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Rare earth metals are used in the most dynamically developing areas of the high technology industry, such as
aviation, space flights, production of mobile phones (smartphones), catalysts, high-energy magnetic materials, LCD
screens, LED diodes, hybrid car engines, and new generation Ni-MH batteries. These metals are widely used in
metallurgy as alloying additives to improve the properties of doped metals, permanent magnets or polishing pastes.
The biological activity of lanthanum compounds has also been proven and, hence, they are used in medicine. They
have also found a unique application in the production of optical filters, phosphors, dyes, fertilizers, and insulation
fibers. Rare earth elements (REES) have become indispensable in the world of technology, owing to their unusual
magnetic, phosphorescent, and catalytic properties. The growing demand for these elements has resulted in these
metals being included in the group of 20 critical mineral raw materials for the EU economy. The main
environmental risk posed by rare earth elements is tailings, which are a mixture of small-sized particles, waste
water, and floatation chemicals used in the processing stages. Most rare earth elements also consist of radioactive

materials which impose the risk of radioactive dust and water emissions.

rare earth elements stripping voltammetry method working electrode complexing agent

interferences

1. Adsorption Stripping Voltammetry Procedures of Rare
Earth Elements Determination

As already mentioned in the introduction to this research, the adsorption stripping voltammetry (AdSV) method has
been widely used for the voltammetric determination of different rare earth elements. To be able to determine
elements using this method, they must form stable complexes with an appropriately selected complexing agent. In
the form of complexes, these elements adsorb on the electrode surface without undergoing any electrolysis
processes. Therefore, the complexing agent used has a huge impact on the signal of the determined elements,
and thus on the sensitivity of voltammetric analysis. The complexing agents applied in the voltammetric procedures
of REE quantification, including the detection limits achieved in these methods, are presented in Table 1. As can
be seen, the most frequently selected complexing agent of REEs is Alizarin LZEIEIE The following ligands are
used less often in adsorptive stripping analysis of lanthanides: Alizarin S [l cupferron &, mordant red 19 (MR19)
¥ mixed complex of 2-thenoyltrifluoroacetone (TTA) and polyethyleneglycol (PAG) 19, o-cresolphthalexon (OCP)
(21 and solochrome violet RS (SVRS) 22 |n each of the above procedures, the complexing agent was added

directly to the tested sample during the analysis. As regards the other procedures, the role of the complexing agent
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was played by a modifier that was a component of the working electrode and there was no need to add any ligands

to the solution.

Table 1. Analytical performance of voltammetric procedures for rare earth elements determination. The methods

Tested
lon

La(llr)

ce(lll)

ce(lll)

Eu(lln)

Dy(lll)
Ho(llly
Er(lll)
Tm(lIl)
Yh(lll)
Lu(ly

Method

AdSV

AdSV

AdSV

AdSV

AdSV

were ranked by means of rising limit of detection.

Working Complexing LOD Accumulation Peak_
Electrode Agent (M) Time (s) Potentlal
Ep (V)
-0.22
1.0 x (vs.
MBTH/CPE o2 AgiAGC,
3 M KCI)
0.88
1.0x (vs.
Ce-lIM/PC/GCE e 600 AgiAgC,
3 M KCI)
1.05
Ce- 1.0x (vs.
IP/MWCNT/CPE 107 Ag/AgCl,
3 M KCl)
-0.88
6.0 x (vs.
HMDE Cupferron 10-11 60 Ag/AGC,
3 M KCI)
CPE Alizarin 1.0 x 60 0.586
10710 0.588
0.588
0.584
0.582
0.580

