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ABSTRACT

This work deals with the electroadsorption of rare earths cerium and lanthanum in aqueous solution by using a
carbon paste electrode modified with a silica mesoporous material functionalized with carbamoyl methyl
phosphine oxide (CMPO). This functionalization was carried out in a two-step synthesis, the intermediate
product was synthesized by attaching N-(2-aminoethyl)-3-aminopropyltrimethoxysilane (APTMS) to the surface
of the HMS by a grafting method synthesis, then this intermediate was modified by CMPO, in a further
condensation reaction. The final product CMPO obtained was characterized by diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS), thermal gravimetric analysis (TGA) and Ny adsorption/desorption
isotherms using BJH and BET models. Showing thermal stability, a surface area higher than 450m?g”! and
mesoporous properties. The CMPO material was used to modify the mixture of the carbon paste electrode
producing an enhancement in the interaction between the electrode surface and the lanthanides studied, at the
same time it produces and improvement in the electroactive area by over two orders of magnitude. The modified
carbon paste electrode (CMPO-CPE) developed in this work shows an increase in the conductivity, observed with
the electrochemical impedance spectroscopy studies, and an increase in the electroactive area of 47 % was
calculated from cyclic voltammetry experiments. CMPO-CPE was used to extract La>" and Ce®" from aqueous
solution using NaNOs as support electrolyte, by using a fixed potential program over time, measuring the ob-
tained current by Chronoamperometric method. The adsorption and desorption results were corroborated with
Inductively coupled plasma atomic emission spectroscopy (ICP-OES) demonstrated the capacity of extraction of
the electrode were 74 pg after ten cycles for La®* at pH 5.0 and 15 pg after ten cycles for Ce®* at pH 6.0, using a
CMPO modified electrode of small surface (3 mm radius). This electrode was tested for over 50 cycles without
losing their electroactive properties under tested electrochemical conditions.

1. Introduction

alloys for electromobility, scintillators, torches, and polishing powder
[6-9].

Climate change has brought many challenges, one of them being how
governments are to develop their economies. Since is not such an option
for different industries to offshore of the environmental problems,
environmentally friendly technologies must be considered within their
strategies. Technologies such as electromobility, low-to-zero carbon
emission processes, sustainable energy production, among others are
included among the potential solutions [1-5].

High-tech developments have led to demand for rare earth elements
(REE), as Lanthanum and Cerium, for example, have many applications
in optical glasses, flat screens, low-energy light bulbs, catalyst in pe-
troleum refining industry, NiMH batteries, superconductors, magnets,
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Lanthanides are associated with two main sources, the primary one is
associated with minerals such as basnasite, monazite and xenotime,
where its high affinity for oxygen is associated with the formation of
oxides. The secondary source is related to the extraction of these ele-
ments from products at the end of their useful life (permanent magnets,
fluorescent lamps, batteries, cathode tubes, and others) [10-12]. Both
sources of lanthanides are obtained mainly by a leaching process, fol-
lowed by a solvent extraction process [6,9,13].

Several separation methods stand out in the literature, such as
coprecipitation, liquid-liquid extraction, ion exchange, HPLC high-
pressure chromatography and adsorption. The adsorption process
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mainly uses ion exchange polymers, silica gel and nanoparticles as ad-
sorbents; the range of adsorbents highlights the great potential as an
adsorption method; however, the method has low selectivity, limited
adsorption capacity, and presents difficulties when large volumes of
solution are used [14-21].

Lanthanides have a common capacity to stable form trivalent ion
aqueous acidic media, with very close ionic radii [22,23], they are hard
cations, they interact with hard anions such as hydroxides, alkoxides,
carbonates and phosphates, and form complexes with organic ligands
containing carboxylates and phosphonates [24,25]. The speciation of
La®" and Ce®* complexes in aqueous solution are pH dependent; where
under acidic environment, are free cationic species and at alkaline pH
they tend to form hydroxides [26,27].

Nowadays, the challenge has been to replace them with more envi-
ronmentally friendly methods with high extraction efficiency [28]. The
use of electrochemical processes such as electroadsorption or capacitive
deionization is of increasing interest since it facilitates the removal of
low concentration metal ions from aqueous solutions, these methods are
easily scalable and may be introduced in the refinement process due to
their modular nature [29-33]. The use of working electrodes made of
carbonous materials has been increased latest years. Those electrodes
may enhance the surface of the electrode and may be chemically
modified to enhance selectivity as well [34-37].

