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ARTICLE INFO ABSTRACT

A new metallosilicate based on yttrium was synthesized and characterized by XRD, FT-IR, 2°Si MAS-NMR, and
Keywords: 8%Y MAS-NMR. The mixed framework of the material was confirmed by the detection of distinct chemical shift
Yttrium silicates groups using 2°Si MAS-NMR (at -82 to -87 ppm, -91 to -94 ppm, -96 to -102 ppm, and -105 to -108 ppm), as well
291 as four distinct chemical shifts in the °Y MAS-NMR spectrum (at -89, -142, -160, and -220 ppm). Adsorption and

Editor: Yunho Lee

Y MAS-NMR kinetic analyses indicated the potential of the new material for the removal of lead and cadmium from aqueous
Adsorption media. The adsorption results for lead indicated that dynamic equilibrium was reached after five hours, with
Chemisorption

total lead removal of around 94 %, while for cadmium it was reached in the first hour, with total cadmium
removal of around 74 %. The adsorptions of lead and cadmium were modeled using pseudo-first order (PFO) and
pseudo-second order (PSO) kinetic models. Although both models provided high R? values (0.9903 and 0.9980,
respectively), the PSO model presented a much lower szed value (4.41 X 10—4), compared to the PFO model
(2.12 x 10— 3), which indicated that the rate-limiting step was probably due to the chemisorption of lead from

Cadmium and lead remediation

the solution onto the yttrium-based metallosilicate.

1. Introduction

Heavy metals such as lead and cadmium are released from a wide
range of anthropogenic activities, reaching aquatic environments where
their presence can affect the biota and cause health problems in hu-
mans. Therefore, the removal of heavy metal pollutants from aqueous
systems has received a considerable amount of attention. Lead (Pb%%)is
highly toxic and dangerous, since it can enter the body by the re-
spiratory route or in food, subsequently accumulating and persisting in
the organism for several years. Health effects associated with Pb?*
poisoning include cancer, DNA mutations, behavioral alterations
(especially in children), liver problems, reproductive system dysfunc-
tion, and brain disorders, among others [1,2]. Contamination of the
environment by Pb?* is mainly associated with anthropic sources such
as mining, smelting, car emissions, use of pesticides, irrigation with
contaminated water, and improper disposal of industrial waste [3].

Cadmium (Cd?") can also cause serious harm to the environment
and human health, due to its toxic properties. The metal can accumu-
late in the bloodstream over long periods of time, causing poisoning
and death by reducing calcium (Ca®>*) in the bones, leading to the
development of osteomalacia and osteoporosis [4,5]. In previous stu-
dies, Pb®* and Cd** have been removed from contaminated soils and
aqueous media using different types of adsorbents [6,7] including fly
ash [8], Composites [9], kaolinite clay [10], biomass [11], red mud
[12], microorganisms [13,14], natural zeolites, and other low cost ad-
sorbents [15,16].

Zeolites are crystalline microporous materials, based on alumino-
silicates, with well-defined pore structures built of [Si04]1*~ and
[AlO,4]% tetrahedra, generally with diameters smaller than 10A and
containing active sites that can be generated in the zeolite framework
[17]. Depending of the zeolites chemical composition, different pore
sizes, acidity, basicity, thermal resistance, and selectivity ion exchange,
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as well as different specificities of the active catalytic sites can be
formed. These properties have direct dependence on the conditions of
the synthesis and the way that it is performed. The materials are usually
synthesized by hydrothermal sol-gel reactions, under specific condi-
tions of temperature and pressure, with the pH controlled to fine-tune
the final properties of the silicates. The strength and concentration of
the active sites, surface area, and the adsorption properties can be
tailored for specific applications, particularly in catalysis and for en-
vironmental remediation [18-21]. The substitution of Si or Al atoms of
the zeolite crystallographic network by other transition metals (such as
Ti, V, Zr, Ge, Nb, Y, Cr, and Mo) results in zeolites with different
physicochemical characteristics, including porosity, channel, and cavity
topologies [22].

