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Article history: Rare earth elements are a set of seventeen metallic elements, which is an essential
part of many high-tech devices. Hence, analysis and/or separation of the rare
earth elements from their mineral become crucial. A novel analysis method
combining ultraviolet-visible spectroscopic and multivariate analysis was
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Online: 315t July 2021 developed to determine middle rare earth elements quickly and simultaneously.
The data collected from ultraviolet-visible spectroscopic were analyzed by
Keywords: multivariate analysis. The results showed that the developed method has good

accuracy and precision with a detection limit of 1.375 (+ 0.012), 0.332 (¢ 0.004),
42.117 (£ 0.200), 1.767 (+ 0.011), and 0.576 (+ 0.002) ppm, respectively for
samarium, europium, gadolinium, terbium, and dysprosium. The interference
effect of ammonium iron(II) sulfate hexahydrate, manganese(III) sulfate

monazite; middle rare earth
elements; multivariate analysis;
ultraviolet-visible

spectroscopic
P P hydrate, calcium carbonate, sodium carbonate, and lead(II) nitrate were
examined. The reliability of the proposed method was evaluated using monazite
samples. Conclusively, the developed method was successfully applied to
determine the middle rare earth elements in monazite samples.
1. Introduction Europium, gadolinium, and terbium were either well-

thought-of as a separate cluster (terbium group), or
europium was included in the cerium group; and
gadolinium and terbium were classified in the yttrium
group. The reason for this separation came up from the
difference in solubility of rare-earth double sulfates with
sodium and potassium. The sodium double sulfates of the
cerium group are difficultly soluble, those of the terbium
group slightly, and those of the yttrium group are highly
soluble [5]. Although the classification is inconsistent
among the authors, the most common distinction of the
REEs today is based on the atomic numbers, where those
with low atomic numbers are grouped as the light REEs
(La, Ce, Pr, Nd); those with high atomic numbers are the
heavy REEs (Ho, Er, Tm, Yb, Lu); and those that fall in
between are exclusively referred to as the middle REEs
(Pm, Sm, Eu, Gd, Tb, Dy) [6, 7].

A rare-earth element (REE) is one of a set of
seventeen chemical elements in the periodic table,
specifically the fifteen lanthanides: lanthanum (La),
cerium (Ce), praseodymium (Pr), neodymium (Nd),
promethium (Pm), samarium (Sm), europium (Eu),
gadolinium (Gd), terbium (Tb), dysprosium (Dy),
holmium (Ho), erbium (Er), thulium (Tm) ytterbium
(Yb), and lutetium (Lu); as well as scandium (Sc) and
yttrium (Y) [1]. Except for La, the lanthanide series
comprises unique elements with ground state electronic
configurations with at least one electron in the 4f
electronic orbital. Scandium and Yttrium, a Group IIIB
transition metal, are typically included with the REEs.
They occur with the rare-earth metals in natural minerals
and have similar physical and chemical properties [2, 3,
4]). The initial classification of the REEs was into two main
groups, videlicet cerium earth (Sc, La, Ce, Pr, Nd, and Sm) Over the past few decades, the use of rare earth
and yttrium earth (Y, Dy, Ho, Er, Tm, Yb, and Lu). elements either individually or in mixtures shows an
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increasing trend, where it is because these metals have
the best characteristics for various fields of technology
[8]. The REEs have wide applications in the high-
technology industries classified into some areas such as
electronics: television screens, computers, cell phones;
manufacturing: high strength magnets, metal alloys,
stress gauges; technology: lasers, optical glass, fiber
optics; renewable: hybrid automobiles, wind turbines,
next-generation rechargeable batteries; and energy:
biofuel catalysts [9, 10, 11]. Recently, the REEs have been
being utilized in medical science, such as nano-biology
and regenerative medicine [12, 13], magnetic resonance
imaging (MRI) contrast agents [14, 15, 16, 17], and
biosensors and immunosensors [18, 19]. Owing to their
wide applications, today, REEs are well-known as 21st-
century materials [20].