The development of electrochemical methods to offer less time-
consuming processes and the advances in the design of carbonous
electrodes allows the development of task specific devices with relative
low cost, high sensitivity, and selectivity with a low background current
[38]. Some of the applications for these devices are in analytical
chemistry [39,40], environmental remediation [41,42] and for elec-
troadsorption of heavy metals [43-45].

Carbon paste electrodes (CPE) are a suitable device for the study of
silica based mesoporous material due to the high reproducibility of the
electrode, easy to modify and the easily renewal surface [38-40,42,46,
47]. The electrochemical study of the addition of these new solid ma-
terials to the paste mixture is appropriated to evaluate enhancement in
catalytic properties, surface area, selectivity, and sensitivity of the
electrodes [46-49].

This manuscript presents the use of a mix of graphite powder with
hexagonal mesoporous silica (HMS) material functionalized with car-
bamoyl methyl phosphine oxide (CMPO) moieties [50], such functional
groups have been used before to design solvents for REE extraction, the
effect of the HMS-CMPO in the electroadsorption of La>* and Ce3* will
be reviewed in this work.

2. Experimental
2.1. Raw materials and reagents

Dodecylamine (DDA>98 %), N-(2-aminoethyl)-3-amino-
propyltrimethoxysilane (APTMS>97 %), diethylphosphonoacetic acid
(>95 %) and 1,1 corbonyldiimidazole (CDI>90 %) were all purchased
from Sigma Aldrich. Tetraethyl orthosilicate (TEOS>99 %), 1,3,5-trime-
thylbencene (TMB>97 %), sodium hydroxide (>98 %), dime-
thylformamide (DMF>99.5 %), ethanol (>99.9 %), 2-propanol (>99 %),
were all purchased from Merck.

2.2. Hexagonal mesoporous silica (HMS) synthesis

The HMS material was obtained via the method reported previously
[51]. 1.5 g of DDA was pour into a 250 mL beaker, and then dissolved in
100.0 mL of a mixture ethanol: water 1:1.5 %v/v at room temperature
and stirred until homogeneity. Afterwards, 0.64g of TEOS were added to
the mixture, the solutions turn blurry, and then rapidly 0.8 g of TMB
were added to act as spacer in the development of the mesoporous
material. The pH of the resulting mixture was adjusted until 9.0, by
adding NaOH 1 M under 500 RPM stirring, and keep stirring by 24 h
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until HMS precipitated. Next, the precipitated obtained was filtered with
MN 616 cellulose filter and washed with cold water and let dry in a
desiccator overnight for further use and characterization.

2.3. Synthesis of intermediate HMS-APTMS

1.1g of the previously synthesized starting material, HMS, were pour
into a 250 mL ballon flask, then 4 mmol of APTMS and 50 mL of toluene
were added to the ballon flask and let to reflux over 24 h. The precipi-
tated obtained was filtered with MN 616 cellulose filter and washed with
2-propanol five times and left to dry overnight, in a drying oven at 333K,
then was also stored in desiccator to be used and characterized later.

2.4. Synthesis of HMS-CMPO

The dry intermediated product HMS-APTMS was pour within 250
mL ballon flask with 60 mL of DMF under Ar atmosphere, then 7 mmol
of CDI and 3 mmol of diethylphosphonoacetic acid were added to the
mixture and stirred over 12 h until the final material HMS-CMPO was
obtained. The product was filtered with MN 616 cellulose filter and
rinsed with five times with cold water, 2 propanol, and acetone, and
then storage to let dry by 48 h inside a desiccator before use and
characterization.

2.5. Physicochemical and morphological characterization of HMS and its
derivatives

The characterization of the HMS and its derivatives was made by a
Diffuse reflectance infrared Fourier transform spectrometer (DRIFTS),
using a Spectrum Two FT-IR Spectrometer (PerkinElmer) using steel rods,
at room temperature. Thermogravimetric Analysis (TGA) were per-
formed with a Mettler Toledo Gas Controller GC20 Stare System TGA/
DSC, using STARe software. The temperature ramp used was from 303 to
873K, the temperature rate was 20 °C per minute, under a N flux of 20
mL per minute. The porosity of the HMS and its derivativities were
analyzed by Ny adsorption-desorption isotherms, performed at 77 K
using a 3Flex gas analyser (Micromeritics); total pore volume was
determined at p/pg = 0.99, average pore size was determined from the
method of Barrett, Joyner, and Halenda (BJH) and surface area was
measured using Brunauer, Emmet, and Teller (BET) method. Crystalline
structure of the mesoporous materials synthesized were followed by
small angle X ray scattering. (SAXS). These measurements were carried
out using the SAXSpoint 2.0 instrument by Anton Paar, at low angle 20
from 0.5° to 4° at 0.12°s~! in this range. The system is equipped with a
Primux 100 micro microfocus X-ray source using Cu Ko monochromatic
radiation (A = 0.154 nm) in high-resolution mode with a sample-to-
detector distance of 530 mm.