Among the microporous materials with mixed frameworks, titano-
silicates such as ETS-10 and ETS-4 have been widely employed in heavy
metal removal [23-25]. In contrast, natural yttrium silicates have been
studied in terms of their structural and physicochemical properties, but
there has been little systematic investigation of their potential as ad-
sorbents for environmental remediation. Concerning this application,
few works have been mentioned about minerals with both tetrahedral
silicon and octahedral yttrium spirals include sazykinaite
(NasYZrSigO15.6H0) [26], pyatenkoite (NasYTiSigO15.6H,0) [27],
monteregianite (NasK5Y»Si;6038.10H,0) [28], and synthetic yttrium
silicates include AV-1 [22], (Rb, Cs)gY;Siz4Og3, RbgY;Siy4O¢s3, Ba-
KYSi>0, and Cs3YSigO19 [29,30].

In this work, a novel yttrium silicate was synthesized in a facile and
straightforward method and fully characterized by XRD, FT-IR, BET,
295i MAS-NMR, #°Y MAS-NMR and its adsorption proprieties were also
studied for the removal of Pb>* and Cd®>* of ions from aqueous
medium.

2. Experimental
2.1. Yttrium silicate synthesis

The source of yttrium used in this work was YPO, (Aldrich). NaOH
(Merck) and KOH (Synth) were used as alkaline agents. The silicon
source was Ludox HS-30sodium silicate solution (27 % w/w SiO,,
Aldrich). NaCl (Aldrich) was used as a stabilizing agent. The material
was synthesized using 1.05g YPO,, 0.24 g KOH, 0.39g NaOH, 0.23 g
NaCl, 18.91 g H,0, and 5.19 g Ludox HS-30. First, a solution (solution
A) was prepared by mixing together 10 g of H,0O, 0.24 g of KOH, and
0.39g of NaOH, under magnetic stirrer until complete dissolution.
Ludox HS-30 (5.19 g) and NacCl (0.23 g) were then added to solution A,
under constant stirring until the NaCl crystals had completely dissolved.
Another solution (solution B) was prepared with 8.91 g of H,O and
1.05g of YPO,, under constant stirring until the phosphate was solu-
bilized. The last step was to mix the two solutions, followed by stirring
for 1h, at room temperature. The final pH of the mixture (solution
A + B) was ~13 and the resulting gel showed a white color. At the end
of this step, the gel was transferred to a Teflon jacket, which was placed
in an autoclave reactor and heated in an oven (model 315 SE, FANEM,
Brazil) for 6 days at 230 °C. The resulting solid was washed and filtered,
at room temperature, using deionized water, followed by drying in an
oven at 60 °C for 12h. The as-synthesized material was denoted MYS
(Metallo-Yttrium Silicate).

2.2. Adsorption experiments

Cadmium and lead solutions were prepared by dissolving cadmium
chloride CdCl, and lead(II) nitrate Pb(NO3), (Merck, Brazil) in distilled
water. Both solutions were prepared at concentration of 0.05 and
0.1 mol L™, The initial pH values of the prepared salts solutions were
1.74 (CdCl,) and 3.70 (Pb(NO3),), while typical pH value for the yt-
trium silicate in aqueous medium (0.5 g/ 15 mL) was around pH = 9.7.
No pH adjustments were carried out at the beginning or during the
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Kinect studies. Kinetic adsorption assays were performed using a batch
system. All the experiments were performed in duplicate. For this
purpose, 0.5 g of the MYS was placed in contact with 15 ml of salt so-
lution. The mixture was shaken in an orbital shaker (model BT 400,
Biothec, Brazil), at 120 rpm and 22 — 23 °C. The contact times employed
were 30, 60, 120, and 240 min (for [CdCl, or Pb(NO3)5]o = 0.10 mol
L™1, and 60, 120, 240, 300, 360, 420, and 480 min (for [CACl, or Pb
(NO3)2lo = 0.05mol L™1). The ion-exchanged MYS was separated by
filtration using filter paper (slow filtration for fine precipitates, 3 pm
pore size), with ash content of 0.00012 g (Millipore, USA), employing a
vacuum system. The ion-exchanged materials were denoted MYS/Cd
and MYS/Pb. The filtrate was collected and reserved for subsequent
determination of the concentrations of Pb** and Cd®* ions by in-
ductively coupled plasma optical emission spectroscopy (ICP-OES,
model Optima 7000DV, PerkinElmer, USA). The samples were prepared
separately for each contact time, using the same initial metal con-
centration.