The REEs are a highly coherent group of elements,
and their accurate determination is essential in chemistry
research [21]. Analysis and separation of the REEs from
their sample matrix or even analysis and isolation of one
REE being a single element are difficult because these
metals have similar properties, especially physical and
chemical properties, and universally originate in the
same mineral assemblies [22]. This hindrance must be
overcome quickly because the high demand of the REEs
increases steadily, either in amount or purity [23].
Although inductively coupled plasma-optical emission
spectrometry (ICP-OES) is quite good in determining the
REEs [24, 25, 26]; however, it is time-consuming and
expensive. On the other hand, modern automatic analysis
methods provide opportunities to collect large amounts
of data very easily and are considered valuable and
promising ones due to their fast, robustness, precise and less
sensitivity to spectral artifacts, and cost-effectiveness [27].
Thus, developing an analysis method for the
determination of the REEs based on the modern
automatic analysis is desirable.

Developing an analysis method which not only
concerns the effectiveness but the efficiency as well
requires in-depth study. Although univariate analysis is
still widely applied to construct calibration plots to
determine the REEs, some drawbacks of this approach,
such as less comprehensive and non-establish
relationships towards different factors, cannot be denied
[28]. On the other side, multivariate analysis is recently
becoming the most expectant approach of calibration
strategies because of its ability to permit matrix effects
corrections. Multivariate analysis is generally used to
study more complex sets of data than what univariate
analysis can handle. Furthermore, multivariate analysis
enables an ability to glean a more realistic picture than
looking at a single variable. Multivariate techniques also
provide a robust test of significance compared with
univariate techniques [29]. In this study, we integrated
the ultraviolet-visible (UV-vis) spectroscopic method
and principal component regression (PCR) multivariate
analysis to develop a robust analytical method to
determine the middle REEs. In addition, it has been well-
known that the UV-vis spectroscopic can produce a large

amount of data in a short time of analysis. The data could
be extracted by employing multivariate analysis to
generate valuable insights about the chemicals’ content
and noise. Therefore, a hybrid of the UV-vis spectroscopic
and multivariate analysis would be an effective and
efficient method for determining the middle REEs.

In the present study, a novel analysis method was
developed to determine the middle REEs (samarium,
europium, gadolinium, terbium, and dysprosium) in fast,
simultaneous, and without chemical separation. The
proposed method was constructed by combining UV-vis
spectroscopic and PCR multivariate calibration. The
performance of the developed method was discussed in
terms of selectivity, accuracy and precision, detection
limit, and real sample test. The reliability of the proposed
method was evaluated using monazite samples by
comparing the results obtained with the results from ICP-
OES.

2. Methodology
2.1. Equipment and Materials

Experiments were carried out using chemicals of
pure-, or reagent- or analytical grade, as required. The
chemicals used in the experiments consisted of the
middle rare-earth element oxides: samarium oxide
(Sm»0;), europium oxide (Eu.0;), gadolinium oxide
(Gd.0s), terbium oxide (Tb.0s), dan dysprosium oxide
(Dy205), ammonium iron(II) sulfate hexahydrate
((NH,)2Fe(S0,4)..6H.0), manganese(IlI) sulfate hydrate
(MnSO,.H,0), calcium carbonate (CaCO;), sodium
carbonate (Na>COs), and lead(II) nitrate (Pb(NOs).), nitric
acid (HNOs) (65 %), sodium phosphate dibasic (Na,HPO,)
2 99 %, and sodium dihydrogen phosphate monohydrate
(NaH,PO,.H-0) = 98 % were purchased from E. Merck and
used as received. Monazite samples bearing the middle
rare-earth elements were obtained from the National
Nuclear Energy Agency/Badan Tenaga Nuklir Nasional
(BATAN), Indonesia. The UV-vis data (variation of
absorbance for each wavelength) were obtained with the
ultraviolet-visible spectroscopic lambda 35 (Perkin
Elmer). The multivariate data analysis was performed in
the Rare Earth Element Study Center of Universitas
Padjadjaran (Bandung) using the XLSTAT package
program, which is well-known as a powerful yet flexible
Excel data analysis add-on allows users to analyze,
customize and share results within Microsoft Excel.

