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Novel silica based adsorbent layer-by-layer modified with
polyhexamethylene guanidine and Arsenazo reagents for solid-phase

extraction of lanthanides from lignites and products of their processing

Novel silica based adsorption materials layer-by-layer modified with
polyhexamethylene guanidine and Arsenazo | or Arsenazo 11 have been
proposed for solid-phase extraction of rare earth elements (REE). Silica, modified
with Arsenazo I, quantitatively extracted REE at pH 5.5 -7.0, and silica, modified
with Arsenazo 111, at pH 2.0-6.0 with distribution coefficients of 2.9-10° - 4.6-10*
cm® g™. The adsorption capacity for REE was 1.25-2.85 mg g™. Silica, layer-by-
layer modified with polyhexamethylene guanidine and Arsenazo 11, was used for
removal of REE from solutions after digestion of lignites and ashes after their

burning.
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1. Introduction

Lanthanides have unique physical and chemical properties and widely used in various
industries, such as lasers, permanent magnets, electronic devices, superconductors and
catalysis [1].

Lanthanides are found everywhere in nature, in many minerals, and belong to
trace elements. The most important minerals that contain lanthanides are bastnasite,
monazite, apatite, loparite, allanite, ancylite, parisite, etc. [2]. Recently, interest has
increased not only in traditional sources of rare earth elements (REE), but also in
secondary resources, such as ash after burning lignites. Lignites are fragments of fossil
wood that has undergone coalification processes and used as a fuel. Ash after burning is
not processed usually. However, it contains various critical elements, including REE,

and can be considered as a potential source of REE [3-5].



Two main approaches to the removal of REE are used: liquid- liquid [6-9] and
solid-phase extraction (SPE) [6, 9]. Despite the widespread use of the first approach, it
has significant drawbacks: the need to use organic toxic solvents, low separation
efficiency and purity level. Therefore, at present, many scientific publications are
devoted to the synthesis and study of adsorption materials for solid-phase extraction of
rare earth elements. Adsorbents can be divided into several types: natural clays [10-11],
polymeric [12-15], silica [16-19], membrane [20], and microorganisms [21-23]. One
of the most available inorganic oxides allowing varying the surface parameters is silica.
Adsorbent matrices are usually modified to improve the adsorption properties to REE.

There are two main approaches to surface modification of adsorbents - covalent
and non-covalent. Currently, many silicas with chemically fixed groups have been
synthesized [24-26]. But, despite the high stability of such adsorbents in solutions of
dilute acids and alkalis, their synthesis is characterized by the complexity and use of
toxic solvents. Non-covalent modification allows fixing the reagent on the surface of
silica without chemical reaction and using toxic solvents.

In present work, silica modified with polyhexamethylene guanidine (PHMG)
and Arsenazo | or Arsenazo 111 was proposed as an adsorbent for solid-phase extraction
of lanthanides. The reagents of the Arsenazo group are chosen as the outer layer, since
they form stable, intensely colored complexes with REE ions [27-30]. However, direct
fixation of these reagents on the surface of silica is impossible because of the mutual
repulsion of negatively charged sulfo groups of the reagents and the deprotonated
hydroxyl groups of the surface. To fix Arsenazo on the silica surface, an approach has
been proposed, which consists of pre-treatment of silica surface with an aqueous
solution of polyhexamethylene guanidine and the subsequent modification of the

resulting adsorbent with aqueous solutions of Arsenazo. The sequential fixation of



reagents on the surface of silica occurs due to the formation of non-covalent bonds
(electrostatic, hydrogen). The scheme of the adsorbent structure (silica modified with
polyhexamethylene guanidine and Arsenazo I11 as an example) is shown in Fig. 1.

In this work, the conditions for synthesis of novel adsorption silica-based
materials, layer-by-layer modified with PHMG and Arsenazo | or Arsenazo Ill are
studied. The adsorbent surface was characterized by Fourier Transform Infrared
Spectroscopy (FT-IR) and Diffuse Reflectance Spectroscopy (DRS). The conditions of
SPE of lanthanides by new adsorbents in the batch and dynamic modes have been
studied.

Silica based adsorbent layer-by-layer modified with polyhexamethylene
guanidine and Arsenazo I11 was used for solid-phase extraction of REE from solutions
after digestion of lignites from the Kass deposit located in the middle course of the

Yenisei River (Krasnoyarsk Territory, Russia) and ash from their burning.