Investigated Interferents
Foreign lons

Linear Foreign lons A
Range (Other Than RE(I? thler Tha!‘ . REI?:s. Ref.
M) REEs)Organics: s)/Organics: Interferln_gINo
( g: No Interfering
V) Interfering
1.0 x
10712 -l 13
o Al(l11), Ba(ll), Cu(ll) Ce(ll
10711
-/
Dy(Il), Er(ll1),
3.0 x Eu(ll,
10712 Cu(lly, Fe(liny, Co(ll), Mg(ll), Gd(ln), 1]
1.0 x Ni(l1) Na(l), Zn(l1) Ho(lll),
10 Nd(1),
Pr(i11), Th(lll),
Yh(Ill)
Dy(lI), Eu(ll)
/
120'if_ Ag(l), Cr(lll), La(ll),
o cd(lly, Co(ll), Nd(l11), [15]
1'0,6 Hg(Il) sm(ll),
Th(lll),
Yh(Il)
-/
Dy(Il), Er(lll),
Eu(lll),
= cr(lin ' Ho(lll), ]
x 10 UV, NIl
Vi) Pr(il),
sm(lll),
Th(lly, Yb(li
1.0 x Co(ll), Cu(lly, Ca(ll), Ba(ll), -/ “
1079%- Ni(I1), Pb(Il), Cr(I1), Se(1v), La(lll),
2.0 x Zn(1l) B(I1), Ge(IV), Ce(lll),
1077 As(l1), Ag(l), Pr(iil),
Mn(I1), Mg(Il),Cd(l), Nd(ll),
Al(II), V(V), Hg(ll), Sc(lll)
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Investigated Interferents

Peak Linear Foreign lons moreiablons

Tested Working Complexing LOD Accumulation . (Other Than REEs:
lon LEUeL Electrode Agent (M) Time (s) Pgtentlal Range ER(GGeey Thap . REEs)/Organics: Interfering/No ’
p (V) (M) REEs)/Organics: 5
o No Interfering
Interfering .
Interfering
(vs. Ti(IV), Sh(li),
SCE) Sn(Iv), Fe(ll),
Ga(lll), Fe(lll),
Th(V), Zr(Iv),
In(lll), SO4%7,
PO, F~
1.2 x -0.95 Ca(ll), Mg(lh),
Laqi) oplS -1.00 2.59x Al(lI), Cu(lly,
1.7 x -1.05 10— gelatin, Cd(Ir), Hg(1n,
g?(llllll) AdSV SMDE ocP 1010 1200 s, . S — Zn(), no data
n 1.4 x Ag/AgCl, 1078 cholesterol,
10710 3 M KCl) chloride
Zn(l1), Cu(ll),
Ph(ll), Cd(ll),
0.85 2.0 x
2.0 % (vs 10 Al Hg(Ih, TI(), Re(lh,
Ce(lll)  AdSV PCIGCE 10 10 : S Sh(iy, no data
10 Ag/AgCI, 1.0 x Bi(Ill)
aMKC) 107 Ge(IV),Te(IV),
Se(IV), Ag(l), Au(l),
Sn(1v), Co(ll)
3.0 x 0.74
10°° 0.76 7.1 %
La(lly A Ao 10— Co(ll), Fe(ll),
Ce(llly  AdSV GCISbFE Alizarin 1010 360 (\'/S Ay - Mn(l1), Ni(1l), La(llny/-
Pr(Il) P Ag/Agd, s Ph(ll), Zn(Il)
107° 3 M KCl)
1.9 x
107%- o
5.0 x 005 38x gru::), /:AS('::)’ Dy(lll),
Ce(IV) 10710 037 o8 aln, Ma(l), Ho(Ill)
AdSV  DIIP@MNPs/SPCE - 180 (vs. e AI(IIT), Fe(lll), '
Gd(Illy 1.2 x 4.6 x SO PO, Nd(Il),
10°° AGIAGCL, e SpeO PN
3 M KCI) ascorbic acid '
5.5 x (D)
1078
8.0 x -0.682
-10 _
o
Th(lll)  AdSV SMDE MR19 10 60 : no data
(Il 10 (vs. 1.0 x
5.0 x Ag/AgCl, 1078
10710 3 MKCl)

Ref.
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Tested
lon Method
Y (Il
Dy(ll)
Ho(lll) ALk
Yh(Il)
Ce(lll)  AdSV
Sc(lll)  AdSV
Sc(lll)  AdSV

Working
Electrode

HMDE

CTAB/CPE

CPE

CPE

Complexing LOD Accumulation

Agent

SVRS

Alizarin

Alizarin

Alizarin S

(L)