2.2. Preparation of the Solutions

Training set solutions were prepared based on the
reported method [30]. Briefly, a certain amount of the
middle REE oxides (Sm203, Euz0;, GdzO}, szO}, and
Dy.0;) was separately dissolved with concentrated nitric
acid under gentle stirring and heating. After the middle
REE oxides were utterly dissolved, distilled water was
adjusted to prepare the proper concentration of the
middle REE solutions. The training set solutions were
prepared by diluting the previously prepared solutions
with various concentrations of the middle REEs shown in
Table 1.
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Table 1. Various concentrations of the middle REEs in the training set.

Conc. of the REEs (ppm)

Conc. of the REEs (ppm)

Conc. of the REEs (ppm)

TS TS TS
Sm  Eu Gd Tb Dy Sm  Eu Gd Tb Dy Sm Eu Gd Tb Dy
1 170 25 200 30 215 12 170 47 2000 100 215 23 263 91 1640 86 323
2 263 25 560 Lty 323 13 356 47 200 30 431 24 356 91 2000 100 431
3 356 25 920 58 431 14 449 47 560 L4 539 25 542 91 200 30 647
4 449 25 1280 72 539 15 542 69 920 58 647 26 635 91 560 Lb 755
5 542 25 1640 86 647 16 635 69 1280 72 755 27 356 113 1640 86 431
6 635 25 2000 100 755 17 170 69 1640 86 215 28 449 113 2000 100 539
7 263 25 200 30 323 18 263 69 2000 100 323 29 635 113 200 30 755
8 356 47 560 L4 431 19 449 69 200 30 539 30 170 113 560 Lb 215
9 449 47 920 58 539 20 542 69 560 L4 647 31 263 113 920 58 323
10 542 47 1280 72 647 21 635 69 920 58 755 32 542 135 2000 100 647
1 635 47 1640 86 755 22 170 91 1280 72 215 33 170 135 200 30 215

*T'S = Training Set

Matrix solution was prepared by dissolving the
compounds present in the real sample matrix, as reported
by Manurung [31]. To do this, 0.992 g
(NH4)2F€(SO[,)2.6H20, 0.042 mg MnSO,.H-0, 0.065 mg
CaCO0;, 0.085 mg Na,CO;, and 0.138 g Pb(NO;). were
weighed and mixed. The mixture was calcined at 875°C for
30 min, which was started at 80°C for 5 min, and then the
temperature was gradually increased to be 100, 300, and
500°C with the same length of time for each temperature.
Next, the mixture was cooled in a desiccator. After that,
the matrix mixture was dissolved with 10 ml of HNO3 65
% and diluted with distilled water to be 1 L.

Dissolution of monazite samples was prepared using
the previously reported method [32]. At first,
approximately 0.1 g of monazite sample was accurately
weighed and homogeneously mixed with
Na,HPO,/NaH,PO,.H-0 in a mass ratio of 1:15 sample: flux.
The mixture was quantitatively transferred into a
platinum crucible and heated at 900°C in a closed oven
with a periodical swirling at 15 min intervals. Visual
inspection of the sample indicated complete digestion
after 60 min. The resultant melt was cooled to room
temperature and dissolved in 30 ml of distilled water. The
dissolved melt was quantitatively transferred to a 100.0
ml volumetric flask and filled to the mark with distilled
water.

2.3. Ultraviolet-visible Spectroscopic Analysis

All solutions were measured using ultraviolet-visible
spectroscopic lambda 35 at wavelength range 200-600
nm for interval 10 nm.