2. Materials and methods

2.1 Reagents

Stock solutions of La(l11), Er(111), Sm(111), Ho(111), Nd(I11), Gd(l11) (10 mg-L™) were
prepared by dissolving the corresponding REE oxides (> 99.99 %, Sigma-Aldrich,
USA) in 1M HNOg. Solutions with lower concentrations were prepared by diluting of
stock solutions.

Stock solutions of Fe(I11), Cu(ll), Pb(I1), Zn(I1), Mn(I1), Ni(Il), Co(ll), Fe(ll),
Ca(ll), Mg(l1), Sr(11), K(I), Na(l) were prepared by dissolving the corresponding salts
(Chemreaktivsnab, Russia) of reagent grade in 0.1 M HNOs.

Polyhexamethylene guanidine chloride was purchased from Institute of Eco-
technological problems (Moscow, Russian Federation). Arsenazo | (2-(1,8-dixydroxy-

3,6-disulfo-2-naphthylazo)benzenearsonic acid) and Arsenazo 11 (2,2'-(1,8-Dihydroxy-



3,6-disulfonaphthylene-2,7-bisazo)bisbenzenearsonic acid) were purchased from
Sigma-Aldrich. Solutions of PHMG and Arsenazo with the concentration of 7.5 and 0.1
% (w/V), respectively, were prepared by dissolving accurately weighed portions of
reagents in deionized water. Solutions of Arsenazo with lower concentrations were
prepared by diluting the initial solution with deionized water.

Nitric acid (Chemreaktivsnab, Russia) of analytical grade was additionally
purified by distillation using distillacid™ BSB-939-IR (Berghof, Germany).

Silochrom C-120 (particle size of 0.1-0.2 mm, specific surface of ~120 m* g%,
an average pore size of ~45 nm) was purchased from Luminofor (Stavropol, Russian

Federation) and used as a matrix for the synthesis of silica based adsorbents.

2.2 Apparatus

The UV-Vis spectra were recorded using Lambda 35 spectrophotometer (Perkin-Elmer,
USA). Diffuse reflectance spectra (DRS) of adsorbents in the range of 380-720 nm were
recorded using Pulsar spectrometer (Khimavtomatika, Russia). The spectra are
represented in the coordinates F(R) (Kubelka-Munk function) - wavelength, nm, where
R - diffuse reflectance coefficient. Metals distribution was monitored by ICP-MS
analysis of an aqueous phase using XSeries Il mass-spectrometer (Thermo Scientific,
USA). To determine the REE concentration by ICP-MS, the following element isotopes
were used: 139La, 14°Ce, 141Pr, 146Nd' 147Sm, 153Eu, 1SSGd’ 159Tb, 163Dy’ 165H0’ 166Er’
169-|-m’ 172Yb, 175 .

The pH of the solutions was measured using a SevenMulti ion meter (Mettler-
Toledo, Switzerland). A Masterflex peristaltic pump (Cole-Parmer Instruments
Company, USA) was used for pumping fluids through the preconcentration column

with an adsorbent.



The adsorbents were analyzed by Fourier Transform Infrared Spectroscopy
using spectrometer Nicolet 380 with Smart Orbit accessories (Thermo scientific, USA)
in wavelength range of 3000400 cm™ with 4 cm™ spectral resolution.

The muffle furnace SNOL 7.2/1100 (Utenos Electrotechnika, Lithuania) was

used for lignite samples firing.

2.3 Sequential modification of silica surface with polyhexamethylene guanidine

and Arsenazo | or Arsenazo 111

In order to activate the surface a portion of silica was soaked with the NaOH solution at
pH 9 for 2 hours, and then washed with deionized water until pH 7. Then 100 mL of
PHMG solution (7.5%) was added dropwise for 30 min to 5 g of silica under continuous
stirring. The adsorbent (SiO,-PHMG) was washed with deionized water until no
positive reaction to PHMG in the rinsing water and dried at 60°C. Presence of PHMG in
the rinsing water was determined visually by the test with bromophenol blue.

In order to investigate the adsorption capacity of SiO,-PHMG for Arsenazo | (or
Arsenazo I11) 5 mL of 1-107 - 2:10° M solution of Arsenazo | (or Arsenazo 1) was
placed into a graduated test tube with a glass stopper; HNO3; or NaOH were added to
adjust the required acidity; and water was added to a total volume of 10 mL. Then, 0.1 g
of the adsorbent was added, the tube was stopped and stirred for 10 minutes. The
solution was decanted and the resulting adsorbent (SiO,-PHMG-ArsI or SiO,-PHMG-
Arsll1l) was washed with deionized water and air dried overnight.

