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ABSTRACT: High-purity cerium dioxide (CeO₂) powder serves as a key raw material for chemical mechanical planarization 

(CMP) slurries, wherein trace impurities can severely degrade its polishing efficiency and surface modification performance. This 

study established a reliable method for the determination of trace rare earth element (REE) impurities in high-purity (CeO₂) via online 

aerosol dilution inductively coupled plasma mass spectrometry (AD-ICP-MS) combined with solvent extraction pretreatment. Using 

2-ethylhexylhydrogen-2-ethylhexylphosphonate (EHEHP) as the extractant, the tetravalent cerium matrix was efficiently separated 

with a separation efficiency of ~99.8 %, and the recoveries of target REEs ranged from 92 % to 98 %. Furthermore, residual Ce-

derived mass interferences on gadolinium (Gd) and terbium (Tb) detection were effectively eliminated by introducing 0.80 L min⁻¹ 

argon into the sample aerosol before the ICP. Under the optimized 

conditions, the formation yields of interfering polyatomic ions were 

suppressed to as low as 0.12 % for CeO⁺/Ce⁺ and 0.008 % for CeOH⁺/Ce⁺. 

The limits of quantification (LOQs, 10σ) for 14 REE impurities were 

determined to be 0.2–1.3 ng g⁻¹. The proposed method was successfully 

applied to the analysis of two high-purity CeO₂ samples. The satisfactory 

spike recoveries of 93–103% verified that the proposed approach is robust 

and promising for the trace analysis of REE impurities in high-purity 

cerium oxide materials.  

INTRODUCTION 

Owing to their distinctive physicochemical properties, high-purity 

cerium oxide (CeO₂) has garnered extensive research attention in 

high-tech industries including optics and semiconductor 

manufacturing. High-purity CeO₂ powder serves as a key raw 

material for chemical mechanical planarization (CMP) slurries, 

wherein trace impurity rare earth elements can severely degrade 

its polishing efficiency and surface modification performance.1,2 

Against the backdrop of ever-stringent purity requirements for rare 

earth products, it is therefore imperative to establish robust and 

accurate analytical methodologies for impurity quantification. 

A variety of techniques are available for trace elemental 

analysis, including inductively coupled plasma optical emission 

spectrometry or mass spectrometry (ICP-OES or MS),3-9 and glow 

discharge mass spectrometry (GD-MS).10 Among these 

techniques, ICP-MS stands out as the most powerful analytical 

tool due to its superior sensitivity, high throughput, and 

simultaneous multi-element detection capability.11-19 Nevertheless, 

conventional solution nebulization ICP-MS (SN-ICP-MS) faces 

substantial challenges in the trace impurity analysis of high-purity 

CeO₂.20 The high-concentration cerium matrix in digested sample 

solutions severely suppresses the ICP-MS signal intensity of target 

REE ions. Although excessive dilution (dilution factor > 5000) can 

mitigate such matrix suppression effects, it reduces the 

concentration of target analytes to approximately 0.005 μg/L, 

which is a huge challenge for accurate measurements in 

conventional ICP-MS. Forthermore, polyatomic ion interference 

constitutes another critical bottleneck for high-purity CeO₂ 

analysis. Specifically, CeO⁺ and CeOH⁺ polyatomic species 

severely overlap with the characteristic isotopes of gadolinium 
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(Gd) and terbium (Tb).20-23 Given that these matrix-derived mass 

interferences are far more intense than the signals of target analytes, 

direct accurate analysis of trace REE impurities in high-purity 

CeO₂ cannot be achieved via conventional ICP-MS. Therefore, 

matrix separation prior to instrumental detection is an indispensable 

pretreatment step to acquire reliable analytical results.  