2.6. Electrode preparation

Modified carbon paste electrodes were prepared by adding 0-20 %
w/w of HMS-CMPO to 70-50 %w/w of graphite powder (Merck), then
mixing with 2 mL of diethyl ether until homogeneity into an agate
mortar, ether was eliminated by evaporation to obtain the solid mixture
and let dry at 333K oven overnight to evaporate all ether residues.
Carbon paste electrodes were prepared by mixing 70 %w/w of solid
mixture with 30%w/w of paraffin oil (Sigma Aldrich) in agate mortar
[52]. The resulting mixture paste was placed into a Teflon tube, using
stainless steel as electrical contact, for further electrochemical
characterization.

2.7. Electrochemical characterization
All electrochemical experiments were performed using a Palm Sense

electrochemical working station, model PS Trace 4. Cyclic Voltammetry,
Linear Sweep Voltammetry Chronoamperometric and Electrochemical
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Impedance Spectrometry experiments were performed using a one
chamber glass cells. The Carbon Paste Electrodes were used as working
electrode, Ag/AgCl and SCE electrode (CH Instruments) were used as
reference electrodes. Pt wire (CH Instruments) was used as counter
electrodes, all electrochemical experiments were run out under Ar at-
mosphere and under ambient temperature 298K.

2.8. Electroadsorption/desorption study

Electroadsorption method was carried out by Chronoamperometric
measurements in a one chamber electrochemical cell using a three
electrodes arrangement, under Ar atmosphere over 200 s per cycle. Ag/
AgCl electrode was used as reference and Pt wire was used as counter
electrode. The electroadsorption potential and pH conditions were fixed
at —0.6V and pH 5.0 for Ce>*; and —0.3V and pH 6.0 for La™> respec-
tively. After the species were deposited over the surface of the carbon
paste working electrode it was rinsed with deionized water to remove
the excess of the electroadsorption solution.

Then the working electrode was introduced into a second one
chamber glass cell, where another Ag/AgCl electrode was used as
reference electrode, also another Pt wire was used as counter electrode.
The desorption cycle lasted 200 s and was run out under Ar atmosphere.
In this case also for both Ce>* and La>" fixed desorption potential and
pH applied were 0.8V and pH 2.0. In both cases the electroadsorption/
desorption cycles were repeated five times, conductivity of the desorp-
tion solution was measured after every desorption cycle, and then the
concentration of Ce>! and La®' present in the solution, after the five
cycles, were measured by ICP-OES to corroborate the conductivity
results.

3. Results and discussion
3.1. Synthesis of HMS-CMPO

The synthesis of the products was conducted following the method
described before by Pizarro et al. [50], and detailed in the experimental
section. The functionalization of the hexagonal mesoporous siliceous
(HMS) material was carried out in two steps, starting with the reaction of
the N-(2-aminoethyl)-3-aminopropyltrimethoxysilane (APTMS) with
the hydroxyl moieties over the surface of the HMS material, forming the
intermediate (HMS-APTMS) which have primary amine functional
groups, over the surface of the material, necessary for the further
grafting reaction. The HMS-APTMS was rather used to be grafted with
the 1,1 carbonyl-diimidazole (CDI) and the diethyl-phosphonoacetic
acid to form the final product HMS-CMPO. This way, a mesoporous
silica-based material functionalized with phosphine oxide groups was
achieved [50].

The structure of the products obtained through the two-step syn-
thesis were followed by vibrational spectra, in a DRIFT mode analysis,
all spectra were analyzed by Kubelka-Munk equation, and normalized
for better resolution minimizing scattering effects of the sample. Fig. 1
shows the comparison between the precursor HMS mesoporous material
(black) the intermediate HMS-APTMS (red) and the final product HMS-
CMPO (blue) spectra. The HMS material shows intense bands at 465(b),
800(s) and 1082(s)cm ! related to bending and stretching modes of the
Si—O-Si bonds, as have been described before [53]. Also, medium in-
tensity bands were observed at 1626, 3130 and 3430 cm™! related to
—OH moieties over the surface of the material.

