 

elements are preferentially enriched in large particles,26 resulting 

in higher 206Pb/238U ratios. The data reduction should avoid the 

part where fractionation displays distinctively different trends. 

Accordingly, for all of the 9 μm non-matrix-matched calibrations 

in this study, the data reduction was processed by using 20 s 

intervals (i.e., 40 laser shots) and by carefully masking the first 5 

seconds to acquire reliable results. The fractionation factor of the 

NIST SRM 610 and the zircons was almost identical and close to 

1 when masking the initial 5 seconds (10 pulses) and limiting the 

ablation intervals within 20 s (Fig. 2d). The depth of the laser 

ablation craters were 4.3 μm after 25 s, which was obtained using 

a confocal laser scanning profilometer (OLS4100, Olympus) (Fig. 

3). Thus, the elemental fractionation could be reduced by 

controlling the depth of the ablation pit to less than 4.3 μm for a 

9 μm laser spot during non-matrix-matched standardization. 

Furthermore, because the signal-to-noise ratios of 207Pb of some 

natural zircons were not enough to obtain a reasonable value 

under the conditions of low frequency, low fluence and small 

beam spot, only the 206Pb/238U ages are discussed in this study. 

 

 

 

 

 

Fig. 2 Fractionation factor of 206Pb/238U ratios of NIST SRM 610 and five 

zircon standards using 2 Hz and 3 J/cm. (a) Using 40s integration intervals; 

(b) Using 40s integration intervals and masking the initial 5s; (c) Using 20s 

integration intervals; (d) Using 20s integration intervals and masking the 

initial 5s. 

 

 

 

 

 

 

Fig. 3 Depth of laser ablation crater with 50 pulses of laser shots. 

RESULTS AND DISCUSSION 

Elemental fractionation of laser ablation 

The U/Pb ratios of zircons display an increasing trend with 

ablation time. This phenomenon can be accelerated in analyses 

involving a small diameter laser spot size (≤20 μm) due to the 

increased aspect (depth/width) ratios of the ablation crater, i.e., 

the DHF. Thus, the laser beam should be set at a low repetition 

rate and low fluence to restrain elemental fractionation at the 9 

μm spot size. 

Besides the aspect ratios, DHF is also known as matrix-

dependent and shows different patterns among different matrices, 

even among zircons.7,14 The normalized 206Pb/238U ratios 

(relative to their reference 206Pb/238U values) for the reference 

zircon Plešovice and NIST SRM 610 glass analyzed in this study 

are illustrated in Fig. 4. In order to compare the ratios of the 

different matrices，the raw data of 206Pb/238U was normalized to 

their reported ID-TIMS ratios. All of the normalized ratios 

increased with the ablation time at 5 Hz and 5 J/cm2 ablation 

conditions (Fig. 4a), suggesting both the zircon and the glass 

were affected by the DHF as the ablation pits deepened. The 

trend of the 206Pb/238U ratios for NIST SRM 610 was relatively 

flat, while the trend for zircon tended to show a more significant 

increase. Therefore, we used 2 Hz and 3 J/cm2 on 9 μm spot 
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Fig. 4 The trend of element fractionation of zircon and NIST SRM 610 in 9 μm. (a) Zircon Plešovice and NIST SRM 610 were analyzed using 5 Hz and 5 

J/cm2. (b) Zircon Plešovice and NIST SRM 610 were analyzed using 2 Hz and 3 J/cm2. The measured 206Pb/238U ratios were normalized to ID-TIMS result 

(Table 2). 

 

 

 

 

 

 

 

Fig. 5 The effect of a smoothing device on signal intensity. The laser 

frequency is 2 Hz. 

analysis for non-matrix-matched calibration. Compared with the 

routine laser ablation conditions (5 Hz and 5 J/cm2, Fig. 4a) for 

zircon dating, the difference between the trend of the normalized 
206Pb/238U ratios of zircon and NIST SRM 610 was reduced when 

mild laser ablation conditions (2 Hz, 3 J/cm2, Fig. 4b) were 

applied.  

A smoothing device was used before the sample aerosol 

reached the plasma (Fig. 1 a and b) to obtain a stable signal under 

such low laser repetition rates (Fig. 5). Under mild conditions  

(3 J/cm2, 2 Hz), the net mean intensity of 238U on the NIST SRM 

610 glass was 1.85104 counts per second (cps) for 9 μm spot 

ablation. The U-Pb ages obtained by a laser of 5 Hz and 5 J/cm2 

in 9 μm with NIST SRM 610 as the external standard were 13-

19% above the relative ID-TIMS reference ages, while the age 

offsets of 9 μm U-Pb dating using a laser of 2 Hz and 3 J/cm2 

were less than 2.8% (Table 3).  

Therefore, the laser-induced elemental fractionation, which 

was suggested as the dominant factor of fractionation,27 can be 

manifestly alleviated by lowering the repetition rate and the laser 

fluence. However, various processes may lead to matrix effect 

and elemental fractionation during laser ablation and ionization 

or atomization within the plasma, which means even the laser-

induced fractionation can be alleviated with a lower repetition 

rate and fluence, yet the matrix effect still exists within the ICP. 

Thus, the hydrogen and the water introduction systems were 

employed to further investigate the suppression effect of the ICP-

induced matrix effect by attaching them to the front and the rear 

of the sample cell. 

Effects of hydrogen and water vapor 

1) Effect on signal sensitivity 

Fifty elements of the NIST SRM 610 were analyzed to identify 

the signal enhancement by adding an extra stream of gas into the 

helium carrier gas (Fig. 6d). The signal intensities for all elements 

measured in the NIST SRM 610 glass showed significant 

enhancement by adding hydrogen into the carrier gas. The 

enhancement factor depends on the amount of extra gas and the 

elements. The relative signal enhancement of several selected 

elements during the gradual increase of hydrogen (0-5 mL/min) 

is illustrated in Fig. 6b. For each hydrogen gas flow rate, the 

nebulizer gas was optimized to acquire the highest sensitivities. 

The increase factor of 2.0-4.6 for all of the elements was 

investigated in this study. In general, optimal U-Th-Pb sensitivity 

can be obtained by adding 3 mL/min hydrogen into the carrier 

gas (Fig. 6b). The sensitivity enhancement can be partly 

attributed to the higher electron temperature of the plasma with a 

constant supply of a small amount of hydrogen, which therefore 

provides higher ionization efficiency.28 

The water vapor is carried into the ICP by a stream of helium 

gas, split from the carrier gas by a Y-junction. In order to get a 

constant and adjustable gas flow rate, the separated stream of 

helium gas was first connected to a mass flow controller, then 

passed through a home-made water-filled gas-wash bottle (Fig. 

1c). An amount of 5-50 mL/min helium gas was introduced into 

this home-made glass bottle which passed over the water's 

surface to achieve water vapor at around 0.3-4.6 μL/min. The 
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Table 3. Weighted Average 206Pb/238U Ages at 9 μm Spot Size Under Different Analytical Conditions 

Ablation Parameter Zircon n 206Pb/238U age (Ma) ±2SE %2SE Age offset (%) 

9 μm  

5 Hz, 5 J/cm2 

91500 6 1231.0 20 1.6 15.7 

GJ-1 6 713.8 9.1 1.3 19.0 

Plešovice 6 387.6 9 2.3 15.0 

Temora 3 471.0 13 2.7 13.0 

QingHu 6 184.3 2.6 1.4 15.5 

9 μm  

2 Hz, 3 J/cm2 

91500 15 1078.0 22 2.1 1.47 

GJ-1 10 585.0 12 2.0 -2.47 

Plešovice 10 327.6 5.8 1.8 -2.82 

Temora 10 406.0 24 5.8 -2.59 

QingHu 10 159.3 3.3 2.1 -0.13 

9 μm  

2 Hz, 3 J/cm2 

adding H2  

before sample cell 

91500 7 1145.0 21 1.8 7.77 

GJ-1 10 628.1 8.6 1.7 4.72 

Plešovice 7 341.2 5.3 1.5 1.22 

Temora 7 433.0 11 2.5 3.89 

QingHu 7 166.3 2.6 1.9 4.26 

9 μm  

2 Hz, 3 J/cm2 

adding H2O  

before sample cell 

91500 7 1140.0 20 1.3 7.30 

GJ-1 6 620.0 11 1.2 3.37 

Plešovice 7 350.0 3.9 1.0 3.83 

Temora 7 442.8 7.5 2.6 6.24 

QingHu 7 164.9 3.1 1.2 3.39 

9 μm  

2 Hz, 3 J/cm2 

adding H2  

after sample cell 

91500 14 1079.0 18 1.7 1.56 

GJ-1 15 607.8 7.8 1.3 1.33 

Plešovice 10 341.5 6.2 1.8 1.31 

Temora 10 419.8 9.9 2.4 0.72 

QingHu 10 163.2 3.0 1.8 2.32 

9 μm  

2 Hz, 3 J/cm2 

adding H2O 

after sample cell 

91500 15 1057.0 19 1.8 -0.51 

GJ-1 15 594.2 9.1 1.5 -0.93 

Plešovice 10 336.9 5.2 1.6 -0.06 

Temora 10 419.6 9.7 2.3 0.67 

QingHu 10 161.1 3 1.9 1.00 

 

results show that adding such a small amount of water vapor into 

the carrier gas increased the sensitivity of all investigated 

elements by a factor of 1.3-4.2. The optimal additional helium 

gas flow rate for introducing water vapor was 1.9 μL/min 

(introduced using 20 mL/min helium) for U, Th, Pb (Fig. 6a).  

We also investigated the signal enhancement by introducing a 

small amount of hydrogen and a fixed flow of water vapor (1.9 

μL/min) at the same time (Fig. 6c). The results showed that 

adding hydrogen based on the optimized signal by adding 1.9 

μL/min water vapor had limited enhancement on the signal. 

Adding 1 mL/min of hydrogen and 1.9 μL/min water vapor 

simultaneously increased the sensitivity by 20% compared with 

only adding 1.9 μL/min water vapor. However, by increasing the 

amount of hydrogen (> 1 mL/min), the sensitivity decreased 

continuously. Furthermore, introducing water vapor and 

hydrogen into the sample cell at the same time increases the oxide 

formation rate from 310-3 to 710-3 and the Th/U ratio from 

around 0.97 up to 1.1. 

2) Effect of adding water vapor or hydrogen before sample 

cell on 9 μm U-Pb dating analysis using non-matrix-matched 

calibration  

In order to achieve accurate and precise zircon U-Pb ages and 

further alleviate the matrix effect, we investigated whether 

adding water vapor and hydrogen into the carrier gas affects the 

accuracy of U-Pb dating analysis by using non-matrix-matched 

calibration. 

For a small spot size, introducing a small amount of water 

vapor into the sample cell dramatically decreased the 206Pb/238U 

ratios of NIST SRM 610 up to 14% during 40 s ablation (Fig. 7b). 

However, the 206Pb/238U ratios of zircon increased about 1% (Fig. 

7b). The trend of the 206Pb/238U ratios of NIST SRM 610 was 

distinctively different from that of zircon with water vapor 

present in the sample cell. When adding extra water vapor before 

the sample cell, the age offsets for five standard zircons increased 

from 1.47% to 7.30% by using mild laser ablation conditions of 

9 μm (2 Hz and 3 J/cm2, Table 3). After adding water vapor before 

the sample cell, the ages in 9 μm using non-matrix-matched 

calibration get worse and much higher than the reference ID-

TIMS ages (Table 3, Fig. 9). In addition, adding an extra 3 

mL/min of hydrogen before the ablation cell also did not show 

obvious suppression on the matrix effect in non-matrix-matched 

calibration in 9 μm spot size (Table 3, Fig. 9). 
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Fig. 6 The sensitivity enhancement factors for seven selected elements in the presence of additional gases (e.g., hydrogen and water vapor) into carrier gas 

relative to normal ablation mode by 193 nm laser ablation of NIST SRM 610 at a spot size of 35 μm, 5 Hz and 3 J/cm2. (a) Water vapor was introduced with 

helium gas range from 5-50 mL/min; the net signal was relative to the signal of normal ablation without additional gas. (b) Hydrogen was introduced ranging 

from 1-5 mL/min; the net signal was relative to the signal of normal ablation without additional gas. (c) On the optimal condition of introducing water vapor 

(1.9 mL/min), introducing a small amount of hydrogen ranging from 1-5 mL/min, the net signal was relative to the signal of adding water at 1.9 mL/min. (d) 

the sensitivity enhancement of 50 elements with the presence of additional gases. 

 

 

 

 

 

 

 

 

Fig. 7 The trend of elemental fractionation of zircon and NIST SRM 610 in 9 μm. Zircon Plešovice and NIST SRM 610 glass were analyzed using 2 Hz, 3 

J/cm2. (a) Water vapor was introduced into carrier gas at 20 mL/min helium after sample cell. (b) Water vapor was introduced into carrier gas at 20 mL/min 

helium before sample cell.  

However, it should be noted that the addition of water vapor 

before the sample cell significantly alleviates down-hole 

fractionation. To investigate the suppression effect of DHF, NIST 

SRM 610 glass and five zircon standards were analyzed at  

5 J/cm2 and 5 Hz using the 9 μm laser spot size, which resulted 

in a significant DHF. The raw 206Pb/238U ratios were normalized 

to their ID-TIMS values and plotted versus the ablation time (Fig. 

8). The slopes of time-dependent Pb/U fractionation of different 

matrices showed a significant decrease after adding humid gas 

into the sample cell. Although the elemental fractionation was 

not completely eliminated, after adding water vapor using 20 

mL/min helium, the 206Pb/238U ratios of NIST SRM 610, 91500, 

Plešovice, QingHu, Temora, and GJ-1 decreased within the first 

25 s by 23.7%, 9.8%, 2.2%, 5.3%, 7.4% and 3.1%, respectively. 

The fractionation factor of the 206Pb/238U ratios for NIST SRM 

610 and the zircon references also declined when adding water  
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Fig. 8 Normalized 206Pb/238U ratios of NIST SRM 610 and five zircons using He or He + H2O carrier gases at 9 μm, 5 Hz, 5 J/cm2 laser ablation conditions. 

Each curve was normalized to the accepted ID-TIMS 206Pb/238U ratio (Table 2), the water was added before the sample cell using 20 mL/min helium gas. fc 

refers to the fractionation factor of 206Pb/238U ratios under common ablation mode without additional water vapor, fw refers to the fractionation factor of 
206Pb/238U ratios with water vapor addition. 

 

 

 

 

 

 

 

 

 

Fig. 9 The offsets (%) of the weighted mean 206Pb/238U ages of five reference zircons (at 9 μm, 2Hz, 3J/cm2) compared with respective ID-TIMS 206Pb/238U 

ages. Vertical bar represents the 2-standard error (2SE%) uncertainty. 

vapor into the ablation cell, but the extent of the decrease depends 

on the matrix. 

These results suggest that the existence of water vapor in the 

sample cell can partially suppress the elemental fractionation that 

occurred during the laser drilling process. However, the apparent 

alleviation of Pb/U fractionation by adding water vapor did not 

improve the accuracy of the U-Pb age at 9 μm spot size, neither 

by using NIST SRM 610 glass nor GJ-1 zircon for calibration. 

On the contrary, the presence of water vapor shifted the 
206Pb/238U ratios of the samples, and the degree of this shifting 

depends on the amount of water vapor and the type of matrix. 

Even if only a very small amount of humid gas (e.g., 0.3 μL/min 

water) was introduced, the 206Pb/238U ratios of the NIST SRM 

610 glass reduced by about 10%, which ultimately affects the 

zircon U-Pb age calibrated against the NIST SRM 610 glass. 

3) Effect of adding water vapor or hydrogen after the 

sample cell on 9 μm U-Pb dating analysis using non-matrix-

matched calibration 

Introducing a small amount of water vapor after the sample cell 

could alleviate the matrix effect on 9 μm spot U-Pb dating using 

NIST SRM 610 glass as a calibration standard and resulted in 

improving both the accuracy and the precision of the 206Pb/238U 

ages (Fig. 9). The weighted average 206Pb/238U ages of 91500, 

GJ-1, Plešovice, QingHu, and Temora are summarized in Table 

3 and Fig. 10. The net mean signal intensity of 238U was 3.32104 

counts per second (cps) for NIST SRM 610 glass using a supply 

of humid gas after the sample cell. In addition, the background 

signal increased from 5.5104 cps to 4.5105 cps for 29Si.  
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Fig. 10 Weighted average 206Pb/238U ages of five reference zircons (91500, GJ-1, Plešovice, Temora, Qinghu) analyzed using NIST SRM 610 as external 

standard. All samples were analyzed using a 193 nm laser ablation with a repetition rate of 2 Hz, fluence of 3 J/cm2 and a spot size of 9 μm. 

However, the background signal of U and Pb did not change. 

Moreover, by adding a small amount of water vapor after the 

sample cell, the oxide formation rate (232Th16O+/232Th+) increased 

from 210-3 in the normal ablation mode to 810-3.  

Introducing hydrogen into the carrier gas after the sample cell 

increased the signal intensity by 80% on 9 μm spot size analysis, 

and thus increased the precision of the dating results. However, 

the 206Pb/238U ages of zircon after hydrogen addition are 

systematically higher than the preferred values, while the 

accuracy of the U-Pb age calibrated by non-matrix-matched 

standards was not improved. This suggested that the effect of 

water vapor on the matrix effect does not directly come from the 

effect of hydrogen ions. 

The matrix effect suppression by adding water vapor after the 

sample cell is probably caused by the higher temperature of the 

plasma because the addition of water vapor leads to more 

complete atomization and ionization of the sample within the 

plasma.20 In addition, considering the different suppressions 

resulting from the different positions of the water vapor 

introduction experiments, the presence of humid gas within the 

sample cell plays an important role in alleviating the matrix effect 

caused by the laser ablation process. Previous studies suggest that 

the rate of laser-induced fractionation and the deposition on the 

ablation pit wall would significantly evolve, and consequently 

shift the U-Pb age, when other active gases, such as N2, O2 or 

atmospheric air, are present in the helium carrier gas during the 

ablation processes.27,29,30 The presence of water vapor in the 

sample cell may also have an effect on the particle deposition and  

drilling rate of the materials. Besides, the moisture of the gas 

present in the sample cell may affect the size distribution of the 

ablated particles. Furthermore, the amount of water introduced is 

also important for the optimization of the non-matrix-matched U-

Pb dating, since the introduction of excessive water vapor could 

lead to systematic deviation.30 Comparatively, no obvious 

reduction of matrix effects by adding hydrogen into the ablation 

system (no matter before or after the sample cell) suggests that 

the mechanism for eliminating the matrix effect by water vapor 

is not entirely related to hydrogen atoms. The addition of oxygen 

was also considered not to have a significant improvement on the 
206Pb/238U ages of the zircons.30 Further research is required to 

explain the suppression of matrix effects by adding moisture into 

carrier gas in terms of physical and chemical property changes 

during both plasma ionization and the laser ablation process. 

CONCLUSIONS 

In this paper, we presented an LA-ICP-MS analytical procedure 

for zircon U–Pb dating using the 9 μm laser spot size without 

reliance on a matrix-matched zircon reference material. The U-

Pb data were acquired using NIST SRM 610 glass as the primary 

non-matrix-matched standard reference material and the 

ICPMSDataCAL software for offline data reduction. The results 

obtained from five reference zircons indicated that the non-

matrix-matched calibration in high spatial resolution (9 μm) LA-

ICP-MS U-Pb dating can be successfully applied at low 

frequency (2 Hz) and low fluence (3 J/cm2). 
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The plasma-induced matrix effect on zircon U-Pb dating can 

be improved by introducing additional humid gas after the 

sample cell. The accuracy and precision of the U-Pb ages using a 

9 μm ablation spot are better than 2.3%. Our data also show that 

the presence of water vapor in the sample cell can significantly 

suppress the DHF observed at a small diameter spot size. System 

bias was found in shifting the 206Pb/238U ratios in the presence of 

a small amount of water vapor in the sample cell at 9 μm spot 

dating when calibrating the zircon U-Pb ages against NIST SRM 

610. Moreover, for small diameter ablation pits, using shorter 

ablation intervals (15-20 s, i.e., 30-40 pulse) on data reduction 

can also limit the difference of temporal changed 206Pb/238U 

ratios between the different matrices. Controlling the depth of the 

ablation craters to less than 4.3 μm could also limit the degree of 

fractionation. Alleviating the mismatches of the different 

matrices can broaden the range of minerals accessible for 

geochronology investigation and enable the use of well-

characterized synthetic external standards, which are more 

uniform than natural minerals. Therefore, our in situ non-matrix-

matched U-Pb dating methodology supports the use of NIST 

SRM 610 as a reliable external standard for zircon U-Pb 

geochronology with the advantages of obtaining simple, low cost, 

and high spatial resolution. 
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ABSTRACT: In this work, three commonly used digestion techniques, such as acid leaching with 8 M HNO3, aqua regia 

and lithium metaborate fusion, were employed to extract Pu from different types of soil samples widely found across China, and to 

establish the influence of the major interference elements (U, Hg, Pb, Tl, and Bi) on the accurate measurement of Pu by tandem 

quadrupole ICP-MS. The three sample digestion techniques yielded good results for the analysis of Pu isotopes originating from 

global atmospheric fallout. The U and Pb contributions to m/z=239 (2.38 and 0.3 

cps) in samples digested by the fusion method using AGMP-1M resin were 

higher than those digested by the acid leaching methods (0.55 cps for U and < 

0.03 cps for Pb), which implies that additional purification with TEVA resin 

would be required for low-level Pu determination in soil samples. By taking 

advantage of tandem quadrupole ICP-MS in the NH3/He mode, the count rates 

of Hg, Tl and Bi at m/z=239 (<0.01 cps) in the samples purified by using AGMP-

1M resin and/or TEVA resin were found to be negligible for the different sample 

digestion methods. 
 

INTRODUCTION 

Plutonium (Pu) isotopes, especially 239Pu and 240Pu with half-lives 

of 24,110 years and 6561 years, respectively, are among the most 

important and dangerous transuranic nuclides in the environment 

due to their high radiotoxicity and long retention time in the 

environment. Pu is released to the environment mainly through 

atmospheric nuclear weapons testing, nuclear accidents and from 

nuclear fuel reprocessing plants. The 240Pu/239Pu atomic ratios 

carry an important signature to reflect the specific source of Pu 

because their ratios vary with different reactor types, weapon types, 

and weapon yield etc. The 240Pu/239Pu atomic ratio of global fallout 

is 0.180,1,2 which is lower than from the Chernobyl nuclear 

accident (0.386-0.408),3 the Fukushima nuclear accident (0.303-

0.330)4,5 and the Pacific Proving Grounds (0.21-0.36),6,7 but is 

obviously higher than that from the Semipalatinsk nuclear test site 

(0.025-0.072).8,9 Thus, the accurate determination of 239Pu and 
240Pu is critical for identification of their source term and their 

environmental studying, such as environmental risk assessment,10  

their migration behavior related to nuclear activities and waste 

repository,11 the evaluation of soil erosion,12 and the chronology 

by identifying their accumulative peak.13 

The mass spectrometry techniques, including accelerator mass 

spectrometry (AMS),14 inductively coupled plasma mass 

spectrometry (ICP-MS),15,16 thermal ionization mass spectrometry 

(TIMS)17 and resonance ionization mass spectrometry (RIMS),18 

offer sufficient detection limits and enable the accurate 

determination of Pu isotopes in low-level environmental samples. 

However, the AMS, TIMS and RIMS techniques are limited for 

routine analysis of Pu because of their lower availability in the 

laboratory due to higher costs. Alternatively, ICP-MS has been 

widely applied for the determination of Pu in low-level 

environmental samples with the advantages of short analysis time, 

high sample throughput and analytical sensitivity, relatively easy 

operation as well as lower instrument cost. 
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Despite the remarkable advantages of ICP-MS, the accurate 

determination of Pu is still hampered by isobaric, polyatomic and 

molecular interferences. For the determination of 239Pu and 240Pu, 

possible interfering polyatomic ions in the mass-to-charge ratios 

(m/z) of the 239 and 240 region are usually formed in the plasma 

by a combination of interference elements (e.g., Bi, Pb, Tl, Hg, U) 

in the sample solution and gaseous elements (e.g. H, O, S, Cl, and 

Ar).16,19-22 Moreover, the neighboring spectral interference of 238U 

at m/z=239, whose concentration is usually several orders of 

magnitude higher than that of 239Pu, is one of the major challenges 

for the accurate measurement of Pu isotopes in environmental 

samples. In this case, these interferences must be separated from 

Pu by chemical separation prior to ICP-MS measurement. 