Acidic organophosphorus extractant-based solvent extraction is 

widely applied in the pretreatment of high-purity CeO₂ samples 

for ICP-MS detection.20 This technique enables effective removal 

of the cerium matrix and simultaneous enrichment of trace rare 

earth element (REE) impurities. The fundamental principle for 

solvent extraction-based Ce matrix separation relies on the facile 

oxidation of Ce(III) to Ce(IV).20 Compared with trivalent REE 

impurities, Ce(IV) exhibits substantially higher affinity for acidic 

organophosphorus extractants, including 2-ethylhexylhydrogen 2-

ethylhexylphosphonate (EHEHP),20 trioctylphosphine oxide 

(Cyanex 923), 21 and bis(2,4,4-trimethylpentyl) phosphinic acid 

(Cyanex 272),22 thereby achieving high-efficiency Ce matrix 

separation. Li et al.20 firstly adopted EHEHP as the extractant for 

ICP-QMS analysis of high-purity CeO₂, realizing a matrix 

separation efficiency of up to 99.5%. Duan et al. 21 further 

explored the feasibility of using Cyanex 923 for the determination 

of non-cerium REE impurities in 6N-grade high-purity CeO₂. 

Recently, Zhang et al.22 reported a solvent extraction protocol 

utilizing Cyanex 272. In their work, Ce matrix was digested and 

oxidized to Ce⁴⁺ by KMnO₄, achieving a maximum Ce removal 

rate of 99.95%, with the recoveries of 14 REE impurities ranging 

from 92.8% to 103%. Despite the excellent matrix removal 

efficiency (≥99.5%) of phosphorus-containing extractants in 

existing studies, residual trace Ce still generates severe polyatomic 

ion interferences in ICP-MS analysis. Such interferences are non-

negligible, as the residual Ce concentration is thousands of times 

higher than that of target trace REEs (e.g., Gd and Tb). 

Accordingly, complicated mathematical correction algorithms or 

tandem mass spectrometry (ICP-QQQ) are generally required to 

eliminate Ce-derived mass spectral interferences for the accurate 

quantification of Gd and Tb.22 

Recently, online aerosol dilution (AD), which dilutes sample 

aerosols with argon prior to plasma entry, has emerged as an 

effective alternative strategy to mitigate matrix effects induced by 

high-salt matrices.24-27 This technique has been successfully 

applied to suppress matrix interference during the determination 

of trace REEs in high-salinity groundwater.24 Additionally, our 

previous study adopted the AD method to alleviate matrix effects 

derived from high-salt mobile phases in ion chromatography 

coupled with ICP-MS (IC-ICP-MS) for bromate detection.25 

Furthermore, this simple online AD technique achieved a 10-fold 

reduction in Zr, Mo, Hf- oxide interferences for trace cadmium 

and gold analysis of geological sample.26,27 

The aim of this work was to develop a reliable method for the 

accurate quantification of trace REE impurities in high-purity 

CeO₂. The combination of EHEHP-based solvent extraction for 

the majority Ce matrix removal and aerosol dilution technique 

effectively reduces the residue Ce-based mass interference in ICP-

MS measurement. 

EXPERIMENTAL 

Instrumentation. All measurements were performed using an 

Agilent 7700X ICP-MS (Agilent Technologies, USA) coupled 

with a commercial aerosol dilution system. This system adopts a 

T-piece connector to introduce auxiliary argon into the sample 

aerosol stream before plasma entry, achieving online aerosol 

dilution. The sample introduction unit consisted of a MicroMist 

nebulizer and a Peltier-cooled (2 °C) quartz Scott-type double-

pass spray chamber, with its detailed configuration reported in our 

previous studies. Optimized instrumental operating parameters are 

summarized in Table 1. External calibration was employed for 

quantitative analysis, and ¹³³Cs was selected as the internal 

standard to correct signal drift and improve analytical stability.  