1.0 x

5.0 x
10—10

6.0 x
10710

6.0 x
10710

6.0 x
10710

Time (s)

180

120

60

180

Peak

: (Other Than REEs:
Potential Range (OtherThan prp oy 6 aanics: Interfering/No R€F
Ep(v) (M) REIIEns;)é?f;?;r;cs. | No e
nterfering
0-3.4
-0.98  x1077
-0.98 0-
-1.00 2.5.x
-1.00 1077 no data 1z
(vs. 0-1.8
Ag/AgCl, x 1077
3MKC) 0-2.3
x 1077
ca(ll), Ba(ll), B(Il),
As(lll), Mg(ll), ,
Se(lV), Ge(IV),
Mn(ll), zn(ll), La(',\lllgj’(m;(lu)'
cr(liny, Ni(l, Sm(m)’
8.0 x Hg(Ih, Cd(l, Eui, Y(I)
0.73 10-10_ Co(ll), Fe(ll), Gd(’m) g
(vs. B Pb(Il), Cu(ll), Tb(m)' @
SCE) 100 AT, Bi(lll), SC(”I)'
Fe(lll), Zr(IV), 5 (|||)'
InllT), Gall), Hg(lll)’
HCr207, MnOa™, iy o),
AUC|4 , S04, Tm(III)
PO, F,
ascorbic acid
ca(ll), Mg(l,
zn(ll), cd(ll),
Mn(l1), Ag(l), -
As(lll), Au(ll), ce(lll),
Ba(ll), Co(ll), Dy(lll), Er(ly,
060 1.0 x cr(y, Hg(ll), Eu(ll,
: 107%- F, C,042", Ni(ll); MoO42", Gd(lln, 5]
S(ZSE) 6.0 x citrate Ph(Il), AI(II), Ho(lll),
1077 sn(ll), Ga(lll) La(llly,
cu(lr), Fe(llt), Nd(lIl),
Shlll, V(V), In(l1l); DY
Bi(llN), Th(IV), Th(Ill), Yb(lll)
Zr(Iv), Ti(v),
S0477, POs%
-0.58 1.0 x Fe(lll), Zr(1V) Zn(ll), Pb(l1), Ni(ll), Eu(ll, @
(vs. 107°- Li(1), Co(lly, Mn(l1), Gd(y,
SCE) 4.0 x cr(iiny, As(lll), Th(ll),
1077 Se(IV), Ag(l), Dy(Ill),

Investigated Interferents

. . Foreign lon
Linear Foreign lons oreign ‘ons
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Investigated Interferents

Tested Working Complexing LOD Accumulation Peak_ Linear  Foreign lons ?SIEEHTI::: REEs:
lon LT Electrode Agent (™M) Time (s) Pz:f?\t,')al R?I\rl‘l?e Rég;;}grzgz:::s- REEs)/Organics: Interferin_gINo _=
Interferin ) No Interfering
9 Interfering
Auliny, Be(ll), Ho(lll),
Bi(IIT), Cd(lI), Er(lll),
Ga(lll), Fe(ll), Tm(ll),
Mo(V1), Sn(ll), Yh(llT), Lu(llly
cu(ln), Ba(lly, V(V), /
CNS™, S04, La(llly,
PO, F, CN™ Ce(lll),
Pr(lln),
Nd(ll1),
sm(lll)
cd(in), cr(ii),
cu(ll), Mn(l),
055 50X N‘:((”))v an((n)), La(lll),
Ce(lll)  AdSV NHMF/CPE féqlxo 350 Ag%ZCL t(.)o; ThQV), Zn(l), Sm/(“') 9]
3MKCl) 1078 Brc‘i}'c‘osgf ' Er(Ill), Ho(Il)  [4][2]13][4][5] it
U022+ . !
Increase
Ba(ll), Ca(ll),
cr(n), Mg(), g ant level,
As(lll), Se(IV),
B, Ge(lV), La(llly, Pr(lily, Iue. The
Mn(ll), Cd(lt), g‘r?](('l'l'l))’ '
6.0 x ;b(::)’ {7(\'/") ﬁo(::)’ Eu(il, Y(I), asponse,
o DD 0.69 1079 n(ll), V(V), Hg(ll), (), "
Ce(lll)  AdSV CPE Alizarin 1079 120 (vs. 3.0 x Th(IV) Fg(lll), Fe(ll), Thll), resulting
SCE) e Ni(l1), Sn(1v), Se(il)
[4][5] Shlll), Ti(V), : .
AI(IITy, Zr(IV), Dy(im, 2 carried
cu(ly, Bi(il) Ho(llh, I
Ga(lll), SO, ET, Yb(ll), AB/CPE
= PO4™, Tm(gl) 17
6 ascorbic acid [2117] nvever, In
0995 2.1x s carried
21 ! 107°-
Lu(lly  ASV HMDE = 10,; 120 Aggfgq 6, [ Agdata [4][5] 20 A similar
3MKcl 107®
oy the case
Ce(lll)  AdSV DPNSG/CPE - 23x 600 0.27 2.30 x - cd(y, cr(iy, La(lly
[6][7] [8] 10 (vs. [6] 107 cu(lty, Mn(lt), / a sharp
AQ/AQCl,  6.45 x Ni(I1), Ph(ll), Er(lll), ‘
3MKCl) 1078 Th(V), Zn(l1), Ho(lll), ed at a