Aliquots of the reagent solutions before and after adsorption were placed into a
quartz cuvette (I = 1.0 cm) and the absorbance was measured at the characteristic
absorption band of the reagent (Amax = 500 nm for Arsenazo I, 540 nm for Arsenazo I11).
The amount of the adsorbed reagent was determined by the difference in the reagent

concentrations in the solution before and after adsorption.



2.4 Solid-phase extraction of lanthanides by SiO,-PHMG-Aarsl (or SiO,-
PHMG-Arsl 1) adsorbent

Solid-phase extraction of lanthanides by SiO,-PHMG-Ars was studied in the batch and
dynamic modes at room temperature. In the batch mode, a solution of the REE in 0.1 M
HNO;3; was added to graduated test tube with a glass stopper, NaOH was added to adjust
the required acidity and water to a total volume of 10 mL, or buffer solutions were used.
0.1 g of the adsorbent was added to the solution, the tube was stopped and stirred for 1—
60 minutes.
In the dynamic mode, a solution containing REE was passed through a column

(height 4.5 cm, d= 0.3 cm) filled with 0.1 g of the adsorbent at a flow rate of 1-5 mL

mint.

2.5 Sample preparation of lignites and ash

Lignites and ashes from their burning were used as real samples. Samples of lignite of
1.0000 g were placed in ceramic crucibles and ashed in a muffle furnace at a
temperature of 550° C for 4 hours. The resulting ash was placed in 100 mL glassy
carbon beakers, 10 mL of concentrated HsPO,4 and 5 mL of concentrated HNO3 were
added, heated to 130°C and evaporated to a syrupy state. 25 mL of deionized water was
added, mixed and transferred to a 50 mL volumetric flask and filled to the mark with
water. For preparation of a lignite ash sample of 0.1000 g was taken and acted as

described above.

2.6. Calculations

The Kubelka—Munk function (F(R)) was calculated as:

F(R)= (1-R)%/2'R 1)



R - diffuse reflectance coefficient.
The extraction efficiency (Rex, %) of Arsenazo or REE extracted by adsorbents

was determined as follows:
Rex=[(Co—Ce)/Co]-100% (2)

Co-initial concentration of Arsenazo or REE in the solution, mmol L7,
Ce—equilibrium concentration of Arsenazo or REE in the solution, mmol L™.
The desorption efficiency (Rges, %) of Arsenazo or REE was determined as

follows:
Rdes:[cdes/(co _Ceq)] -100% (3)

Cues- concentrations of Arsenazo or REE in the desorption solution, mmol L™.
The adsorption properties of SiO,-PHMG-Arsl and SiO,-PHMG-ArslII for REE

extraction vs. phase contact time were analyzed using pseudo-first-order Eq. (4):

IN(Qe-0i)=INQe-kit 4)
and pseudo-second-order model Eq. (5):
t/0:=1/(K20e%)+1/0e (5)

ge(mg g™) and q(mg g™) —the amounts of REE ions adsorbed at equilibrium and
at time t, respectively,

k, and k; — the rate constants of the pseudo-first- order and pseudo-second-order
models, respectively.

The quantity of Arsenazo or REE extracted (g, mmol g) by adsorbents was

calculated from Eq.(6):



q =[(Co—Ce)-Vlim (6)

V- the solution volume, L,
m-the mass of adsorbent, g.
The isotherms of REE adsorption were analyzed using two traditional models

Langmuir Eq. (7) and Freundlich Eq. (8):

Ce/qe’=1/(KL'C]max)+Ce/C]max (7)

Qe — the amounts of REE ions adsorbed at equilibrium, mmol g*

Omax — the maximum adsorption amount of REE ions, mmol g™,

K. - the Langmuir constant related to the energy of adsorption process and the
maximum adsorption capacity, L mmol™. These constants were calculated from the

intercept and the slope of plotting C¢/ge vs. Ce, respectively.
Inge=INKg+(1/n)InC, (8)

where both Kr and n are Freundlich isotherm constants.

3. Results and Discussion

3.1 Optimization of the conditions for SiO,-PHMG-Ars synthesis

The time of attainment of adsorption equilibrium during the extraction of Arsenazo |
(Arsenazo I11) with SiO,-PHMG adsorbent was less than 10 minutes.