2.4. Multivariate Data Analysis

The UV-vis data obtained were arranged to be a data
matrix (absorbance variation for each wavelength). The
data matrix was analyzed using principal component
analysis (PCA) and principal component regression (PCR)
multivariate calibration.

3. Results and Discussion

The proposed analysis method was constructed by
combining ultraviolet-visible spectroscopic (UV-vis
spectroscopic) and multivariate analysis. The ultraviolet-
visible spectroscopic analysis generally requires a short

analysis time with a resulting large amount of data due to
no need to optimize the wavelength used in the
experiments. The large amount of data obtained from a
spectroscopic method is next extracted to generate
meaningful information about the chemicals' content
and noise. The illustration of the advanced analysis

method is depicted in Figure 1.
Conc. of S
DATA
MATRIX _
T ey

Monazite

\ J\ ]
Y Y

UV-vis spectroscopic Multivariate analysis
¥" short analysis time v’ extract the information

¥' large amounts of data in large amounts of data

Figure 1. Schematic representation of the determination
of the middle REEs by a combination of UV-vis and
multivariate analysis.

3.1. Ultraviolet-visible Spectroscopic Analysis

The UV-vis absorption spectra of the middle REEs
held a great deal of information despite their continuous
and seemingly uninformative shape. They had an
overlapping spectrum (shown in Figure 2), which
informed that not possible determined by univariate
analysis. Wiberg et al. [27] reported that the
uninformative shape of UV-vis absorption spectra was
possible with multivariate data analysis to obtain good
results for both quantitative and qualitative
determinations.
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Figure 2. Two-dimension graphic of UV-vis absorption
spectra of the middle REEs at wavelength range 200-600
nm for interval 10 nm.

3.2. Multivariate Data Analysis

In establishing the mathematics model of PCR
multivariate calibration, at first, the data matrix must be
normalized to get a better mathematics model. The data
matrix normalized will give a more robust mathematics
model than that of not normalized, as mentioned by
Brereton [33]. The reasons for performing data pre-
treatment are generally to reduce the effect of noise,
improve the model's predictive ability, and simplify the
model. In this study, normalization of the data matrix was
conducted using row-scaling pre-processing. Next, the
normalized data matrix was analyzed using PCA to get
principal components (PCs), converted by PCR to be a
concentration. According to Miller et al. [34], the score
plot of the first two PCs is usually the most useful because
these PCs describe the most significant variance in the

180

data. The score plot describes the similarities and the
different data properties in every sample (training set).
Figure 2 (F) shows the score plot of the first two PCs
obtained from the normalized data matrix. Simply, it
explained that two training sets are laid far from others,
corresponding to characteristic differences of the
training sets (containing extremely high/low
concentration of the REEs).

The PCR multivariate calibration was applied for
establishing the mathematics model of the middle REEs.
The coefficient of determination, R2, evaluated the
goodness of the mathematics model and root mean
square error calibration, RMSEC. The R2 value for
samarium, europium, gadolinium, terbium, and
dysprosium was 1.000, 1.000, 0.993, 0.993, and 1.000,
respectively, while the RSMEC value was 3.900, 0.819,
310.832, 12.088, and 4.529, respectively. Fu et al. [35]
stated that evaluation of the predictive ability of a
quantitative multivariate calibration model could be
made employing the RMSE and R2, where the closer R? is
to unity, the better the linear model explains the y
variations. Figure 3 (A-E) and Table 2 showed predictive
concentration of the middle REEs to actual concentration
in the training set solutions. Those data indicated that the
predictive concentration of the middle REEs was close to
the actual concentration. Graphically, it could be seen
from the distribution pattern of the data, centrally in one
point. To confirm the mathematics model which was
obtained from multivariate calibration if robust or not for
the determination of the middle REEs, cross-validation
(CV) was employed. In this study, the R2 value of the CV
for samarium, europium, gadolinium, terbium, and
dysprosium was 1.000, 1.000, 1.000, 1.000, and 1.000,
respectively, while RSMEV value was 0.360, 0.473, 15.811,
0.609, and 0.390, respectively.