Br, CI, Sm(ll)

It can be noted that depending on the developed procedure, the use of Alizarin as a complexing agent enables the
determination of light or heavy rare earth elements. For example, the procedure ¥ developed using Alizarin is more
sensitive to heavy rare earths (Dy, Ho, Er, Tm, Yb, and Lu) than to light ones. The procedure & is dedicated to the
determination of scandium only, whilst both methods (112 are suitable for the detection of cerium. In all the above-
mentioned procedures, the CPE was used as the working electrode. However, in the work 24, the GCE/SBF
sensor gave the best voltammetric response to cerium, whilst the responses to lanthanum and praseodymium were
lower. Because of a significant variance between the peak potentials of Ce(lll)-Alizarin and other rare earth(lll)-
Alizarin complexes, Alizarin is the most often used to determine cerium individually in the presence of other rare
earths. The use of mordant red 19 (MR19) as a complexing agent in the paper Bl allowed indirect analysis of both
light and heavy lanthanide ions and even simultaneous determination in certain lanthanide mixtures. Despite the
similar chemical properties of all lanthanides, the MRI9 complex system used in this research can differentiate
between light lanthanide ions and heavy ones because the variance in peak potentials between the lanthanide-

MR19 complex and free MR19 increases with the increase in the atomic number of the lanthanide ion. To be exact,
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Investigated Interferents