Quantitative extraction (99.9%) of reagents was observed in the pH range of
3.5-8.0 (Fig. 2).

The decrease in extraction degree in the pH range 1.0-3.0, for both reagents, is
probably due to a change in the mechanism of PHMG fixation on the surface of silica

from electrostatic at pH> 3 to the formation of a hydrogen bond at pH <3. Therefore, at



pH 2 there was a decrease in the extraction degree of PHMG, and at pH 1 there was an
increase one.

When passing from 0.1 to 2 M HCI, the extraction of reagent decreased. This is
due to the protonization of sulfo groups of Arsenazo | (pKai= 0.07 u pKs= 1.16) and
Arsenazo 11 (pKa= 0.64 u pKg= 2.52) [31] through which Arsenazo | and Arsenazo 111
are fixed on the surface of SiO,-PHMG.

To determine the capacity of SiO,-PHMG for the reagents, the adsorption
isotherms of Arsenazo | and Arsenazo 111 were constructed (Fig. 3).

The capacity of the SiO,-PHMG adsorbent for Arsenazo 111 is almost 2 times less than
that for Arsenazo I, which can be explained by an increase in the size of the molecule.
Since the reagents on the surface of the adsorbent are interconnected by weak
intermolecular bonds that can be destroyed in acidic or highly saline solutions, we
studied the stability of the fixation of Arsenazo reagents on the surface of SiO,-PHMG
in various media.

SiO,-PHMG-Ars was treated with solutions of nitric acid and sodium chloride in
a batch mode. The results are shown in Table 1.

As can be seen from the table, the degree of desorption of Arsenazo | after
treating with 2 M HNO3 does not exceed 23 %, and when treated with NaCl solution
with a concentration of 100 g L™, it is 12%, while the desorption of Arsenazo 111 under
the same conditions is negligible. A stronger fixation of Arsenazo Il is due to an
increase in the number of acid arseno groups in its composition. Thus, an increase in the
number of negatively charged groups leads to stronger bonding due to the formation of

a greater number of electrostatic bonds with the guanidine groups of SiO,-PHMG.



In both cases, the reagents are fixed rather firmly on the surface of SiO,-PHMG,
which makes it possible to use these adsorbents for the solid-phase extraction of

lanthanide ions from weakly acidic and highly saline solutions.

3.2 Characterization of SiO,-PHMG-Ars

The advantage of the proposed method for modifying the surface of the adsorbent is that
the properties of the reagent, which is fixed on the surface, remain almost unchanged.
This is confirmed by the overlapping of the UV-Vis spectra of the reagents in solution
and the diffuse reflectance spectra on the SiO,-PHMG surface (Fig. 4). Such an
overlapping of the spectra indicates the preservation of the chromophore properties of
the reagents during their fixing on the surface of SiO,-PHMG."

Figure 5 shows the IR spectra of SiO,, SiIO,—PHMG, Arsenazo 111, and SiO,—
PHMG-ArsIII. The FT-IR spectra of SiO, and SiO,—PHMG are almost identical. A
wide intense band at 1107—1110 cm* corresponds to Si-O-Si vibrations, and a band
with a maximum at 1640 cm™ corresponds to deformation vibrations of OH groups of
adsorbed water. Besides the indicated bands, the FT-IR spectrum of the SiO,-PHMG-
ArslI1 adsorbent contains bands at 1485-1487 cm™, which corresponds to vibrations of
the -N = N—, 918-920 cm™ to — As=0, and 635-665 cm™ to — As-O. Similar bands are
observed in the FT-IR spectrum of Arsenazo 111, which confirms the fixation of the

reagent on the surface of SiO,-PHMG.

3.3 Optimization of the conditions for solid-phase extraction of the REE in the

batch mode

Lanthanides are quantitatively extracted (95-99%) by SiO,—PHMG-Arsl adsorbent at
pH 5.5-7.0, and SiO,—PHMG-ArsllII at pH 2.0-6.0 (Fig. 6). As can be seen from the

figures, SIO,—PHMG-ArslII extracts lanthanides from more acidic solutions compared



to SiO,—PHMG-Arsl, which is in good agreement with the published data on the
optimal pH range for the formation of complex compounds of lanthanides with
Arsenazo reagents in solutions [32-33].