Reagent and standard solutions. EHEHP and cyclohexane 

(ultrapure grade, Sigma-Aldrich, Germany) were employed as the 

extractant and diluent, respectively. Working solutions were 

prepared by mixing EHEHP with cyclohexane to give about a 0.05 

mol L-1 concentration of EHEHP and purifying the solution by 

shaking with 10% v/v HNO3. Acetic acid–acetate buffer solution 

(pH = 4) and 5.0 g L⁻¹ KMnO₄ solution were prepared using 

analytical-grade reagents. REE calibration standard solutions and 

the 50 ng L⁻¹ Cs internal standard solution were obtained by serial 

dilution of 1000 mg L⁻¹ stock solutions with 2% (v/v) ultrapure 

nitric acid. Deionized water (18.2 MΩ cm) produced by a 

Millipore purification system (Millipore, France) and ultrapure 

nitric acid (Alfa Aesar, Tianjin) were used for the preparation of all 

blank solutions, standard solutions, and sample solutions 

throughout the experiment. Two high-purity CeO₂ powder samples 

purchased from Jiangsu Baichun New Material Technology Co., 

Ltd., China. 

 

Table 1. Instrumental operating parameters 

ICP-MS instrument Agilent 7700X ICP-MS 

RF power, W 1500 

Plasma gas flow, L min−1 15 

Nebulizer gas flow, L min−1 0.30 

Ar Dilution gas flow, L min−1 0.80 

Sampling depth, mm 7.0 

Sample uptake rate, mL min−1 0.3 
140CeO/140Ce, % 0.12 for aerosol dilution mode 

Isotope monitored 

89Y, 139La, 141Pr, 146Nd, 147Sm, 
153Eu, 156Gd, 159Tb, 163Dy, 165Ho, 
166Er, 169Tm, 172Yb, and 175Lu 

Internal standard 133Cs 
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All separating funnels, beakers, and other glassware were 

cleaned prior to use. Briefly, the glassware was first soaked in 

detergent solution and thoroughly rinsed with deionized water to 

remove residual detergent. Subsequently, it was boiled in (1+1) 

diluted nitric acid for 2 h, rinsed with deionized water, dried in a 

dust-free oven, and finally sealed in plastic bags for standby use. 

Sample digestion. 0.1000 g high-purity CeO₂ was digested with 

1.0 mL concentrated HNO₃ and 0.5 mL H₂O₂ in a sealed PFA vial 

at 130 °C for 1 h. After cooling, the digest was quantitatively 

transferred and diluted to 100 mL with 1% (v/v) HNO₃. 

Separation procedures. According to the previous separation 

procedure,21 a 20 mL aliquot of 0.05 mol L⁻¹ EHEHP was placed 

in a 60 mL separating funnel, followed by the addition of a mixture 

containing 20 mL of water (pH = 4) and 8 mL of KMnO₄ solution. 

The aqueous layer was discarded, and the organic phase was 

retained for subsequent use. A 5 mL volume of the sample digest 

was then adjusted to pH 4 using 2% (m/v) NaOH and 8 mL of 

buffer solution (pH = 4), before adding 2 mL of KMnO₄ solution. 

The resulting mixture was subjected to extraction for 

approximately 5 min, after which the aqueous layer was discarded. 

At this stage, the organic phase should appear deep yellow due to 

the presence of Ce⁴⁺. Finally, the organic layer was back-extracted 

twice (first with 20 mL, then with 5 mL) using 5% (v/v) HNO₃ for 

10 min each time. The combined aqueous extracts were collected 

and analyzed via ICP-MS. Blank samples were prepared 

following an identical procedure. 

RESULTS AND DISCUSSION 

Ce matrix separation 

Theoretical considerations. As reported by Li et al., 20 the EHEHP 

serves as a highly effective and selective extractant for rare-earth 

elements (REEs). This phosphonate extractant works in its 

protonated (H-form) state. Since the hydroxyl group within its 

molecular structure remains unesterified, its dissociable proton can 

be readily exchanged with metal ions under weakly acidic 

conditions (pH 3–6), as described by the simplified equilibrium 

reaction below: 

[Ln3+]a + 3[HP]o = [Ln(P)3]o + 3[H+]a          (1) 

where [Ln3+]a denotes the metal-ion concentration in the aqueous 

phase, and [HP]o represents the EHEHP concentration in the organic 

phase. [Ln(P)3]o and [H+]a correspond to the concentrations of the 

reaction products. Increasing pH shifts the equilibrium toward the 

product side and improves extraction efficiency. Consequently, 

protons liberated during extraction require neutralization to 

maintain optimal extraction performance. Nevertheless, elevated 

pH may trigger precipitation when REE concentrations are high. 