The Intermediate material HMS-APTMS (see Fig. 1) shows similar
intense bands at 465(b), 800(s) and 1082(s)em ! likewise the HMS. New
lesser intense bands were observed at 698 cm™! related to primary
amine wagging vibrational modes, 1318 cm ™! related to C-N stretching
and at 1491 cm ™! related to the NH/CH scissoring as have been seen in
APTES grafted over silica based mesoporous materials, at 1571 cm ™! a
new band related to NH stretching was observed, at 2873 and 2932 cm ™!
two bands related to CHy and CHg vibrational stretching were observed,
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Fig. 1. DRIFT spectra of mesoporous materials, all spectra collected were
analyzed by Kubelka-Munk function, and then normalized. HMS (black), HMS-
APTMS (red) and HMS-CMPO (blue) samples were collected over the surface of
a stainless-steel rod sampler. Between a range of 450-4000 cm ™! wavelength.
Inset a zoom to the 1000-1250 cm ™" region.

CHj stretching may be due to free APTES moieties over the surface, as
have been described before [50,54-57].

HMS-CMPO material vibrational spectra shows great resemblance
with the HMS-APTES material one, a new band at 960 cm™! was
observed related to P-O stretching, this band overlaps with a shoulder at
980 cm ™! present in both HMS and HMS-APTMS material, that is related
to Si-OH stretching [55,57], new bands are observed between 1095,
1491 and 1652cm-1, where P-C stretching and P—O stretching have
vibrational modes, as have been seen before in similar phosphine oxides
structures [58].

In the inset of Fig. 1, the effect of the grafting may be seen clearly,
where the HMS (black) show the band at 1082 cm ™! associated with
Si—O-Si vibrations, in the case of HMS-APTMS such band it is also pre-
sents but another intense band may be seen at 1142 cm ™! in this region
bands may be related to Si-O-C stretching [57], the case of the
HMS-CMPO the band at 1142 cm ™ is clearly smaller, and two additional
shoulders may be seen around 1100cm-1, related to P—=O0 stretching of
the CMPO moieties, overlapped with the band at 1082 cm™!. Bands at
2873 and 2932cm-1 were observed, in the region where CHy and CH3
stretching may be found [50]. Further confirmation of the product was
obtained by thermal gravimetric analyses and N5 adsorption/desorption
isotherms.

3.2. Thermal stability characterization of mesoporous materials

Thermogravimetric analysis of the three mesoporous materials was
carried out to determinate the thermal stability of the synthesized solids
over 30° to 600 °C range. Fig. 2 shows the results obtained, where HMS
(black square) shows higher stability, a small mass loss of 4 % was
observed between 100 and 150 °C attributed to humidity present in the
material. A smaller slope of mass loss was observed between 150 and
600 °C due to the slow dehydroxylation of the surface, as has been re-
ported previously [50].

The Intermediate HMS-APTMS (red circles) shows three different
slopes associated to a of mass loss, the first one between 100 and 150 °C
attributed to a water loss (approximately 8 %) higher than HMS. The
second one between 150 and 300 °C attributed to the slow degradation
of the surface (2 % of mass loss), maybe due to some impurities of the
synthesis and/or a slow dehydroxylation like the HMS. The third one
between 300 and 600 °C attributed to degradation of the organic moiety
of the surface by the modification with the N-(2-aminoethyl)-3-
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Fig. 2. Thermogravimetric analysis collected from samples of mesoporous
materials HMS (black squares), APTMS (red circles) and CMPO (blue triangles).
Between 30 and 600 °C, at 10 °C/min temperature rate.

aminopropyltrimethoxysilane. This time the mass loss was over 10 %.
This mass amount is consistent with the amount of surface modification
previously reported [50].

From Fig. 2 the thermal stability of the HMS-CMPO modified mes-
oporous material can be also observed (blue triangles), four different
slopes may be observed in this case, the first one with a loss of about 10
% of mass between 100 and 150 °C attributed to the loss of water, as in
the two cases before. The second one between 180 and 340 °C attributed
to the slow degradation of the surface (3 % of mass loss), may be due to
impurities of the synthesis and/or a slow dehydroxylation like the HMS-
APTMS behavior. A third slope between 350 and 450 °C was observed
with a mass loss of 5 % approximately, maybe due to a loss of carbamoyl
methyl phosphine oxide moieties over surface, this mass loss starts at
higher temperature compared with the observed with the HMS-APTMS,
and it loss is smaller than the intermediate material, this may be due to a
higher degradation temperature of the phosphine oxide moieties and to
the a lesser modification of the surface compared to the intermediate.
The fourth slope observed between 450 and 600 °C shows again a slow
mass loss (less than 2 %) with a similar ratio to the observed for the
dehydroxylation process [50], first derivate of the TGA are provided in
the supporting information (S1), where the difference between the
degradation of the 3 solids may be observed as well.