The time of attainment of adsorption equilibrium depended on the initial REE
concentration and was 5 min (Cree<5 mg L™) and 15 min (Cree>5 mg L™?). Kinetic
dependences were analyzed by an example of Sm(I11) adsorption by the proposed
adsorbents using pseudo-first and pseudo-second-order models (Table 2).

The adsorption of Sm(111) by both adsorbents is better described by the kinetic
model of the pseudo-second order.

The adsorption capacity of SiO,—PHMG-Ars adsorbents for La(l11) and Sm(I11)
was determined from horizontal sections of adsorption isotherms (Fig. 7) and was 19
and 9 pmol g* for SiO,—PHMG-Arsl and SiO,~PHMG-ATrsl1, respectively. The
adsorption capacity of the studied adsorbents for La(l1l) and Sm(I11) was determined,
since they represent light rare earth elements (LREE) and middle rare earth elements
(MREE), respectively.

A comparison of the adsorption capacity for La(lll) and Sm(lll) with the
adsorption capacity for Arsenazo | and Arsenazo Il suggests that in the case of both
adsorbents complexes of the composition Me: R = 1: 1 are formed on the surface;
complexes of a similar composition are formed in solution [32-34]. REE form more
stable complexes with Arsenazo Il than with Arsenazo | [34], which affects the
distribution constants during their solid-phase extraction using SiO,-PHMG-Ars
adsorbents. The distribution coefficients for La(lll) and Sm(I11) were 2.9-10°, 5.6-10°
cm® g™ for SiO,-PHMG-Arsl, and 2.2-10% 4.6-10% cm® g™ for SiO,-PHMG-ArslII.

The experimental adsorption isotherms of La(lll) and Sm(I11) using SiO,-

PHMG-Ars were analyzed using the Langmuir and Freindlich models (Table 3).



In all cases, adsorption isotherms were better described by the Langmuir model, which
indicates that adsorption proceeds as a monolayer on the energetically uniform surface.

It is proposed to use the prepared adsorbents for the preconcentration of REE
from lignites and products of their processing; therefore, the extraction of
accompanying metal ions (Fe(l11), Cu(ll), Pb(11), Zn(I1), Mn(11), Ni(I1)), Co(ll), Fe(ll),
Na(l), K(I), Mg(ll), Ca(ll), Sr(l11)) was studied.

Most ions of non-ferrous and heavy metals were quantitatively extracted (95-
99%) by the studied adsorbents at pH> 5.0, which allows effective separation of REE
from them. An exception was Fe(l11), which was recovered at pH 3.0-4.0. To eliminate
the interfering effect of Fe(l1l), a 1 M hydroxylamine solution was added to the initial
mixture of metal ions, which reduced Fe(l11) to Fe(l1), and Fe(ll) was extracted by the
studied adsorbents at pH> 5.5. Alkali and alkaline earth metal ions were extracted (3-
5%) by SiO,-PHMG-Ars at pH> 7.5. SPE of REE (0.1 g SiO,-PHMG-Ars, pH 3.5) was
not affected by 10°-fold excess of alkaline metals, 10*-fold excess of alkaline-earth
metals, and salt background up to 10 g L™ for Na;SO4 or NaCl.

Despite the fact that the adsorption capacity of SiO,-PHMG-Arsl for REE is 2
times greater than the capacity of SiO,-PHMG-Arslll, it is more appropriate to use an
adsorbent modified with Arsenazo I11, since quantitative separation of REE from
accompanying non-ferrous and a number of other metals was achieved in a slightly

acidic conditions (pH 2.5), a significant recovery of which was observed at pH> 5.5.
3.4 Optimization of the conditions for the REE ions solid-phase extraction in
the dinamic mode

The conditions for the dynamic SPE of REE ions using proposed adsorbents were

studied.



For the SPE of REE in dynamic mode, the pH range was selected, similar to the
quantitative extraction in the batch mode, pH 2.0-6.0. The optimal flow rate of solutions
containing REE through a column filled with 0.1 g of SiO,-PHMG-ArslI1 was 1-2 mL
min™ (Fig. 8).

The total dynamic capacity of SiO,-PHMG-Arsl I for Sm (111) was ~ 9 umol g™,
which correlates with the adsorption capacity in the batch mode.

When passing solutions with a low REE content (0.1 mg L™) through a column
filled with SiO,-PHMG-Arsl 1 with a flow rate of 1 mL min™, metals are not detected in
the effluent even after passing of 1 L of the solution.