Before chemical separation, Pu should be released from the 

solid sample matrices into the solution. The acid digestion and 

fusion methods have been widely applied to dissolve Pu from soil 

samples. Concentrated HNO3,16,23 8 M HNO3 24-26 or aqua  

regia 15,27,28 have generally been employed for sample digestion 

with heating. However, the refractory Pu materials (e.g., high-fired 

oxides) in some special samples affected directly by nuclear 

activities may not be fully dissolved by acid leaching, which 

would lead to underestimation of the analytical results. To avoid 

this problem, fusion methods, including alkali fusion and lithium 

metaborate fusion, have been developed for the complete 

dissolution of insoluble/refractory actinides.29-31 Although the 

fusion methods are the most effective methods for the digestion of 

solid samples containing refractory plutonium, a notable 

drawback is that all the interfering elements and sample matrices 

may also be decomposed and released into the solution, causing 

difficulty in the subsequent separation steps and leading to 

unreliable chemical recovery.30 Thus, the interferences associated 

with different sample digestion techniques in the chemical 

separation steps need to be identified. 

Although some reference materials,32-36 including IAEA-135, 

IAEA-300, IAEA-312, IAEA-367, IAEA-384, IAEA-385, IAEA-

410, IAEA-412 and NIST-SRM-4353A, are commonly used for 

Pu analysis in environmental samples, these reference materials 

are stream sediments, rocky flat soil samples and soil samples 

collected from the marine coast and might not be the best 

representative of complicated environmental soil matrices, 

especially surface soils from inland regions. Thus, this work aims 

to (a) examine different sample digestion techniques and their 

influence on the Pu measurement in various types of soil samples 

widely found across China, and (b) to investigate the major 

interfering elements from different chemical separation steps, 

including acid leaching, pre-concentration of Pu by co-

precipitation, purification by anion exchange chromatography and 

extraction chromatography, as well as tandem quadrupole ICP-

MS measurement. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 Schematic diagram of the chemical procedure for separating plutonium by acid digestion and lithium metaborate fusion. 
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EXPERIMENTAL 

Reagents, standards and samples. The radioisotope 

standard solutions of 242Pu (NIST 4343I) were obtained from 

the National Institute of Standards and Technology (NIST, 

Gaithersburg, MD, USA). A stock solution of uranium 

standard (1 mg/mL in 2% HNO3) was from SPEX CertiPrep 

(USA). Microporous anion exchange resin AGMP-1M (100–

200 mesh of particle size) in chloride form and extraction 

chromatographic resin TEVA (100-150 µm of particle size) 

were from Bio-Rad Laboratories Inc. (USA) and TRISKEM 

International (France), respectively. High purity lithium 

metaborate (99.9%) and lithium iodide (99.0%) were 

purchased from the China Lithium Industrial Co., Ltd. 

(Shanghai, P.R. China). Other reagents, including HNO3, HCl, 

HF, NaOH, NH4OH, Na2S2O8 and NaNO2 used in this work, 

were of analytical grade. All solutions were prepared using 

deionized water with a resistivity of 18.2 MΩ cm, produced 

with a Milli-Q reference water purification system (USA).  

Thirteen surface soil samples, including cultivated loessial soil, 

red earth, brown earth, fluvo-aquic soil, black soil, coastal 

solonchak and kastanozem, were collected in China (Table S1). 

After removal of the small stones and roots from the vegetation, 

all soil samples were air-dried, ground and sieved through a 200-

mesh sieve. 

Sample digestion and chemical separation. In this work, the 

three common sample digestion techniques of 8 M HNO3, 

aqua regia and lithium metaborate fusion were used to assess 

their influence on the chemical separation procedures and the 

Pu measurement by ICP-MS. The detailed analytical 

procedures are reported elsewhere.13,15,29 Fig. 1 shows the 

chemical procedure for separating Pu in a soil sample by acid 

digestion and lithium metaborate fusion. For acid digestion, 10 g 

of soil sample was first ashed at 450 °C overnight to decompose 

the organic matter prior to chemical separation. For the leaching 

method using 8 M HNO3, 200 mL of 8 M HNO3 and 2 mBq of 
242Pu tracer were added to the soil sample, which was leached for 

0.5 h at 150 °C and then for 3.5 h at 200 °C on a hot plate. For the 

leaching method using aqua regia, after spiking 2 mBq of 242Pu, 

10 g of soil sample was leached with 100 mL of aqua regia for 0.5 

h at 150 °C and then for 2 h at 200 °C on a hot plate. For lithium 

metaborate fusion, the sample, consisting of lithium metaborate, 

lithium iodide and sodium persulfate with a mass ratio of 

1:1:0.2:0.2, was mixed well in a 150-mL high-purity graphite 

crucible. After spiking 2 mBq of 242Pu, the sample was first dried 

at 100 °C for 1 h, combusted at 650 °C for 1 h, and then fused at 

1000 °C for 30 min in a muffle furnace. After cooling to room 

temperature, a glassy fusion button formed in the crucible, which 

was dissolved in approximately 200 mL of mixed acids (6 M HCl 

and 4 M HNO3) at 150 °C on a hot plate in a 250-mL beaker. Then, 

5 g of polyethyleneglycol-6000 (PEG-6000) was added to 

flocculate and remove the gelatinous silica precipitate while 

stirring.  

After sample dissolution, the Pu in the acid solution was 

separated from the sample matrix by co-precipitation with hydrous 

titanium oxide (HTiO, ∼ 60 mg of Ti4+) using concentrated 

NH4OH to neutralize the solution (pH 7-8). After centrifugation, 

the precipitate was washed with 6 M NaOH and deionized water. 

The precipitate was subsequently dissolved in a few milliliters of 

concentrated HNO3. Then, 1 mL of fresh 3 M NaNO2 was added 

for valence adjustment of Pu prior to chromatographic separation. 

For the separation of Pu using AGMP-1M anion exchange resin, 

the sample solution was prepared in 8 M HNO3 medium and 

loaded to an AGMP-1M resin column (2 g of the resin packed in 

a plastic column of 8 mm in diameter and 110 mm in height). After 

successively rinsing the column with 60-100 mL of 8 M HNO3 

and 40 mL of concentrated HCl, Pu was eluted with 30 mL of 0.2 

M HNO3+0.05 M HF. For purification of Pu with TEVA extraction 

chromatography resin, the sample solution was prepared in 8 M 

HNO3 medium and loaded to a small TEVA resin column (0.2 g 

of the resin packed in a column of 2 mm in diameter and 50 mm 

in height). After rinsing the column with 20 mL of 8 M HNO3 and 

10 mL of concentrated HCl, Pu was eluted with 5-10 mL of 0.1 M 

HCl+0.05 M HF. The final eluate was carefully evaporated to near 

dryness on a hot plate, and the residue finally dissolved in 3.5 mL 

of 0.5 M HNO3 for ICP-MS measurement. 

ICP-MS measurement. An Agilent 8800 ICP-MS with an 

octopole collision/reaction cell situated between two quadrupole 

mass filters (Q1 and Q2)37 was used to determine the Pu isotopes 

in the NH3/He mode (the optimized instrumental parameters are 

given in Table S3). The contribution of U at m/z=239 by tailing of 
238U+ and 238U1H+ was estimated to be less than 5×10-5. An aliquot 

of 3.5 mL in 0.5 M HNO3 containing 1 μg/L of 115In (in the form 

of InCl3) as the internal standard was measured. The estimated 

detection limits were 0.55 fg/mL (1.26 µBq/mL) for 239Pu and 0.09 

fg/mL (0.76 µBq/mL) for 240Pu, respectively.15 No memory effects 

were observed in the consecutive measurement of samples with 

different Pu levels after washing with 0.5 M HNO3 solution.  

The major interfering elements (including Bi, Pb, Tl, Hg, U) of 

samples S-1, S-2 and S-3 and the procedural blanks were 

measured by tandem quadrupole ICP-MS with He collision gas in 

order to determine the decontamination factor in each of the 

chemical separation steps, including acid leaching, co-

precipitation, and column chromatography using AGMP-1M resin 

and TEVA resin. 

The acid solutions of the samples S-1, S-2 and S-3 digested by 

lithium metaborate fusion were used for the determination of main 

composition. It is noted that PEG-6000 wasn’t added to those acid 

solutions. The main chemical composition, including the 

determination of Th, Hg Zn, Fe, U, Pb, Bi, Tl, Ca, and Mg, was 

obtained by ICP-MS (X-series II, Thermo Scientific, USA). The 

results are shown in Table S2. 
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Fig. 2 Comparison of concentrations and atomic ratios of plutonium isotopes by different digestion techniques in various types of samples. The horizontal 

dashed line indicates the average global fallout 240Pu/239Pu ratio. 

RESULTS AND DISCUSSION 

Influence of the three digestion techniques on Pu 

measurement. The measurement results for the concentrations 

and atomic ratios of 239Pu and 240Pu in 13 surface soil samples 

widely found across China by three digestion techniques are 

shown in Fig. 2. Due to the limited experimental sample size, we 

reported on twelve, nine and nine out of thirteen samples for aqua 

regia, 8M HNO3 and lithium metaborate fusion, respectively. It 

can be seen that the relative errors of samples measured by three 

different digestion methods were calculated to be less than 5%, 

indicating a good consistence between the analytical results for the 

Pu isotope concentrations and the 240Pu/239Pu atomic ratios for the 

various kinds of soil samples. The average 240Pu/239Pu atomic 

ratios for surface soil samples ranged from 0.15 to 0.24, which 

were consistent with the typical global fallout value of 0.180 ± 

0.014 in the Northern Hemisphere (71–30°N) 1 within the 

statistical margin of error, indicating a predominant global 

atmospheric fallout source. This observation confirms that all three 

sample digestion techniques were suitable for the analysis of Pu 

isotopes originating from global atmospheric fallout.  

Elimination of U interference. In general, the isobaric 

interferences by 238UH+ and 238UH2
+ at masses 239 and 240 and 

the spectral interference by the tailing of 238U+ at mass 239 are the 

major challenges for the accurate measurement of Pu isotopes by 

ICP-MS.15, 21, 27 In this case, the separation of the Pu isotopes from 

U should be carefully checked prior to instrumental measurement. 

As it is known, the concentrations of Ca, Mg and Fe in IAEA  

reference materials, which were stream sediment or soil samples 

collected from the marine coast, are two orders of magnitude 

higher than those in the soil samples (Table S2). Those reference 

materials were easily digested and might not be the best 

representative of complicated surface soils from inland regions. In 

the absence of appropriate reference materials of environmental 

soil samples for Pu isotopes, three representative samples of 

surface soils widely found across Northern China, including 

loessial soil sample (S-1), red soil (sample S-2) and brown earth 

(sample S-3), were recommended for comparison in the current 

work. The characteristics of the 238U concentration in the samples 

S-1, S-2 and S-3 in each chemistry processing step for the different 

digestion techniques are compared in Fig. 3, and the results of the 

dissolution efficiencies and decontamination factors are presented 

in Table 1. 

The total 238U concentrations of samples S-1, S-2 and S-3 are, 

respectively, 1.46±0.05 μg/g, 1.94±0.06 μg/g and 1.49±0.05 μg/g 

(Table S2). As shown in Fig. 2, the average concentrations of 238U 

in the acid leaching step by 8 M HNO3 and aqua regia after blank 

subtraction were 767 ng/g and 705 ng/g in S-1, 1100 ng/g and 

1072 ng/g in S-2, and 815 ng/g and 757 ng/g in S-3, respectively. 

Meanwhile, the average concentrations of 238U fused by lithium 

metaborate were 1459 ng/g in S-1, 1937 ng/g in S-2 and 1490 ng/g 

in S-3, which were 1.7-2.1 times as high as those by acid digestion. 

This suggests that only 48%-57% of uranium in the sample could 

be leached out by acid digestion, and the rest would remain in the 

sample residue (Table 1).  
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Fig. 3 Comparison of three digestion techniques (8 M HNO3, aqua regia and lithium metaborate fusion) on the 238U concentrations in different chemistry 

processing steps for soil samples. The tandem quadrupole ICP-MS analyses were conducted in the He mode with a measurement uncertainty of <5%. 

Table 1. Comparison for Dissolution Efficiencies and Decontamination Factors of 238U in Soil Samples by Different Digestion Techniques 

Sample Digestion technique Dissolution efficiency 
Decontamination factor 

Precipitation AGMP-1M TEVA 

S-1 

8 M HNO3 52.6% 1.60  476  27.4  

Aqua regia 48.3% 1.16  369  27.8  

Lithium metaborate fusion 100% 7.63  68.6  33.6  

S-2 

8 M HNO3 56.8% 1.43  404  107  

Aqua regia 55.3% 1.33  609  68.1  

Lithium metaborate fusion 100% 9.35  31.2 74.8  

S-3 8 M HNO3 54.7% 1.77  480  36.5  
 Aqua regia 50.8% 1.19  386 85.7 
 Lithium metaborate fusion 100% 9.11  41.7  49.3  

 

The concentrations of 238U digested by 8M HNO3 and aqua 

regia were 13%-38% less (decontamination factor of 1.16-1.77) in 

the co-precipitation step, possibly due to the formation of some 

soluble uranium complexes that would not co-precipitate with 

HTiO in the alkali solution (Fig. S1). Interestingly, the 238U 

decontamination factor was 8.70 for lithium metaborate fusion, 

indicating that up to 90% of U could be removed in this step. 

Except for the partial loss in the alkali solution, a fair amount of U 

loss (>50%) has likely occurred in the PEG-6000 step. PEG and 

its derivatives have been employed as nonionic surfactants for the 

solvent extraction of uranium.38 Tests were conducted to check the 

extraction of U by PEG-6000 in simple matrices, such as for 

deionized water and 2 g of soil sample, where U was obviously 

not extracted. However, for the analysis of 10 g of soil sample, the 

matrix would be more complicated and contained notable amounts 

of inorganic salts and silicates. Thus, more than 50% of U might 

be extracted by PEG-6000, which would then be removed by the 

precipitation of gelatinous silica in the flocculation step. In contrast, 

the extractability of Pu was measured to be only < 3.4%.  

In the AGMP-1M separation step, the concentrations of 238U in 

the samples treated by 8M HNO3 were 1.00 ng/g for sample S-1, 

1.90 ng/g for sample S-2 and 0.96 ng/g for sample S-3, which were 

close to those of 1.65 ng/g, 1.33 ng/g and 1.64 ng/g for the 

corresponding samples digested by aqua regia, but approximately 

3 times lower than those of 2.79 ng/g, 6.65 ng/g, 3.92 ng/g for the 

samples digested by lithium metaborate fusion. Compared to the 

fusion method, a large fraction of the residues still remained 

insoluble when the soil samples were leached with acids (73.7%-

79.2% by 8M HNO3 and 75.8-81.7% by aqua regia, respectively). 
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This suggested that only <30% of sample composition was 

transferred to the acid leaching solution. Thus, the low 

decontamination efficiency of 238U in this step by lithium 

metaborate fusion could be attributed to the relatively high content 

of matrix,38 as the soil samples were completely dissolved with the 

addition of a large number of salts.  

In this work, low decontamination factors of 238U by using a 

single anion exchange resin column were observed (7.11×102 for 

8M HNO3, 5.65×102 for aqua regia and 3.98×102 for lithium 

metaborate fusion), which were about 10-100 times lower than the 

reported values using the extraction chromatography (TEVA) 

resin for 10 g of soil sample.40 This indicates that an additional 

extraction chromatography step for the purification of Pu isotopes 

may be required in the analysis of low-level Pu samples. The 

chemical yield of Pu for 10 g of soil with a single TEVA resin 

column was found to be less than half of the yield obtained using 

a single anion exchange separation. Hence, the AGMP-1M resin 

was chosen for the primary separation stage of Pu separation from 

the sample matrix components, followed by further purification of 

Pu by extraction chromatography with TEVA resin. For different 

soil samples digested by acid leaching, the average concentrations 

of 238U in the TEVA eluates were around 0.03 ng/g, which were 

very close to the procedural blanks (0.02 ng/g). Similar results 

were obtained for 238U in the soil samples digested by lithium 

metaborate fusion, and the U concentrations in the TEVA eluates 

(0.09 ng/g) were close to the corresponding procedural blank (0.08 

ng/g). The overall decontamination factors of 238U were calculated 

to be (2-4)×104 for the three sample digestion methods. Moreover, 

the purification by using a small TEVA column could assist in the 

further concentration of Pu in the final eluate sample for ICP-MS 

measurement. 

To further understand the extraction and elution behaviors of U 

on anion exchange and extraction chromatography resins and the 

U interference to 239Pu, the 238U and 239Pu count rates in the eluates 

measured by tandem quadrupole ICP-MS in the NH3/He mode are 

compared in Table 2. The abundance sensitivity of uranium to 

m/z=239, including the tailing of 238U+ and the polyatomic 

interference of 238U1H+ by tandem quadrupole ICP-MS, was 

estimated to be less than 5×10-5.15 The average contribution of 

uranium at m/z=239 by using a single AGMP-1M column was 

calculated to be 0.55 cps for acid digestion and 2.38 cps for lithium 

metaborate fusion, which was 2-10 times as high as those of the 

blanks at m/z=239, and even much higher than the 239Pu count 

rates for the low-level sample S-2. After the TEVA purification 

step, the interference count rates to m/z=239 for all three sample 

digestion techniques dropped to the blank level (0.2 cps) and 

would not contribute much to the 239Pu measurement. Therefore, 

the TEVA purification step is preferred as it provides reliable 

analytical results, especially for the analysis of low-level Pu (i.e., 

< 0.01 mBq or 5 fg). Furthermore, a single AGMP-1M anion 

exchange purification may still be adequate for the determination 

of Pu isotopes in samples with relatively high Pu levels (i.e., > 0.02 

mBq or 10 fg). 

Elimination of Pb interference. Other potential interfering 

polyatomic ions at m/z=239, 240 and 242 could also be formed in 

the plasma by a combination of interference elements (e.g., Hg, Pb, 

Tl, Bi) in the sample solution with gaseous elements (e.g., O, S, Cl, 

Ar).39 In this work, the interferences at 242 m/z were negligible 

since a sufficient amount of 242Pu spike was added to overlook the 

error from these interferences. The total Hg concentrations of 

samples S-1, S-2 and S-3 ranged from 0.99 μg/g to 1.21 μg/g 

(Table S2). The count rates of Hg at m/z of 199, 200, 202, 204 in 

the NH3/He mode were measured to be 0 cps, confirming a 

complete elimination of Hg via the reaction of Hg+ with NH3. Thus, 

only the interferences of 206/207/208Pb, 203/205Tl and 209Bi in each 

chemistry step of the three samples by different digestion 

techniques are discussed below.  

No obvious discrepancies of the Pb isotopes in the acid leaching 

step by two acid digestion methods can be found (Fig. S2). No 

significant change in the Pb count rates was observed in the co-

precipitation step for the leaching solutions by acid digestion, 

whereas the Pb count rates by lithium metaborate fusion decreased 

up to 46%-72%. This might be explained by the removal of some 

gelatinous Pb precipitate in the PEG-6000 flocculation process.  

Table 2. Comparison of 238U and 239Pu Count Rates of Three Sample Digestion Techniques in the NH3/He Mode 

Sample digestion 

method 

Sample 
238U, cps 

239Pu, cps 

AGMP-1M TEVA 

Instrument blank 6.67 0.03 

8M HNO3 

S-1 (1.19±0.05) ×104 (1.4±1.1) ×103 46.9±2.9 

S-2 (2.38±0.27) ×104 (4.2±7.2) ×102 0.69±0.12 

S-3 (1.17±0.24) ×104 (7.8±2.7) ×102 72.9±1.2 

Blank (4.4±1.5) ×102 (1.12±0.99) ×103 0.18±0.03 

Aqua regia 

S-1 (2.23±0.26) ×104 (1.6±1.1) ×103 38.3±1.3 

S-2 (1.75±0.15) ×104 (1.3±2.3) ×102 0.80±0.22 

S-3 (2.25±0.57) ×104 (6.5±4.5) ×102 65.4±1.4 

Blank (3.8±6.6) ×102 (8.3±8.3) ×102 0.14±0.05 

Lithium metaborate 

fusion 

S-1 (4.9±2.1) ×104 (2.0±1.2) ×103 20.4±1.7 

S-2 (1.24±0.35) ×105 (1.8±1.5) ×103 0.67±0.28 

S-3 (6.5±1.3) ×104 (4.8±1.0) ×103 28.8±1.2 

Blank (6.0±3.5) ×103 (1.77±0.44) ×103 0.25±0.50 
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In the AGMP-1M column separation step, the Pb count rates in 

the samples leached out by acids were close to those of the 

procedural blanks, which were 10 to 100-fold lower compared 

with those achieved by lithium metaborate fusion. The higher Pb 

count rates observed for the fusion method were consistent with 

the increased level of the procedural blank in the anion exchange 

step. However, the contamination source of this Pb background 

increase remains unclear and needs to be addressed in a future 

study. Hou et al.41 reported that the contribution with a Pb isotope 

signal intensity of 108 cps to m/z=239 was less than 0.03 cps in 0.5 

M HNO3 media in the NH3/He mode. Thus, the contribution of Pb 

to m/z=239 by the acid leaching methods was calculated to be < 

0.03 cps after the anion exchange purification step, while the Pb 

contribution by the fusion method was approximately 0.3 cps. For 

low-level soil samples digested by the fusion method, a further 

elimination of Pb interference using a small extraction 

chromatography column may be required. 

After the TEVA purification step, the Pb count rates in the soil 

samples digested by fusion were close to the procedural blanks. 

The overall decontamination factor for the fusion method was 

about 103, which was similar to the acid digestion results. The 

contribution of Pb (107 cps) to m/z=239 was calculated to be less 

than 3×10-3 cps, thus completely negligible. The total Pb 

concentrations of samples S-1, S-2 and S-3 were, respectively, 

39.1±2.3 μg/g, 26.5±2.1 μg/g and 25.6±2.1 μg/g (Table S2). 

Assuming that the amount of soil sample is 10 g and the chemical 

yield is 70%, the concentration of Pb in the final solution (3.5 mL) 

could be approximately 0.01 μg/mL. Therefore, the Pb 

interference found at m/z=239 should be very minor and much less 

problematic than 238U.  

Elimination of Tl and Bi interference. The remarkable 

discrepancies of the Tl and Bi count rates by using different sample 

digestion techniques can be seen in Supplementary Fig. S3 and S4. 

In the acid leaching step, the Tl and Bi count rates by acid digestion 

were significantly higher than those achieved by lithium 

metaborate fusion. During the fusion, the Tl and Bi compounds 

(particularly the halogenated Tl species) could be quite volatile at 

high temperatures (1000 °C). Thus, due to the severe loss of 

volatile Tl and Bi during high temperature fusion, it seems to be 

reasonable that the count rates of Tl and Bi in the digested samples 

by the acid leaching methods were much higher than those by the 

fusion method. In the AGMP-1M resin separation step, the Tl and 

Bi count rates were approximately 107-108 cps. Since the 

contribution of approximately 108 cps of Tl isotopes was less than 

0.01 cps to m/z = 239 in the NH3/He mode,41 the Tl interferences 

at m/z=239 after purification by a single AGMP-1M column were 

calculated to be far less than 0.01 cps for the three sample digestion 

methods. Therefore, the Tl and Bi interferences to Pu isotopes are 

completely negligible after anion exchange purification using a 

single AGMP-1M column. With a further purification using the 

TEVA column, the Tl and Bi count rates decreased to 

approximately 105 cps, which led to a much smaller interference 

at m/z=239 (<10-4 cps). Those demonstrate that the Tl and Bi 

interferences found at m/z 239 would be much less a concern 

compared to 238U. 

CONCLUSIONS 

A comprehensive study regarding the influence of three 

commonly used sample digestion techniques on the accurate 

measurement of plutonium isotopes was carried out. The three 

sample digestion techniques of 8 M HNO3, aqua regia and lithium 

metaborate fusion were found to be well suitable for the analysis 

of Pu from global atmospheric fallout in various types of 

environmental soil samples. The dissolution efficiency and the 

decontamination factors of the major interfering elements (U, Pb, 

Hg, Tl, and Bi) in different chemical separation steps were 

measured by tandem quadrupole ICP-MS in the He mode. When 

10 g of soil sample was digested by the fusion method, a sizable 

fraction of U (> 50%) and Pb (46%-72%) could be efficiently 

removed in the subsequent polyethylene glycol (PEG) 

flocculation step, while a minimal amount (<3.4%) of Pu was lost. 