3.3. Porosimetry of the mesoporous materials

The porosimetry of the mesoporous materials was characterized by
Ny Adsorption/Desorption isotherm analysis at 77K. All solids present
similar hysteresis loop attributed to mesoporous material behavior, type
IV hysteresis loop as IUPAC describes [59]. The matrix and condensation
effects observed in Fig. 3 are consistent with mesoporous materials, in
all the cases.

Nevertheless, significant differences may be observed between the
synthesized materials, Porosimetry of the mesoporous materials were
calculated by BET (Brauner, Emmett and Teller) equation method.
Surface area, pore volume in the HMS-APTMS and HMS-CMPO
decreased in comparison with HMS (see Table 1). In the other hand
pore size is increased, this phenomenon is related to the obstruction of
the smallest pores of the HMS-APTMS and HMS-CMPO materials due to
the surface modification. BJH (Barrett-Joyner-Halenda) model was used
to determinate pore size distribution, HMS material shows the smallest
pores and higher contribution of the micropores and mesopores to the
accumulative volume of the material (see Fig. S2 in supporting infor-
mation). HMS-CMPO material presents a smaller pore size than HMS-
APTMS material, also a higher contribution of the micropores and
mesopores to the accumulative volume of the material in comparison
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Fig. 3. Adsorption/Desorption isotherm of N at 77K, collected from samples of
mesoporous materials HMS (black/red), HMS-APTMS (magenta/cyan) and
HMS-CMPO (green/blue). Between 0 and 1 relative pressure ratio.

Table 1
Porosity characteristic of the silica-based mesoporous materials obtained from
BET method and BJH model.

Material Average pore size Pore volume [cm®/ Surface area [m?/
[nm] gl gl
HMS 5.78 1.13 771
HMS- 13.16 0.54 157
APTMS
HMS-CMPO  6.78 0.79 450

with APTMS (see Figs. S2-S3 in supporting information) this may be
related to the interaction between the free APTMS with the grafted one,
obstructing the smallest pores, which can be interpretated as a smaller
surface area, and a broad pore size distribution than HMS and HMAS-
CMPO.

3.4. Crystallinity analysis of the mesoporous materials

Small-angle X-ray scattering (SAXS) of mesoporous materials were
patterns of HMS and HMS-CMPO materials. Both profiles exhibit char-
acteristic intense reflection at 20 between 1.0° and 3.5° range was
observed, this reflection centered at 2.0° which may be assigned to (1
0 0) crystalline plane, which is common in hexagonal mesoporous
structures, as have been reported before [60-63]. HMS-CMPO material
exhibits a lower reflection intensity, but still is clearly observed the
plane reflection (Fig. 4). From these results the grafting of the CMPO
over the surface of the HMS material present a small change in the
crystallinity of the starting material due to chemical modification of the
surface, the hexagonal structure within wormhole pores is still present.

3.4.1. Electrochemical characterization of the modified electrode CPE-
CMPO

An electrode of carbon paste modified with the mesoporous CMPO
material was assembled by a mixture of carbon graphite powder (50%
w/w), paraffin oil (30%w/w) and CMPO (20%w/w), this ratio was
empirically optimized by using cyclic voltammetry (Fig. 5). The opti-
mization was obtained from the analysis of the physical stability of the
electrode, where swelling problems were observed when the concen-
tration of the CMPO was over 20%w/w, this may be due to its hygro-
scopic behavior, as it was observed in the TGA analysis, where about 10
% of the weigh was water. All curves shows similar half wave potential
(E1/2 = 224 + 2.8V) which is calculated from the semisum of the anodic
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Fig. 4. XRD patterns obtained from HMS (black) and HMS-CMPO
(red) materials.
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Fig. 5. Cyclic voltammetry obtained from aqueous solution of both KsFe(CN)e
and K4Fe(CN)¢ 1 mM in KCl 1.0 M. The modified working electrode contains
0%w/w (black), 5%w/w (red), 10%w/w (blue), 15%w/w (green) and 20%w/w
(purple) of CMPO material, reference electrode SCE, Pt wire as counter elec-
trode. Scan rate 5 mVs .

and cathodic potential peaks, this potential is an empirical approxima-
tion to the formal potential (E?) of the redox couple Fe(CN)é’/Fe(CN)é’
defined in the Nerst equation, under empirical conditions and consid-
ering similar diffusion coefficient between both reactant and product
species [64].

The CPE-CMPO modified electrodes shows a slightly higher anodic
current response consistent with the increment of the CMPO modify
ratio, this effect may be due to either an increase in the electroactive
area of modified electrodes compared to the regular CPE (70%w/w
graphite powder and 30%w/w paraffin oil) or may be due to a catalytic
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effect over the redox probe Fe(CN)é’/Fe(CN)g 3; since this reaction is a
well-known outer sphere reaction, non-catalytic effect is expected, and
the values of E; /5 obtained are consistent with this hypothesis [64]. To
evaluate the increase of the electroactive area of the modified electrodes
the voltammograms obtained were analyzed by the Randles-Sevcik
equation (1).