In the dynamic mode, quantitative desorption (99%) of REE from the surface of
SiO,-PHMG-Arsl 1 was achieved by passing of 10 mL of 1-2 M HNO3 (HCI) with a
flow rate of 1 mL min™ (Table 4).

The degree of desorption of Sm(I11) increases with increasing concentration of
acid. Subsequently, 2M HNO3 was used for the desorption of REE from the surface of
the adsorbents, and partial desorption of the reagent from the surface also occurred.
Arsenazo completely desorbed from the surface during the treatment with hot 6M
HNO;3; (HCI), but the PHMG layer remains on the surface of the adsorbent. Such a
strong fixation is explained by the fact that the polymer formed many multicenter
intermolecular bonds with the surface of silica. Therefore, SiO,-PHMG can be re-
treated with an aqueous reagent solution and used for SPE of REE. Adsorbents can
withstand at least 6 cycles of sorption-regeneration without reducing the adsorption

capacity.

3.5 Extraction of REE with SiO,-PHMG-ArslII from lignites and their ashes

Due to the relatively small adsorption capacity of SiO,-PHMG-Arslll for REE, it is

possible to use of the proposed adsorption materials in analytical practice for



preconcentration of REE and their separation from accompanying metal ions before
their determination.

In laboratory analysis, it is necessary to carry out preliminary separation and
preconcentration, since the matrix components of the samples have a significant effect
on the further determination of REE using ICP-MS.

SiO,-PHMG-Arsl I was successfully used for preconcentration of REE from
solutions after digestion of lignite and its ash. The results of the determination of REE
in lignites and their ash are given in Table. 5.

The REE content in lignites is relatively low, however, after burning lignite, the
content of rare earth elements in ash increases by about 20 times (Table 5), and is 0.25

%(w/w) (2500 g t™), which allows us to consider lignite ash as a raw material of REE.

4. Conclusion

The developed silica based adsorbents, sequentially modified with polyhexamethylene
guanidine and Arsenazo | or Arsenazo Il1, allow the quantitative extraction of REE ions
and their separation from non-ferrous and other related metals. The method of
adsorbents synthesis is simple, uses aqueous solutions of widespread and available
reagents. Organic reagents retain their chromophore and complexing properties after
fixing to the surface. The use of a dynamic mode of adsorption allows SPE of REE ions
from the bulk solutions. The proposed adsorbents can be used for preconcentration and

subsequent determination of REE in other complex solutions.
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Figure caption

Figure 1. The scheme of the silica based adsorbent, modified with polyhexamethylene
guanidine and Arsenazo Il

Figure 2. The dependence of Arsenazo | (1) and Arsenazo Il (2) extraction by the
SiO,-PHMG vs. concentration of HNO3 and pH (0.1 g of SiO,- PHMG adsorbent,
Carsenazo = 1:10® M, V = 10 mL, contact time 10 min)

Figure 3. Adsorption isotherms of SiO,-PHMG for Arsenazo | (1) and Arsenazo 111 (2)
(V =10 mL, 0.1 g of adsorbent, contact time 10 min, pH 4.5)

Figure 4. UV-Vis spectrum (2) of an aqueous solution of Arsenazo | (a) and Arsenazo
I11 (b) and diffuse reflectance spectrum (1) of SiO,-PHMG-ArsI (a) and SiO,-PHMG-
Arslll (b) with photographs of the cuvette with solution and of the adsorbent under an
optical microscope

Figure 5. FT-IR spectra of SiO,, SiO,—PHMG, Arsenazo 11l and SiO,—PHMG-ArslI|
Figure 6. The dependence of REE extraction by the SiO,-PHMG-ArsI (a) and SiO,-
PHMG-ArslII (b) vs. pH (0.1 g of SiO,- PHMG adsorbent, Cree = 0.1 mg L™, V = 10
mL., contact time 10 min)

Figure 7. Adsorption isotherms of SiO,-PHMG-Arsl (1) and SiO,-PHMG-ArslII (2) for
La(l11) (a) and Sm(I11) (b) (V =10 mL, 0.1 g of adsorbent, contact time 30 min, pH 5.5
(Al), pH 2.5 (Alll))

Figure 8. Effect of the flow rate on the Sm(lll) (a) and group of REE (b) SPE using
SiO,-PHMG-ArsllI-packed column (Csy=5.5 mg L*, Cree=35 mg L*, 0.1 g of

adsorbent, pH 2.5)