Table 2. Recoveries of REEs (100 ng added) with and without acetate 

buffer solution (pH 4) in a Ce matrix 

Element 
Recovery in organic phase, % 

With acetate buffer 

solution 

Without acetate buffer 

solution 

La 92 32 

Pr 95 73 

Nd 94 81 

Sm 98 93 

Eu 97 98 

Gd 98 97 

Tb 98 96 

Dy 97 97 

Ho 97 98 

Er 98 99 

Tm 98 98 

Yb 97 97 

Lu 98 98 

Y 97 98 

A further key property of EHEHP lies in its selectivity: 

tetravalent cerium loaded into the organic phase resists stripping 

by common acids, whereas trivalent REE species can be easily 

back-extracted. This distinctive behavior enables the separation of 

REE impurities from the cerium-rich matrix.  

In accordance with reaction stoichiometry, 20 mL of 

cyclohexane-based organic phase with 0.05 mol L-1 EHEHP was 

adopted throughout all experiments. This volume exceeds the 

stoichiometric requirement for extracting 10 mg CeO₂ sample. 

Cerium in the aqueous solution needs to be converted into its 

tetravalent oxidation state before separation operations. KMnO₄ 

was validated as a suitable oxidizing agent for this oxidation task.20 

Accordingly, KMnO₄ was selected in the present work with a 

constant dosage of 100 mg, representing a substantial excess 

relative to the cerium content in the sample solution. 

Extraction. The pH of the sample solution, the buffer solution, and 

the extraction time can all seriously affect the extraction efficiency 

of trivalent ions on EHEHP.  

As mentioned above (equation 1), it was desirable for EHEHP 

to operate at low acidic aqueous solutions for trivalent ion 

extraction and the extraction efficiency was pH-sensitive. 

Following the results of the literature,21 the optimized pH value is 

4 and the satisfactory recoveries were obtained for non-Ce REEs 

without Ce matrix. Nevertheless, several light rare‑earth elements 

(i.e., La, Pr, Nd) exhibited considerably low recovery values (< 85%) 

when Ce was present. The La, Pr, and Nd were not completely 

extracted into the organic phase in the presence of the Ce matrix. 

The acidity of the aqueous phase could increase owing to the large 

amounts of H+ on EHEHP replaced by Ce4+ during extraction, 

resulting in a decreased extraction efficiency for these light REEs. 

To improve the extraction efficiency of light rare earth elements, 

an 8 mL of acetate buffer solution (pH 4) was added to the solution. 
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Table 3. Back-extraction efficiency (%) of Yb and Lu with different HNO3 

concentration (mol L-1) 

HNO3 concentration, mol L-1 
Back-extraction efficiency, % 

Yb Lu 

0.5 41 37 

1.0 63 59 

1.5 82 79 

2.0 98 97 

2.5 97 98 

3.0 98 98 

3.5 99 97 

4.0 97 98 

Table 4. Ce-matrix separation efficiency of five replicate separations 

No. 
Original Ce 

concentrations, 

C0, mg L-1 

Remaining Ce 

concentrations, 

C1, mg L-1 

Separation 

Efficiency, % 

1 812 0.65 99.6 

2 812 0.49 99.7 

3 812 0.16 99.9 

4 812 0.32 99.8 

5 812 0.16 99.9 

Average 812 0.32 99.8 

Table 5. The oxide formation ratios (CeO+/Ce+ and CeOH/Ce+) and signal 

background ratio (SBR) of Gd and Tb with different dilution gas flow rate 

Dilution 

gas (Ar) 

flow 

rate, L 

min-1 

Oxide formation 

ratios, % 

Signal background ratio 

(SBR) 