Ipa = 2.69%10%n 3/2+A%CD 112y 1/2 )

Where Ip, is referred to the anodic current peak (Ampere), n is related to
the number of electrons involved in the electrochemical reaction (1), A
is the electroactive area (cm 2), C is molar concentration of the active
specie (0.000001 mol*cm’g), D is the diffusion coefficient of the Fe
(CN)g3 (7.63 *10 Oem?s _1) and v is the scan rate (0.005 V*s -1 [65].

The increase in the electroactive area due to the modifying CMPO
material (see Table 2) shows a maximum at 20%w/w of the mesoporous
material, this electrode presents an increment in the electroactive sur-
face area for about 47 % compared to normal CPE electroactive area.
This increase implies not only a higher surface due to a mesoporous
material, but an increase in the electroactive sites over the surface of the
electrode enhancing the electrode properties.

3.4.2. CPE-CMPO electrode kinetics analysis

A kinetic analysis of the mechanism of mass transport to the surface
of the electrode was performed by a scan rate study, evaluating the
response of the electrode to a fast (200-1000 mVs ) and slow (5-100
mVs’l) scan rate. A K3Fe(CN)g redox probe was used to study the elec-
trode kinetics, where the ratio of the current against the scan rate
(Fig. 6) shows an increase, and both anodic and cathodic peak potentials
spreads away linearly with logarithm of the scan rate from 300 to 1000
mVs(supplementary S5), the nature of this behavior was studied by an
analysis of the mass transport regime, where the current dependency
with the scan rate was analyzed.

A linear behavior of the peak current against the square root scan
rate plot (Fig. 6, inset A) shows a mass transport regimen ruled by
diffusion, a slight difference may be observed between the cathodic (red
dot) and anodic behavior (black dot), this may be due to the porosity of
the material, which may influence the mass transport through the
electrode surface, as have been seen before in material such as zeolites,
where non Faradaic current due to the ions moving through the porosity
of the material in the surface of the electrode occurs [49,66]. Never-
theless, both redox processes show higher resemblance with a diffusion
than an adsorption ruled process. As the plot of peak current against
scan rate (Fig. 6, Inset B) curve confirms this assumption.

3.4.3. Electrochemical impedance spectroscopy study

Additionally, electrochemical Impedance Spectroscopy (EIS) anal-
ysis was used to determinate the effect of the concentration of the
modification agent HMS-CMPO over the conductivity of the working
electrode. Fig. 7 shows the spectrum obtained from the circuit assem-
bled using the modified carbon paste electrodes, withing 0-20%w/w of
CMPO, as working electrode, in an aqueous solution of 1 mM KsFe(CN)g
in 0.1 M NaNOs. Ag/AgCl was used as reference electrode and a Pt wire
as counter electrode.

The Nyquist plot obtained from the EIS analyses (Fig. 7) shows the
behavior obtained from the electrochemical cell built with the carbon
paste electrodes developed, as working electrode, with gradient of

Table 2

Electrochemical parameters extracted from Fig. 5.
Electrode Ipa [pAl Ei/ [mV] -Ipc [pA] A [em?]
0%CMPO 7.90 0,220 7.89 0.151
5%CMPO 8.83 0,224 8.89 0.168
10%CMPO 9.50 0,226 9.93 0.181
15%CMPO 9.85 0,228 10.37 0.188

20%CMPO 11.62 0,222 13.61 0.222
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against (Ip) square root scan rate plot (v'/?). Inset B) Peak current (Ip) against
scan rate plot(v).
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Fig. 7. Nyquist plot obtained from electrochemical impedance spectroscopy
analysis, carried out over 10! to 10° Hz, perturbation was set at 0.2V. Redox
probe Fe(CN)g 1 mM in 0.1 M NaNO3 aqueous solution. The modified contains,
0%w/w (black), 5%w/w (red), 10%w/w (blue), 15%w/w (green) and 20%w/w
(purple) of HMS-CMPO. Reference electrode SCE and Pt wire as counter elec-
trode. Inset a close view of 20%w/w CMPO modified electrode spectra.

composition from 0 to 20%w/w of HMS-CMPO. A classical Randle’s
equivalent circuit was fitted to compare the collected spectrums, inset
Fig. 6. A semicircle shaped behavior was observed at higher frequencies
zone, attributed to an equivalent capacitor due to the ionic bilayer over
the surface of the electrode generated over the polarization of the
electrode through the experiment. This semicircle was followed by a 45°
linear behavior, observed at lower frequencies, associated to the diffu-
sion of the ionic species.