However, after anion exchange separation using the AGMP-1M 

resin, the U and Pb contributions to m/z-239 (2.38 and 0.3 cps) in 

the samples digested by the fusion method were significantly 

higher than those digested by the acid leaching methods (0.55 cps 

for U and < 0.03 cps for Pb). Therefore, compared to acid leaching 

with 8M HNO3 and aqua regia, the influence of U and Pb on the 

accurate measurement of Pu in the samples digested by lithium 

metaborate fusion by using a single AGMP-1M anion exchange 

resin should be considered. Taking advantage of tandem 

quadrupole ICP-MS in the NH3/He mode, the influence of Hg, Tl 

and Bi in the samples purified by using the AGMP-1M resin 

column and/or the TEVA resin column would be negligible for all 

three sample digestion methods. 
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ABSTRACT: High-purity molybdenum and its compounds are used for the synthesis of ionizing radiation detectors in the 

search for cosmic dark matter and double beta decay. The properties of these detectors largely depend on their trace composition. A 

new method using mass spectrometry with inductively coupled plasma 

(ICP-MS) and electrothermal vaporization (ETV) is proposed for the 

analysis of high-purity molybdenum. The samples were introduced into the 

ICP using the ETV device. The vaporization curves of the matrix element 

(molybdenum) and trace elements were studied in detail. The dependence 

of the analytical signal and the limits of detection (LODs) of the analytes 

versus the ETV-ICP-MS instrumental parameters (ICP power, transport 

flow, ion optics settings) was established. The proposed method allowed to 

determine the concentrations of 28 trace elements in high-purity 

molybdenum with a purity of 6N (99.9999% wt.) and provided LODs from 

0.3 to 200 ng g-1 compared to ICP-MS analysis with the standard sample 

introduction system. Validation of the proposed ETV-ICP-MS method was 

performed by spike experiments, and the results of ETV-ICP-MS, ICP-MS 

and atomic absorption spectrometry with electrothermal vaporization (ET-

AAS) analysis are compared. 
 

INTRODUCTION 

High-purity molybdenum (Mo) and its compounds are widely 

used for the synthesis of scintillation materials, such as molybdates 

of cadmium (Cd), calcium (Ca), lead (Pb), lithium (Li), 

magnesium (Mg), zinc (Zn), etc. These materials are important for 

the production of ionizing radiation detectors used in the search for 

cosmic dark matter and double beta decay.1-4 The scintillation 

properties of these materials largely depend on their trace metal 

composition. The requirements for the purity of scintillators and 

their precursors are constantly increasing.5 For this reason it is 

important to develop highly sensitive multielement methods for 

the trace analysis of high-purity Mo with low LODs of the analytes. 

GFAAS is a sensitive trace elemental technique and was 

reported for analysis of high-purity molybdenum trioxide by slurry 

sampling, resulting in LODs from 0.03 to 50 ng g-1 for 11 

analytes.6 Another study obtained LODs for Ca, Fe, K, Mg, Mn, 

Na and Zn at the 0.03-0.3 ng g-1 levels.7 

Inductively coupled plasma-optical emission spectrometry 

(ICP-OES) with preliminary coprecipitation of the analytes using 

the lanthanum hydroxide method was proposed for the analysis of 

high-purity molybdenum.8 The analytes were separated from the 

molybdenum matrix by coprecipitation with lanthanum hydroxide. 

So, the high matrix effect of the Mo matrix is avoided, and LODs 

from 30 to 1900 ng g-1 for Co, Cr, Cu, Fe, Mn, Ni, Ti, V, Zn and 

Zr were achieved.8 The use of cation exchange was used for 

separating 42 analytes from the molybdenum matrix.9 The cation 

exchange separation method in combination with GFAAS, ICP-
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OES, ICP-MS and total reflection X-ray fluorescence analysis of 

Mo has also been studied. Using GFAAS provided LODs from 0.3 

to 30 ng g-1 for 16 analytes, using ICP-OES provided LODs from 

4 to 770 ng g-1 for 36 analytes, and using ICP-MS provided LODs 

from 0.1 to 74 ng g-1 for 30 analytes. It is to be noted that the cation 

exchange column does not allow separating Mo from As, Au, Sb, 

Se, etc., while no information is reported for elements such as Bi, 

P, Sb and Te. 

ICP-MS is today the most used multielement and high- 

sensitivity technique for the analysis of high-purity substances 

with low LODs for the analytes. Pneumatic nebulization of 

solutions is a standard sample introduction method for ICP-MS 

and ICP-OES analysis. It is a simple and versatile method that 

provides high stability of the analytical signal, but has some 

disadvantages, such as low transport efficiency (usually not 

exceeding 2-4 %) and requires significant dilution of the sample. 

Dilution leads to the possibility of uncontrolled contamination of 

the sample, decreasing the analytical signal and deteriorating the 

LODs. These facts limit the possibilities of ICP-MS in relation to 

the analysis of high-purity substances. A significant improvement 

of the LODs for trace elements can be achieved by the use of ETV 

for sample introduction into the ICP.10-15 

ETV is a powerful and highly effective method of sample 

introduction into the ICP during ICP-MS or OES analysis.16-17 

During ETV, the sample is evaporated from the resistively heated 

substrate. As a rule, the standard pyro-coated graphite furnace used 

in ETV-AAS instrumentation is also used for ETV-ICP-MS and 

ETV-ICP-OES analysis. Besides, tantalum or tungsten filaments 

and coils are used.18-21 In most of the designs, the aerosol of the 

evaporated sample is transported into the ICP through a plastic 

tube by argon gas. The transport efficiency of ETV reaches 20-

80%.22-25 In addition, ETV requires only a few microliters of 

sample solution. For this reason, there is no need for a significant 

dilution of the sample, the analytical signal is increased, the 

possibility of sample contamination is decreased, and the LODs of 

the analytes are improved. ETV is also successfully used for the 

analysis of different samples, such as high-purity substances, 

environmental samples, biological samples, refractory materials, 

etc.26-32 The possibility of reducing the LODs up to 60 times by the 

use of ETV for ICP-OES analysis of high-purity molybdenum has 

already been shown.33 For this reason, the development of the 

ETV-ICP-MS method of analysis high-purity Mo is promising.  

In this study, the ETV-ICP-MS method of high-purity Mo 

analysis has been developed by using ETV for improvement of the 

LODs. To obtain high analytical signals and low LODs of the 

analytes, the experimental parameters of ETV-ICP-MS analysis 

were optimized. 

EXPERIMENTAL 

Reagents, materials and labware. Ultrapure water with a 

resistivity of 18.2 MΩ cm was obtained using the Direct-Q 3 water 

purification system (Millipore, USA). The solutions for 

quantitative measurements were prepared using multi-element 

standard solutions (MES) (Skat, Russia) and an ICP-MS-68A 

solution (High-Purity Standards, USA). The ICP-MS-68A 

solution contains the following analytes: Al, As, Ba, Be, Bi, B, Ca, 

Cd, Ce, Cs, Cr, Co, Cu, Dy, Er, Eu, Fe, Ga, Gd, Ho, In, K, La, Li, 

Lu, Mg, Mn, Na, Nd, Ni, P, Pb, Pr, Re, Rb, Sc, Se, Sm, Sr, Tb, Tl, 

Th, Tm, U, V, Y, Zn (10 μg g-1). The MES 1 solution contains: Al, 

Ca, Cd, Cr, Fe, K, Mg, Mn, Na, P, Zn (50 μg g-1), Li (10 μg g-1); 

MES 2 contains: B, Bi, Co, Cu, Ga, In, Ni, Si, Ti, V (50 μg g-1); 

MES 3 contains: As, Pb, Rb, Sb, Se, Sn, Te (50 μg g-1), Ba, Sr (20 

μg g-1), Ag, Au, Be (10 μg g-1), Hg (5 μg g-1); MES 4 contains: Hf, 

Mo, Nb, Re, Ta, W, Zr (50 μg g-1); MES REE contains: Ce, Dy, Er, 

Eu, Gd, Ho, La, Lu, Nd, Pr, Sc, Sm, Tb, Tm, Y (50 μg g-1), Yb (25 

μg g-1). 

Sample preparation. The solution of molybdenum for 

optimization of the instrumental ETV-ICP-MS and ICP-MS 

parameters was prepared as follows. High-purity ammonium 

molybdate (99.99 %, 4N, 1.021 g) was dissolved in deionized 

water., then brought to 50 mL. The working solutions were 

prepared by further dilution of the initial solution with high-purity 

water. For testing the accuracy of the ETV-ICP-MS method, the 

sample of high-purity molybdenum trioxide was used (obtained 

from the Laboratory of Crystal Growth of the NIIC SB RAS). A 

150-mg portion of high-purity molybdenum trioxide was 

dissolved in 2 mL high-purity ammonium hydroxide using a water 

bath. After this, the solution was diluted with high-purity water to 

the required concentration. The molybdenum solution for 

calculation of the LODs was prepared using the high-purity 

molybdenum sample (6N, 99,9999 %, NIIC SB RAS). 100 mg of 

the molybdenum sample was dissolved in 0.8 mLof the mixture of 

high-purity nitric and hydrochloric acid (3:1). Then, the solution 

was diluted to the required concentration. 

ETV-ICP-MS and ICP-MS. The quadrupole-based ICP-MS 

spectrometer iCAP Qc (Thermo Scientific, USA) was used for this 

study. The analytical signals were blank-corrected. The main 

instrumental parameters are listed in Table 1. The scan time for 

ETV-ICP-MS analysis was 0.35 seconds (20 isotopes were 

monitored in each run, integration time of 0.01 s, switching takes 

0.15 s). All experiments were performed in triplicate (n=3, 

P=0.95). The data points represent the average from triplicate-

independent experiments. For sample introduction, the ETV 

device (VMK-Optoelectronica, Russia) was used, as described 

previously.34 The standard 28 mm length and 5 mm inner diameter 

of the pyro-coated graphite furnace tube for GFAAS 

instrumentation was used for ETV-ICP-MS measurements. For 

ETV-ICP-MS analysis, 50 μL of sample solution was injected into 

the furnace tube using a micropipette. The injection port was 

sealed with a graphite probe during the ETV program to prevent  
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Table 1. Instrumental Parameters Used for ICP-MS and ETV-ICP-MS Analysis 

Parameter ETV-ICP-MS ICP-MS 

ICP (RF) power 1300 W 1400 W 

Plasma argon flow rate 14 L min-1 14 L min-1 

Intermediate argon flow rate 0.8 L min-1 0.8 L min-1 

Carrier gas flow rate 2.4 L min-1 - 

Nebulizer argon flow rate - 1.1 L min-1 

Sampling depth 5 mm 5 mm 

Voltage of the extraction lens -80 V -150 V 

Integration time 0.01 s 0.05 s 

Number of scans 1, 20 isotopes were monitored in each run 3 

ETV drying step 90 oC, 50 s - 

ETV vaporization of analytes step 2400 oC, 15 s - 

ETV cleaning step 2400 oC, 15 s - 

 

loss of analytes. The vaporized analytes were swept into the ICP 

by argon carrier gas through a PTFE tube (50 cm long and 4 mm 

internal diameter). After each ETV measurement, the clean-out 

run was carried out. The absence of memory effects was checked 

by measuring the signal during the clean-out run. After a number 

of runs (n=20) or when necessary, the graphite furnace was 

cleaned with a scalpel. The signal vs. time profiles of Fe and Mg 

for ETV and for the clean-out run are presented in the 

supplementary material, see Fig. S1-S2. The MicroFlow PFA-ST 

ES 2040 (ESI, USA) nebulizer was used for the ICP-MS 

measurements with pneumatic nebulization. The determination of 

Fe and P was complicated due to polyatomic interferences. Thus, 

the helium-filled collision cell was used to reduce them (collision 

cell helium flow 1.2 mL min−1, collision cell bias -22 V, 

quadrupole bias -20 V). Argon of 99.996 purity was used for ICP-

MS measurements and helium of 99.9999 purity was used for the 

collision cell. 

GFAAS. The GFAAS measurements were performed using the 

ICE 3500 atomic absorption spectrometer (Thermo Scientific, 

USA). For background correction, a Zeeman-effect system was 

used. The standard graphite tubes were 28 mm long with a 5 mm 

inner diameter. The resonance wavelengths of the analytes were: 

Ag 328.0 nm, Co 240.7 nm, Mn 279.5 nm, Ni 232.0 nm (hollow 

cathode lamps). A 20-µL aliquot of the analyzed solution was 

introduced into the graphite cuvette by micropipette. The 

concentrations of the analytes were calculated by constructing 

standard calibration curves (5 points and a blank sample). All 

instrumental parameters for the GFAAS experiments were 

investigated previously. For constructing a temperature program, 

the pyrolysis and atomization curves were used. 

RESULTS AND DISCUSSION 

Optimization of ETV-ICP-MS instrumental parameters. For 

ETV-ICP-MS analysis of molybdenum, the ICP-MS instrumental 

parameters were optimized: ICP (radiofrequency) power, argon 

gas flow, and extraction lens voltage. The ICP power value varied 

from 1000 to 1600 W. The maximum analyte signals and 

minimum LODs of most analytes were obtained when the ICP 

power was at 1300 W. For lower values of ICP power, the 

analytical signals dramatically reduced, and the LODs increased. 

By decreasing the ICP power to 1100 W leads to decreasing the 

analyte signals by an average of 40%. Use of ICP power higher 

than 1300 W also leads to a decrease in the analyte signals. For 

example, when 1500 W is used, the analyte signals decreased on 

average 30% compared to the analyte signals at 1300 W. The 

region for the effective ionization of the analytes can shift to the 

inductor of the ICP torch when the ICP power is increased. It is to 

be noted that a change in the sampling depth from the standard 5 

mm to 2.5 mm and 7.5 mm does not significantly increase the 

analyte signals or decrease the LODs. 

The transport flow carries the evaporated sample into the ICP 

during ETV-ICP-MS analysis. It was found that 2.4 L·min-1 

provides the maximum analyte signals and minimal LODs, while 

flow values lower than 1 L·min-1 are not sufficient for effective 

transport of the analytes into the ICP. When the transport flow 

from 1.0 to 2.0 L·min-1 is used, the analytical signals do not exceed 

40% of the maximum signals. When the transport flow exceeds 

2.4 L·min-1, the analytical signals decrease. For example, at 3.2 

L·min-1 the analytical signals are on average 50% of the maximum 

analyte signal. The voltage of the extraction lens was also 

optimized for ETV-ICP-MS analysis of molybdenum from -200 

to -20 V. By increasing the extraction lens voltage from -200 to -

120 V on average leads to two times increase of the analytical 

signals. When the extraction lens voltage from -120 to -80 V is 

used, the analytical signals have similar values. The optimal 

voltage of the extraction lens is -80 V and provides maximal 

analytical signals and minimal LODs for most of the analytes. A 

further increase of the extraction lens voltage to -20 V leads to a 

decrease in the analyte signals during ETV-ICP-MS (on average 

by 4 times) (see Fig. S3-S5). 

Optimization of electrothermal vaporization. Generally, there 

are four steps in the ETV temperature program: drying, pyrolysis, 

vaporization of the analytes, and cleaning. During the drying step, 
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the graphite furnace tube was heated to ~ 100 °C for 60 s to remove 

the solvent from the sample solution. During the pyrolysis step, a 

molybdenum solution of 10,000 mg L-1 was evaporated from the 

graphite furnace tube from room temperature to 2400 oC 

(maximum temperature of the ETV device). The current supplied 

to the graphite furnace was increased step by step from 2 A to 19 

A in 1 A increments and was registered at every step of heating. 

Finally, all obtained molybdenum signals were summarized, and 

the evaporated portion of Mo during each step was calculated. The 

results are shown in Fig. 1. At the temperature of less than 450 °C 

only about 15 % of evaporated molybdenum enters into the ICP. 

When the graphite furnace tube is heated to 680 °C and 820 °C, 

about 45 and 40 % of evaporated molybdenum enters the ICP. 

With further graphite furnace tube heating, the molybdenum signal 

decreases. No Mo signal was observed at the temperatures above 

960 °C. This dependence can be explained as follows: The 

molybdenum passes into the gaseous phase in the form of 

molybdenum oxide, MoO2.35 Thus, if it is necessary to use the 

pyrolysis step, it must be carried out at 960 ° C. 

It should be noted that the loss of analytes (evaporation during 

pyrolysis step) possibly occurs when the pyrolysis step is used for 

a separate evaporation of the matrix and the analytes. It is 

necessary to form a full peak of the signal to increase the analytical 

sensitivity. Vaporization of all of the analytes mentioned in the 

paragraph "Reagents, Materials and Labware" was studied. The 

measurements were carried out similar to the study of the 

molybdenum evaporation, except the solution with a 50 μg L-1 

 

 

 

 

 

 

 

Fig. 1 Molybdenum signal (as a percentage of the summary signal) for 

heating of the graphite furnace tube to a different temperature. 

 

 

 

 

 

 

Fig. 2 Vaporization curves of Bi, Mg, Ni, Pb, and Sb. 

concentration of the analytes and a concentration of 10,000 mg L-

1 Mo was used. 

A partial or total vaporization of Ag, As, Bi, Hg, P, Pb, Se, Te, 

and Zn was observed when the pyrolysis step was performed at 

960 °C. The vaporization temperature curves of Bi, Mg, Ni, Pb 

and Sb are shown in Fig 2. Thus, it is necessary to evaluate the 

need for using the pyrolysis stage for ETV-ICP-MS analysis of 

molybdenum and two different ETV programs were used in this 

study. The first program included drying (90 °C, 50 s), pyrolysis 

(960 °C, 50 s) and vaporization of the analytes (2400 °C, 15 s). 

The second program included drying (90 °C, 50 s) and 

vaporization of the analytes (2400 °C, 15 s) without pyrolysis. 

There was no significant difference for signals of analytes without 

observed losses during the pyrolysis stage when the first and 

second ETV programs were used. At the same time, the analysis 

without use of pyrolysis allows to eliminate the losses 

(evaporation during pyrolysis step) for Ag, As, Bi, Hg, P, Pb, Se, 

Te, and Zn. For further ETV-ICP-MS measurements, the 

temperature program without pyrolysis was used. 

The temperature of 2400 °C was chosen for the analyte 

vaporization step. The maximum number of analytes vaporized in 

the ETV device when this temperature value was used included: 

Ag, Al, As, Au, Ba, Be, Bi, Co, Cr, Cs, Fe, Ga, Hg, In, Li, Mg, Mn, 

Ni, P, Pb, Rb, Re, Sb, Se, Sn, Sr, Te and Zn. Other elements include 

carbide-forming or refractory elements (the maximum possible 

temperature of the ETV device heating is insufficient for their 

vaporization), elements with losses during the drying step, and 

elements with polyatomic interferences caused by components of 

the plasma gas: B, Ca, Ce, Dy, Er, Eu, Gd, Hf, Ho, Ir, K, La, Lu, 

Na, Nb, Nd, Pr, Sc, Si, Sm, Ta, Tb, Ti, Th, Tm, U, V, Y, Yb, W, Zr. 

The concentrations of these elements could not be determined 

using ETV-ICP-MS analysis of Mo. 

The signal vs. time profiles were obtained for all elements 

mentioned in the paragraph, "Reagents, Materials and Labware." 

The signal vs. time profiles of Mg for ETV-ICP-MS and for 

comparison for ICP-MS with pneumatic nebulization are 

presented in Fig. 3. The comparison with the PN system allowed 

us to compare the type of signals (transient for ETV and stable in 

time for PN) and their values. The signal vs. time profiles of Zr for 

ETV-ICP-MS and for ICP-MS with pneumatic nebulization are 

shown in Fig. 4. The signal vs. time profiles of Mg and Zr show 

typical dependencies. Since the handles of the graphite furnace are 

made of copper, there is the risk of a high blank signal for Cu. The 

clean-out run (2400 °C, 15 s) was carried out after each analyte 

vaporization step. 

Calibration during ETV-ICP-MS analysis of molybdenum 

should be performed by matrix matching. The reason is the 

significant non-spectral influence of the molybdenum matrix on 

the analyte signals. Examples of matrix-matched calibration 

curves and non-matrix-matched curves (solution standard) are 

presented in Fig. S6 and Fig. S7. This is consistent with literature 
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Fig. 3 Signal vs. time profiles of Mg for ETV-ICP-MS and ICP-MS. 

Concentration of Mg in solutions for ETV-ICP-MS and ICP-MS analysis 

equals (50μg L-1). For ETV from 0 to 15 s; T=2400 °C. 

 

 

 

 

 

 

Fig. 4 Signal vs time profiles of Zr for ETV-ICP-MS and ICP-MS. 

Concentration of Zr in solutions for ETV-ICP-MS and ICP-MS analysis 

equals (50μg L-1). For ETV from 0 to 15 s; T=2400 °C. 

data, which describes that the molybdenum matrix acts as a 

modifier when the graphite furnace tube is heated.36 

Evaluation of the LODs of analytes for ETV-ICP-MS analysis 

of high-purity Mo. The high-purity molybdenum solution was 

used as a blank sample for evaluation of the LODs of the analytes 

in ETV-ICP-MS analysis of molybdenum. The concentration of 

molybdenum in the blank solution was 10,000 mg L-1. The LODs 

were calculated using 3 s, where s is the standard deviation of the 

blank sample signal, n=10. For calibration, the solutions with 

analyte concentrations of 0.5, 2.5, 5, 25 and 50 μg L-1 and a 

concentration of Mo at 10,000 mg L-1 were used. 

Evaluation of the LODs for ICP-MS analysis of Mo was carried 

out using the solutions with a Mo concentration of 1000 mg L-1. 

Dependence of the analyte LODs from the Mo concentration 

during ICP-MS analysis was studied. The procedure was 

described previously.37 The concentration of molybdenum varied 

from 50 to 3000 mg L−1. Examples of the dependency of the LODs 

on the molybdenum concentration are presented in Fig. S8. It was 

found that the concentration of molybdenum of 1000 mg L−1 

provides lowest LODs for most analytes. The solutions with 

analyte concentrations of 0.5, 2.5, 5, 25 and 50 μg L-1 and a 

molybdenum concentration of 1000 mg L-1 were used for 

calibration. The LODs provided by the ETV-ICP-MS and ICP-MS 

methods are listed in Table 2. The LODs obtained by the proposed 

ETV-ICP-MS method without Mo matrix and a comparison of the 

LODs obtained by ICP-MS in the absence of Mo matrix are 

presented in Table S1. 

The ETV-ICP-MS method allowed the simultaneous 

determination of up to 28 elements in the high-purity molybdenum 

with LODs ranging from 0.3 to 200 ng g-1. The ETV-ICP-MS 

LODs of Ag, Al, As, Ba, Be, Bi, Co, Cr, Fe, Ga, Li, Mg, Mn, Ni, 

P, Rb, Re, Se, Sn, Sr, Te and Tl were 3-200 times lower than the 

ICP-MS LODs. The reasons are the high efficiency of introduction 

of the samples into the ICP and the low factor of sample dilution. 

The LODs of Au, In, Pb, Sb and Zn for ETV-ICP-MS and ICP-

MS analysis were found comparable and do not differ more than 

3 times. The reason is the fact that despite the higher analytical 

signals of ETV-ICP-MS, this method has lower stability of the 

analytical signals and accordingly, a higher standard deviation of 

the signal. 

Table 2. LODs Obtained for ETV-ICP-MS and ICP-MS Analysis of High-purity Molybdenum, ng g-1 

Analytical isotope ETV-ICP-MS* ICP-MS** (2)/(1) Analytical isotope ETV-ICP-MS* ICP-MS** (2)/(1) 

7Li 2 200 100 85Rb 1 200 200 
9Be 0.3 4 13 88Sr 3 10 3 
24Mg 4 100 25 107Ag 3 10 3.3 
27Al 7 200 29 115In 60 50 0.8 
31P 200 2000 (800)*** 10 118Sn 2 30 15 
52Cr 100 300 3 121Sb 5 6 1.2 
55Mn 2 70 35 125Te 10 600 60 
57Fe 100 2000 (300)*** 20 133Cs 5 300 60 
59Co 2 300 150 137Ba 40 200 5 
60Ni 6 100 17 185Re 1 3 3 
68Zn 50 100 2 197Au 0.8 2 2.5 
71Ga 1 5 5 205Tl 2 9 4.5 
75As 10 40 4 208Pb 6 8 1.3 
77Se 20 80 4 209Bi 4 10 3 

* ETV-ICP-MS - analysis of solution with a molybdenum concentration of 10 000 mg L-1. 