; ough the
. . Foreign lons
. . . Peak Linear Foreign lons
Tested Working Complexing LOD Accumulation . (Other Than REEs: .
jon Method g0 trode Agent (M) Time(s) rotential Range (OtherThan ppe 6 ganics: InterferingiNo RE1€ signal
Ep (V) (M) REEs)IOrg_amlcs. No Interfering
9] Interfering Interfering nplexmg
CH3CO0™, SO4%, I q
U0, ium, an
(1] 055  10x igand as
5.8 x (vs. 107- Bi(lll), Cu(ll), -
Ce(lll) CSV ITO electrode 10 300 AgiAgel, 7.0 Mn(il) 20y, Sn(i, M) Eu(il) vl made it
3MKCl) 1077 (1]
ents 3
ce(lll),
[12] .,  1ox  Fe(, Mga), Er(i), light and
Eugl)  AdSV SDBS/LaBs ) 6.0 x 190 P 1078~ Mn(l), Na(l), Ca(ll), zn(ll), La(lll) a3l
electrode 107° SCIé 2.0 x Pb(ll), SDBS, Triton X-100, CPB / between
) 1076 SDS, CTAB smll),
Yol nide ion
G WM@@@:'% 1569; Cr(('”))' CO((”))’ 9]
TTA-PA vs. E Mn(If), Mo(V1), 0]
Yb(lll)  AdSV HMDE ligand . 180 AQiAGCL, 10 . UV, VOV, La(lfllil)(lllY)EI”)
3MKCl) 1077 Triton X-100 '
TA-PEG
o70  Ao0x _ Mn(l1), Co(ll), E;i'l'lg _
Eull) AdSV  N/MWCNTS/GCE 11-§,§ 60 (vs. 0= Bidi, Pd(i), Mg(11), sm(lll), ea chloride.
SCE) 10x cr(liny Zn(it), Fe(lh, V(i)
107 Ba(ll), Ni(ny [10] s
075 75x
1.0 x ' 1078
Eu(l) AdSV  Sal-SAMMS/SPCE 10-8 300 AgEXSch . no data 2 4 on the
3MKCl) 1077 n stage
3.0 x -0.62
-8 . = Viodifier
EEE:::; AdSV NCTMFE - 21_% . 300 (1\1'3_6 ggg no data La((j'ell't);m z Viod e S
1078 SCE) ydrazide
ceqy  Add! GCE AlizarinS 6.0 x 30 os0 2881 crany, Feqn, AL(II, As(lll), no data © (MA) 22
1078 (vs. 10— Sh(lll), V(V) As(V), Cd(ll),
[27] [28] Ag/Agel,  [1AY[16][26] Co(ll), Cr(V1), [14] nethyl-2-
3MKCl) 107 Ha(I1), K(1), Mg(ll),
[3] [29] Mn(i1), Na(), Ni(24] in which
PH(IV), Se(IV),
Se(V1), sn(ll),
Ti(IV), U(VI), Zn(ll), ~and the
Bi(II1), Ga(lll),
Cu(ll), Mo(V1),

On the other hand, no complexing agent was used in the AdSV procedure described in the works [Bl23l23] |nstead
of this, ion-exchange preconcentration of both europium and iterbium on Nafion-coated thin mercury film electrodes
(NCTMFE) was proposed in the work 23, However, in the method 23, as a result of the exchange of Eu(lll) by
Nafion and subsequent electrostatic adsorption on the surface of the multiwall carbon nanotubes film (MWCNTSs),
the maximum Eu(lll) incorporation into the composite film is achieved. In the work &, the electrostatic adsorption of
Eu(lll) on a monolayer of a surfactant such as sodium dodecylbenzene sulfonate (SDBS), formed on the surface of

the LaB6 electrode, was also reported.

2. Anodic Stripping Voltammetry Procedure for Lutetium(lll)
Determination

Kumric et al. described an indirect anodic stripping voltammetry procedure for Lu(lll) quantification, based on the
substitution reaction between Lu(lll) and Zn-EDTA. Since the reduction potential of Lu(lll) at a mercury electrode is

greatly negative, close to the decomposition potential of the supporting electrolyte, direct determination of Lu(lll) by
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Investigated Interferents

; is stable
. . Foreign lons
. . . Peak Linear Foreign lons
Tested Working Complexing LOD Accumulation . (Other Than REEs:
lon LT Electrode Agent (M) Time (s) Pgﬁe?\tll)al R?I\rl‘l?e Rég;;}grggz:::s- REEs)I(N)rganics: Inlterfe;ingINo Ref. re, upon
o . o nterfering i
Interfering Interfering solution,
CTAB, .
rhamnolipid, Jlexes is
humic acid,
Triton X-100, SDS, onstants
fulvic acid,
natural sence of
organic matter
g ad in the
-9 -6 [20] Dy(llT), Ex(lll),
-1.00 3.07x ca(ll), Co(ll), Ce(lll),
1.0 x (vs. 1077 cu(lly, Fe(lll), Gd(liny, 28]
Eu(ll)  AdSV IIM/PCISPE e 300 AgAGCI,  1.0x - Mg(ll), Nal), Ni(l). Ho(ll).
3MKCl) 107 Zn(I1y Nd(Il),
Pr(lll),
Th(llly, Yb(lr) ("I)
ce(lll),
-0.18 5.07x Gd(lln),
1.5 x (vs. 1077 Ag(l), Ca(ll), Hg(ll), Sm(llr) 27
Eu(lll)  AdSV 1IPs-CPE e 20 AgAGCI,  3.0x cd(I), cu(l Ma(ll), Py, Zn(l) } Jlation of
3MKcCl)  107° Er(lll), Dy(I1),
. La(lly stripping
-/
Dy(Ill), Ex(ll), (1) was
0.93 1.06>< Eu(lll), re wave
oL L
Ce(lll)  AdSV 1IPs-CPE 113,;( 20 Ag%sg.cl, llOO « no data ﬁgg:g (28]
3MKCl) 10 Nd(lll), t. A well-
Pr(lll), )
Th(ilny, Yb(Ill) arefore it
110 10x itable for
Eu(lll)  AdSV POIGE 31'8; = Ag%;ctﬂ 13(.)0; 7 Al(lIT), Fe(lll) no data 29 8 x 109
3MKcl)  107°
wi (22,