2.3. Physicochemical characterization

Powder X-ray diffraction (XRD) analyses were performed using a
Rigaku Miniflex II diffractometer operating at 30 kV and 15 mA, with a
nickel filter and Cu Ka radiation (.. =1.5418 f\). The diffraction pat-
terns were obtained in the 26 range from 3° to 60°, at a scan rate of 2°
(206) min~!. For step-scan analysis, the scan rate was 0.1° (260) min~ L.
Scanning electron microscopy (SEM) images were recorded at the
Brazilian National Nanotechnology Laboratory (National Center for
Energy and Materials Research), in Campinas (Sao Paulo State), using a
Phillips XL30 FEG instrument operating with electron beam voltages
from 5 to 25kV. Additional analyses were performed at LCE-DEMa
(UFSCar, Sao Carlos, Sao Paulo State), using an FEI Inspect S50 scan-
ning electron microscope operated with an electron beam voltage of
25kV.

Fourier transform infrared spectroscopy (FT-IR) analyses were per-
formed using a spectrometer (model Frontier, PerkinElmer, USA)
equipped with an ATR germanium crystal. The spectrum was analyzed
in the region from 600 to 4000 cm ™. The concentrations of cadmium
and lead were determined by ICP-OES (Optima 7000DV, PerkinElmer,
USA). Calibration solutions were prepared by dilution of certified
cadmium and lead standard solutions (Johnson Matthey, UK). The
wavelengths (\) used were 228.802 nm (cadmium) and 220.353 nm
(lead). The plasma views were radial (cadmium) and axial (lead). The
results were expressed as the average of duplicate measurements. The
textural properties of the solid samples were analyzed at —196 °C,
using an adsorption analyzer (ASAP 2020, Micromeritics). For this
purpose, ~0.2 g of the sample was degassed at 150 °C, for 24 h, and the
specific surface area was obtained by the BET method. The total pore
volume was calculated according to the amount of adsorbed N,.

2.4. 2°Si MAS-NMR and 8°Y MAS-NMR

The ?°Si MAS-NMR experiments were performed using a two-
channel spectrometer (Avance III 400 MHz, Bruker) equipped with a
7 mm (low gamma) probe. The spectra were obtained at 79.5 MHz, in a
9.4 T magnetic field, at room temperature, using 90° pulses of 4 s
duration, with 10s delay, 4096 scans, 32kHz spectrum length, and
4096 points. The chemical shifts were obtained using a kaolin standard
at —91.1 ppm. A sample of YF; was used to obtain the %°Y spectrum,
applying a 90° pulse of 10.5 ps duration.

Chemical shifts were referenced to the YF; resonance centered at
—108.7 ppm. Magic angle spinning (MAS) experiments were performed
with a rotation speed of 5kHz, with no need for hydrogen decoupling,
because heteronuclear dipole coupling was insignificant, due to the
large inter-nuclear distance between the %°Y and 'H atoms, together
with a small 8°Y ratio. For the MYS sample, three spectra were acquired
and summed, with repetition times and averages, respectively, of 120 s
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and 1280, 240 s and 1280, and 30 s and 1782. For the MYS/Cd sample,
a measurement was performed with repetition time of 120s and
average of 2650. For MYS/Pb, two spectra were acquired and summed,
with repetition times and averages, respectively, of 240 s and 2560, and
120 s and 2560.

2.5. Data evaluation

The uptakes of cadmium and lead by the MYS in the batch ad-
sorption experiments were determined using the following equation:
%4
=(C,— C)—
Q=G -0 o
where Q is the uptake of the metal (mmol. gfl), C, is the initial metal
concentration in solution (mmol.L 1), C is the equilibrium concentra-
tion in solution (mmol.L ™), V is the solution volume (L), and m is the
MYS mass (g).”