** ICP-MS - analysis of solution with a molybdenum concentration of 1000 mg L-1. 

*** Collision cell was used. 
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Table 3. The Results of Addition and Recovery Experiment for ETV-ICP-MS Analysis of High-purity Molybdenum (n=4, P=0.95) 

Analyte Added, ng g-1 Found, ng g-1 Recovery, % Analyte Added, ng g-1 Found, ng g-1 Recovery, % 

Li 20 18±4 90 Rb 60 55±8 92 

Be 20 18±2 90 Sr 60 50±10 83 

Mg 60 55±8 92 Ag 20 25±5 125 

Al 60 75±20 125 In 600 700±100 116 

P 600 650±100 108 Sn 60 60±10 100 

Cr 600 700±100 117 Sb 60 65±10 108 

Mn 60 55±9 92 Te 60 67±8 112 

Fe 120 130±20 108 Cs 20 17±4 85 

Ni 60 60±10 100 Ba 600 540±90 90 

Co 60 70±10 117 Re 60 55±9 92 

Zn 60 62±7 103 Au 20 17±5 85 

Ga 60 75±20 125 Tl 20 23±6 115 

As 60 70±20 117 Pb 60 70±10 117 

Se 60 50±10 83 Bi 60 50±10 83 

Table 4. The Results of Analysis of High-purity Molybdenum Sample (n=4, P=0.95) 

Analyte ETV-ICP-MS, ng g-1 ICP-MS, ng g-1 ETAAS, ng g-1 Analyte ETV-ICP-MS, ng g-1 ICP-MS, ng g-1 ETAAS, ng g-1 

Li <2 <200 - Rb <1 <200 - 

Be <0.3 <4 - Sr <3 <10 - 

Mg <4 <100 - Ag <3 <10 <0.5 

Al 800±200 600±100 - In <60 <50 - 

P <200 <800 - Sn <2 <30 - 

Cr 2000±300 1800±200 - Sb <5 <6 - 

Fe 1000±200 800±100 - Te <10 <600 - 

Mn 600±100 650±90 500±100 Cs <5 <300 - 

Ni 1000±200 900±100 900±100 Ba <40 <200 - 

Co 500±100 450±90 400±60 Re <1 <3 - 

Zn <50 <100 - Au <0.8 <2 - 

Ga <1 <5 - Tl <2 <9 - 

As <10 <40 - Pb <6 <8 - 

Se <20 <80 - Bi <4 <10 - 

 

The proposed method of ETV-ICP-MS analysis for high-purity 

molybdenum permits controlling the concentration of 28 trace 

elements in molybdenum with a purity of 6N (99.9999% wt.). In 

comparison, ICP-MS allows to characterize molybdenum with a 

purity of only 99.999 % (5N) for these analytes. The limitation of 

the proposed ETV-ICP-MS method is the impossibility of 

determining the concentration of refractory and carbide-forming 

elements, for example Ir, Nb, W, etc. 

For a comparison of the proposed ETV-ICP-MS method with 

existing methods of high-purity molybdenum analysis, we would 

like to provide the following conclusions. The ICP-MS method of 

analysis of high-purity molybdenum with a preliminary matrix 

and analyte separation by cation exchange column has similar or 

lower LODs compared to the proposed ETV-ICP-MS method. 

The LODs of 27 analytes ranged from 0.1 to 74 ng g-1.12 The 

dilution factor for the ICP-MS method with preliminary ion 

exchange was 15, whereas in the present study the dilution factor 

for ETV-ICP-MS was 100. At the same time, As, Au, Sb and Se 

cannot be separated from the molybdenum matrix using the cation 

exchange column; however, the proposed ETV-ICP-MS method 

allows the determination of these elements. Use of the preliminary 

separation of the sample matrix from the analytes increases the risk 

of contamination of the analyzed sample and is a time-consuming 

procedure. Using the concentration of analytes by distilling off the 

matrix of the sample for ICP-OES analysis of molybdenum oxide 

permits to achieve LODs from 0.5 to 50 ng g-1 for 14 analytes.38 

These values are comparable to or slightly higher than the LODs 

provided by ETV-ICP-MS analysis. Note that for a number of 

elements, losses are possible when the sample matrix is distilling 

off. 

Validation of ETV-ICP-MS analysis of high-purity 

molybdenum. For validation of the ETV-ICP-MS method for 

high-purity molybdenum analysis, the "spike" experiment was 

used. The analytes were added to the samples from the MES 

solutions before dissolution of the ammonium molybdate was 

performed. Then the spiking solutions were prepared the same as 

the initial solution of molybdenum. The spiked concentrations of 

the target elements were picked close to the limits of detection, but 

the contents in the original samples may vary. For the ETV-ICP-

MS "spike" experiment, the calibration was performed using blank 
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solutions and five calibration solutions with analyte concentrations 

from 0.5 to 50 μg L-1 (n=3, P=0.95). Also, a clean-out run and 

blank solution measurements were carried out. The signals of the 

spiked solutions were measured (n=3, P=0.95), and the results are 

presented in Table 3. As can be seen, good recovery was obtained 

for the studied analytes. 

Also, a comparison of the results of ETV-ICP-MS, ICP-MS and 

GFAAS analysis of the high-purity molybdenum sample was 

performed (Table 4). For the ICP-OES technique, significant 

spectral interferences of molybdenum on the analyte lines were 

observed. The ICP-OES technique has been described previously. 
33,39 The LODs of most analytes provided by ICP-OES are 

significantly higher than by ICP-MS. So, the analyte contents at 

the required concentration level cannot be defined. The good 

agreement between results of the ETV-ICP-MS, ICP-MS and 

GFAAS analyses of the high-purity molybdenum sample 

confirmed the accuracy of proposed ETV-ICP-MS method. The 

difference is insignificant since the confidence intervals overlap. 

CONCLUSIONS 

In this study, the proposed ETV-ICP-MS method allowed us to 

characterize the molybdenum with purity of 99.9999% (6N). The 

LODs of Ag, Al, As, Ba, Be, Bi, Co, Cs, Cr, Fe, Ga, Li, Mg, Mn, 

Ni, P, Rb, Re, Se, Sn, Sr, Te and Tl provided by ETV-ICP-MS 

method are 3-200 times lower comparing with the LODs provided 

by ICP-MS analysis with standard pneumatic nebulization. The 

achieved values of ETV-ICP-MS LODs are up to 0.3 ng g-1. The 

detailed study of molybdenum and analytes vaporization curves 

was performed. It was shown that using the chosen ETV heating 

program provides efficient evaporation of the 28 analytes and their 

introduction into the ICP. The proposed ETV-ICP-MS method is 

quite rapid (an analysis cycle requires about 2 min), simple and 

provides good accuracy and precision. The proposed ETV-ICP-

MS method is highly sensitive, multielemental and can be used for 

trace analysis of molybdenum compounds with appropriate 

sample preparation. It can be useful for control of trace 

composition of precursors for the synthesis of molybdates with 

scintillation properties. 
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ABSTRACT: Establishing the purities of rare-earth oxides is an important objective as they are extensively used in a variety 

of applications. Herein, we reported the development of mixing and secondary-

cathode methods for the microsecond-pulsed and continuous direct-current glow-

discharge mass spectrometric analyses of trace rare-earth-oxide contaminants 

present in europium oxide samples. Matrix effects were corrected for, results 

were calibrated using relative sensitivity factors derived from pure copper, and 

the accuracy of the method was validated using Eu2O3 certified reference 

materials, with relative deviations of less than 15% obtained for most analytes in 

both modes. 
 

INTRODUCTION 

High-purity rare-earth oxides, such as europium oxide (Eu2O3), 

are extensively employed as advanced ceramic materials and 

hydrogenous storage materials,1 among others. The purity 

requirements of rare-earth oxides are specified in the first version 

of the “Catalogue of Demonstration Guide for Key New Materials” 

released by the Ministry of Industry and Information Technology 

of P. R. China. The mass fractions of rare-earth elements need to 

be known because they can considerably affect the properties of 

the material. Inductively coupled plasma mass spectrometry (ICP-

MS) is the most common technique used to analyze trace rare-

earth elements in high-purity rare-earth oxides.2,3 However, the 

required sample dissolution and separation steps are very time-

consuming, while dilution and the use of high blank reagents can 

negatively affect detection limits. In addition, as a solution-

sampling technique, complex hydrogen- and oxygen-based 

polyatomic spectral interference can severely hamper the analysis 

of some rare-earth elements; i.e., 165Ho+ is interfered with by 
164DyH+, 141Pr+ is interfered with by 140CeH+, and 169Tm+ is 

interfered with by 168ErH+ and 153Eu16O+. Therefore, a rapid, 

sensitive, and reliable analytical method for the analysis of trace 

rare-earth oxides (elements) in high-purity rare-earth oxides is of 

urgent need.  

As a solid sampling technique, glow-discharge mass 

spectrometry (GD-MS) is a powerful tool for analyzing trace 

elements in high-purity materials; 4,5 further, its simple sample pre-

treatment protocol significantly improves analysis efficiency. 

High sensitivities (~100 cps/ppb) result in very low detection 

limits (down to ng kg-1) in solid materials. Moreover, the 

polyatomic interferences derived from hydrogen and oxygen are 

very low because a dry aerosol is used. In addition, the use of the 

high-resolution (m/Δm >10000) mode eliminates most spectral 

interference. Therefore, GD-MS is well-suited to the analysis of 

trace rare-earth elements. Direct-current glow-discharge (dc-GD) 

and radio frequency glow-discharge (rf-GD) sources are the two 

commonly used GD sources,6 and both can be used in the 

continuous and pulsed modes.  

The sample needs to be electrically conducting in the dc-GD 

system, as it serves as the cathode. Therefore, a challenge of this 

work involves preparing electrically conducting samples. 

Auxiliary conductors, such as high-purity metal powder or foil, are 

necessary when analyzing non-conductive materials. A secondary-

cathode technique can be used for pin-shaped 7,8 or plate-shaped9,10 

solid samples. On the other hand, mixing with a high-purity 

conducting powder is always required for powdered samples,11,12 

although the mixing procedure may lead to some elemental 
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contamination. 

In addition to problems associated with sample conductivity, 

accurate quantitative analysis is also challenging, due to a lack of 

matrix-matched certified reference materials (CRMs) with known 

chemical compositions similar to that of the sample to be analyzed. 

Generally, standard relative sensitivity factors (StdRSFs),13 which 

are matrix-independent, are used to calibrate the acquired data. 

However, the use of StdRSFs still leads to relatively large 

uncertainties (of a factor of approximately two)14,15 in most cases, 

and matrix-matched RSFs are always needed to provide more 

accurate results. Synthetic pressed tablets 5,16 and melting bulks15 

are two commonly used types of metal calibration sample; 

however, calibration samples of melting bulks and pressed tablets 

of europium oxides are difficult to prepare because auxiliary 

conductors are required.  

In this work, europium oxides were examined by microsecond-

pulsed and continuous dc GD-MS, and mixing and secondary-

cathode methods were established. Matrix effects were corrected 

for in order to calibrate the results using RSFs derived from pure 

copper, and the accuracy of the method was validated using Eu2O3 

CRMs. Finally, a real europium oxide sample was examined and 

its relative purity determined. 

EXPERIMENTAL 

Mass spectrometer. An Element GD Plus (Thermo Fisher 

Scientific, USA) high-resolution double-focusing sector-field 

glow-discharge mass spectrometer, equipped with a fast-flow 

Grimm-type direct-current (dc) ion source, was used in this study. 

The ion source can be operated in both microsecond-pulsed and 

continuous modes. The instrument has three mass-resolution 

modes, namely low (LR), medium (MR), and high resolution 

(HR), with resolution values of approximately 400, 4000, and 

10000, respectively. The sample is required to be electrically 

conducting in the ion source because the sample serves as the 

cathode in the GD system.  

Reagents and samples. High-purity 22-mesh copper powder with 

a nominal purity of 99.999% was purchased from Alfa Aesar Corp. 

(Ward Hill, MA, USA). The powder was sieved in-house into two 

size ranges. The powder with grains 500–600 μm in size was used 

to prepare the calibration samples needed to calculate the RSFs of 

the rare-earth elements. The powder with grains less than 150 μm 

in size was used as the auxiliary conductor when preparing 

electrically conducting samples for GD-MS. Multi-element 

standard solutions of 17 rare-earth elements with mass fractions of 

100 mg/kg were provided by the National Institute of Metrology 

(NIM), P.R. China. The impurity constituents of GBW02902 

europium oxide CRMs were used for validation purposes. A 

sample of high-purity Eu2O3 with a nominal purity of more than 

99.999% was purchased from Alfa Aesar (Tianjing, China).  

 

 

 

 

 

 

 

 
Fig. 1 High-purity copper secondary cathode (A) before and (B) after GD-

MS sputtering.

 

Table 1. Optimized Values of the Discharge Parameters Used in Direct-

current GD-MS 

Discharge Parameter Microsecond-

pulsed 

Continuous 

Discharge voltage (V) 1000 1200V 

Discharge current (mA) 30 55 

Discharge gas flow (mL 

min-1) 

505 430 

Pulsed duration (μs) 70 ND[a] 

Pulsed frequency (Hz) 2000 ND[a] 

[a] No data. 

Sample preparation. The calibration samples used to determine 

RSFs were prepared by doping high-purity copper powder with 

rare-earth standard solutions. Details of the preparation procedure 

are reported elsewhere.5,15 The mixing and secondary-cathode 

methods were used to directly analyze the non-conducting Eu2O3. 

In the mixing method, mixtures, each with an optimal Cu/Eu2O3 

mass ratio of 4:1, were prepared by mechanical mixing. Tablets of 

the mixtures were prepared by pressing each homogenized 

powder in a filling ring (i.d.=12 mm; o.d.= 25 mm; height=1.2 mm) 

using a pressing machine (SYP-30TS, Shanghai, China) with a 

pressure of 30 MPa for a hold time of 20 s. In the secondary-

cathode method, a 20 mm-thick cylindrical high-purity 

(>99.999%) copper block with a 5 mm-diameter hole was custom-

made by China New Metal Co., Ltd. (Beijing, China). The surface 

was cleaned by grinding with a lapping machine (LaboPol-5, 

Struers, USA) and then ultrasonically cleaned using deionized 

water and ethanol. The Eu2O3 sample was loaded by pressing at 

0.5 MPa with a pressure lever for a hold time of approximately 20 

s, as shown in Fig. 1. 

Glow-discharge mass spectrometry. Based on a previous 

study,17 GD-MS was performed in the microsecond-pulsed and dc 

modes when the mixing method was used, while only the 

microsecond-pulsed mode was used with the secondary-cathode 

method. The discharge parameters were optimized for high 

intensity and sufficient 151Eu analytical stability. The optimal 

values of the discharge parameters in the microsecond-pulsed and 

continuous dc modes are summarized in Table 1. Each experiment 

was carried out six times in succession, with the average value 
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Fig. 2 Mixing method: 151Eu signal intensity at medium resolution (MR) as 

functions of time and the mass ratio of high-purity Cu to Eu2O3 in the 

continuous dc mode. 

 

 

 

 

 

 

 

 

 

Fig. 3 Secondary-cathode method: 151Eu signal intensity at medium 

resolution (MR) as functions of time and the secondary cathode hole 

diameter in the microsecond-pulsed mode. 

Table 2. Limits of Quantification (LoQ) of Rare-earth Oxides Using 

the Mixing and Secondary-cathode Methods 

 

Oxide 

LoQ, mg/kg  

Oxide 

LoQ, mg/kg 

Mixing 
Secondary 

Cathode 
Mixing 

Secondary 

Cathode 

Y2O3 0.17 0.005 Tb4O7 0.002 0.001 

La2O3 0.012 0.002 Dy2O3 0.001 0.001 

CeO2 0.79 0.041 Ho2O3 0.012 0.004 

Pr6O11 0.081 0.002 Er2O3 0.007 0.001 

Nd2O3 0.35 0.016 Tm2O3 0.003 0.001 

Sm2O3 0.11 0.020 Yb2O3 0.007 0.019 

Gd2O3 0.030 0.022 Lu2O3 0.001 0.001 

SUM 1.6 0.14    

reported. The mass fraction of each rare-earth element was 

calculated using the following equation: 

 

where Cx/CEu2O3 is the mass fraction of the element in Eu2O3; 

Ix/IEu, Ix/ICu, and R are the ion beam ratio (IBR) of element x to Eu 

derived from the mixture, the IBR of element x to Cu derived from 

the auxiliary Cu conductor, and the IBR of Cu to Eu from the 

mixture, respectively; and M is the molecular/atomic weight. The 

mass fraction of element x is multiplied by the ratio of the 

molecular mass of the oxide to the element, in the case of an oxide. 

RESULTS AND DISCUSSION 

Optimizing the mass ratio in the mixing method and the hole 

diameter in the secondary-cathode method. The mass ratio of 

high-purity copper powder to Eu2O3 was optimized to obtain high 

sensitivity and good stability in the mixing method; the intensities 

of the 151Eu signals from 1:1, 2:1, 3:1, 4:1, and 5:1 mixture at MR 

(Fig. 2). In view of both sensitivity and stability, a 4:1 Cu/Eu2O3 

mass ratio was determined to be optimal, with a 151Eu sensitivity 

of approximately 7 × 109 cps and a relative standard deviation 

(RSD) of less than 1%. The diameter of the hole was also 

optimized in the secondary-cathode method by comparing the 

intensity, 151Eu stability, and equilibrium time, as shown in Fig. 3. 

More of the Eu2O3 sample is exposed to the GD ion source with 

increasing hole diameter, resulting in a more-intense 151Eu signal; 

however, less of the Cu conductor is exposed to the GD ion source, 

which increases the equilibrium time. A diameter of 5 mm was 

determined to be optimal, with a 151Eu sensitivity of approximately 

5 × 109 cps, an RSD of less than 1%, and an equilibrium time of 

approximately 25 min. Even though the equilibrium time 

associated with the secondary cathode with the 5 mm hole was 

much longer than that with the 3 mm hole (approximately 2–3 

min), the intensity of the 151Eu signal was more than one order of 

magnitude higher that that observed with the 3 mm hole, for which 

the sensitivity was approximately 2 × 108 cps.  

Limits of quantification (LoQ) of rare-earth oxides 

determined by the mixing and secondary-cathode methods. 

The LoQs of rare-earth oxides were determined statistically for the 

mixing and secondary-cathode methods using the 10s-criteron, as 

summarized in Table 2. The LoQ of most oxides were 

approximately one order of magnitude lower using the secondary-

cathode method compared to those obtained using the mixing 

method, due to the lower blanks in the high-purity copper 

secondary cathode. The mass fractions of most rare-earth elements 

were less than 0.003 mg/kg in the high-purity copper secondary 

cathode, with the exception of Ce (0.005), Gd (0.004), Sm (0.003), 

and Yb (0.003). The LoQ across all oxides were 1.6 mg/kg and 

0.14 mg/kg for the mixing and secondary-cathode methods, 

respectively. Hence, europium oxides with relative purities of 

more than 99.999% and 99.9999% can be measured and identified 

by the mixing and secondary-cathode methods, respectively.  

Matrix effects in microsecond-pulsed and continuous dc GD-

MS. In order to better calibrate the acquired data using the RSFs 

derived from pure Cu, which are relatively easy to obtain, the 

effects of the GD-MS matrix in the microsecond-pulsed and 

2 3 2 3

x Cu Eu

Eu O Eu Cu Eu Cu Eu O

RSFC I I M
= - R

C I I RSF M

x x x
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Fig. 4 Matrix effects in the continuous dc mode: Pr-to-Cu ion beam ratios 

(IBRs) of different mixtures of doped copper (high-purity copper doped 

with 10 mg/kg rare-earth standard solutions) in high-purity Eu2O3 in the 

continuous dc mode at medium resolution (MR). Error bars represent 

standard deviations (SDs; n = 6). 

 

 

 

 

 

 

 

 

Fig. 5 Matrix effects in the microsecond-pulsed mode: Pr-to-Cu ion beam 

ratios (IBRs) of different mixtures of doped copper (high-purity copper 

doped with 10 mg/kg rare-earth standard solutions) in high-purity Eu2O3 in 

the microsecond-pulsed mode at medium resolution (MR). Error bars 

represent standard deviations (SDs; n = 6). 

continuous dc modes were investigated. High-purity Cu powder 

samples doped with 10 mg/kg elemental rare-earth standard 

solutions were prepared and are referred to as “doped copper” 

powder in this work. High-purity Eu2O3, for which the mass 

fractions of all rare-earth elements were very low (<0.1 mg/kg), 

was used. Mixtures of “doped copper” and high-purity Eu2O3 with 

mass ratios of 2:1, 3:1, 4:1, and N:0 (doped Cu only) were 

prepared. The rare-earth element in each of the various mixtures 

had the same mass fraction relative to Cu (the rare-earth elements 

in Eu2O3 can be ignored); hence the matrix effect can be studied 

by comparing the IBRs of the rare-earth elements relative to Cu. 

An optimized discharge current of 55 mA was used in the 

continuous dc mode when the 2:1, 3:1, and 4:1 mixture were 

examined, with a 63Cu sensitivity of approximately 7 × 109 cps 

determined at MR for the 4:1 mixture. The Pr-to-Cu IBRs, as 

examples, in the various mixtures are compared in Fig. 4, which 

shows that the IBR of Pr in the N:0 sample at 55 mA is twice that 

of the 4:1 mixture, thereby confirming the presence of a marked 

matrix effect. This observation is attributable to variations in the 

real-time discharge voltage, which was 589 V at 55 mA when 

analyzing the 4:1 mixture, but 1081 V when analyzing the N:0 

sample. The Pr sputtering efficiency is enhanced at a higher 

discharge voltage, leading to a distinct IBR discrepancy. The 

results obtained for the mixtures were calibrated using the RSFs 

determined using the N:0 calibration sample at a current of 35 mA. 

The IBRs for Pr in the 4:1 mixture and the N:0 sample agree well 

at 35 mA. The real-time voltage and current were approximately 

800 V and 33.6 mA, respectively, at 35 mA; the voltage was higher 

and the current was lower than those observed at 55 mA when the 

4:1 mixture was analyzed. The opposite effect resulted in good 

agreement. In other words, the matrix effect was corrected for by 

optimizing the discharge parameters. Accurate values can be 

obtained in the dc mode when calibrated using RSFs measured at 

35 mA (other parameters listed in Table 1) using the N:0 sample. 

The same discharge parameters were used to analyze the 

various mixtures in the pulsed mode. The Pr-to-Cu IBRs were in 

good agreement to within uncertainty intervals, even though the 

IBR of the 4:1 sample appeared to be 15% higher than that of the 

N:0 sample, as shown in Fig. 5. This slight difference may be due 

to differences in real-time discharge currents. The real-time current 

was approximately 12 mA when the N:0 sample was analyzed, 

whereas it was approximately 26 mA for the 4:1 mixture. The 

higher current enhances both sputtering efficiency and ionization 

efficiency. Actually, the Eu-to-Cu IBR of the 4:1 sample was also 

approximately 15% higher than that of the N:0 sample; hence, the 

Pr-to-Eu IBR of the 4:1 sample was close to that of the N:0 sample. 

In other words, the values measured in the pulsed mode can be 

calibrated using RSFs measured with N:0 calibration samples 

possessing the same parameters as the 4:1 sample. 

Validating and comparing the mixing and secondary-cathode 

methods. GBW02902 europium oxide CRMs containing 14 rare-

earth impurities were used to validate the two methods, with the 

optimal mass ratio of 4:1 used in the continuous dc mode with the 

mixing method. The results calibrated using RSFs determined at 

35 mA, 45 mA, and 55 mA, as well as the standard RSFs provided 

by the spectrometer manufacturer, are summarized in Table 3, with 

the average values of six replicates and their standard deviations 

(SDs) reported. The SDs were obtained by combining the IBR and 

RSF RSDs. Relative deviations (D/%) were calculated using the 

equation: D = (Cmeasured – Ccertified)/Ccertified × 100%. Table 3 reveals 

that the results calibrated using RSFs at 35 mA best match the 

certified values, with relative deviations of less than 15% for most 

oxides; relative deviations of 30% and 45% were determined at 45 

mA and 55 mA, respectively, which is ascribable to the matrix 

effect. It is noteworthy that the results calibrated using the StdRSFs 

are in good agreement with the certified values, with relative 

deviations of less than 20%. Therefore, from the perspective of 

simplicity, calibration using the StdRSFs is greatly advantageous 

when an accuracy of ±20% is acceptable. 
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Table 3. Data Acquired in the Continuous DC Mode Using the Mixing Method with Certified Values 

Oxide Mass fraction (mg/kg) [a] D1
[c]/% D2

[c]/% D3
[c]/% D4

[c]/% 

Certified RSF-35 mA[b] RSF-45 mA[b] RSF-55 mA[b] StdRSF[b] 

Y2O3 17.2±1.0 16.9±2.4 20.7±2.9 24.1±3.4 16.2 -1.5 20.1 40.2 -5.9 

La2O3 12.8±1.2 14.3±2.0 15.3±2.2 16.5±2.4 10.5 12.1 19.3 29.2 -17.6 

CeO2 3.4±0.4 3.9±0.5 4.1±0.5 4.2±0.5 2.8 15.0 19.7 23.9 -16.8 

Pr6O11 15.2±1.5 12.3±1.8 13.5±2.0 17.1±2.5 15.6 -19.1 -11.1 12.2 2.9 

Nd2O3 11.8±0.6 10.2±1.4 11.3±1.6 13.0±1.8 9.8 -13.8 -4.2 10.6 -16.7 

Sm2O3 15.3±1.8 15.2±2.2 16.6±2.4 18.8±2.7 13.2 -0.9 8.4 23.1 -13.6 

Gd2O3 16.8±1.3 16.2±2.1 18.2±2.3 22.6±2.9 15.0 -3.5 8.5 34.2 -10.9 

Tb4O7 12.2±1.0 11.3±1.3 12.5±1.4 15.6±1.8 10.8 -7.3 2.5 27.8 -11.5 

Dy2O3 11.3±0.6 11.1±1.0 12.2±1.1 13.5±1.2 10.2 -2.2 7.7 19.0 -10.1 

Ho2O3 15.0±1.0 13.3±1.3 14.9±1.4 18.3±1.8 13.9 -11.0 -0.6 21.8 -7.5 

Er2O3 12.6±1.1 12.6±1.2 13.9±1.3 15.6±1.5 12.2 0.3 10.7 24.0 -2.8 

Tm2O3 10.2±0.7 10.3±0.8 11.5±0.9 13.7±1.1 9.2 1.3 12.9 34.4 -9.8 

Yb2O3 16.3±0.6 18.6±1.5 20.8±1.6 22.1±1.7 13.2 14.0 27.5 35.5 -18.8 

Lu2O3 11.6±0.8 11.7±0.7 12.7±0.7 14.7±0.8 11.0 1.1 9.5 26.7 -5.3 
[a] Mean ± SD (n=6); [b] measured values calibrated using RSFs at different discharge currents; [c]D1, D2, D3, and D4 are relative deviations between certified 

and measured values calibrated using RSFs at 35 mA, 45 mA, and 55 mA, and StdRSFs, respectively. 