4. Types of Working Electrodes and Electrode Modifiers
Used

4.1. Mercury-Based Electrodes

Up to 2000, voltammetric methods were most often based on the use of mercury electrodes characterized by
excellent adsorption properties, ideal polarizability, smooth surface, good signal repeatability, and a wide range of
negative potential values. Unfortunately, due to the ease of metal oxidation, mercury electrodes have a relatively
limited application in the anode area. In voltammetric determination of trace amounts of rare earth elements,
mercury electrodes, such as the hanging mercury drop electrode (HMDE) BI20I1220]  the static mercury drop
electrode (SMDE) B2 and the Nafion-coated thin mercury film electrode (NCTMFE) 23], have been used. Both
KESIMRGEIEwADE A s CU SIESHRRSR M 8sectal f3Ron A RNabIes e iR mMEH G POPRRS 1S
RS S I SR 518, LB s BN BN R G e A o8 SRR RTeS hiabianee B2 pefd
O e kb e e A o el e A el & VT S e R

e e g e S P ISl o okeele i € il oS S et ikt e LSS o
AREnBRYERS i QLA ArARh SR o VeIt BAF SRAIPYERER Kigge 2piaies insod

DN LEH o o Giad K CBSEIE R Ariveg Pofymer e Ragsetie fanssantes AR oM d3nPRE 1BeSFRE o
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Sapstthamen \heataRS of GITABH-iDety Hidwetrgramenoseuoh rhenctidee| dittidies N4 (5 hy dnexieibany| whedkidi desre} 2y
fotohlydraziden diRINE Ghedgppridyt frinks @ssomd edndtiothesisdichagell S ¥rdChspodal sfripgiadlieotiancorgtgndTid
salteliequine dfoden SDB /LB grasefsciu msestrant ihathaagendieraborigid alad sedorgn pladioy| bEmnzefier sutfaratés
anAafdaptligaadarchixed neomplaterials 2ktae nayltdflaibroacbtamen gurede qindgieth yreategiyclol, hAV/MINE [d dsaragdw alf
nabnmnalectnbesszantt Matioa camp deite i) Sad- BAMMSI(SPCE—Screen-printed carbon electrode modified with
salicylamide self-assembled monolayers on mesoporous silica, NCTMFE—Nafion-coated thin mercury film
SR tFisale otk Fry SreEdetraitafientel erREPHHe M SEINEdtAfINABRVInTRIRd WitnBraHENGH PokRBate\ g fisal.
AemRigAER deayRiessigpdanthanides LIeBtrRIBNHIBAHDE COritHM 22p¢RIASRAIHEM Setrg aihRiVinE: elesibada
Bdcfoslightly more frequently selected electrode for the determination of REEs has been the HMDE. Using this
electrode, the AdSV procedures for Eu(lll) &, Yb(ll1) 22, Lu(ll) 22 as well as Y(lIl), Dy(ll), Ho(lll), and Yb(Ill) 12
determination have been developed. The lowest detection limit of 1.6 x 107X M was obtained in the procedure of
Eu(lll) determination based on the complexation of Eu(lll) with cupferron. Another mercury electrode used to
determine Eu(lll) and Yb(lIl) was a Nafion-coated thin mercury film electrode (NCTMFE) [23],