2.6. Kinetic data

The adsorption of Pb®* on the MYS was modeled using pseudo-first
order (PFO) and pseudo-second order (PSO) kinetic models. The PFO
model [31] is given by:

q, = q,[1 — exp(=k1)] )

where ¢, and g, are the amounts of solute (mmol) adsorbed per gram of
adsorbent at any time and at equilibrium, respectively, and k; (min~1)
is the PFO rate constant. The PSO model [32] is given by:

kzqezt

4= 1+ kzqe[

3

where k; (g. mmol !, min~?) is the PSO rate constant.
2.7. Error evaluation

The batch experimental adsorption data were modeled by nonlinear
regression analysis, using Origin Pro ® 9.1 software with the kinetic
models. The Levenberg-Marquardt iteration algorithm and weighted
nonlinear regression were employed, with reduced chi-square (X?ed) as
the objective function [33].

3. Results and discussion
The XRD pattern of the as-synthesized MYS material is shown in

Fig. 1. A careful comparison was made of the diffraction peaks observed
for MYS and for other natural yttrium silicates reported in the

l
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literature, including sazykinaite [26], pyatenkoite [27], and monter-
egianite [28], as well as synthetic materials such as AV-1 [22], and a
different XRD pattern were assigned (Fig.1 red arrows). Indexation of
the main diffraction peaks, using TREOR software [34], resulted in a
monoclinic unit cell (a =13.26 /0\; b =9.25 f\; c =12.37 1°\; a = 90°
y = 90% = 114.76°). The unit cell was similar to the one reported by
Ghose et al. [28] for the natural yttrium silicate monteregianite, which
also has a monoclinic unit cell (a =9.512A; b =23.956 A; ¢ =9.617 A;
a=90% y=90% P =93.85). According to the crystallographic
structure reported by Ghose et al. [28], the crystal structure of mon-
teregianite consists of two different types of layers alternating along the
[010] direction: (a) a double silicate sheet, where the single silicate
sheet is of the apophyllite type, with four- and eight-membered rings,
and (b) an open octahedral sheet composed of [YOg] and three distinct
[NaO4(H,0).] octahedra. The layers are parallel to the (010) plane. The
K atoms are ten-coordinate and the six water molecules are located
within large channels formed by the planar eight-membered silicate
rings. In principle, sodium and potassium can be replaced by other al-
kali metals using ion exchange procedures, under appropriate experi-
mental conditions. In order to investigate this possibility, ion exchange
experiments with lead (Pb%2™) and cadmium (Cd?>*) were conducted
with the as-synthesized MYS materials, according to the experimental
conditions described in Section 2.2. The effects of the ion replacements
on the original crystallographic structure of the as-synthesized material
are shown in Fig. 2.

The XRD patterns for MYS/Pb and MYS/Cd showed that the ion
exchange drastically changed the original structure. In the case of MYS/
Pb, it can be observed that peaks originally present in the as made MYS
at 20 = 12.60, 14.30, 16.01, 20.07, 23.67, 28.85, 32.30, 34.90, 42.04,
and 51.70° were absent (Fig. 2, absent diffraction peaks highlighted in
blue arrows). Meanwhile for MYS/Cd, the main absent diffraction peaks
were the ones originally present at 26 = 12.60, 14.30, 16.02, 23.96,
28.89, 29.90, and 33.72° (Fig. 2, absent diffraction peaks highlighted in
red arrows). The drastic changes observed in the XRD patterns of MYS
after ion exchange suggest that the presence of these species modified
the MYS structure evidencing a high affinity of the material for Pb>*
and Cd**.

The effect of the ion exchange on the morphology of the as-syn-
thesized MYS was investigated by SEM analysis (Fig. 3). The as-syn-
thesized MYS is formed by well-defined crystal platelets around
10—50 um in size (Fig. 3a,b) typical of layered materials. After the ion
exchange, MYS/Pb and MYS/Cd (Fig. 3c and d) derivatives still re-
tained some of the original morphology, although it could be seen that
the ion exchange led to the formation of debris fibers on the surfaces of
the crystals.

The FT-IR spectra of the as-synthesized MYS material and the ion-

- MYS

30

26(°)

60

Fig. 1. XRD pattern of the as made yttrium silicate material (MYS). The arrows indicate the new diffraction peaks present only in the MYS material in comparison

with other yttrium silicate reported in the literature [28-30].