Table 4. Data Acquired in the Microsecond-pulsed Mode Using the Mixing and Secondary-cathode Methods with Certified Values 

Oxide Mass fraction(mg/kg) [a] DM1
[d]/% DM2

[d]/% DS1
[e]/% DS2

[e]/% 

Certified M-RSF[b] M-StdRSF [b] S-RSF[c] S-StdRSF [c] 

Y2O3 17.2±1.0 17.1±1.6 20.7 17.9±1.7 23.4 -0.4 20.3 4.3 36.0 

La2O3 12.8±1.2 13.8±1.3 18.8 13.7±1.3 16.7 7.5 47.1 6.8 30.6 

CeO2 3.4±0.4 4.1±0.4 3.9 4.4±0.4 4.2 19.2 15.4 30.0 22.3 

Pr6O11 15.2±1.5 15.1±1.5 15.9 16.4±1.6 17.5 -0.3 4.9 7.8 15.1 

Nd2O3 11.8±0.6 12.8±1.2 15.4 13.8±1.3 17.2 8.7 30.2 16.8 45.5 

Sm2O3 15.3±1.8 16.8±1.6 19.2 17.7±1.7 19.2 9.7 25.3 15.7 25.3 

Gd2O3 16.8±1.3 17.2±1.5 21.2 19.1±1.7 27.0 2.5 25.9 13.9 60.9 

Tb4O7 12.2±1.0 12.1±0.9 13.7 13.5±1.0 16.2 -0.6 12.0 10.9 32.8 

Dy2O3 11.3±0.6 11.0±0.7 14.1 12.4±0.7 15.8 -2.5 24.5 9.7 40.2 

Ho2O3 15.0±1.0 13.2±0.9 17.8 14.5±1.0 20.1 -11.8 18.8 -3.5 34.1 

Er2O3 12.6±1.1 12.4±0.8 14.0 13.6±0.9 16.1 -1.5 11.0 8.0 27.9 

Tm2O3 10.2±0.7 9.9±0.5 12.2 10.5±0.6 13.5 -2.8 20.1 2.9 32.6 

Yb2O3 16.3±0.6 18.7±1.0 22.1 17.9±1.0 15.8 14.5 35.6 9.9 -3.0 

Lu2O3 11.6±0.8 10.3±0.4 13.3 11.7±0.4 15.8 -11.0 15.0 0.6 36.2 
[a] Mean ± SD (n=6); [b] measured values using the mixing method calibrated using the RSFs in this work and StdRSFs, respectively; [c] measured values using 

the secondary-cathode method calibrated using RSFs in this work and StdRSFs, respectively; [d] DM1 and DM2 are relative deviations between certified and 

measured values using the mixing method calibrated using RSFs in this work and StdRSFs, respectively; [e] DS1 and DS2 are relative deviations between 

certified and measured values using the secondary-cathode method calibrated using RSFs in this work and StdRSFs, respectively. 

Table 5. Mass Fractions (mean ± 2SD) of Rare-earth Oxides in a 

Europium Oxide Sample, mg/kg 

Oxide Mass fraction Oxide Mass fraction 

Y2O3 1.7±0.5 Tb4O7 <0.001 
La2O3 <0.002 Dy2O3 <0.001 
CeO2 0.40±0.16 Ho2O3 <0.004 
Pr6O11 3.1±0.7 Er2O3 0.23±0.09 
Nd2O3 2.5±0.5 Tm2O3 <0.001 
Sm2O3 7.9±2.4 Yb2O3 <0.019 
Gd2O3 3.4±1.3 Lu2O3 0.12±0.04 

Both, the mixing and secondary-cathode methods, were used in 

the microsecond-pulsed mode. The RSFs of the rare-earth 

elements in the microsecond-pulsed mode with the optimized 

parameters listed in Table 4 were measured using the calibration 

samples, the details of which are found elsewhere.18 The results 

obtained using the RSFs and StdRSFs were compared; the 

measured values calibrated using the RSFs in this work are in good 

agreement with the certified values for the mixing and secondary-

cathode methods, with relative deviations of less than 15% 

determined for most elements. However, the results calibrated 

using the StdRSFs exhibit poor accuracies, with relative deviations 

of up to 40% and 50% for the mixing and secondary-cathode 

methods, respectively, which is probably ascribable to the fact that 

the StdRSFs were determined in the dc mode, rather than in the 

pulsed mode.  

Europium oxide sample analysis. In view of its lower LoQs, the 

secondary-cathode method was used to analyze a europium oxide 

sample, with the results calibrated using the RSFs determined in 

this work. The results for the 14 rare-earth oxides are summarized 

in Table 5. The sum of the mass fractions of all rare-earth oxides 

was determined to be 19.3 ± 2.9 mg/kg (mean ± 2SD); hence the 

relative purity of the Eu2O3 sample is 99.9981 ± 0.0003 %. 

According to the Chinese National Standard Terms of Rare Earths 

(GB/T 15676-2015), this Eu2O3 sample was confirmed to be a 

high-purity rare-earth oxide (>99.99%). 
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CONCLUSIONS 

We developed mixing and secondary-cathode methods for the 

microsecond-pulsed and continuous direct-current glow-discharge 

mass spectrometric analyses of trace rare-earth oxides present in 

europium oxide samples. A 4:1 mass ratio of high-purity copper to 

Eu2O3 was determined to be optimal for the mixing method, while 

a 5 mm-diameter hole was optimal for the secondary-cathode 

method. LoQs of the order of 10-9 were determined for the 

secondary-cathode method, which are approximately one order of 

magnitude lower than those obtained using the mixing method. A 

pronounced matrix effect was observed in the continuous dc mode, 

but it was sufficiently low to be ignored in the microsecond-pulsed 

mode. The matrix effect is probably the result of real-time 

variations in the values of the discharge parameters in various 

matrix samples, and was corrected for after optimizing the 

discharge parameters. The accuracies of the methods were 

validated using Eu2O3 CRMs; RSF calibration led to good 

agreement with the certified values, with relative deviations of less 

than 15% for most elements. The results calibrated using StdRSFs 

were also in good agreement with the certified values when the 

continuous dc mode was used, with relative deviations of less than 

20%, whereas, StdRSF calibration in the microsecond-pulsed 

mode resulted in poor accuracies, with relative deviations of up to 

40% and 50% for the mixing and secondary-cathode methods, 

respectively. 

In summary, the pulsed mode is advantageous over the 

continuous dc mode in terms of qualification limits and sample 

quantities because the secondary-cathode method, which exhibits 

lower LoQs for smaller sample amounts, can be used in this mode. 

On the other hand, the continuous dc mode provides superior 

accuracies when calibrated using StdRSFs, while the dc and 

pulsed modes provide similar accuracies when calibrated using the 

RSFs determined in this work, regardless of which method 

(mixing or secondary-cathode) was used. 

Finally, the 14 rare-earth oxides in a Eu2O3 sample were 

determined, with the relative purity of the sample found to be 

99.9981 ± 0.0003%, which meets the product standard of a high-

purity rare-earth oxide. 
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ABSTRACT: In this study, new insights into the contamination of marine ecosystems are provided by the simultaneous 

analysis of concurrently collected bottom seawater and upper sediment layer samples with inductively coupled plasma mass 

spectrometry (ICP-MS). Precise and interference-free quantification of the trace levels of selected heavy metals in seawater diluted 

100 times was directly obtained by high-resolution ICP-MS, with the recovery (from 94 to 109% against the certified reference 

material CASS-6), repeatability (3–5%), intermediate precision (averaging 6.5%), and limits of detection (0.002–0.3 µg L-1) being 

systematically assessed. The same metal contaminants accumulated in the surface sediments were determined - after sample digestion 

prior to measurements - by quadrupole ICP-MS using a previously optimized and validated protocol. Both sets of metal concentration 

data expressed as a function of distance from the coast show a decline, followed by a flattening where the transfer of insoluble 

material and the associated metal fluxes 

carried by the river watercourse tend to 

end an action. This occurrence was 

confirmed by quantifying the natural 

seawater constituents, such as 

potassium and lithium, whose 

concentrations remained constant after 

the distance of 250 km from the estuary 

due to a reduced dilution by freshwater. 
 

INTRODUCTION 

When analytical approaches for the accurate quantification of trace 

metals in seawater are considered, inductively coupled plasma 

mass spectrometry (ICP-MS) advances to the forefront. The 

examination of recent publications reveals that the ICP-MS 

technique, operating in high-resolution mode, received highest 

response from the field. Particularly, there are frequent successful 

attempts of using sector-field (SF) ICP-MS to determine a variety 

of metals occurring in seawater at low and even sub-ng L-1 levels 

(see refs. 1–5 to mention a few). However, sample preparation is 

typically mandatory and involves analyte pre-concentration and 

matrix separation to transfer the enriched metals into a solution, 

thus ensuring ICP-MS measurements free from interferences from 

the salt matrix. Evidently, such treatment, commonly based on 

using the chelating resins variable in complexation chemistry,6-8 

makes the analytical protocol more complicated and prone to  

uncertainties. Examples of the simultaneous determination of trace 

metals in seawater by SF-ICP-MS without intricate sample 

treatment are very few9,10 and other direct applications are single-

element approaches.11,12 

As a matter of fact, dilution may serve as an alternative to cope 

with the high salinity matrix, at least when determining more 

abundant metals,9,10,12 given the extremely high sensitivity of SF-

ICP-MS. This approach has been explored in our study aimed at 

validating an analytical procedure for the simultaneous 

measurement of various metals in seawater, which can be suitable 

for large-scale monitoring of metal contaminants (where high 

sample throughput is a prerequisite). The satisfactory analytical 

performance of the method was proved through the analysis of 

certified reference material (CRM), CASS-6, and systematic 

metal determinations in bottom seawater, collected from 50 to 450 
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km from the continental shelf, with the limits of quantification at 

the low- to sub-µg L-1 levels. 

Our particular interest in such an analysis is because in the case 

of shallow seas, such as the Kara Sea (part of the Arctic Ocean) 

and part in our investigation, the water column may be 

contaminated by toxic metals carried by river current, the effect of 

which remains in force over a long distance from the estuary. 

Another important source of contamination may be the inflow of 

aerosol material, including particles of mineral dust, volcanic ash, 

organic combustion products from forest fires, industry and 

transport products.13,14 However, in the case of the Kara Sea, river 

runoffs are thought to make the main contribution. In the event of 

an assumed geochemical scenario, metal accumulation in the 

sediments would present one of the largest threats to the 

environment. Therefore, we consider the harmonized surveying of 

surface sediments and overlaying seawater in terms of the level of 

selected heavy metals, performed here by the verified ICP-MS 

method, as a valid strategy to assess the ecological state of this 

marine environment. 

EXPERIMENTAL 

Reagents and materials. Stock solutions (10 mg L-1) used to 

prepare the mixed standard solutions and the internal standard 

(High-Purity Standards, Charleston, SC, USA) were diluted 

appropriately with 3% HNO3, prepared from ultrapure nitric acid 

(65%, Merck, Germany) and ultrapure water. Seawater CRM 

(CASS-6, A33-11-02-CASS) was purchased from the National 

Research Council of Canada (Ottawa, ON, Canada). All plastic, 

quartz and glassware were soaked in 4 mol L-1 HNO3 for at least 

24 h and rinsed repeatedly with ultrapure water before use. 

Instrumentation. The seawater analyses were performed on an 

Element-2 SF-ICP-MS instrument (Thermo Fisher Scientific, 

Waltham, MA, USA) with high resolution capacity. The 

instrument was used in three nominal resolution settings: low (R 

= 300), medium (R = 4000) and high (R = 10000). The metal 

isotopes were analyzed in appropriate resolutions (see Table 1 for 

more detail) to eliminate polyatomic interferences. The internal 

standard 115In (1 µg L-1) was analyzed in both resolutions to 

account for any drift variation within and between the resolution 

settings over time. Prior to measurements, the instrumental 

conditions (including torch position, sample gas flow rate, and lens 

settings) were optimized to achieve high, reproducible signal 

intensities and a low oxide level (UO+) in a 1 µg L-1 tune solution 

(<4%). The ICP-MS operating parameters are listed in Table 1. In 

the case of sediment analyses, the instrumental and measurements 

conditions were as previously described.15 

Sampling. Both the seawater and sediment samples were 

collected in August-September 2019 on the continental shelf of the 

Kara Sea during a research oceanographic cruise aboard the R.V. 

 

 

 

 

 

 

 

Fig. 1 Sampling area. 

Table 1. SF-ICP-MS Measurement Parameters 

Parameter Setting 

Plasma gas flow, L/min 14  

Auxiliary gas flow, L/min 0.9  

Nebulizer Ar flow, L/min 0.9  

Sample gas flow, mL/min 0.8  

RF power, W 1250  

Dwell time, ms 
10, 20 or 50 for low, middle or high 

resolution mode, respectively 

Spectral resolution mode low (209Bi, 111Cd, 7Li, 95Mo, 208Pb, 85Rb, 
121Sb, 118Sn, 88Sr, 232Th, 205Tl, 238U); 

medium (55Mn, 51V); 

high (75As, 39K) 

Academician Mstislav Keldysh. The sediment material was the 

upper layer (maximum 10 cm in depth), while the seawater was 

the part of the water column in direct contact with the surface layer 

collected in duplicate (each sample 1 L) into Teflon-lined lever-

action Niskin bottles (General Oceanics, Miami, FL, USA) at the 

same sampling site. The geographical location of the sampling 

sites is detailed in Fig. 1. 

Sample preparation  

Seawater. All seawater samples were filtered through acid pre-

cleaned cellulose nitrate membrane filters (Whatman, 0.45 μm) 

under vacuum and acidified (with HNO3 to 3%) on board, stored 

at 4° C and later analyzed at the laboratory facilities, following 

dilution with 3% HNO3.  

Sediment. Upon collection, the samples were air-dried and 

homogenized using an agate mortar, oven dried at 50 ⁰C for 6 days 

prior to digestion (for more details, see ref. 16) and then transferred 

to the laboratory for digestion using the previously optimized and 

validated procedure.15,17,18 

RESULTS AND DISCUSSION 

Sample dilution factors. When SF-ICP-MS is applied for 

seawater analysis, dilution is required not only to avoid substantial 

salt built-up in the sample introduction system but also to reduce  
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Table 2. SF-ICP-MS Detection Limits for Seawater Analysis (µg L-1) 

Metal NASS-5 10 NASS-5 12  NASS-5 21 NASS-5 22 СASS-3 19 СASS-4 20 СASS-6 (this study) 

As - - 0.001 0.05 - - 0.24 

Bi - - - - - - 0.13 

Cd - - - - 0.013 - 0.007 

Mn 0.005 - - - 0.27 0.12 0.13 

Mo 0.011 - - - - - 0.29 

Pb - - - - 0.05 - 0.003 

Sb - - - - - - 0.08 

Sn - - - - - - 0.06 

Th - - - - - - 0.004 

Tl - 0.10  - - - - 0.09 

V 0.002 - - - 0.01 0.12 0.08 

U 0.0004 - - - - - 0.002 

Table 3. Trueness and Precision for SF-ICP-MS Analysis of CASS-6 (µg L-1 ± σ; n = 3) 

Metal 
Certified 

value 

Confidence 

interval 

September 8th September 16th October 10th 

Measured value 
Recovery 

(%) 
Measured value 

Recovery 

(%) 
Measured value 

Recovery 

(%) 

Asa 1.04 0.94-1.14 1.08±0.11 104 1.09±0.07 105 0.97±0.08 93 

Cd 0.022 0.020-0.024 0.024±0.007 109 0.020±0.004 91 0.024±0.005 109 

Mn 2.22 2.10-2.34 2.1±0.1 95 2.03±0.05 91 2.31±0.05 104 

Mo 9.15 8.63-9.67 8.8±0.4 96 9.67±0.03 106 8.62±0.04 99 

Pb 0.011 0.007-0.015 0.012±0.004 109 0.012±0.004 105 0.012±0.003 109 

Va 0.50 0.38-0.62 0.47±0.01 94 0.48±0.02 96 0.48±0.03 96 

U 2.92 2.5-3.3 2.8±0.1 96 2.84±0.05 97 2.86±0.04 98 
a Reference values. 
 

the matrix effect on instrumental sensitivity, which shows itself in 

the functioning of ion optics. Therefore, prior to injection, the 

seawater samples need to be diluted. From previous studies, 

typical dilution factors used for the direct analysis of seawater do 

not exceed 10.9-12 We found that a 100-fold dilution is superior for 

system performance pertaining the accuracy of the obtained results 

and eliminates signal suppression due to the high sea-matrix 

salinity (for common metal constituents, i.e., K, Ca, and Mg, a 

higher dilution factor of 1000 was found more practical). This 

ensures sufficiently low limits of detection (LODs) to quantify a 

variety of toxic metals found at typical seawater concentrations not 

influenced by high anthropogenic input, which in many cases 

compared well with the sensitivity thresholds obtained by other 

investigators (where available for direct analysis, see Table 2). It 

should be mentioned that the fairly lower LODs reported by Field 

et al.10 were due to using a complicated nebulization setup, a 

shielded torch, and hot plasma high-resolution ICP-MS. 

Method validation. Since the only sample treatment used was 

dilution, and the dilution factors were multi-fold, it was deemed 

obligatory to run blank analyses for evaluating contamination or 

spectral interference effects (with complex matrices, not all 

interferences could be separated, even when using the SF 

technique4). The precision of the method was determined by 

analyzing the CASS-6 CRM on three different days (the data 

summarized in Table 3). It can be seen that trueness, calculated 

from the deviations of the certified values as a percentage recovery, 

Table 4. Limits of quantification (µg L-1) 

Metal LOQ Metal LOQ 

As 0.00051 Sn 0.22 

Bi 0.35 Th 0.018 

Mn 0.42 Tl 0.31 

Mo 0.86 V 0.14 

Pb 0.009 U 0.0066 

Sb 0.16   

varies from 94 to 109% and the results are within-day repeatable 

in the range from 3 to 5% (with an exception for the least abundant 

Cd and Pb). The data of between-day measurements also accord 

fairly well since the calculated intermediate precision falls within 

the range of 3.8–9.1%. The limits of quantification of the assay, 

defined as 10 σ/slope of the calibration curve at a standard 100-

fold dilution, are presented in Table 4. 

It is noteworthy to mention that the data for other metals that are 

less critical pollutants, including rare-earth elements, are not 

presented here and will be discussed elsewhere. Therefore, only 

some of the metals (as listed in Table 2) are included for systematic 

measurements as below. Of these, uranium and thorium are rather 

scarce but show a marked toxicity because of their radioactive 

properties. 

Application to marine samples. There are various sources of 

material that deposit on the seafloor to form marine sediments, 

and most of these may cause sediment contamination from toxic 
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Fig. 2 Metal concentrations in seawater (open circles; µg L-1) and surface sediment (black circles; μg g-1) at different distance from the coast. For manganese, 

the concentrations are given in mg L-1 and mg g-1, respectively. 

metals. Our earlier research15,23 suggests that it is insoluble 

material, primarily rock and soil particles, transported from land 

areas to the sea by rivers (mostly by the Ob River in this case), that 

has the greatest ecological impact. For the reason of proving this 

hypothesis, the simultaneous analysis of bottom seawater and 

upper sediment layer samples, collected as described in the 

Sampling subsection, was undertaken in this study.  

The typical dependence of the heavy metal concentration of As, 

Mn, Pb, Th, and U is based on the distance from the coast and is 

shown in Fig. 2. For both types of sample material, they have a 

similar character with first a steady decrease and then a gradual 

flattening of the metal content based on the increase in the distance. 

The most plausible explanation of such concentration profiles is 

due to the mass transfer being marked from the estuary to about 

250 km from the coastline and turning out to be negligible beyond 

this distance. As a result, the contribution of the contaminated 

material exported by the Ob River influx fades and far from the 

estuary, the toxic metal concentrations become fairly constant, 

corresponding to natural seawater levels.  

To prove the latter occurrence, the seawater constituents of non-

contaminant nature were quantified in the same seawater samples 

using SF-ICP-MS. Here it is necessary to mention that for offshore 

aquatic areas, seawater has a rather conservative composition 

which is directly connected with the components included in Table 5.  

From the comparison of the concentrations of minor conservative 

metals at different distances from the shore and their global open 
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Table 5. Minor Conservative Seawater Metals Quantified at Different Distance from the Coast and Their Typical Offshore Concentrations (mg L-1)  

Metal Distance (km) Concentration in 

ocean water a 50 80 130 250 450 

K 82±3 139±6 320±12 385±10 390±13 391 

Li 0.03±0.001 0.04±0.001 0.10±0.003 0.14±0.005 0.15±0.005 0.14 

Rb 0.04±0.002 0.06±0.002 0.11±0.003 0.17±0.002 0.17±0.003 0.17 

Sr 1.5±0.1 2.4±0.1 5.6±0.3 7.8±0.2 7.9±0.2 7.9 
a Ref. 22. 
 

ocean levels (in ref. 22), given in the table, it is evident that while 

initially affected by the influx of the river into the sea, the 

concentration of K, Sr, Li, and Rb turns out to be invariable after 

250 km from the estuary due to a faded dilution effect by 

freshwater. It is worth noting that for some target analytes, e.g., 

arsenic and cadmium, the concentrations measured after this 

distance are also typical for offshore areas that are far from natural 

or anthropogenic influences.24 This fact can be considered an 

additional demonstration of the validity of the proposed method. 

CONCLUSIONS 

While seawater analysis belongs to the most often-used active 

applications areas of ICP-MS,25-27 the direct determination of trace 

metals remains a key sticking point. In the present study, we 

present a simple strategy for the direct analysis of offshore 

seawater, employing higher sample dilutions than accustomed in 

the reports of previous research. The results from the simultaneous 

determination of As, Cd, Mn, Mo, Pb, U and V in the CRM and 

the longitudinal profiling of the Arctic Ocean water are in good 

agreement with certified and global open ocean values, 

respectively. The performance characteristics, obtained due to 

high sensitivity and resolution as well as the robustness of the SF-

ICP-MS method, suggest its utility for a broader range of analytes. 

Furthermore, unlike previous methods relying on the 

concentration and separation of trace metals from the seawater 

matrix, our approach allows the sample throughput to be greatly 

increased. Another important aspect of the method is that in 

combination with marine sediment analysis, it lends itself to 

gaining geochemically important results, such as assessing the 

extent of sediment contamination by toxic metals or the effect of 

river influx on marine ecosystems. 
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ABSTRACT: Food quality and safety are closely related to the geographical origin of food. This study combined mineral 

element analysis and multivariate statistical analysis to discriminate the origins of 148 blueberry samples from three regions of China. 

The concentrations of K, Ca, Mg, Na, Fe, Cu, Mn, B, P, and Zn were determined inductively coupled plasma-atomic emission 

spectroscopy (ICP-AES). Variance analysis (ANOVA), Duncan’s multiple-comparison test, and principal component analysis (PCA) 

were used to compare the element concentrations, and statistically significant differences were found among samples from different 

regions. Linear discriminant analysis (LDA), decision tree (DT), multilayer perceptron neural network (MLP-NN), and support 

vector machine (SVM) were utilized to build models for blueberry authentication. The results showed that the average concentrations 

of the minerals were in the order of K > P > Ca > Mg > Na > Mn > Fe > Zn > B > Cu, and the levels of K, Ca, Mg, Fe, Cu, Mn, B, 

P, and Zn were significantly different among regions by ANOVA and 

Duncan’s multiple-comparison test. The study indicates that LDA, DT, 

MLP-NN, and SVM chemometric tools have the potential to discriminate 

the origin of blueberries. The results revealed that the MLP-NN and SVM 

models were more discriminative than the other two mathematical methods. 

The MLP-NN yielded an average discrimination rate of 92.7% for the 

training set and 94.7% for the test set, and the SVM with linear kernel 

function (SVM-lin) obtained an average identification rate of 91.8% for the 

training set and 94.7% for the test set. The order of successful identification 

rates was as follows: MLP-NN > SVM-lin > DT > LDA. This study can 

serve as a reference to identify the origin of blueberries and perform quality 

assurance for the fruit. 
 