140Ce16O+/ 

140Ce+ 

142Ce16OH+/ 

142Ce+ 

157Gd+/ 

140Ce16O+ 

159Tb+/ 

142Ce16OH+ 

0 1.50 0.142 2.5 1.8 

0.1 1.35 0.123 3.2 2.0 

0.2 1.14 0.111 4.6 3.7 

0.3 0.90 0.089 5.4 4.2 

0.4 0.70 0.075 6.8 5.1 

0.5 0.45 0.041 9.3 7.0 

0.6 0.25 0.027 11 9.5 

0.7 0.16 0.014 13 12 

0.8 0.12 0.008 14 13 

0.9 0.11 0.008 12 12 

1.0 0.11 0.007 9.8 11 

As shown in Table 2, the recoveries (in organic phase) of La, Pr, 

and Nd were increased from 32%~81% to 92%~95%. The effect 

of extraction time was evaluated for all target analytes. 

Experimental results revealed that extraction efficiency exhibited 

negligible variation over a time range of 2–30 min. Accordingly, an 

extraction time of 5 min was adopted throughout the present work. 

Back-extraction. Two key variables, namely aqueous-phase 

acidity and back-extract time, govern the extraction of target 

REEs from the organic phase into the aqueous fraction during 

back-extraction. Since lighter REEs are easily back-extracted with 

dilute HNO3, the concentration of HNO3 can only affect the 

recoveries of heavier REEs.21 On the other hand, all non-Ce REEs 

could be back-extracted quantitatively, provided that the recovery 

of Lu is acceptable. Table 3 listed the effect of the concentration of 

HNO3 on the back-extraction of Yb and Lu (representing heavier 

REEs). The recovery (back-extraction efficiency, %) increased 

with increase in concentration of HNO3 and reached a plateau at 2 

mol/L HNO3, it should be noted that the concentration of Ce from 

the organic to the aqueous phase was slightly decreased with 

increase in concentration of HNO3. Thus, to minimize undesired 

Ce from being back-extracted into the final aqueous, 2 mol/L of 

HNO3 was chosen for back-extraction in this study. Because the 

effect of the back-extraction time on the recoveries (98 to 99%) of 

Yb and Lu were negligible variations over a time range of 5–

30 min, an extraction time of 5 min was adopted throughout the 

present work. 

Matrix separation efficiency. To evaluate the matrix‑removal 

performance, the residual cerium content in the aqueous fraction 

following back‑extraction was quantified. The final Ce-matrix 

separation efficiency (%) was calculated using the formula: 

Separation efficiency (%) = (1 - (C1 ×V1 /C0 ×V0)) ×100   (2) 

Here, C1 and V1 represent the residual Ce concentration in the final 

back-extraction solution and its aqueous volume (25 mL), 

respectively. C0 and V0 denote the initial Ce concentration in the 

aqueous phase before extraction and its aqueous volume (5 mL). 

As shown in Table 4, multiple replicate measurements 

demonstrated excellent matrix separation efficiency (99.8% for Ce) 

together with satisfactory experimental reproducibility. 

Reduction of the residual Ce-based mass interferences. 

Although the EHEHP‑based solvent extraction method achieved 

excellent Ce‑matrix removal efficiency (≥99.8%), the residual 

cerium can still induce severe polyatomic mass interferences (e.g., 

CeO and CeOH) on trace‑level target non‑Ce REEs, particularly 

Gd and Tb, during ICP‑MS analysis. To enable accurate 

determination of Gd and Tb in the post‑separation solution, the 

online aerosol dilution (AD) technique was employed in this study 

to alleviate these mass interferences. As shown in Table 5, there is 

a significant decrease in the ratios of oxide species (140CeO+ on 
156Gd+ and 142CeOH+ on 159Tb+). At the optimized dilution gas rate 

(0.80 L min−1), the ratios of CeO+/Ce+ and CeOH/Ce+ are 0.12 % 

and 0.008 %, respectively, which is 10–17 times smaller than that 

observed with the conventional ICP-MS without dilution gas. 