V. Litrenta Medeiros, et al.

Journal of Environmental Chemical Engineering 8 (2020) 103922

—MYS/Cd

—MYS/Pb

o 1 2 30 9 0 e
26(°)

Fig. 2. XRD patterns of the as made yttrium silicate (MYS) and its cadmium (MYS/Cd) and Lead (MYS/Pb) derivates. The arrows highlight the absent diffraction

peaks originally present in MYS material.

exchanged MSY/Pb and MYS/Cd derivatives are shown in Fig. 4. MYS,
MYS/Pb, and MYS/Cd showed absorption bands at 3448, 3622, 1634,
1200, 1000, 994, 781, 692, 515, and 455 cm ™. The absorption bands
located in the 3400 —3600 cm ™! region were mainly associated with
the silanol groups Si—OH. The bands at 1172, 1028, and 935 cm !
were associated with asymmetric stretches of the framework atoms,
while the bands at 755, 690, and 610 cm ™! corresponded to symmetric
stretches. The 450cm ™' absorption band could be attributed to
bending vibration at the Si(4Si) sites in the SiO, tetrahedron [22] The
most relevant difference was observed for MYS/Pb, for which an ab-
sorption band at 1383 cm ™! which could attributed to the formation of

5.0kV X2,000 10wn WD 11.9mm

lead oxide hydroxide clusters such [Pb;(OH)4] %, and [Pb4(OH),]*" as
commonly found in the zeolite cavities [35-39]. The FTIR differences
between MYS and MYS/Pb could be related with the high adsorbed
amount of Pb%™ ions (see Fig. 11) by the materials. The MYS/Pb and
MYS/Cd materials showed decreased intensities of the adsorption bands
at 935 and 450 cm ™' compared to the as-synthesized MYS, which re-
flected the modification associated with asymmetric stretches and
bending vibration between atoms of the SiO, tetrahedron of the yttrium
silicate framework. Briefly, the experimental evidences provided by FT-
IR, XRD and SEM data corroborate the drastic structural changes of the
original yttrium silicate caused by the Pb and Cd ions adsorption

WD 11.9mm

5.0V X2,000 4 .

Fig. 3. SEM images of (a, b) the as-synthesized MYS, (c) MYS/Pb, and (d) MYS/Cd.
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Fig. 4. (a) FT-IR spectra of MYS (black line), MYS/Cd (red line), and MYS/Pb (blue line), in the region 400-4000 cm™ L (b) Magnification of the bands in the region

400-1800 cm 1.

experiments.

The porosities of the as-synthesized MYS and the ion-exchanged
derivatives (MYS/Pb and MYS/Cd) were investigated using N, ad-
sorption/desorption experiments (Fig. 5, Table 1). All the materials
presented type II isotherms with H3 hysteresis, indicating the presence
of macropores. According to the IUPAC classification, a hysteresis loop
between the adsorption and desorption branches is characteristic of
macroporous materials. The calculated surface areas of 3.0, 2.8, and
19.0m? g~ ! for MYS, MYS/Pb, and MYS/Cd, respectively, were in good
agreement with the values reported for other synthetic yttrium silicates.

Table 1
Porous characteristics of the pristine yttrium silicate and the materials after
adsorption of the cations.

Material BET surface area Total pore volume Pore width
(m*g™h (em®*g™h (nm)

MYS 3.00 =1 0.054 = 0.01 70.0

MYS-Cd 190 £ 1 0.097 = 0.01 20.0

MYS-Pb 280 =1 0.084 = 0.01 121.5

70

{ —4a— MYS/ICd
—eo— MYS/PD
—8— MYS

N
o
1

S 8 & 3

Amount Adsorbed (cm® STP/g)
=3

. _A_A-Aéﬂtxﬁmm"
0 .: —6—g-scmensa—naomon

e

]
0.0 0.2 04

0.6 0.8 1.0

Relative pressure (p/p°)

Fig. 5. Nitrogen adsorption-desorption isotherms for the pristine yttrium silicate and the materials after adsorption of Pb>* and Cd>* cations.
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Fig. 6. 2°Si MAS-NMR spectrum of the as-synthesized metallo-yttrium silicate (MYS).
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Fig. 7. %Y MAS-NMR spectrum of the as-synthesized metallo-yttrium silicate
(MYS).