Pred(Sm) / Sm Pred(Eu) / Eu Pred(Gd) / Gd
700 140
e 2250
(A) (8) , (c) y
500 100 iy
e e - o o 1500
@ - I 4 o . Pl
300 - 60 y 750 o
¢ Y L
,-‘/ ~ ’ ’/"
100 * 20 = 0
100 300 500 700 20 60 100 140 0 750 1500 2250
Pred(Sm) Pred(Eu) Pred(Gd)
Observations (axes F1 and
Pred(Th) / Tb Pred(Dy) / Dy F2: 90,43 %)
110 800 — 10
e »
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Figure 3. (A-E) Predictive concentration of the middle REEs to actual concentration. (F) Score plot of the first two PCs

from absorbance.



Jurnal Kimia Sains dan Aplikasi 24 (5) (2021): 177-184

181

Table 2. The comparison of the predictive concentration of the middle REEs to actual concentration.

Csm Csm Ceu Cru Caa Caa Crmb Crp Coy Coy

170  170.054 (+ 0.755) 25  25.021(#* 0.121) 200 149.354 (+ 25.524) 30 29.742(+0.993) 215 215.062 (+ 0.877)
263 262.815(+0.655) 47 47.001(+0.208) 560 555.629 (£ 57.476) 44  £43.830 (+2.235) 323 322.785(+ 0.760)
356  356.018 (+ 0.436) 69 68.980 (+ 0.107) 920 948.036 (+43.398) 58 59.000(+1.688) 431 431.021(+ 0.506)
449  449.072(+0.746) 91  90.947(+0.138) 1280 1322.626 (£28.233) 72 73.658(£1.098) 539 539.084 (+0.867)
542 542.210 (+ 0.589) 113 113.042(+ 0.186) 1640 1608.870 (£80.754) 86 84.789 (x3.140) 647 647.244 (£ 0.684)
635 634.815(+1.023) 135 135.019 (£ 0.098) 2000 1986.286 (+ 67.207) 100 99.467 (+2.614) 755  754.785(+1.188)

*C = Actual concentration (ppm) and
*C = Predictive concentration (ppm)

3.3. Performance of the Developed Method, Selectivity,
Accuracy, and Precision

The predictive concentration of the middle REEs was
evaluated by t-test to investigate the accuracy of the
developed method. The results showed that the computed
p-value was greater than the significance level alpha =
0.05, which means no significant difference between
means of reference and predictive REEs at the 5 % level.
Therefore, the developed method has good accuracy.
Konieczka and Namiesnik [36] defined accuracy as the
closeness of agreement between a measured quantity
value and a valid quantity value of a measurement. In
addition, the accuracy also could be determined from
RMSE, as discussed previously. The precision was
evaluated from standard deviation (SD) (shown in Table
2), where the lower value of standard deviation, the
higher level of precision.

I Interference absent
[ Interference present

504

Concentration (ppm)

Sm Eu Gd Tb Dy
REE medium group

Figure 4. The predictive concentration of the middle
REEs without interfering compounds (blue bar) and with
interfering compounds (red bar).

The selectivity of the developed method was
demonstrated by testing the compounds that were
present in the real sample matrix, such as ammonium
iron(II) sulfate hexahydrate (NH;).Fe(SO,)..6H-0,
manganese(III) sulfate hydrate (MnSO,.H.0), calcium
carbonate (CaCOs), sodium carbonate (Na.CO;), and

lead(II) nitrate (Pb(NOs).) with a concentration of 2.29,
0.0965, 0.15, 0.195, and 0.32 %, respectively. The results
showed that the developed method giving a satisfactory
result of the selectivity test, where the interference
compounds did not significantly affect the predictive
concentration of the middle REEs obtained. Figure 4
shows a relative concentration of the middle REEs with
the presence and absence of the interference compounds.
This indicated that the proposed method is highly
selective and has no interference from other compounds.