INTRODUCTION 

Blueberries (Vaccinium vitis-idaea L.) are an important 

commercial fruit crop in China and are popular around the world 

for its appealing flavor and high nutraceutical value.1-3 Its flesh is 

rich in not only vitamins, protein, minerals, and other nutrient 

elements but also unique precious anthocyanin, which constitutes 

a high proportion.4-7 Moreover, blueberries also contain a large 

amount of calcium, iron, phosphorus, potassium, zinc, and other 

trace mineral elements.8 Therefore, blueberries are a high-nutrition 

fruit recommended as one of the five healthy fruits by the Food 

and Agriculture Organization, and it has been named as the king 

of berries.9 In addition, when fresh, blueberries can be processed 

into fruit juice, fruit wine, and other foods.10,11 Currently, 

blueberries are one of the most commercialized fruits in the 

international market, and their consumption has increased 

substantially in recent years.12 

In China, the total area under blueberry production increased 

from 681 ha in 2006 to 55,344 ha in 2018, and the corresponding 
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total production increased from 342 t to 184,238 t.13 Jilin Province 

(JL), Liaoning Province (LN), and Shandong Province (SD) are 

important blueberry cultivation regions in China.14 Because of the 

differences in climate and soil conditions, blueberries from various 

regions have different qualities and characteristics.15,16 Therefore, 

research on the technique of tracing the geographical origins of 

blueberries is beneficial for protecting the origin of product, 

regional brand, and regional featured products.17-19  

In recent years, several studies have investigated the technique 

of tracing the geographical origin of agricultural products.20-24 

Mineral element analysis is considered an effective tool for 

geographical origin distribution.19, 24-26 The sample pretreatment 

method of mineral element analysis is simple, fast, low-cost, and 

highly accurate.27,28 Although element analysis technology has 

been widely used in studying the geographical origins of many 

fruits, including apple,29 table grape,30 cherry,31 kiwi fruit,32 and 

lemon,33 it has not been applied to blueberries.  

Multivariate data analysis and machine learning techniques are 

powerful tools for food authentication.19,34-36 Principal component 

analysis (PCA) and discriminant analysis are the preferred 

techniques for performing multivariate data analysis and 

exploratory and predictive analyses for origin identification.37-42 

Recently, the use of popular machine learning algorithms, such as 

decision tree (DT), neural network, and support vector machine 

(SVM), has become more common, because they have certain 

advantages over conventional methods.36,43,45 Machine learning 

algorithms can mine information from the data themselves and 

better reflect the natural mechanism of data.  

In this study, we analyzed and compared the contents of K, Ca, 

Mg, Na, Fe, Cu, Mn, B, P, and Zn in blueberries from different 

production regions. Models for blueberry authentication were built 

using the following machine learning techniques: linear 

discriminant analysis (LDA), DT, multilayer perceptron neural 

network (MLP-NN), and SVM. 

EXPERIMENTAL 

Apparatus and reagents. The apparatus used in sample 

preparation and determination comprised the following: a freeze 

grinder (SPEX 6875D, CEM, USA), microwave digestion system 

(Mars 6, CEM, USA), and inductively coupled plasma-atomic 

emission spectrometer (ICP-AES 9000, Shimadzu, Japan). The 

reagents HNO3 (MOS grade, 70%) and H2O2 (GR grade, 30%) 

were purchased from Sinopharm Chemical Reagent Beijing Co., 

Ltd. (Beijing, China). Ultrapure deionized water (resistivity > 18 

MΩ·cm) was obtained from a Milli-Q Plus water purification 

system (Millipore, Bedford, MA, USA). High-purity argon was 

used as an inert gas and was purchased from Huludao Weiye Gas 

Reagent Co., Ltd. (Liaoning, China). Standard solutions of 

mineral elements including K, Ca, Mg, Na, Fe, Cu, Mn, B, P, and 

Zn (100 mg/L), and the certified reference material (CRM) Apple 

 

 

 

 

 

 

 

Fig. 1 Picture showing the map of China with detailed origins from where 

blueberry samples were collected. 

(GBW10019) were obtained from the National Institute of 

Metrology (Beijing, China). Analytical reagent blanks and Apple 

(GBW10019) standards were prepared with each batch of 

digestion. They were then subjected to laboratory quality control 

analyses. The analysis results were only accepted when the 

measured concentrations in the reference material were within one 

standard deviation of the certified values. 

Sample collection and preparation. A total of 148 blueberry 

samples were collected from Shandong Province (SD) (n = 22), 

Liaoning Province (LN) (n = 46), and Jilin Province (JL) (n = 80) 

(Fig.1). For each sample, approximately 3 kg of blueberries are 

collected at the harvest-maturity stage from May to September 

2018. The samples were transported to the laboratory within two 

days after collection. During the pretreatment, the samples were 

rinsed with water and then with ultrapure water. They were cut into 

pieces, frozen in liquid nitrogen, and ground using a SPEX Sample 

Prep system (CEM, USA). The powdered samples were aliquoted 

into individual tubes and stored at −20°C until further use. 

Sample preparation and analysis. Each sample was weighed 

(5.0 g) and introduced into digestion tubes. Then 8.0 mL of 70% 

HNO3 and 2.0 mL of 30% H2O2 were added to the samples. The 

samples were then vortexed and kept at room temperature 

overnight. The next day, the samples were digested using a CEM 

digestion system according to the digestion procedure in Table S1. 

Then, the digested samples were placed on an electric hot plate at 

140°C to remove the nitric acid. The residual aqueous layer (1 mL) 

was cooled down to room temperature, and added to deionized 

water up to 50 mL. After filtration through a 0.22-μm nylon 

membrane, the supernatant was analyzed via inductively coupled 

plasma–atomic emission spectroscopy (ICP-AES). The K, Ca, Mg, 

Na, Fe, Cu, Mn, B, P, and Zn contents were detected via ICP-AES 

under the following operating conditions: forward power of 1.2 

kW, plasma gas flow rate of 14 L·min-1, auxiliary gas flow rate of 

1.2 L·min-1, and nebulizer gas flow rate of 0.7 L·min-1. The 

wavelength and calibration curves of each element are presented 

in Table S2. The linear correlation coefficients of the analyzed 

elements were all above 0.99. For accuracy evaluation, the 

obtained values of CRM were compared with the reference values. 

Analytical reagent blanks were run in parallel to check for the 
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presence of analytes in the reagents. The detection limits of all of 

the elements evaluated from three times the standard deviation of 

10 replicate blank measurements, and the analytical results of 

elements in certification are shown in Table S2. Each sample was 

analyzed in triplicate. The element recoveries ranged from 93% to 

106%, which agree with the certified concentrations in the 

reference materials. 

Statistical analysis. The obtained data were analyzed using the 

SPSS 20.0 package and the SPSS Modeler 18.0 package. One-

way analysis of variance (ANOVA) was first performed for each 

element of the blueberry samples (p-value < 0.05 was considered 

significant).46,47 Duncan’s multiple-comparison procedure was 

performed to determine the significant differences between 

individual regions.36, Principal component analysis was used for 

dimensionality reduction, and the most significant variables were 

selected through a forward stepwise analysis. 48,49 Moreover, LDA 

was performed to construct the classification model using the 

SPSS 20.0 package. Then MLP-NN, SVM, and DT models were 

implemented using the SPSS Modeler 18.0 package. 

RESULTS AND DISCUSSION 

Mineral element content in blueberries  

The K, Ca, Mg, Na, Fe, Cu, Mn, B, P, and Zn concentrations were 

determined via ICP-AES. The ICP-AES technique has the 

advantages of relatively high sensitivity, simple operation, low 

cost, simultaneous analysis of multiple elements, and short 

analysis time.50,51 It is also one of the most advanced and accurate 

analytical methods in the field of multi-element determination.19,25 

The average concentration mineral elements in the blueberries 

studied is of the following order: K > P > Ca > Mg > Na > Mn > 

Fe > Zn > B > Cu. The average values obtained for K, P, Ca, and 

Mg were 805.87, 104.41, 76.06, and 52.91 mg kg–1, respectively; 

the concentrations of Na, Mn, Fe, Zn, B, and Cu were lower, with 

average values of 7.91, 7.86, 4.51, 1.23, 0.31, and 0.25 mg kg–1, 

respectively. Table 1 presents the results of the mineral element 

analyses of blueberry samples from three different origins, in 

terms of minimum, maximum, mean, and median values. 

Duncan’s multiple test was used to compare the element mean 

concentrations with statistically significant differences among 

samples from different regions. 36,43 The mean concentrations of P, 

Ca, Mg, Fe, and Cu in the SD samples were higher than those in 

samples from other regions, and the mean concentration of B in 

the JL samples was higher than those in other regional samples. 

The mean concentrations of P, Ca, Mg, and B in the LN samples 

were lower than those in other regional samples. However, there 

was a high level of overlap between the ranges of these elements 

despite their significant differences. From Table 1, we also noticed 

that some elements of the standard deviation are large, which may 

indicate that the content of some elements within different regions 

in the same province is different. These results suggest that each 

region had a typical profile which was influenced by the 

environment, and the traceable element choice depends on the 

source and extent of the sample area.34 

Furthermore, PCA was performed for exploratory data analysis. 

It was applied to the auto-scaled data matrix to provide a data 

structure study in a reduced dimensionality, keeping the maximum 

amount of variability present in data.31,48,49 Through the 

dimensionality reduction function of PCA, all the information can 

be described by a few comprehensive variables, and the 

differences in feature elements among regions can be more 

intuitive and simpler to understand.52 Principal component 

analysis was performed using the nine elements with significant 

regional differences in blueberries. The PCA analysis showed that 

KMO value was 0.788, indicating that there was a high correlation 

between variables, which was suitable for factor analysis. The 

characteristic roots of the first four principal factor s were 3.816, 

1.243, 1.049 and 0.793, respectively. Because the load value of Mn 

on factor 4 was 0.711, so the first four principal components were 

selected and together explained 76.7% of the total variance. The 

factor extraction values of each principal factor were all greater 

than 0.55. PC1 contained the K, P, Ca, Mg, and B contents (42.4%), 

while PC2 contained the Fe and Cu contents (13.8%). PC3 

explained 11.7% variance and contained the Zn content. PC4 

explained 8.8% variance and contained the Mn content. 

Table 1. Concentrations of Mineral Elements in Blueberry Samples, mg kg–1 

Element 
SD (n=22)  LN (n=46)  JL (n=80)   

Range Mean (±sd) Median  Range Mean(±sd) Median  Range Mean(±sd) Median   

K 609.5-1120 876.07±150.30a 827  509.5-878.5 674.83±87.33b 669  580.5-1120 861.91±119.79a 868   

P 79.8-179 122.60±32.20a 120  56.5-128 85.89±18.69c 83.5  66.85-153.5 110.06±18.94b 108.5   

Ca 45.2-168.7 88.85±27.81a 94.35  35.85-102.7 65.48±14.99c 67.03  50.05-205.85 78.64±22.36b 74.93   

Mg 40.9-88.9 61.08±10.72a 60.23  30.05-56.3 44.11±6.70c 44.65  36.95-79.75 55.72±7.75b 54.93   

Na 1.39-16.8 8.01±4.26a 7.55  1.11-39.65 7.69±7.35a 5.37  0.03-35.42 8.01±6.35a 5.70   

Mn 3.29-14.3 7.69±2.70ab 7.14  2.95-13.95 6.19±2.43b 6.07  2.85-22.95 8.86±3.86a 8.63   

Fe 2.76-12.9 5.70±2.87a 4.43  1.54-17.45 4.28±2.97b 3.77  1.84-14.85 4.31±2.25b 3.76   

Zn 0.74-5 1.35±0.85a 1.17  0.55-2.14 1.06±0.33b 1.04  0.48-3.31 1.29±0.57ab 1.13   

B 0-0.51 0.25±0.16b 0.23  0.01-0.4 0.13±0.10c 0.10  0.12-0.91 0.43±0.15a 0.42   

Cu 0.22-0.67 0.42±0.13a 0.41  0.06-0.36 0.20±0.08b 0.19  0.11-0.41 0.23±0.07b 0.23   

Note: SD, Shandong Province; LN, Liaoning Province; JL, Jilin Province. sd, standard deviations. a, b Numbers with different superscripts are significantly 

different among blueberry samples from different regions by the Duncan test. (P ＜ 0.05). 
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Fig. 2 The PCA scatter plot of the scores of blueberries from different 

geographical origin on PC 1 and PC 2. 

 

 

 

 

 

 

 

 

 

Fig. 3 The PCA 3D scatter plot of the scores of blueberries from different 

geographical origin on the first three principal components. 

 

 

 

 

 

 

 

 

 

Fig. 4 Scatter plot of discriminant scores of blueberry samples by LDA. 

To visualize the data trends, a score plot was obtained using the 

top three principal components. As shown in Fig. 2 and Fig. 3, 

although some of the samples of the three provinces overlapped, 

the trend of the discrimination of samples based on their origin is 

evident. The LN samples were concentrated on the negative part 

of the PC1 coordinate, and the JL samples were concentrated on 

the positive part, which shows that the content of representative 

elements (K, P, Ca, Mg, and B) for PC1 in JL samples was higher 

than those in LN samples. Furthermore, SD samples were mainly 

distributed in the positive part of PC2 and the skewed positive part 

of PC1; this shows that the content of representative elements (Fe 

and Cu) for PC2 in SD samples was higher than those in JL and 

LN samples; it also shows that the K, P, Ca, Mg, and B content for 

PC1 in SD samples was slightly higher than that in JL samples and 

significantly higher than that in LN samples. The distribution of 

SD samples was relatively dispersed. The is mainly because the 

samples were from three cities, including Qingdao City, Yantai 

City, and Weihai City of Shandong Province. The samples were 

widespread, and the number of samples was relatively small; thus, 

the sample size should be further increased in future research. 

Based on this statistical analysis, it is clear that blueberry samples 

from different regions have differences in mineral element content; 

this property can be leveraged to trace blueberry regional sources. 

Machine learning for geographical origin evaluation  

Machine learning is a technique of using algorithms to extract 

hidden patterns from large amounts of data and then using the 

patterns for prediction or classification.53 Specifically, machine 

learning can be regarded as searching for a function whose input 

is the sample data and whose output is the expected result. 

Machine learning is widely used in several emerging fields, 

including food authenticity identification.31 It has potential 

application in the field of food origin tracing.54,55 In this work, four 

classification algorithms (LDA, MLP-NN, SVM, and DT) were 

evaluated to classify blueberries from different geographical 

origins based on the content of mineral elements. 

Linear discriminant analysis is of great use in the authentication 

of the geographical origins of food/food products.56-60 In our work, 

LDA was performed on the basis of the contents of 10 elements. 

A stepwise discriminant procedure was performed to extract the 

best discriminant variable separating blueberry samples from 

different origins. As a result, four elements (B, Cu, Mg, and K) 

were selected, and two discriminant functions were constructed on 

the basis of Wilks' lambda values. The two functions explained 

100% of the variance (function 1 explained 52.5% of the total 

variance, and function 2 explained 47.5%). The discrimination 

functions for each province are shown as follows: 

Group 1 (SD) = −1.896B + 2.988Cu − 0.21K + 1.475Mg − 4.338 

Group 2 (LN) = −1.208B − 0.387Cu − 0.757K − 0.428Mg − 2.276 

Group 3 (JL) = 1.216B − 0.599Cu + 0.441K − 0.159Mg − 1.580 

The separation of blueberry samples from SD, LN, and JL was 

checked by plotting the two function scores (Fig. 4). To check the 

reliability of the developed classification model, a cross-validation 

method was implemented for the classification and probability 

estimation for the blueberry samples. The LDA classification and 

cross-validation results based on mineral elements were 

summarized in Table 2. From the results in Fig. 4 and Table 3, the 
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Table 2. Classification of Blueberry Samples from Different Regions 

by LDA 

  Predicted Group Membership 

  SD  LN  JL Total Correct, % 

Original SD 17 4 1 22 77.3 

LN 0 42 4 46 91.3 

JL 1 11 68 80 85.0 

     85.8 

Cross-validated SD 17 4 1 22 77.3 

LN 1 40 5 46 87.0 

JL 1 11 68 80 85.0 

     84.5 

Table 3. Classification of Blueberry Samples from Different Regions 

by DT 

 SD  LN  JL 
Rate of classification 

(%) 

Training (110)     

SD 17 1 1 89.5 

LN 0 32 0 100.0 

JL 0 7 52 88.1 

Total    91.8 

Test (38)     

SD 2 0 1 66.7 

LN 0 14 0 100.0 

JL 4 0 17 81.0 

Total    86.8 

Table 4. Classification of Blueberry Samples from Different Regions 

by MLP-NN 

 SD LN JL Rate of classification (%) 

Training (110)     

SD 18 0 1 94.7 

LN 0 26 6 81.3 

JL 0 1 58 98.3 

Total    92.7 

Test (38)     

SD 2 1 0 66.7 

LN 0 13 1 92.9 

JL 0 0 21 100.0 

Total    94.7 

total empirical grouped observations classification rate was 85.8%, 

and the cross-validated grouped observations classification rate 

was 84.5%. The classification rates of SD, LN, and JL were 77.3%, 

91.3%, and 85.0%, respectively. Four SD samples were 

incorrectly identified as LN samples, and only one sample was 

incorrectly identified as JL samples. This may be because the two 

production areas had temperate monsoon climates and similar soil 

types. Eleven LN samples were incorrectly identified as JL 

samples, and only one sample was incorrectly identified as an SD 

sample. This may be due to the geographical proximity of the two 

provinces in which the two appellations are located. 

The DT uses a tree structure to build the classification models.61 

A dataset is divided into smaller subsets. A leaf node represents a 

decision. Each node represents a feature in an instance in a DT that 

is to be classified, and each branch represents a value.62 The 

classification of instances begins from the root node, and the 

instances are sorted based on their feature values. Categorical and 

numerical data can be handled by decision trees.63 The C5.0 

algorithm of DT was used in this study. The C5.0 algorithm was 

developed on the basis of C4.5 and can provide more accurate and 

efficient results than C4.5.63 The blueberry origins were defined as 

the target variable, and the 10 mineral element indicators were 

defined as input variables. The data were divided into a training set 

(110 samples) to build the models and a test set (38 samples) to 

calculate their classification performance. Table 3 presents the 

discrimination results of the DT model. The average identification 

rate was 91.8% for the training set and 86.8% for the test set. From 

the table, the LN samples were correctly classified in the training 

set. The identification rates of SD and JL were 89.5% and 88.1%, 

respectively. In the test set, all the samples from LN were correctly 

identified. Among the 21 JL samples, four samples were 

misidentified as originating from SD, and the identification rate 

was 81.0%. Three samples were from SD, of which one sample 

was misidentified to be from JL. Although only one sample was 

wrongly identified, the accuracy rate was low, only 66.7%. This is 

because the sample size was small. This situation can be found in 

MLP-NN and SVM models. Therefore, the sample size of SD 

should be further increased in future research. 

A neural network is a mathematical model for information 

processing using a structure similar to the synaptic connections of 

the brain, and it has nonlinear dynamic properties.64 The good 

performance of a neural network in the field of food origin 

traceability has been verified.63 In this work, an MLP-NN with a 

sigmoid activation function was utilized. Artificial neural 

networks such as multilayer perceptrons (MLPs) trained by back-

propagation neural network (BPNN) are efficient tools for 

classifying and discriminating food products.66,67 The MLP 

consists of formal neurons and connections between them. The 

neurons are arranged in layers (an input layer, one or more hidden 

layers, and an output layer), and the connections are unidirectional 

from the input to the output. Adjacent layers are fully connected, 

and no connections exist between neurons within the same layer. 

In our study, the samples were divided into a training data set (110 

samples) and a test data set (38 samples). We used an MLP with 

three layers according to the architecture 10 × 4 × 3: an input layer 

with 10 neurons, a hidden layer with 4 neurons, and an output layer 

with 3 neurons, corresponding to the classes to be assigned (SD, 

LN, and JL). 

Table 4 presents the discrimination results of the MLP-NN 

model. As shown in the table, the MLP-NN model performed well 
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Table 5. Classification of Blueberry Samples from Different Regions 

by SVM 

 SD  LN  JL Rate of classification (%) 

Training (110)     

SD 17 1 1 89.5 

LN 0 27 5 84.4 

JL 0 2 57 96.6 

Total    91.8 

Test (37)     

SD 2 1 0 66.7 

LN 0 14 0 100.0 

JL 1 0 20 95.2 

Total    94.7 

in discriminating different source regions, with an average 

identification rate of 92.7% for the training set and 94.7% for the 

test set. For the test set, the classification rate of LN was 92.9%. 

All the samples from JL were correctly identified. There were only 

three samples from SD, and one sample was misidentified to be 

from LN. 

In recent years, SVM has shown some advantages in the 

development of machine learning.55,68 Support vector machine is a 

nonlinear supervised learning method, and it maps the training 

data into a high-dimensional space and constructs a linear 

classifier in that space.69 If the categories are linearly separated, the 

SVM algorithm finds optimal hyper-plane boundaries, which 

separate the classes of the training set and the unknown sample. 

However, if the classes are separated by a nonlinear boundary, then 

the kernel function is used to find the boundary by mapping the 

non-separable data into a higher-dimensional space.52 

In this study, SVM algorithms with linear kernel function (lin), 

polynomial kernel function (pol), and radial basis kernel function 

(rbf) were compared. Of the three algorithms, the SVM-lin was 

the best, with an average successful identification rate of 91.8% 

for the training set and 94.7% for the test set. The second-best was 

the SVM-pol, which had an average accuracy of 90.0% for the 

training set and 89.5% for the test set. The SVM-rbf exhibited the 

worst performance, with a success rate of only 83.6%. Table 5 

presents the discrimination results of the SVM-lin model. The 

classification rates of LN and JL were 92.9% and 100% for the test 

set, respectively. Although most of the blueberry samples were 

accurately discriminated, the correct prediction of SD samples was 

relatively low. This may be the result of the fewer samples. 

Therefore, it is necessary to incorporate more samples to develop 

a more accurate model. 

Through the above analysis, we can see that the four algorithms 

displayed different degrees of success. Of the four algorithms, 

MLP-NN had the best performance, with a success rate of 92.7% 

in the training set and 94.7% in the test set. The order of successful 

identification rates among the algorithms is as follows: MLP-NN > 

SVM-lin > DT > LDA. The MLP-NN and SVM-lin are ideal 

models for discriminating different origins of blueberry samples. 

With the continuous improvement of people’s living standards, 

consumers pay more attention to the origin of fruits. However, 

there has hardly been any research on data mining techniques 

applied to the geographical classification of the blueberries. Until 

now, no relevant study has been reported on the geographical 

classification of blueberry samples. During the last few decades, 

the applications of some pattern recognition techniques combined 

with multi-element analysis for tracing the geographical source 

have achieved good results in some areas. The main adopted 

techniques include PCA, cluster analysis, and LDA. However, 

other promising methods such as DT, ANN, and SVM have been 

scarcely used for this purpose. In this study, we combined multi-

element analysis and these promising methods to identify the 

geographical origin of blueberries and achieved satisfactory 

results. Therefore, our study presents a novel investigation in the 

field of origin identification. 

CONCLUSIONS 

A multi-element–based geographical verification of blueberries 

from three regions of China was conducted in this study. The 

results of MLP-NN, SVM, DT, and LDA indicated the possibility 

of the geographical authentication of the Chinese blueberries 

based on multiple elements. Among the statistical tests performed, 

MLP-ANN and SVM analyses proved to be the more successful 

for differentiating the origins of the analyzed samples than DT and 

LDA models. Future studies may incorporate more samples and 

identify more region-specific elements including rare earth 

elements, precious metals and ultra-trace elements to improve the 

identification accuracy. The multi-element–based geographical 

authentication of blueberries in this study can provide a basis for 

further geographical origin studies. 
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ABSTRACT: Trace minerals and metallic elements play a key role in plant metabolism and function. Therefore, it is 

important to understand the movement and distribution of trace minerals within various parts of plants in order to understand their 

metabolic pathways. Information on the localization of minerals can be utilized in the fields of plant science, agriculture, and food 

technologies. In this context, herein, we review the feasibility of application of laser-induced breakdown spectroscopy (LIBS) as a 

technique for trace element detection and mapping in different plant matrices. LIBS is a well-established technique that can be used 

to perform rapid multi-elemental detection in various types of samples, including plants. Owing to the unique capabilities of LIBS, 

its field applications are growing rapidly, particularly in the area of plant science. 

Here, our primary emphasis is on the quantitative and qualitative elemental 

imaging of different varieties of plant species that are of importance as medicines 

and foodstuffs. In this review article, we present an exhaustive survey of recent 

developments, including technical advances and recent work involving the 

detection of nanoparticles in plant samples and in the monitoring of soil content. 

The future potential of LIBS and the viability of its possible applications to the 

detection of essential minerals and heavy metals in plants used as foods or of 

medicinal importance are also discussed. 
 