The 2°Si MAS-NMR spectrum for the MYS material (Fig. 6) showed
four groups of resonances, in the ranges -82 to -87 ppm, -91 to -94 ppm,
-96 to -102 ppm, and -105 to -108 ppm. The chemical environment
observed for MYS was quite different from the one reported previously
for the AV-1 yttrium silicate, which presented only two resonance

groups, in the ranges -96 to -102 ppm and-105 to -108 ppm [40,41].
Therefore, the presence of the two extra resonance groups with che-
mical shifts in the ranges -82 to -87 ppm and-91 to -94 ppm, observed
for MYS, corroborated the XRD data indicating that MYS was an yttrium
silicate with a crystallographic structure different from those reported
previously. The assignments of the MYS chemical shifts were performed
considering the well-known correlation between the 2°Si chemical shifts
and the Si-O bond lengths in silicates.

The chemical shifts at -105 and -108 ppm could be assigned to Si
(4Si) sites, corresponding to a chemical environment with one Si atom
linked to four other Si atoms by oxygen bridges. Based on the results
reported by Rocha et al. [22] for the AV-1 yttrium silicate, it was rea-
sonable to assign the chemical shift at -102 ppm to the Si(3Si, 1Y) site.
The assignment of the other peaks at high frequency was more difficult,
because MYS has more distinct Si sites, compared to AV-1, as clearly
shown by the 2°Si MAS-NMR spectra [22].

The #Y MAS-NMR spectrum of the as-synthesized MYS presented
four chemical shifts, at -89, -142, -160, and -220 ppm (Fig. 7). It should
be noted that, to the best of our knowledge, there is no report in the
literature describing the 8°Y MAS-NMR spectra for monteregianite and
the AV-1 yttrium silicate. According to the crystallographic structure of
monteregianite, there is only one octahedral coordinated yttrium site
(YOg) [42], which could be assigned to the chemical shift at -89 ppm.
However, correct assignment of the signals at -142, -160, and -220 ppm
is not straightforward without knowledge of the crystallographic
structure of MYS. Nevertheless, the chemical shifts at -142, -160, and
-220 ppm could be related to yttrium species that did not have octa-
hedral coordination, since the chemical shift increases as the yttrium

(a)

11

(b)

»
S
) 2
A Il A ' A I ™ 1 " 1 " [l 2 [l A 1 A ' A 1 A ] A 1 2 1 2 1
500 400 300 200 100 0  -100 -200 500 400 300 200 100 0  -100 -200
3 (*Y) ppm 3 (®Y) ppm

Fig. 8. (a) #Y MAS-NMR spectrum of (a) MYS/Cd and (b) MYS/Pb.
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Fig. 9. Effect of the contact time on the adsorption of Pb** and Cd*>* onto MYS.
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Fig. 10. Temporal profiles of pH during the adsorption experiments. The initial pH values of the prepared solutions were 1.74 (CdCl,) and 3.70 (PbNO3),. [CdCl, or

Pb(NO3),] = 0.05mol L™!; () cadmium; (A) lead.

coordination number decreases [43]. Therefore, these chemical shifts
could be explained by the existence of yttrium species with greater
coordination than the octahedral yttrium present in monteregianite,
surrounded by seven or eight oxygen atoms in the structure. It is pos-
sible that sodium atoms were attached to the yttrium atoms by oxygen
bonds, so consequently changes would be expected in the 5°Y MAS-
NMR spectrum after ion exchange with cadmium and lead cations.
Fig. 8 shows the 8Y MAS-NMR resonance spectra for the MYS/Cd
and MYS/Pb samples. Chemical shifts at -169 ppm (MYS/Cd - Fig. 8a)

and -205 ppm (MYS/Pb - Fig. 8b) were equivalent to those observed for
the as-synthesized MYS (at -160 and -220 ppm - Fig. 7). The previous
chemical shift located at around -89 ppm remained the same in the
MYS/Cd spectrum and was slightly shifted to -81 ppm in the MYS/Pb
spectrum, indicating that the main octahedral yttrium sites were still
present in the crystal structure. However, two distinct chemical shifts
appeared at -10 and -11 ppm, compared to the °Y MAS-NMR spectrum
for the as-synthesized MYS material. Therefore, it could be concluded
that lead and cadmium entered the sites previously occupied by sodium
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Fig. 11. (a) Comparison between Kinect essays using a [Pb(NO3),] solution with initial concentration of 0.05 and 0.1 mol L.~ ! and (b) Experimental data and kinetic
model fits for the adsorption of lead onto the metallo-yttrium silicate. [Pb(NO3),] = 0.1 mol L™ 1. black line: pseudo-first order (PFO) model; red line: pseudo-second

order (PSO) model. All runs were performed in duplicate.