4.2. Solid Electrodes

An alternative to mercury electrodes is solid electrodes. Frequently used solid electrodes are those made of noble
metals (Pt, Au, Ag) or carbon electrodes (glassy carbon, graphite, paste electrode). Unlike mercury electrodes, the
above-mentioned electrodes are non-toxic and can be used at both negative and positive potentials. Their use
makes it possible to determine ions present in the sample as a result of their reduction or oxidation process. These
electrodes are highly stable in various solvents. Additionally, they can be easily prepared as well as chemically
modified. Among solid electrodes, only carbon paste electrodes are characterized by a renewable surface. For the
other carbon electrodes, as well as the noble metal-based ones, the surface can be renewed only after time-

consuming mechanical and electrochemical treatments.

Solid electrodes for the determination of REEs include carbon-based electrodes, such as glassy carbon electrodes
(GCEs) [EI4II8IATI23] carhon paste electrodes (CPEs) LRMIBITILSIISILNZLRTIZE and to a lesser extent gold
electrodes 22, Looking through the literature, it can be safely stated that at the end of the 20th century both GC
and CP electrodes, with chemical modifications, received growing importance in the analysis of trace elements,
including lanthanides, particularly when used coupled with stripping analysis. The modifier, selected to have high
propinquity for the analyte, provides increased selectivity combined with high sensitivity, emerging in the non-
electrolytic pre-concentration stage prior to voltammetric analysis BBl Glassy carbon electrodes (GCEs) are
generally used as a substrate for film electrodes. In voltammetric determination of REEs, glassy carbon has been
used as a substrate for poly(catechol) film 1€ poly(catechol) and ion-imprinted membrane 24! antimony film 7],
as well as multiwall carbon nanotubes and Nafion composite film [22. On the other hand, carbon paste electrodes
made of graphite grains mixed with a nonconductive oily organic liquid can be easily modified by incorporating a
variety of ligands into the paste. Therefore, in several procedures of REE quantification working electrodes were
based on a modified carbon electrode 213115212728 | the |atter works, the carbon paste electrode was

modified by using cetyltrimethylammonium bromide 2, dipyridyl-functionalized nanoporous silica gel 21, N'-[(2-
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hydroxyphenyl)methylidene]-2-furohydrazide (NHMF) 2 cerium-imprinted polymer and multiwalled carbon
nanotubes 13, jon-imprinted polymers (2728 and 3-Methyl-2-hydrazinobenzothiazole (MBTH) 231,

In accordance with the data in Table 1, the most sensitive (LOD = 1 x 10712 M) and highly selective AdSV method
for the determination of lanthanides was obtained in the work 121 in which MBTH was used as the CPE modifier.
This organic ligand containing in its structure an N- and S-based complexing center is capable of selectively
coordinating with transition and heavy metals B2, As described in the article 3], it also forms stable complexes
with lanthanum. Javanbakht et al. developed two AdSV procedures for cerium determination using a CPE electrode
modified with organic ligands, such as dipyridyl (DP) [ and NHMF 12 and which directly coordinated with
cerium(lll). DP forms a complex with Ce(lll) through two nitrogen atoms of the pyridine ring, while NHMF

coordinates with Ce(lll) via donor oxygen and nitrogen atoms.

Both methods can be used to determine cerium concentrations in the range of 107°-1078 M, but a slightly lower
detection limit of 8 x 1071° M was obtained in the procedure 19, On the other hand, in the paper 22 on determining
europium, 2-pyridinol-1-oxide (PO) was used as a modifier of a gold electrode. The applied organic ligand forms
coordination bonds with europium through two oxygen atoms. According to Table 1, this method is characterized
by the highest detection limit (equal to 3 x 10~ M) of all voltammetric methods dedicated to lanthanide

quantification.