INTRODUCTION 

Currently, in agricultural science, the major issues affecting global 

crop production include nutrient management, contamination by 

heavy and toxic metals, and optimum plant productivity. Plants 

can grow for several decades, and they are composed of all 

elements in different proportions. The elements found in plants are 

considered to be either (i) macronutrients, such as Ca, K, Mg, N, 

P, and S, or (ii) micronutrients such as B, Cu, Cl, Fe, Mn, Mo, Na, 

and Zn. These elements are very important for plant development 

and growth.1 It is generally accepted that the proper intake of these 

elements is correlated with a reduced risk factor for various 

diseases. Thus, measuring the content of these elements in 

different parts of plants is crucial for the detailed understanding of 

the nutritional value of crops. This is of particular importance to 

produce food stuffs such as cereals, vegetables, and fruits.2 In 

contrast, some heavy and toxic metallic elements, including As, Cr, 

Cd, Li, Pb, and Hg exhibit toxic effects even in trace amounts. 

These heavy metal elements enter plants through various external 

agents, such as pesticides, industrial waste, solid waste, and 

fertilizers, as well as from soil and water from contaminated areas, 

and damaged crops. Inside the plants, these heavy metals bind to 

S and N and functional groups of biological molecules containing 

oxygen such as enzymes, proteins, nucleic acids, and 

carbohydrates, and interfere with their normal function.3 In 
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addition, the processes of industrialization and urbanization, 

human activities and excessive use of fertilizers have adversely 

impacted various plant species. Thus, various types of diseases, 

caused by fungi, bacteria, nematodes, environmental conditions, 

and deficiencies of minerals, have been relatively recently 

observed in plants.  

Therefore, performing elemental imaging to obtain the spatial 

distributions of elements in different parts of the plant at the early 

stage of growth is very important as it allows the diagnosis of 

problems associated with abnormalities in these distributions. This 

is also vital when deciding the necessary remedial measures. It is 

also crucial to investigate the appropriate distributions of essential 

elements, along with the distributions of the heavy and toxic 

elements (heavy or soft) in different parts of plants, to limit the 

damage caused by them. Several studies have focused on the 

detection of elements and determination of their quantitative 

distributions, to understand the localization and transportation of 

heavy and trace elements within different plant tissues and cells,1 

using various advanced analytical spectroscopic techniques. 

Spectroscopic techniques have been shown to be a robust tool with 

the appropriate spatial resolution in a broad variety of research 

areas within plant science.4,5 They enable the simultaneous 

observation of mineral elements and their mapping within the 

material of interest. These diagnostic techniques have made a 

significant contribution to forensic6 and bio-medical7 applications 

of plant science. Numerous techniques, in particular, laser-induced 

breakdown spectroscopy (LIBS), X-ray fluorescence (XRF), 

tunneling electron microscopy–energy dispersive X-ray 

spectroscopy (TEM-EDS), and scanning electron microscopy–

energy dispersive X-ray spectroscopy (SEM-EDS)1 can directly 

generate elemental images and distributions of plant tissues. More 

precisely, microscopic investigations of biological specimens 

using X-ray-based imaging tools have garnered significant interest 

in plant science.8,9,10 

LIBS is an atomic-emission-based diagnostic technique that is 

now being applied in plant science for imaging purposes.11 This 

technique boasts numerous advantages, including the fact that it 

obviates the need for sample preparation, allowing in-situ and in 

vivo detection. It also has excellent stand-off detection and multi-

elemental analysis capabilities, is conceptually and experimentally 

simple, and has good potential for microanalysis when integrated 

with a microscope. Moreover, it can be used to analyze all forms 

of samples: solids, liquids, and gases.11 Hence, LIBS is considered 

to be well-suited to meet the various demands of real-time 

measurements in agricultural and plant sciences. Recently, LIBS 

and laser-ablation inductively coupled plasma mass spectrometry 

(LA-ICP-MS) have been successfully applied to the spatial 

characterization of bio-samples.12,13,14 The relative simplicity of 

the combination of LIBS and ICP-MS, the feasibility of single-

shot multi-elemental inspection, and the potential to excite many 

sample types15 are the primary advantages of these techniques. 

Heavy element detection in different parts of plants, without 

laborious sample preparation,16,17,18 is very important for phytore-

mediation.19 Phytoremediation techniques are a sustainable 

alternative approach to combat environmental contamination by 

heavy and toxic elements using plants. Typically, in such an 

approach, plant species are used to contain or drain heavy and 

toxic elements as well as radioactive isotopes. Most plant species 

are capable of absorbing and reducing the content of a diverse 

range of organic compounds in soil.20,21 There are many 

encouraging reasons that justify further research and development 

of phytoremediation technology. One specific advantage of 

phytoremediation is that it uses organisms in a natural manner and 

maintains the ecological balance of the environment, making it 

less damaging than conventional alternatives.22,23,24 

Therefore, in plant and agricultural sciences, basic 

investigations based on elemental imaging and quantification are 

essential for diagnosing the problems that arise because of the 

intake of various toxic heavy metals.25 These methods are also 

important in the context of food and nutritional research, to ensure 

global food productivity. Hence, this article principally focuses on 

the LIBS technique and its utility for the elemental detection and 

quantitative imaging of plants, including plants of medical 

importance. The use and application of LIBS in the monitoring of 

heavy and toxic metals in soil, plants, agricultural products, and 

food products are discussed in this review paper. 

LIBS INSTRUMENTATION FOR 

ELEMENTAL IMAGING 

LIBS is a robust technique for investigating the elemental and 

chemical constituents of samples without any sample preparation. 

Its relative simplicity and capability for performing rapid multi-

elemental analyses on various types of materials makes it ideal to 

investigate a wide range of plant materials.26 A schematic of a 

typical LIBS experiment for the elemental imaging of plant 

samples was reported by Singh et al. In a LIBS experiment, a very-

high-power pulsed laser is typically utilized to generate a laser-

induced plasma at the sample surface.27 When the highly intense 

laser light is incident on the sample surface, the elements within 

the sample are first vaporized and then excited in a spark that 

subsequently turns into a hot plasma. The light emitted from the 

plasma upon cooling is detected and analyzed to measure the 

chemical constituents of the sample. The primary concern in the 

design of LIBS setups is the choice of the type of laser. Lasers with 

different pulse widths, pulse durations, and wavelengths have 

critically different effects on the generated microplasma.28 Pulsed 

lasers are usually preferred because of their stability, focusing 

action, high-energy output, and ease of application.28 LIBS has 

been used for a myriad of applications such as the detection of 

lighter elements including C, H, N, O, Li, and Be, elemental 

surface mapping, and depth profiling. In addition, it has been used 
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to successfully address a broad variety of scientific challenges.29 

LIBS has been used to monitor industrial processes and the 

characterization of jewelry products. It is also applied in soil, plant, 

and environmental studies, as well as in the investigation of 

mineral ores, the diversity of Martian geochemistry, and NPs.30 

Liu et al. reviewed the fundamental aspects of LIBS and its 

applications in various fields, with a particular emphasis on the 

biomedical field. Their review includes environmental bio-aerosol 

detection and trace element detection in human samples using 

LIBS.31 

Plant matrices are very complex and differ significantly for 

different varieties of plant species. Thus, a calibration-free LIBS 

(CF-LIBS) analysis approach for analyzing plants is very useful in 

quantifying the various elements present in plant samples, thus 

minimizing the matrix effect in complex biological samples.32 The 

CF-LIBS method is very useful for the analysis of materials of 

unknown composition, even when a matrix-matched standard is 

not available. Owing to these characteristics, this approach is very 

promising and well-suited for agricultural studies, which are often 

hindered by a lack of matrix-matched standards along with the 

complications introduced by significant matrix effects in 

agricultural products.28 Tongnoni et al. presented a critical review 

on the use of CF-LIBS, an advanced method used for multi-

elemental analysis based on LIBS data.33 They noted that the CF-

LIBS technique relies on the measurement of line intensities, 

plasma electron densities, plasma temperatures, and Boltzmann 

distributions for the population of excited levels. In addition, an 

extensive summary was provided of all the quantitative results 

obtained via the CF-LIBS method that had been reported by the 

date of publication.  

In general, there is a positive correlation between the intensities 

of spectral lines and element concentrations. Usually, changes in 

the concentration of an element in the plant can be obtained from 

spectral line intensities, and there is no need for further quantitative 

analysis. Sometimes, however, the relative content of an element 

is also required for the purposes of analysis, and this can be 

provided by CF-LIBS, with the advantage being that there is no 

need for standard samples.15 There are some other calibration 

methods that are commonly used for the quantitative LIBS 

analysis of samples, including plants. These include the principal 

component regression analysis method based on principal 

component analysis (PCA), partial least squares regression data 

analysis method, and artificial neural networks.15 These methods 

offer improved precision with respect to calibration curve methods. 

In-situ single-pulse LIBS (SP-LIBS) is used to analyze plant 

samples via the acquisition of a single-shot LIBS spectrum.34,35 

Recently, NP-enhanced LIBS (NPLIBS) has been adopted as a 

means to improve the analytical sensitivity of LIBS.36 Using this 

method, limits of detection (LoDs) can be enhanced. Modern 

instrumentation and methodology have been demonstrated to 

achieve high-resolution elemental mapping of the surfaces of 

samples and acquire elemental imaging distributions.37,38 By using 

state-of-the-art LIBS instrumentation, three-dimensional (3D) 

elemental mapping of biological samples is also possible. Such 

results indicate the potential of this approach for analyzing animal 

tissues.36 The LIBS technique can also be coupled with other 

techniques to provide better sensitivity and the best spatial 

resolution, compared with other existing analytical techniques. 

Recently, the combination of LIBS with laser-induced 

fluorescence (LIF) has become a research topic of great interest, 

and LIBS-LIF is currently being used to analyze various types of 

materials, including plant samples, alloys, and soil samples, and 

for heavy-metal analysis in aqueous solutions.39 LIBS-LIF was 

first proposed by Kwong, and their team showed that this 

technology could help avoid matrix effects in elemental analysis.40 

Recently, Jiang et al. applied LIBS-LIF as a rapid and sensitive 

analytical technique for trace Pb detection in several samples of 

Rheum officinale, which is a medicinal herb plant.39 In addition, 

Zhu et al. applied LIBS-LIF to the effective measurement of Pb in 

natural rhododendron leaf samples.41 The authors measured the 

LoD for Pb as 0.054 ppm. Very recently, Dhanada et al. published 

a review article that described the importance of the hyphenation 

of techniques such as LIBS, LIF, and Raman spectroscopy, as well 

as the applications of these combined methods.42 According to the 

reported literature, it is evident that in the future, LIBS in 

combination with other techniques (LIF and Raman) will prove to 

be an effective method for the multi-elemental imaging of plant 

tissue with greater sensitivity. 

The 3D depth-profile imaging of plant tissues using ultrafast 

lasers, for example femtosecond lasers (fs-LIBS), is also a 

burgeoning field in plant science. Shuang et al used fs-LIBS to 

analyze the elemental content in poplar tree leaves and identified 

the elements N, P, K, Ca, Fe, Ti, Mn, and Na.43 Specifically, in 

2015, Carvalho et al. were the first to report the use of a fs-LIBS 

system in a systematic study to quantitatively determine the 

contents of macronutrients Ca, Mg, and P and micronutrients Cu, 

Fe, Mn, and Zn of pelletized leaves from 31 different crop plants 

of economic value, which included a wide range of matrices.44 

Recently, Kunz et al. used fs-LIBS for the elemental analysis of 

greenhouse-grown dallisgrass, wheat, soybean, and bell pepper 

plants under ambient environmental conditions.45 The results 

reported in the literature demonstrate that fs-LIBS can be utilized 

to analyze elemental content and realize imaging in plant tissues. 

APPLICATION OF LIBS TO 

ELEMENTAL IMAGING AND 

ANALYSIS 

The LIBS technique is very useful for analyzing plasma emission 

spectra because the intensity of the emitted plasma is proportional 

to the elements present in the sample. Recently, LIBS has garnered  
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Fig. 1 Growth curves obtained from a LIBS and LA-ICP-MS analysis corresponding to different Pb doping concentrations (left) and photographs (right) of 

treated plants. Reproduced from Kaiser et al.49  

tremendous interest in the field of biomedicine, owing to its 

applications in the detection of heavy and trace elements in various 

solid and liquid samples of plant materials.46 Here, we highlight 

the uses and applications of LIBS in the analysis of plant materials 

by the elemental imaging of trace minerals and heavy metals. 

The LIBS analyses (both in bulk and spatially resolved modes) 

of some plants were reviewed and succinctly presented by Santos 

et al.47 Their review focused on the important role of metals in 

plant metabolism. The authors emphasized that the transportation 

and imaging/mapping of mineral elements within the different 

parts of plants is useful for understanding metabolic pathways. It 

was concluded that the information on the localization of specific 

ions within plants is of great interest in plant science and for the 

monitoring of environmental conditions. Samek et al. used fs-

LIBS for the spectrochemical detection of Fe within leaf samples, 

in order to investigate the spatial localization of the element.17 

They found that LIBS can identify the accumulation of Fe ions in 

all parts of the plants. Kaiser et al. compared the spatial resolution 

of toxic elements Cd and Pb in the leaves and roots of botanical 

species; fs-LIBS was used for the investigation.48 Cd and Pb in 

Helianthus annuus L. leaves were principally concentrated in 

veins and transported throughout the rest of the plant by xylem. 

Galiova et al. demonstrated the utility of LIBS to study the 

accumulation of Pb pollutant and also to image its distribution 

within the sample.18 The spatial distribution of Pb was imaged 

over a 5 mm × 2 mm area, and the central vein was positioned in 

the middle of the region of interest. The authors were able to 

distinguish the central vein from the surrounding tissue in both 

samples based on the LIBS data. The LIBS results also indicated 

that the increased Pb concentration might have influenced the K 

and Mn concentrations and distributions in the plants. 

Kaiser et al. utilized LIBS and LA-ICP-MS to map 

accumulated elements such as Cu, Mg, and Pb in sunflower leaves 

at resolutions of up to 200 μm.49 The authors performed their LIBS 

study on control and doped leaves to investigate the effect of Pb 

ions on the plants. Fig. 1 displays the growth curves of Helianthus 

annuus L. treated with different concentrations of Pb ions. 

Considerable growth depression was observed in the plants, the 

magnitude of which depended on Pb treatment duration and 

concentration of Pb(II) ions, relative to the control plant samples. 

Moreover, after 7 days (at the final stage of the experiment), highly  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 a) Typical LIBS spectrum with Mg I line at 277.98 nm and Pb I line 

at 283.31nm used for LIBS analysis and b) section of LA-ICP-MS 

spectrogram for 24Mg and 207Pb isotopes. Reproduced from Kaiser et al.49  
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conspicuous necrotic changes were identified in plants treated 

with 500-μM Pb-EDTA (Fig. 1). Single-shot LIBS along with LA-

ICP-MS investigations were conducted on small areas of leaf 

sections, and the results are shown in Fig. 2. Atomic emission lines 

appearing at 283.31 nm and 277.98 nm were used for Pb(I) and 

Mg(I) detection, respectively. 

Owing to its unique properties, LIBS provides instantaneous 

emission peaks that are directly related to the laser ablation spot. 

In contrast, LA-ICP-MS does not directly offer information related 

to a particular location within the sample. The mapping of Pb and 

Mg within the inspected areas is presented in Fig. 3. The laser 

ablation patterns and the obtained Pb and Mg maps are shown for 

control and 500 μM Pb-EDTA-treated plant samples. Using LIBS 

as well as LA-ICP-MS mapping, the authors were able to image 

the heterogeneous structures within the leaf and to clearly 

distinguish between the vein and the surrounding tissues, the latter 

of which were found to have lower concentrations of the elements 

of interest. The authors were able to achieve a resolution of up to 

~200 μm in their LIBS experiment. The crater-sized ablation 

formed in the LIBS experiment was greater by a factor of ~2 

compared with the crater formed during the LA-ICP-MS 

measurement. The authors also verified their results by comparing 

them with data from thin-layer chromatography and atomic 

absorption spectroscopy (AAS) experiments. Finally, they were 

able to demonstrate the potential of LA-ICP-MS and LIBS for fast 

elemental imaging of large-area plant samples. 

Galiova et al. studied heavy-metal accumulation in certain 

varieties of plants using LIBS and LA-ICPMS.50,18 The authors 

explored the feasibility of LIBS to quantify the concentrations of 

Ag, Cu, Pb, and Mg and their spatial distributions in Helianthus 

annuus L. leaf samples. The overall concentration of the minerals 

and contaminants within the samples was measured using AAS. 

The same group explored the application of laser-based analytical 

techniques to the measurement of Pb and nutritional minerals in 

leaf samples of Capsicum annuum L., in order to demonstrate the 

effect of water content in the leaves.51 The authors compared the  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 Demonstration of the mapping potential of LIBS and LA-ICP-MS techniques. a) LIBS (left) and LA-ICP-MS (right) ablation patterns on control 

sample. b) LIBS-based mapping of Mg and c) LA-ICP-MS-based analysis. A) LIBS (left) and LA-ICP-MS (right) ablation patterns on the sample treated 

with 500 μM Pb-EDTA for 3 days. B) Mapping of Mg applying LIBS and C) applying LA-ICP-MS, D) Pb maps from LIBS and E) LA-ICP-MS analyses. 

The length of the bar on the image in a) is 500 μm. Reproduced from Kaiser et al.49 
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Fig. 4 Images of leaf sample a) before, and b) after LIBS mapping analysis. c) Mapping of Li distribution in LiCl-doped leaf. Reproduced from Singh et al.54  

elemental imaging of fresh (frozen) and dried leaves. The Pb 

imaging obtained using the LIBS and LA-ICP-MS techniques 

revealed accumulations of Pb mainly in the central vein, and to a 

lesser extent in the surrounding areas. In this case, the results 

obtained via LIBS were confirmed by the LA-ICP-MS results. It 

was concluded that both fresh and dried samples can be used for 

monitoring elemental distributions in this plant tissue, because the 

distributions of the elements of interest were not affected by the 

drying process in their study.  

Recently, Krajcarova et al. used dual-pulse (DP-LIBS) to study 

the stems of spruce plants and measured the spatial distributions 

of the constituent elements.52 The authors used fluorescence 

microscopy and compared it with LIBS imaging maps, and the 

fluorescence intensities were also directly compared with ICP-MS 

data. The correlations between the results obtained via these 

methods offered conclusive evidence on the spatial localization of 

elements within samples. The results also indicated the probability 

of different uptake mechanisms. Krajcarova et al. also used the 

LIBS technique to study the uptake of Cu by V. faba and also 

studied its uptake pathways, translocation, and toxicity.52 They 

mapped the root cross-sections of V. faba after exposure to Cu2+ 

ions for 7 days (10 mM CuSO4). The authors observed the 

homogeneous distribution of Cu in V. faba root cortex and also the 

toxic effect of Cu, even at low concentrations. 

Martin et al. employed LIBS coupled with multivariate analysis 

to measure the chemical constituents of annual tree growth rings.53 

This study compared the elemental and chemical constituents of 

pre- and post-fire tissue samples. The authors concluded that by 

studying the elemental and chemical composition pattern of a tree, 

including any abrupt changes thereof, the interference history of 

the tree and forest can be reconstructed. 

The capability of LIBS was demonstrated recently in the study 

of Li diffusion in Podocarpus macrophyllus leaves after exposure 

to LiCl solution for 8–48 h.52 The authors studied the diffusion of 

Li in plant leaves via their veins and showed that the concentration 

of Li in the samples decreases upon moving toward the tip of the 

leaf. This can be understood by comparing the photographs of the 

leaf sample before and after laser ablation (Figs. 4a and b) with the 

two-dimensional (2D) LIBS map (Fig. 4c).  

Table 1 provides a list of research conducted on plants using the 

LIBS technique. 2, 16,17,18, 47, 50, 53–66 Recently, Peng et al. carried out 

a comparative investigation of the 2D mapping of Cr in O. sativa 

leaf samples using SP-LIBS and DP-LIBS.67 They found the 

reheating effect occurring in DP-LIBS allowed the successful 

imaging of the subcellular location of Cr in the leaves of O. sativa. 

ANALYZING MEDICINAL PLANTS 

USING LIBS 

Minerals are essential for virtually all plant species, including 

those that are used as fruits, vegetables, medicines, and herbs as 

well as shrubs. Minerals ensure proper growth, development of 

various plant tissues, and the proper functioning of the plant, 

including a healthy metabolism. Mineral analysis in plants during 

growth is the principal goal of the applications of LIBS in plant 

science. Micronutrients are present in the range of several to tens 

of parts per million (ppm) in plants; therefore, a very robust 

method is necessary for the detection of nutrients in plants at these 

trace concentrations. Plants obtain these minerals either from soil 

organic matter or from inorganic fertilizers.68 Each plant type is 

unique, and the optimum amount of mineral nutrients needed for 

its proper functioning is also unique. If a mineral overdose occurs, 

plants may suffer from poor growth and various diseases, which 

may eventually culminate in crop destruction. Revealing details of 

the transportation of these minerals in different parts of plants is 

crucial for understanding their functions and metabolic 

pathways.69 The information acquired on the metabolic pathways 

of plants is potentially very helpful and can be utilized to  
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Table 1. Descriptions of Recent Studies on Plant Samples Using LIBS 

Study involving LIBS Ref. 

➢ Pb-treated seedling indicated decreased contents of minerals Ca, Mg, P, Zn, and Ni and increased contents of B, Cu, Fe, K, Mn, Na, 

and S in roots and shoots. 

➢ Techniques used: AAS, ICP-AES (quantitative analysis). 

➢ Single-shot LIBS applied to shoots and roots to reveal variations in Pb and Si intensities. 

55 

➢ EDXRF applied to investigate the central portion of leaves and determine P, K, Ca, S, Fe, Mn, and Si contents.  

➢ LIBS used for P, Ca, Mg, Fe, Mn, B, and Si micro-chemical mapping in a 9 mm × 9 mm leaf fragment.  

➢ Three lines scanned in each leaf fragment (total no. of fragments studied was 15) with 48 accumulated laser pulses.  

56 

➢ Ca, Mg, K, and Na nutrient element levels found to decline in wheat plants. 

➢ Evidence obtained for increased nutrient element content with the addition of Si along with Cr(VI). 

 

57 

➢ Relative qualitative elemental profile obtained for Ocimum L. species using LIBS. 

➢ Leaves of Ocimum L. species used in pellet form for LIBS analysis.  

➢ Quantitative analysis performed for four types Ocimum L. species of elements such as Ca, Mg, Na, K, B, Cu, Fe, Mn, P, and Zn. 

58 

➢ Effect of Cr toxicity on wheat plants studied. 

➢ Cr-treated plants showed decreased levels of Ca, Mg, Na, K, and N.    

59 

➢ Macronutrients such as C, H, Mg, N, and S, and micronutrients such as Cl, Fe, Mn, Na, Ni, and Zn showed monthly variations that 

can prove helpful for the differentiation of healthy plants at the inoculated stage.  

➢ The originality of this technique was in the spectroscopic fingerprinting of healthy and diseased plant samples, which relied on 

identification of both inorganic and organic constituents.  

60 

➢ LIBS used to determine the content of macronutrients such as Ca, Mg, K, and P and of micronutrients such as Cu, Fe, B, Mn, and Zn 

in plant samples. 

2 

➢ LIBS technique applied for the in-situ mapping of elements in Pb-doped leaf samples and also to monitor the influence of Pb on the 

concentrations and distributions of manganese and potassium in the leaf samples. 

18 

➢ LIBS applied to the analysis of frequently consumed vegetables purchased from local markets. Major aim was to show the potential 

of LIBS for food quality analysis and environment pollution assessment. 

➢ LIBS applied to typical root vegetable (potato) to analyze various elements including Li, Be, F, Na, Mg, Al, Si, Ca, Ti, V, Cr, Mn, Ni, 

and Cu at different locations (center, middle, external and skin) in the sample. 

➢ Spatial profiles of relative elemental concentrations for carrot, celery, and eggplant also investigated using LIBS. 

61 

➢ Review of the development and contribution of LIBS for the determination of minerals in parts of plants such as roots, leaves, fruits, 

vegetables, wood, and pollen. 

47 

➢ LIBS and inductively coupled plasma optical emission spectroscopy (ICP-OES) used to detect Si in sugar cane leaves. 62 

➢ LIBS used to monitor K and Mg in wood, filter paper, and babassu mesocarp using synthetic standards for calibration. LoDs of 2–3 

ppm for K and 6–27 ppm for Mg achieved. 

63 

➢ LIBS and ICP-MS applied to measurement of Ca, Mg, Fe, Mn, Cu, Ni, and Zn in tall fescue (Festuca arundinacea). 64 

➢ LIBS applied to evaluate B, Cu, Fe, Mn, and Zn contents in plants with LoDs of 2.2, 3, 3.6, 1.8, and 1.2 ppm, respectively, obtained. 65 

➢ A simultaneous optimization strategy based on a neuro-genetic approach suggested as a means of selecting the LIBS operational 

conditions for the measurements of macronutrients and micronutrients Ca, Mg, P, B, Cu, Fe, Mn, Zn, Al, and Si in plants.  