in the as-synthesized metallo-yttrium silicate structure, causing a sig-
nificant change of the chemical environment around the yttrium nuclei.

The uptake amount (Q) of Pb>* and Cd** ions by the MYS as a
function of time (initial concentrations of both solutions = 0.05 mol
L.™1) is shown in fig. 9. It is noted that the amount of the toxic metals
uptake by MYS increases in function of time until reached the

equilibrium. The first hour of Kinect essay (Q;p — see Fig. 9) is crucial
for the amount adsorbed of theses metal species, which demonstrated a
fast and high Pb** (Qi;, =1.37mmolg™ ') and for Cd** (Qi
=0.75mmol.g ~ 1) removal from aqueous solution. The initial adsorp-
tion is probably due to the abundant availability of adsorption sites and
the higher concentration gradient that drives diffusion of Pb®* and
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Table 2
Kinetic parameters of pseudo-first-order and pseudo-second-order models® for
the adsorption of Pb*>* onto MYS.

Model Parameter Data
Pseudo-first order kinect model ky (min~1) 2.0

Qeq, Pb,calc (mmol. g~ 1) 1.88

R? 0.9903

X4 212 x 1073

k, (g. mg~ . min"?) 2.2
Pseudo-second order kinect model Qeq,Pb,cate (mol. g 2.10

R? 0.9980

XZa 4.41 x 107*

2 Qe,pb, exp (mmol. g 1) and Qe pp, catc (mmol. g~ 1) are the amounts of the metal
ions adsorbed onto MYS at equilibrium for experimental and calculated and, k;
(L.min"") and k, (g. mg~'. min~!) are the rate constants of the first and

second order models, respectively.

Table 3
Previously reported maximum adsorption capacities of the various layered
mineral adsorbents for Cd(II) and Pb(II) at room temperature.

Adsorption capacity
(mmol. g~ D)

Adsorbent cd Pb Ref
Phosphate rock 0.09 0.06 [45]
Vermiculite 0.12 0.12 [46]
Montmorillonite 0.28 0.15 [47]1
Kaolinite 0.1 0.08 [48]
Turkish illitic clay 0.11 0.26 [49]
Metallo-yttrium silicate 0.77 1.63 This study

Cd?* ions from solution to the surface of MYS. The removal percentage
achieved by MYS reached 94 % and 74 %, respectively for Pb(II) and Cd
(II) using 0,5g of the adsorbent. Adsorbates—adsorbent interactions
reached equilibrium within 5h (MYS/Pb) and 1h (MYS/Cd). These
results demonstrated that the MYS could be applied as a promising
material for environmental pollution management i.e. efficient ad-
sorbent for removal of toxic metals from aqueous solution.

Fig. 10 shows the temporal evolution of the pH during the adsorp-
tion experiments with initial salt concentrations of 0.05mol L™'. The
pH values changed substantially after mixing the salt solutions with the
MYS, from 1.74 to 6.31 for Cd*", and from 3.70 to 5.90 for Pb®>*. No
further significant changes of pH were observed in function of time,
irrespective of the metal evaluated. For Cd**, a maximum pH differ-
ence of 6.47 * 0.66 was obtained in 3 h, providing a good indication
that the adsorption process was stable. Note that several adsorption
experiments with cadmium solution (0.05 mol.L.™!) have clearly in-
dicated that the equilibrium was quickly reached, therefore indicating
no clear trend throughout the experiments, i.e.: Qi = Qg (Fig. 9). On
the other hand, the preliminary experiments with lead were more
promising in terms of sorption capacity (Qpp, max =1.67 mmol. g !
versus Qcd, max =0.88 mmol.g_l; [Pbly and [Cd]y = 0.05mol.L™1)
compared to cadmium. Therefore, adsorption experiments with a
higher concentration of lead solution (0.10 mol.L™ 1) were carried out,
and a clear trend was revealed, as well as the experimental data were
well fitted and the kinetics modeled (Fig.11). Regarding the data set
obtained for cadmium, the kinetic modeling was not feasible.