These spectrums were then fitted as an equivalent circuit represented
by the Rundles circuit model [7] (inset Fig. 7) were the circuit elements
represent a resistance (Rg), associated to the solution, a constant phase
element (CPE) associated to the capacitor formed, which is affected by
the porosity of the electrodes showing a smaller phase angle, (bode plots
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Fig. S6), this behavior has been reported previously for carbon paste
electrodes [49]. A second resistance (R¢y) in parallel to the CPE was
used to represent the resistance to the charge transfer of the electrode to
the redox probe, then a Warburg impedance element Zyw was added in
series to the R¢r, due to the diffusion of the redox probe.

From the fitted curves, a common origin around 300Q was observed
for all circuits associated to the solution resistance. The higher differ-
ence though, was observed in the second resistance (Rcr) were the
addition of CMPO to the electrode paste implies a massive decrease,
from 128.3 kQ to 3.016 kQ, which is consistent with the enhance of the
electroactive area detected in the scan rate study, this behavior over the
modified carbon paste electrodes have been described before with
different modifier agents such as Fe(II)-clinoptilolite nanoparticles,
where the change observed in the Nyquist profiles are relatively similar
[66].

Also Bode plots are provided as supporting information (Fig. S6),
where at lower frequencies, the decrease of the impedance due to the
decrease of the resistance to the charge transfer as the HMS-CMPO
composition in the carbon paste increases from 0 to 20 %, may be
observed clearly in the graph of |Zw| against frequencies. The decrease
observed in the -angle phase bode against the frequencies plot as the
HMS-CMPO material composition increases, may be related to the in-
crease of the porosity in the electrode surfaces, this inhomogeneities in
the carbon paste electrode lower the angle associated to the capacitor
element from approximately 90°-60° or even 30°, this behavior has
been described for modified carbon paste electrodes before [48,49].

3.5. Electroadsorption-desorption study of La>* and Ce3*

Electroadsorption-desorption studies were conducted to measure the
amount of La*> and Ce*® that may be extracted from aqueous solution
using the mesoporous silica functionalized with carbamoyl methyl
phosphine oxide (CMPO) as modification agent (20%w/w) in the carbon
paste mixture to fabricate a carbon paste working electrode (CMPO-
CPE). These experiments were performed in two steps, the first one
consists of the electroadsorption process, where applying a controlled
reduction potential of —0.6V over 100s in a Chronoamperometric pro-
gram, the experiment was performed in a 20 mL one chamber electro-
chemical cell, using three electrodes setup, where Ag/AgCl electrode
was used as reference and Pt wire as counter electrode.

The electrochemical cell was filled with 18 mL of 50 ppm La®" or
Ce*"ina 0.1 M of NaNOj3 aqueous solution, inert Ar atmosphere was
controlled for avoidance of oxygen interference. The optimization for
the adsorption pH was developed in previous works [50], for La®" pH
5.0 was optimal and for Ce3" pH 6.0. Under these conditions the
adsorption of the trivalent species to the HMS-CMPO material occurs
without any potential applied [50].

In the other hand, when the electrode surface was polarized by the
negative potential applied, the migration of both lanthanides was
increased, which was consistent with the increase in the charge regis-
tered, the cathodic potential applied in both cases was —0.6V, this po-
tential increased the charge associated to migration, avoiding further
electrochemical reaction. Under pH range between 4.0 and 6.0 the
formation of insoluble hydroxylated species of La®" starts [67], when
overpotential is applied to La>* under pH 5.0, the mono and dihy-
droxylated lanthanum species migrated to the electrode surface and
electroadsorption occurs. In the other hand, Ce>* hydroxylated species
stay soluble between pH 7.0-8.0 [68]. This phenomenon supports the
electroadsorption method proposed.

Then a reduction potential is applied to regenerate the surface of the
electrode. This process was empirically defined also, by the increase of
the current registered using an oxidation program, applying +0.2V by
100s after the reduction program. The current increase observed in the
experiment (see Fig. 8) was attributed to desorption of trivalent species.

To corroborate the above hypothesis, the second step of the study,
the desorption process, was design including another technique,
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Fig. 8. Chronoamperometry desorption curves, obtained after a pretreatment
of 100s at —0.6V under pH 5.0 for 10 ppm La>*, and pH 6.0 for 10 ppm Ce>"
both in 0.1 M NaNOj3 aqueous solution. The electrochemical cell was set up by a

working electrode 20%CMPO CPE, Ag/AgCl as reference electrode, and Pt wire
as counter electrode.