66 

➢ SP-LIBS and LA-ICP-MS applied to map the distribution of Ag and Cu in Helianthus annuus L. leaf samples. 

➢ Analyses were carried out on 3 mm × 5 mm and 3 mm × 3.7 mm leaf sections. 

50 

➢ LIBS used for monitoring Mg accumulation in control and Pb-treated lettuce (Lactuca sativa L. var capitata) leaf samples. 16 

➢ Femtosecond LIBS applied in spectrochemical investigation of leaf samples.  

➢ Mapping of Fe in two leaf samples (Cornus stolonifera and maize) was achieved.   

17 

 

understand the physiology of plants, in addition to being useful in 

agricultural research associated with agriculture crop plants, 

genetic studies etc.69 

A recent review by Lombi et al. covers the application of in-situ 

conventional techniques to assess the spatial distribution of metals 

and metalloids in plants.70 When a deficiency of essential mineral 

nutrients occurs, plants suffer from various diseases with 

symptoms such as the yellowing of leaves, knots on roots, seed 

galls, and shape deformation. However, many diseases often go 

unnoticed because the symptoms appear underground and cannot 

be clearly seen on the plants. Such deficiencies and diseases that 

cannot be detected in the early stages are known as hidden 

deficiencies, and the only way to diagnose them is by using 

advanced analytical methods. Nunes et al. recently used LIBS to 

examine sugar cane leaves and determined the level of 

macronutrients such as Ca, K, Mg, and P and micronutrients such 

as B, Cu, Fe, Mn, and Zn, which all contribute to the composition 

of healthy sugar cane leaves.71 Martin et al. used LIBS for the 

detection of trace and heavy minerals in a variety of environmental 

samples.53 LIBS was also used to investigate the effect of 

endophyte (Neotyphodium sp.) infection on the elemental 

constituents of tall fescue (Festuca arundinacea), and the presence 

of Ca, Cd, Fe, Mn, Mg, Pb, and Zn in the leaf samples of tall fescue 

was successfully verified.64 Yao et al. applied the LIBS technique 

to a sample of algae to investigate toxic metal accumulation.72 

Rai et al. utilized LIBS to measure trace minerals in 
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hypoglycemic medicinal plants.26 The authors acquired the LIBS 

spectra of glycemic foods such as C. cajan and Momordica 

charantia to detect the presence of elements including Mg, C, Ca 

and Na, K, Mg, Ca, Fe, and Al. They used the CF-LIBS method to 

quantify the contents of the trace elements present in these food 

items. M. oleifera and E. officinal fruit extracts were tested using 

LIBS analysis, and the spectra revealed the presence of Mg, Ca, H, 

C, O, and N in both these medicinal plants. 

Recently, Andrade et al. applied LIBS and ICP-OES to the 

measurement of essential and toxic metals in some medicinal 

herbs.73 The elements detected and quantified were Ca, Co, Cu, 

Cd, Cr, Fe, Mg, Mn, Na, Ni, Pb, and Zn. The analyzed samples 

were all herbs belonging to a particular species and constituted 

different morphological plant parts. The morphological 

differences were correlated with different characteristic 

distributions in the 2D score plots acquired using PCA. The 

authors reported a strong correlation between LIBS and ICP-OES 

results, particularly with respect to the Ca, K, and Mg content. 

Tripathi et al. applied two efficient approaches, namely LIBS 

and inductively coupled argon plasma atomic emission 

spectroscopy (ICAP-AES), in a recent investigation of the 

elements in Ocimum L.,57,58 which is regarded as one of the most 

important herbs worldwide due to its medicinal importance and 

potential therapeutic applications.74 The present LIBS study was 

directed toward determining the elemental constituents in leaf 

samples of Ocimum species, viz., Ocimum basilicum, Ocimum 

sanctum, Ocimum gratissimum, and Ocimum americanum. LIBS 

studies have been performed on different Ocimum leaves in order 

to investigate the contents of the mineral elements Ca, K, Mg, Na, 

and Si as well as those of the lighter elements C, H, O, and N; the 

results were reproduced by ICP-AES experiments. The authors 

also confirmed the pattern of elemental content using an intensity 

ratio method, as depicted in Fig. 5. Fig. 5 indicates the ratio of 

detected minerals in wild and cultivated Ocimum species. It is 

apparent that Ca, Mg, and Na were present in greater 

concentrations in O. sanctum than in O. basilicum, while moreK 

was detected in O. basilicum than in O. sanctum. The larger 

percentages of C, H, N, and O in O. sanctumcompared with O. 

Basilicum indicates a relatively greater number of organic 

constituents in the former. In addition, Ca and Mg were found in 

greater concentrations in O. gratissimum and in lower 

concentrations in O. americanum. In contrast, higher 

concentrations of Na, K, N, O, and H were found in O. 

americanum compared with those in O. gratissimum (Fig. 5). PCA 

was also applied successfully to distinguish the wild species from 

the cultivated ones. The authors were able to confirm the 

suitability of the LIBS technique as a non-destructive and eco-

friendly approach to plant analysis. 

Ercioglu et al. recently used LIBS to distinguish some aromatic 

plants including laurel, basil, black pepper, lavender, and ginger 

based on their chemical compositions.75 Using their results, the  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5 Average intensity ratios (concentrations) for elements in the LIBS 

spectra of Ocimum leaves (in pellet form) after focusing the laser beam (A–

C). Adapted from Tripathi et al. 58 

authors were able to rapidly discriminate between these culinary 

herbs, owing to the combination of the LIBS technique with PCA. 

This outcome is very relevant in the context of the aromatic plant 

industry, as it leads to the possibility of the development of 

protocols for characterizing raw materials for quality control 

purposes. Zivkovic et al. observed the presence of elements 

including Al, Ca, Cu, Mn, Ba, K, and Sr in peppermint tea samples 

using the LIBS technique.76 Using a calibration curve method, 

they could accurately measure the concentrations of Mn and Ba 

(regression coefficient, R2> 0.95). 
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Table 2. Application of LIBS to Detection of Mineral Elements in 

Various Plant Species, Including Medicinal Plants 

Plant species Elements Ref. 

Algal (Trachydiscus minutus) Ca, K, Na, Mg, Cu 77 

Bermuda Grass (Cynodon dactylon) Al, Mg, Ca, C, Sr, 

Si,Zn 

78 

Boldo (Peumus boldus) Mn, Zn, B, Fe, Cu 65 

Brachiaria (Brachiaria decumbens) Cu, Mn, Zn, Fe, B 65 

Coffee (Coffea arabica) B, Cu, Fe, Mn, Zn 65 

Cotton Al, Ba, Ca, Cu, Cr, 

Fe, Mg, Sr 

79 

Endive (Cichorium endivia) B, Cu, Fe, Mn, Zn 65 

Grass (Axonopus obtusifolius) B, Cu, Fe, Mn, Zn 65 

Jack (Artocarpus integrifolia) B, Cu, Fe, Mn, Zn 65 

Longleaf pine tree (Pinus palustris) Ca, Fe, Na, S 53 

Mango (Mangifera indica) B, Cu, Fe, Mn, Zn 65 

Oranges (Citrus sinensis) Ca, C, Cl, H, Fe, 

Mg, Mn, Ni, N, O, 

K, S, Na, Zn 

60 

Poplar tree N, P, K, Ca, Fe, Ti, 

Mn, Na 

80 

Red osier dogwood  

(Cornus stolonifera) 

Fe 17 

Sophora  

(Styphnolobium japonicum) 

Ca 51 

Spruce Ca, Cu 81 

Tall fescue (Festuca arundinacea) Cd, Ca, Fe, Pb, Mn, 

Mg, Zn 

64 

Tobacco Fe, Ca, Al, Cu, K, 

Li, Mg, Mn, Na, Sr, 

Ti, Zn 

82 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6 Spatial distribution of Y and Yb in Raphanus sativus. Adapted from 

Modlitbova et al.35  

Table 2 lists some recent studies that used LIBS for mineral 

detection in plants of medicinal importance or of importance 

within the context of plant science.17,51,53,60,64,65,77,78,79,80,81,82 LIBS 

has been used extensively to study almost all trace metals and non- 

metal elements in different plant matrices, and it can be used in the 

pharmaceutical industry to study the glycemic components of 

medicinal plants. 

VISUALIZATION OF 

NANOPARTICLES IN PLANT 

MATERIALS USING LIBS 

In the last few years, the LIBS research community has focused 

on the production of new nanomaterials and their application in 

plant and agricultural sciences. However, little data are available 

in the literature regarding the distributions of nanoparticles (NPs) 

in plants. Therefore, a novel analytical tool is crucial for providing 

spatial distributions of NPs in plant materials and for generating 

complete large-scale images of model organisms. To date, very 

few applications of LIBS for the detection of NPs have been 

reported, particularly in plants.83 Very recently, LIBS has been 

used to study Ag NPs,52 CdTe NPs,84 and photon-upconversion 

NPs35 and their distributions in aquatic (L. minor) and terrestrial (V. 

faba, R. sativus) plants. The use of the LIBS method to visualize 

NPs in plant tissues was first reported by Krajcarova et al. in 

2017.52 In this study, the authors observed significant differences 

between the distributions of Ag+ ions and Ag NPs in V. faba roots, 

which were acquired with a resolution of 50 mm. They observed 

the localization of Ag NPs in particular root sections; however, the 

Ag+ ions were distributed homogenously across the entirety of the 

root system. This study also revealed information about the low 

NP uptake rate that was in good agreement with the current 

literature.85,86 

Modlitbova et al. carried out an investigation to study Cd spatial 

distributions originating principally from NPs capped with 

glutathione, CdTe NPs capped with 3-mercaptopropionic acid, 

and CdCl2.84 The authors carried out the TEM analysis of the 

leaves in order to confirm that the plants did not absorb the NPs. 

Furthermore, 2D LIBS mapping revealed no differences in the Cd 

distributions originating from NPs and CdCl2. 

In 2019, Modlitbova et al. performed an extensive study using 

LIBS to visualize the distribution of Y and Yb originating from 

photon up-conversion NPs (NaYF4:Yb3+, Er3+-SiO2-COOH NPs) 

in L. minor and R. sativus plants (Fig. 6).35 They found a spatial 

resolution of 100 mm to be sufficient for imaging Y and Yb across 

the entire plant sample. The authors detected the existence of the 

NPs and their translocation from the roots into the leaves, which 

was verified via photon up-conversion scans. Finally, the authors 

showed the importance and significant potential of NPs, on 

account of their stability, moderate toxicity, and bioaccumulation, 

compared with the ionic forms of Y and Yb. 

To a certain limited extent, a few research groups have applied 

the LIBS technique for imaging chemical constituents in biotic 

tissues.34,87 For example, the in-situ distribution of the pesticide 
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chlorpyrifos was analyzed by one group via P and Cl imaging in 

Z. mays leaf samples using a LipsImag apparatus.34 They also 

studied A. schoenoprasum plant samples in the laboratory with 

NELIBS.87 

Zhao et al. proved the in-situ capability of LIBS for the 

elemental mapping of plant leaves after pesticides were sprayed 

on the leaves.34 Further, they performed a NELIBS analysis to 

obtain spatially resolved data and signal enhancement;87 the 

authors sprayed Ag NPs onto the leaves of A. schoenoprasum to 

enhance the P and Cl signals. 

LIBS ANALYSIS OF FOOD AND 

AGRICULTURAL PRODUCTS 

With the recent developments in the LIBS technique, in terms of 

instrumentation and methodological approach, the use of LIBS for 

the analysis of samples of complex matrices in agricultural science 

has become possible. Here, we summarize some of the recent 

progress in heavy and toxic and mineral element measurement, 

particularly in plant and agricultural samples. The diverse 

application of LIBS to agricultural science has been reviewed by 

Peng et al.28 The use of LIBS and its practical applications in the 

field of agriculture are not restricted to the previously mentioned 

aspects. However, here, for the sake of brevity, we limit our 

summary to the reports of work using LIBS in key research areas. 

Significant research effort has been devoted to the careful but 

rapid examination of agricultural food stuffs via the use of 

analytical methods with fewer preparation steps.88 Being an 

advanced analytical tool, LIBS serves as a powerful technique in 

detecting nutritional and heavy-metal elements in agricultural and 

food products.88 Kim et al. were the first to report the successful 

application of the LIBS technique to measure agricultural 

pesticide residue,89 and since then, this approach has received ever 

increasing attention owing to its versatility. The authors adopted 

LIBS for investigating spinach and rice samples, to detect the 

presence of important elements (Mg, Ca, Na, K) that allow the 

differentiation of pesticide-contaminated samples from healthy or 

reference samples. CF-LIBS was used to measure the 

concentrations of the elements.89 

Determination of nutritional balance in agricultural products is 

very important to ensure that the human body does not have a 

deficit of the important minerals that are found in agricultural 

products consumed regularly as part of our diet.89 Alfarraj et al. 

reported the elemental composition of dairy and milk products by 

using a LIBS analysis.90 The authors used a PCA method to 

distinguish soy, milk powder, dairy milk, and lactose-free dairy 

milk based on their elemental compositions. Ca, K, Mg, and Na 

atomic lines were observed in the spectra of all the four specimens; 

however, the concentrations of these elements differed in each 

specimen. 

Recently, the 3D mapping capability of LIBS, without any  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7 Three-dimensional mapping of pesticide residues in a maize leaf 10 h after spraying. a) Visible-light microscopy image of the scanning area. b) Cross-

sectional image showing the pesticide distribution in an axial plane. c) Three-dimensional image of pesticide residue acquired by scanning individual planes 

sequentially; the interval between each lateral plane is 12 μm. Adapted from Zhao et al.34  
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Table 3. Application of LIBS to Elemental Analysis of Agricultural 

Food Stuffs 

Agricultural food products Elements analyzed Ref. 

Bean (Pulses) Ca, 65 

Pepper (Capsicum annum L) Pb, Mn, K 51 

Chickpea Si, Mg, Ti, Fe, Ca, C, Al 91 

Fenugreek seeds  Si, Mg, Ti, Fe, Ca, C, Al 91 

Folium Lycii  Al, Ca, K, Li, Mg, Na, Si, Sr, 

Ti 

92 

Leaf mustard  Si, Mg, Ti, Fe, Ca, C, Al 91 

Lettuce (Lactuca sativa)   Fe, Mn, B, Cu, Zn 65 

Maize (Zea mays) B, Fe, Cu, Zn, Mn 65 

Pepper (Piper nigrum) B, Cu, Fe, Mn, Zn 65 

Potato (Solanum tuberosum) Al, Ba, Be, Ca, C, Cl, Cr, 

Co, Cu, Fe, H, K, Li, Mn, 

Mg, Mo, N, Na, Ni, V, O, 

Rb, Si, Sr, S, Ti 

93 

Soya (Glycine max) Fe, Cu, Mn, Zn, B 65 

Spinach (Spinacia oleracea) Ca, Mg, P, B, Cu, Fe, Mn, 

Zn, Al, Si 

66 

Sugarcane  B, Ca, Cu, Fe, K,Mg, Mn, P, 

Zn 

66 

Sunflower  

(Helianthus annuus) 

Ag, Ca, Cu, K, Mn, Mg, Pb 94 

Wheat seedling C, Ca, Fe, H, K, Mg, N, Na, 

O, Si 

25 

sample preparation, was demonstrated.34 This type of study is very 

relevant for investigating biological samples with heterogeneous 

mineral distributions. The authors performed this in-situ and in 

vivo 3D elemental mapping study using a field-portable LIBS 

system in a maize field. An organophosphorus pesticide 

(chlorpyrifos, C9H11-Cl3NO3PS) was sprayed on a maize leaf, and 

the vegetal tissue was subsequently investigated 10 h after the 

exposure. Combining their LIBS investigation with multivariate 

regression models, the authors were able to accurately detect the 

pesticide residues. The obtained 3D LIBS maps (reproduced in Fig. 

7), which were obtained by using a step in the axial direction of 12 

μm, clearly illustrating a pattern of diminishing pesticide residues 

along the leaf depth. That study extended the scope of LIBS, 

presenting it as a new elemental mapping technology, comparable 

to X-ray microscopy and mass spectroscopy-based techniques, 

owing to its portability for field measurements of living plants. 

Indeed, this was the first time that in-situ and in vivo LIBS were 

applied to the elemental imaging of plants. The spatial resolution 

reported for this work was 200 μm, which is lower than that 

achievable in conventional synchrotron radiation-XRF (SRXRF) 

and secondary ion mass spectrometry techniques. 

Micro-chemical imaging of vegetal tissues also furnishes 

valuable information on plant nutrition and diagnosis, particularly 

if direct measurement of macronutrients and micronutrients is 

available. Recently, Guerra et al. performed mapping of P, Ca, Mg, 

Fe, Mn, B, and Si in dried sugar cane leaf fragments by employing 

the LIBS technology.56 The authors used both EDXRF and LIBS 

systems to study the spatial distributions of these mineral elements 

over the surfaces of the leaf samples.  

Table 3 lists some applications of LIBS to agricultural 

foodstuffs and products and the mineral elements detected. 25,51,65, 

66,91,92,93,94 

SOIL COMPOSITIONAL ANALYSIS 

USING LIBS 

At the global level, agricultural analytics are key to the 

management of the growing fundamental demand for food, animal 

feed, and water. Soil is the primary component of modern 

agriculture, providing all the mineral nutrients for plants to grow. 

Heavy and toxic elements such as Ba, Co, Cd, Cr, Hg, Pb, Mo, and 

Sb reach the soil as a result of environmental contamination by 

various pathways, and they are subsequently absorbed by plants, 

which ultimately leads to potential adverse and hazardous 

consequences for human health.28 The use and discharge of 

fertilizers, pesticides, sewage waste, solid waste, and irrigation 

water, along with chemical emissions from industry and roads, are 

the most common origins of heavy and toxic metals in soil.95 

Considering the vast spectrum of threats, including population 

growth, food security, hazardous chemical pesticides, degradation 

of the natural environment, and climate change, accurate 

measurements that allow the control and prevention of soil 

contamination by heavy-metal elements and organic matter is a 

major concern in modern agricultural sciences. The LIBS 

technique is at present being used to detect heavy metals in soil.96 

LIBS has been extensively applied to monitor soil mineral content 

and soil contamination.97,98 Badday et al. recently used a LIBS 

technique to provide quantitative measurements of heavy element 

content, including Ag, Cu, Cd, Cr, Hg, Mo, Ni, Pb, and Zn contents, 

in soil and validated the results obtained with data acquired from 

flame-AAS (FAAS).99 They also used the LIBS technique to 

monitor traces of the essential minerals C, Ca, Ba, K, Mg, N, P, 

and Zn in soil.  

The most important elements in soil are C and N, and these can 

be quantified using suitable spectroscopic techniques. Nguyen et 

al. used two C emission lines (247.86 nm and 193.03 nm) for the 

quantitative measurement of the carbon content of soil and 

concluded that both lines provided good linear calibration 

curves.100 Although measuring the N level in soil is somewhat 

challenging due to the large amount of atmospheric N, some 

reports have been published regarding its detection in soil. Ronny 

et al. used LIBS to measure the N, S, and P contents of soil under 

vacuum, using an argon purge system and optimizing the 

instrumentation for each specific element.101 Capetelli et al. 

applied the LIBS method to determine heavy-metal elements in 

soil.95 Their results were found to be adequate for the qualitative 

detection of heavy metals in the soil. Haddad et al. documented 

the in-situ investigation of Pb in soil by using a LIBS method.102 

Senesi et al. employed a LIBS technique to determine the 

elemental constituents of plants and composts used for soil 



www.at-spectrosc.com/as/article/pdf/2020201 110                At. Spectrosc. 2021, 42(2), 99-113 

remediation. The authors detected several elements including Al, 

Ca, Cr, Cu, Fe, K, Mg, Mn, Na, Pb, Sr, and Zn, in two composts 

of different origin and four accumulator plant species (Atriplex 

halimus, Brassica alba, Brassica napus, and Eruca vesicaria).103 

They also verified their LIBS concentration results with ICP-OES 

measurements. These authors proved the feasibility of LIBS for 

fast elemental screening of plant and compost samples. In 2019, 

Senesi et al. published an extensive review on the applications of 

LIBS techniques, particularly to crop plants and food derivatives, 

outlining the major studies published in the last decade (2010–

2019).104 They provided an extensive discussion on the recent 

developments in LIBS, including micro-LIBS, NELIBS, and 3D 

elemental imaging for the study of agricultural materials. Finally, 

they highlighted novel trends for the future advancement of LIBS 

as an efficient physical tool in plant and agricultural science that 

facilitates the analysis of any type of plant species and its 

derivatives. The reviewed literature indicated that LIBS has been 

used successfully to analyze soil and hence to monitor 

environmental toxicity for agricultural purposes. Thus, it is 

apparent that the performance of the LIBS technique is improving, 

and ever more attention is being focused on its applications in the 

field of agricultural and plant sciences. 

SUMMARY AND OUTLOOK 

With recent advancements, LIBS has been developed into a very 

robust tool, especially in the field of plant science where multi-

elemental analyses of very complex compounds are always critical 

in the search to obtain the best products. This article reviewed all 

the findings that have been reported in the field of plant science 

and discussed the future prospects for this field and the potential 

for developments that will ensure the viability and versatility of 

LIBS as a practical tool. 

We highlighted the current state-of-the-art in the field of applied 

LIBS for plant and agricultural sciences, including data processing 

methods such as CF-LIBS and multivariate analysis coupled with 

LIBS. LIBS is a growing technology in plant science, and it is 

currently being used extensively for the rapid measurement and 

imaging of heavy and nutrient minerals in plants species, food 

products, agricultural products, and soil. We also presented a 

comprehensive review of recent papers reporting the use of DP-

LIBS as a signal enhancement method in plant science. Recent 

progress in plant science using CF-LIBS, univariate analysis, and 

multivariate analysis to diminish serious matrix effects in plant and 

soil samples is also summarized. 

While the LIBS technique has numerous advantages in the 

elemental analysis of all types of samples, including plant samples, 

it also has some drawbacks. The lateral spatial resolution available 

for LIBS elemental mapping is much lower than those of other 

analytical methods that use electron beams, such as SEM-EDS.105 

The dimension of the ablation crater places a severe limitation on 

the spatial resolution. In addition, the analytical performance, 

precision, and repeatability of the analytical result are generally 

inferior to those of other types of plasma spectrometry, for instance, 

laser ablation ICP-MS.106 

For further practical applications and improvements in LIBS 

techniques for plant science, some additional methodology 

developments may be suggested. For example, the use of 

chemometric methods in LIBS to acquire exact information 

should facilitate improvements in calibration performance and 

hence also in classification. Chemometrics coupled with LIBS will 

also play a key role in plant science, allowing better interpretation 

and understanding of experimental results. Furthermore, the 

potential for the interpretation of results from a fundamental 

physical or chemical viewpoint and the analytical capabilities are 

expected to be significantly enhanced when LIBS is coupled with 

ICP-MS, near-IR spectroscopy, Raman spectroscopy, and 

developing sensing technologies. This should also lead to the 

development of new field-portable LIBS sensors for agricultural 

purposes. The evolution of stand-off and field-portable LIBS 

technology will ultimately bring real practical applicability to the 

field of LIBS research, providing more compact and robust 

instrumentation. In conclusion, LIBS will play a more significant 

role in the future in agriculture, with the development of an 

increasing number of new instrumentation and analytical 

approaches. 
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Perfect for challenging applications in semiconductors, geosciences, biomonitoring, 
and more, the cutting-edge NexION® 5000 ICP-MS is the industry’s first four-
quadrupole system, combining the simplicity of a reaction/collision cell with multi-
quadrupole technology that transcends traditional triple quad. That means superior 
interference removal, stability, and matrix tolerance – all in a system that virtually 
eliminates routine maintenance, for unsurpassed instrument uptime. 

The NexION 5000 multi-quadrupole ICP-MS:  
This is performance to the power of four.

For more information on our NexION 5000 ICP-MS, 
 visit www.perkinelmer.com/nexion5000
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For more information, visit perkinelmer.com/avio500

The New Avio 500 ICP-OES - High throughput 
with low cost of ownership

 e Avio® 500 ICP-OES combines the productivity you need with 
the high-quality performance and faster return on investment 
your work demands. With high sensitivity and superior resolution, 
your lab can accomplish more, even when dealing with the most 
di$cult samples. And with the lowest argon consumption of any 
ICP, simultaneous background correction, and high throughput 
enabled by Dual View technology, it all comes together to expand 
the range of what you can accomplish. High throughput. Low cost 
of ownership. Superior performance. It’s everything you want in an 
ICP-OES system.

EXPAND
YOUR RANGE
EXTEND YOUR RESOURCESEXTEND YOUR RESOURCES

Avio 500 ICP-OES
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