Fig. 11 shows the adsorption of Pb%* onto MYS and the curves fitted
to the experimental data (plots of gt versus t) using the pseudo-first
order (PFO) and pseudo-second-order (PSO) Kinect models. Initially,
the rapid interaction of MYS and toxic metals is probably due to the rich
availability of adsorption sites of the MYS which create an osmotic
transport which are associated to the diffusion of Pb*>* ions from so-
lution to the surface of the material. Over the course of time, the un-
occupied vacant sites were expected to be more difficult to fill, due to
limitation of available sites of MYS for occupation and the electrostatic

Journal of Environmental Chemical Engineering 8 (2020) 103922

repulsion between adsorbed Pb?>* ions and incoming Pb>™ ions. Con-
sequently, the adsorption rate decreased until reaching the equilibrium
stage. As expected, a higher initial Pb>* concentration resulted in lower
metal removal (43 %, compared to 94 %). On the other hand, equili-
brium was reached more rapidly using a Pb(NOs), with an initial
concentration of 0.1 mol L™! (see Fig. 11a). There was no significant
change of the pH and the adsorption process was very stable during in
function of time. The pseudo-first order and pseudo-second order
models were used to evaluate the lead adsorption kinetics. The para-
meter data and predicted values are listed in Table 2.

The PFO and PSO models provided high R? values of 0.9903 and
0.9980, respectively. The adsorption of Pb** (with [Pb
(NO5)»]o = 0.1 mol.L™ 1) reached equilibrium after 180 min, which was
longer than the time of 60 min reported previously for the adsorption of
Pb2* on the ETS-10 titanosilicate [44]. The PSO kinetic model provided
higher R?, lower Xfed (2.2 x 10°®) and the Qeq,pp, calc Values estimated to
the Qeqpp, exp Values (1.63 mmol.g™"). A higher Qeqpb, cac value
(1.88 mg.g ™ ') was estimated by the PFO model. According to Ho and
McKay [32], a good fit for the pseudo-second order model suggests that
the rate-limiting step in an adsorption process is attributed to chemi-
sorption. The model results were in agreement with the physicochem-
ical characterizations performed in this work, demonstrating the
sharing or exchange of electrons between MYS and Pb** ions in aqu-
eous solution. The adsorption capacities of Pb>* and Cd>* onto various
layered materials, collected from the references [45-49] are listed in
Table 3 and the comparative results show that the adsorption capacities
of the novel MYS is greater than those reported previously.

4. Conclusions

A new metallosilicate based on yttrium was synthesized and fully
characterized by XRD, FT-IR, 2°Si MAS-NMR, and 8°Y MAS-NMR. The
mixed framework of the material was confirmed by the distinct groups
of chemical shifts observed in the 2°Si MAS-NMR spectrum (at -82 to
-87 ppm, -91 to -94 ppm, -96 to -102 ppm, and -105 to -108 ppm) and
four chemical shifts (at -89, -142, -160, and -220 ppm) observed in the
89Y MAS-NMR spectrum. The results of adsorption and kinetic assays
demonstrated the potential of the yttrium silicate for the removal of
cadmium and lead from solution. For lead, dynamic equilibrium was
reached after five hours, with removal of 94 % of the lead, while for
cadmium, equilibrium was achieved in the first hour and 74 % of the
cadmium was removed. The adsorption behavior was modeled using
the pseudo-first order (PFO) and pseudo-second order (PSO) kinetic
models. Both PFO and PSO models provided high R? values (0.9903 and
0.9980, respectively), while lower X?ed was obtained for the PSO model.
However, the estimated Qcq caic Value obtained with the PFO model was
equal to the experimental Qcq exp Value, whereas Qeq calc €stimated by
the PSO model was higher. The findings of this study indicated that the
MYS is stable and has the potential to be applied in the treatment of
aqueous solutions containing toxic metals.
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