Inductively Coupled Plasma Atomic Emission Spectrophotometry (ICP-
AES), which allows to quantify the amount of La>* and Ce®" extracted
from adsorption process and then redissolved into a second desorption
solution. The desorption experiment was performed in a secondary
electrochemical cell filled with 2 mL of 0.1 M of NaNOj3, pH was adjusted
to 2.0 for desorption process, under this condition La®® and Ce3® was
found totally diluted, and oxo-hydroxyl complexes species should not be
found [67-69].

This design allows us to avoid the misleading effect of the water
splitting and pH variation through the desorption process, which has
been reported in similar experiments. After the desorption process 1 mL
of the solution was diluted to 10 mL of NaNO3 0.1 M solution, acidified
with HNO3 65 %, a blank solution and a solution of a mixture 1 ppm
La®*/Ge®" was also analyzed for every sample measured, to corroborate
the results.

The results of the desorption experiments are summarized in Table 3,
where the amount mass of La*t® shows higher extracted ratio, it was
calculated taken the concentration of the sample and extrapolating it to
the amount of mass extracted from the absorption solution. The mass
calculated for La®* was 74 pg over 10 adsorption/desorption cycles,
against the 15 pg obtained for Ce>* over 10 adsorption/desorption cy-
cles. These results (see Table 4) may be due to a higher affinity of the
electrode for the La®* species over ce®*, which is very interesting, since
the charge density of both cations is quite similar, this phenomenon may
be also explained due to the presence of oxo-hydroxyl complexes form at
pH 6.0 with the La®' as has been reported previously [67-69].

Anyway, to determine selectivity of one species over the other,
further experiments need to be done to evaluate this method in a more
relevant environment. The stability of the electrodes was checked by
measuring changes in current using cyclic voltammetry previous and
after the electroadsorption/desorption cycles (supplementary material
S7), the changes in current were measured and were below 1 % after
every cycle tested.

4. Conclusions

A hexagonal like mesoporous silica material was functionalized with
oxide phosphine moieties, to develop a CMPO material with higher
adsorption properties for La>* and Ce®*, this solid porosimetry was fully
characterized, presenting high surface area and small pore size. The
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Table 3

Electrochemical parameters extracted from EIS fitted curves.
Electrode R, [Q] CPE [pF] Z [pF] Rer [kQ] %Error
0%CMPO 347.7 0.181 34.73 128.3 >5%
5%CMPO 296.2 0.345 12.24 65.91 >5%
10%CMPO 293.9 0.285 25.52 58.04 >5%
15%CMPO 261.2 0.884 14.96 42.16 >5%
20%CMPO 280.2 1.473 2.180 3.016 >5%

Table 4

Inductively Coupled Plasma Atomic Emission Spectrophotometry results, blank
solution containing NaNO3 0.1 M and pH 2, desorption solutions were collected
after 10 cycles of adsorption/desorption of La®* and Ce®*.

Solution [La:”] [Ce3+] mg Mass Mass
mgL ! Lt La** ce?
g g
Blank <0.1 <0.1 N/A N/A
1ppmLa®*+1 ppm 1.10 1.15 110 115
Ce3+
Desorption La®* 0.74 <0.1 74 N/A
Desorption Ce" <0.1 0.15 N/A 15

CMPO material presents higher hygroscopicity compared to HMS and
thermal stability until 340 °C where degradation of the functional
groups was observed.

Electrochemical properties of the CMPO functionalized material
were studied using this solid as component of carbon paste electrodes,
the porosity and functional groups present in the CMPO generated an
increase in both electroactive area and the conductivity of the electrode
developed. The hygroscopicity of the CMPO material limited the amount
of this material in the carbon paste mixture to 20%w/w, since at higher
concentration the electrode starts to swell, losing physical stability.

No redox couples attributed to CMPO reactions were observed be-
tween the electrochemical window studied (—0.6 to 1.0V), this electrode
presented suitable properties for its use as electroadsorption surface for
La®" and Ge3". The electroadsorption-desorption studies were used to
develop a method for extraction of the lanthanides showing higher
extractant capacity of the method for La®*, by 47 % over the amount
Ce*. Electrodes does not present higher changes in current after elec-
troadsorption/desorption experiments, even after 100 cycles. These re-
sults suggest a selective extraction of La>* over Ce3*, to calculate the
selectivity for La>* from the ion mixture additional studies must be
designed, nevertheless, these preliminary results are a promising start to
develop a method for selective electroadsorption of lanthanides.
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