Compared to the ICP-MS without dilution gas, the signal 

background ratios (SBRs) with dilution gas method (dilution gas 

flow rate = 0.8 L min−1) are obviously improved 6 (from 1.8 to 11 

for Tb) to 8-fold (from 2.5 to 14 for Gd). (Table 5). 

Analytical performance and real samples analysis. Owing to 

the lack of certified cerium standard materials, the reliability of the 

developed method was confirmed via spike-recovery experiments. 

Full-process spiking assays were performed at multiple 

concentration levels, yielding favorable analytical results (93% to 

103%) summarized in Table 6. Limits of detection (LOD, 3σ) for  



https://www.at-spectrosc.com/as/article/pdf/2026037 599                Atom. Spectrosc. 2026, 47(4), 595–600. 

Table 6. Recoveries of spiked analysis and LOD of the method 

Element 
Spiked recovery, % 

LOD, ng g-1 
0.5 μg L-1 5 μg L-1 

La 93.0 94.6 0.4 

Pr 94.7 96.3 0.7 

Nd 94.4 96.1 1.1 

Sm 97.5 96.9 1.0 

Eu 97.3 103 0.7 

Gd 98.1 99.6 1.3 

Tb 98.3 98.6 0.5 

Dy 99.2 99.5 0.6 

Ho 97.3 98.6 0.8 

Er 98.8 99.3 1.1 

Tm 99.4 99.6 0.2 

Yb 97.4 96.9 0.9 

Lu 99.5 99.7 0.4 

Y 97.6 98.1 0.7 

 

Table 7. Results of two high-purity CeO2 samples 

Element 
Sample 1 Sample 2 

Measured value ± 

SD, μg g-1 (n=3) 

RSD, % Measured value ± 

SD, μg g-1 (n=3) 

RSD, 

% 

La 0.16 ± 0.02 12.5 0.35 ± 0.03 8.6 

Pr 0.05 ± 0.01 20 0.13 ± 0.02 15.4 

Nd 0.07 ± 0.01 14.2 0.19 ± 0.03 15.8 

Sm ND a / b 0.07 ± 0.01 14.3 

Eu ND / 0.03 ± 0.01 33.3 

Gd ND / 0.06 ± 0.01 16.7 

Tb ND / ND / 

Dy ND / ND / 

Ho ND / ND / 

Er ND / ND / 

Tm ND / ND / 

Yb ND / ND / 

Lu ND / ND / 

Y 0.08 ± 0.01 12.5 0.17 ± 0.02 11.8 

Note: a- not detected. b- not calculated. 

each target analyte were calculated from three-fold standard 

deviations obtained through eleven replicates blank measurements, 

which ranged from 0.2 to 1.3 ng g⁻¹ (Table 6). These results indicate 

acceptable accuracy and precision of the present method, and its 

quantification performance is sufficient to quantify 14 REE 

impurities within 6N-grade CeO2. Furthermore, this method was 

implemented to characterize two high-purity CeO2 samples, and 

the corresponding measurement data are listed in Table 7. 

CONCLUSION 

The integrated strategy combining EHEHP-based solvent 

extraction with online aerosol-dilution ICP-MS offers an effective 

and reliable approach for determining non-Ce rare-earth-element 

(REE) impurities in high-purity cerium oxide. This strategy 

achieves efficient separation of the high-cerium coexisting matrix 

and mitigates mass interferences originating from residual 

Ce-containing polyatomic ions toward target analytes. 

Satisfactory spike-recovery values ranging from 93% to 103% 

validate the robustness and practical potential of the developed 

method for trace-level analysis of non-Ce REE impurities in 

high-purity cerium oxide materials. 
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