Recently, modified screen-printed electrodes have also been used for REE analysis [18l24126] The following
materials have been used as modifiers: double-ion imprinted polymer @ magnetic nanoparticles 18, jon-imprinted
membrane and poly(catechol) 28, and salicylamide self-assembled monolayers on mesoporous silica 4. Screen-
printed electrodes (SPEs) have currently drawn considerable attention due to several advantages of these sensors
such as low cost, high repeatability of the obtained electrodes, flexibility of their design, the possibility of producing
them from various materials, and wide possibilities of modification of the working surface. In addition, these
electrodes can be connected to portable equipment enabling in situ quantification of specific analytes. Moreover,
SPEs often do not need electrode pretreatment or electrodeposition and/or electrode polishing, dissimilar to other

electrode materials 23!,

Carbon nanotubes are a popular electrode material and they have been applied as a modifier for both CP 13 and
GC electrodes 23l due to their distinctive electronic structure, electrical conductivity, large specific surface area, as
well as strong adsorption capacity 24, By using MWCNTs-Nafion film to modify a GCE, the sensitivity of Eu(lll)
determination was improved because of the catalytical action of MWCNTs and Nafion film’s capacity to accumulate
cations. This procedure is characterized by a limit of detection equal to 1 x 1078 M. Over the last few years, special
attention has been attracted to ion-imprinted polymers (IIPs)/membrane (lIM) that have the ability to recognize
specific lanthanide ions. Generally, ion-imprinted material is characterized by great selective appreciation, stability,

reusability, simplicity, and low cost in preparation. As mentioned earlier, this modifier has been used in as many as

six voltammetric methods of lanthanide detection [L4[13I[181126]27](28] The researchers have reported that the
imprinted materials can most often be incorporated into carbon paste electrodes, which allows for the development

of highly selective sensors for the determination of different kinds of molecules or ions. The development of
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imprinted materials for lanthanide ions is of particular importance due to the widely known issue of separation of
lanthanide ions B2IB8I7] |n 2015, scientists from the Banaras Hindu University in India managed to successfully
prepare an electrochemical sensor for the simultaneous determination of two lanthanide ions, Ce(IV) and Gd(lll),
via a dual ion-imprinting approach. The proposed sensor was found to be highly selective and sensitive for the
simultaneous quantification of Ce(IV) and Gd(lll). The detection limits obtained were 5.0 x 10719 M and 1.2 x 107°
M for cerium and gadolinium, respectively 28 The presence of both multiwalled carbon nanotubes and Ce(lll)
imprinted polymer nanoparticles in the carbon paste electrode composition allowed a group of researchers led by
Alizabeth to obtain a sensor with a low detection limit equal to 1.0 x 1071* M 131, Applied in the work 18] a glassy
carbon electrode modified with poly(catechol) (PC-GCE) shows a cerium detection limit of 2.0 x 10710 M, whereas
using a poly(catechol) film modified glassy carbon electrode (PC-GCE) additionally modified with Ce(lll) ion-
imprinted membrane (IIM), it is possible to obtain a much lower detection limit equal to 1.0 x 10712 M 24l |t has
been confirmed that due to the presence of ion-imprinted sites created in ion-imprinted polymers, the
electrochemical active surface is larger, and, therefore, a larger amount of the analyte is able to adsorb on the
electrode surface. As for procedures in which the working electrodes were modified with poly(catechol), a
significant enhancement of the voltammetric response was noticed due to the fact that poly(catechol) forms

coordination bonds with lanthanides [141[161126]

By analyzing the data collected in Table 1, it can be concluded that the voltammetric methods using carbon-based
electrodes chemically modified with two different modifiers are characterized by wide linearity ranges covering 4 23
26] 5 [15] or even 8 orders of magnitude 24!,

A novelty in the voltammetric determination of REEs has been the use of indium tin oxide (ITO) working electrode
material for the determination of cerium by CSV. This electrode is particularly suitable for CSV determinations due
to its excellent positive potential range as well as a smooth background current related to metal electrodes such as
platinum and gold which have interfering oxide waves. Additionally, the use of an ITO electrode does not require a
complicated surface modification process 22, Another novelty electrode material is lanthanum hexaboride (LaBg),
which was used to determine europium in combination with sodium dodecylbenzene sulfonate as an ionic

surfactant 2.
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