The detection limit of the proposed method was
determined by a statistical approach based on measuring
replicate blank samples. Using the following equations
(37):

LoD = LoB + 1.645(SDlow conc. sample) (1)
LoB = meanblank + 1.645(SDblank) (2)

where LoD and LoB refer to limit of detection and limit of
blank; the detection limit obtained for samarium,
europium, gadolinium, terbium, and dysprosium was
1.375 (£ 0.012), 0.332 (£ 0.0041), 42.117 (£ 0.20), 1.767 (+
0.011), and 0.576 (+ 0.002) ppm, respectively.

3.4. Real Sample Analysis

The proposed method's reliability was examined by
the determination of the middle REEs in the monazite
samples, which were obtained from the National Nuclear
Energy Agency/Badan Tenaga Nuklir Nasional (BATAN)
in Indonesia. The concentration of the middle REEs in the
monazite samples was determined using the proposed
method, and the results were compared with the results
obtained from ICP-OES (shown in Table 3). The data were
then evaluated using a two-sample t-test with a 95 %
confidence level (n = 10). The results showed that the
calculated t value (-0.44, 0.55, 0.98, -0.41, 1.21,
respectively for Sm, Eu, Gd, Tb, Dy) lay on between the
positive and negative critical t value (-2.31/2.31),
indicating there is no significant difference between
means of concentration of the middle REEs in the
monazite samples obtained using the developed method
and the results obtained from ICP-OES.
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Table 3. The result comparison between the proposed method and the ICP-OES for the middle REEs in monazite

samples.
Sample The proposed method (ppm) ICP-O0ES (ppm)
Sm Eu Gd Tb Dy Sm Eu Gd Tb Dy
400.252 81.773 1125.011 64.551 490.117 402.321 80.764 1100.227 65.980 4,85.079
(£4.323)  (£0.574)  (£5.552)  (¥3.132)  (%5.037)  (7.432)  (£1324)  (2.916)  (+8.019)  (£8.818)
2 399.513 83.435 1120.910 63.513 489.796 400.013 82.315 1121.074 63.117 489.667
(£5138)  (£0.675)  (£6.090)  (%3.133)  (24.137)  (£2.104)  (1.705)  (%4.653)  (£3.137)  (£6.787)
3 400.011 82.093 1127.008 64.022 491.014 400.145 82.196 1126.503 63.527 481.196
(+3.982) (£0.773) (+3.008) (£3.133) (£3.304) (£3.006)  (%2.006) (4.602) (£3.136) (£5.756)
4 402.118 79.172 1126.028 62.962 492.003 401.011 78.109 1127.136 63.165 484.100
(£7.438)  (£0.131) (£4.217)  (£3135)  (£2.932)  (x0.931)  (24.038)  (£6.918) (£3.134)  (£6.906)
5 397.099 77.972 1126.216 62.219 488.990 397.893 76.998 1124.996 62.914 484145
(£6.081)  (£0.992)  (6.157)  (¥3.130)  (£5.419)  (£7.084)  (+1.967)  (£7.595)  (#3.133)  (%2.746)
4. Conclusions Determination of rare earth elements by

A speedy and selective analysis method has been
successfully developed to determine the middle REEs in
the monazite samples. The proposed analysis method was
indeed selectively proven by determining the middle REEs
in the presence of other chemical compounds, easy and
fast because the proposed method did not require
chemical separations since the data obtained were
analyzed by multivariate analysis. The detection limit of
the proposed method for Sm, Eu, Gd, Tb, and Dy was 1.375
(£ 0.012), 0.332 (+ 0.004), 42.117 (+ 0.200),1.767 (+ 0.011),
and 0.576 (+ 0.002) ppm, respectively. The advanced
analysis method was successfully applied to determine
the middle REEs in monazite samples and is next
expected to be utilized for routine quality control activity
of the rare-earth element production.
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