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ABSTRACT: New water-soluble metal-polymers of poly
(acrylic acid)s (AA) with different amounts of tin (3, 5,
10, and 20 wt %) were synthesized and characterized.
The materials were characterized by 'H NMR and FTIR
spectroscopy, X-ray diffraction (XRD), specific area by
isotherm of CO,, and thermogravimetry-differential scan-
ning calorimetry (TG-DSC). The synthesized material is
crystalline and shows an average crystal size 90-130 nm
and has a high thermal stability (>200°C). Texturally,
they are complexes of small specific area, which
decreases when the crystal size increases with the tin
content. Presumably, the Sn(Il) ions coordinate through
2-4 carboxylate groups by a conventionally bidentate
structure; however, they are not symmetric. Studies have
been dedicated to support of tin in polymers to increase
its efficiency in eliminating pollutants. The tin-metal salt

is added to the poly(AA) matrix to increase its ability to
remove As(IIl) from an aqueous solution. The liquid-
phase polymer-based retention technique is applied to
retain and separate contaminants from water. The analy-
sis of As(IIl) and As(V) species was made by combining
liquid high-resolution chromatographic coupled to
hydride generation absorption atomic spectrophotometer
(HPLC-HG-AAS). All indicated that As(III) was the pre-
dominant species bound to the polymer complex for the
pH range 4-8. The polymers containing 10 and 20 wt %
Sn presented the highest retention of 70 and 90% As(III),
respectively. © 2008 Wiley Periodicals, Inc. ] Appl Polym Sci
111: 2720-2730, 2009

Key words: embrane; metal-polymer complex; polyelec-
trolytes; water-soluble polymers

INTRODUCTION

Because of the presence of pollutants in water,
adequate materials and methods to remove them
need to be found." Environmental decontamination
requires the implementation of materials that have
low operating costs and that are stable over the
time, potentially useful, and appropriate to the spe-
cific conditions in each region.

New systems, called nanomaterials,”® based on
inorganic oxides or hybrid (inorganic and organic)
materials have been studied. In general, polymers
containing metals have emerged as a new generation
of material with tremendous potential fields. Several
preparation methods* that modify morphology and
distribution particle size in the formation of nano-
structured materials have been reported.

Numerous studies of metal-polymer complex syn-
thesis were investigated.”® Poly(acrylic acid) (AA),
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poly(4-vinyl pyridine), poly(ethyleneimine), pend-
ant-type polymer-metal complexes have been stud-
ied considering constant rates of formation, the
effect of polymer ligand configuration, the metal’s
characteristics, the degree of crosslinking, and the
environmental effect of the polymer in a chemical
reaction.

The assembly of negatively charged nanoparticles
layers on adsorbed polycationic polymers films such
as poly(ethyleneimine) or poly(diallyl dimethyl am-
monium chloride) (PDDA) has been reported.7 A new
polymeric anion exchanger® contains a high concen-
tration of nondiffusible, positively charged quaternary
ammonium functional groups, on which hydrated
iron(Il) oxide were dispersed, nanoparticles.

It is well established that submicron or nanoscale
hydrated iron(ll) oxide particles exhibit high sorp-
tion affinity toward both arsenates and arsenites.
Studies have also been dedicated to support of iron
oxide particles in polymeric resins, much improving
the material’s efficiency in eliminating con-
taminants.”'’ New techniques'® of Fe™ and Fe'?
impregnation on macroporous polymeric support to
improve the specific area have been applied. Among
these, adsorption with impregnated resins and
metal-loaded chelating resins have been studied.'’
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The advantages include an easy preparation,
large binding energy, good stability, high preconcen-
tration factor, mechanical stability, and good
reproducibility.

The importance of metallic oxides in removing ar-
senic from media has been published.'”'* The
adsorption properties of these materials were meas-
ured. Arsenic fixation is highly influenced by the
metallic oxides” specific surface and crystallinity.
Amorphous iron oxides have the highest surface
area per unit mass in comparison with crystalline
forms of iron(Ill) oxides (namely, goethite, hematite,
and magnetite'”). Novel composite adsorbents that
consist of magnetite and porous resin beads'®'”
have been recently applied to eliminate arsenate
from water.

The crystalline structures of Mn oxides'® are of
environmental interest because of their adsorption
and oxidation capabilities. The most likely As(V)-
MnO, complex19 is a bidentate, binuclear corner-
sharing (bridged) complex occurring at MnO, crys-
tallites edges and interlayer domains. In the As(III)-
treated MnQO, crystallite, reductive dissolution of the
MnO,; solid during the oxidation of As(IIl) caused
an increase in As(V) adsorption when compared
with As(V)-treated MnO,. This suggested that As(III)
oxidation caused a surface alteration, creating fresh
reaction sites for As(V) on MnQO, surfaces.

Water-soluble polymers are commercially avail-
able®”™ or can be synthesized by different routes.

The objective of this article is to find a synthetic
methodology route and to evaluate the physico-
chemical properties of the water-soluble polymers
that have tin [Sn(II)] incorporated at the backbone.

Furthermore, the application of these water-solu-
ble tin polymers in conjunction with the liquid-
phase polymer-based retention (LPR) technique to
separate arsenite anions from water is performed.

EXPERIMENTAL PART
Reagents

Poly(AA) (Aldrich, Milwaukee, WI) was 35 wt % so-
lution in water, M,, 100,000. Tin chloride hydrated
salt, SnCl, x 2H,O, 99 % (Merck, Stuttgart, Ger-
many). As(Ill) (1000 mg/L) of a NaAsO, solution
(Merck,p.a) was used.

Preparation of metal-polymer compounds

Poly(AA) is dissolved in 50 mL of water. The tin
chloride solution is added to the vessel reaction in
adequate amounts to achieve 3, 5, 10, and 20 wt %
of the metal with respect to the polymer. The pH is
adjusted with NaOH solution. The presence of white
precipitate of Sn(OH), was not observed for 3, 5,
and 10 wt % tin samples. The solution gives a light-
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yellow color or remains colorless, depending on the
amount of water. This result suggests that the pres-
ence of poly(AA) would avoid oxidation and precip-
itate formation; however, the hydrolysis of tin salt
was not discarded. The reaction is maintained at 30—
35°C under shaking for 24 h.

The polymer-tin products are water soluble and
are subsequently lyophilized. Samples with 10 and
20 wt % tin were reproducible under the same syn-
thesis conditions. Furthermore, a sample with the
mole ratio poly(AA) : tin (1 : 1) was prepared using
the same procedure as previously described. On the
other hand, a mixture of tin salt and poly(AA) was
also prepared at pH 6 (10 wt % of tin) in situ in the
ultrafiltration cell. As a result, short contact times
between the tin salt and polymer were used before
the arsenite solution was added.

Moreover, the 10 and 20 wt 9% tin from
SnCl,-2H,O is put in the ultrafiltration cell, and
0.1M NaOH was added to 20 mL. At pH >2, the so-
lution began to precipitate a white milk aspect
attributed to Sn(OH)s.

Characterization

UV-vis spectrometry was recorded in Lambda 35-
Perkin Elmer; scanning range: 200-600 nm. By quan-
titative analysis, it 0.01M SnCl, at pH 2.4 was pre-
pared. Additionally, this solution was adjusted at
pH 8 with 1M NaOH, clearly observing the presence
of the white precipitate of Sn(OH),. Before spectrom-
etry measurements, the samples were filtered with
0.45-pum filter. The blank was twice-distilled water.

On the other hand, the poly(AA) with SnCl,-2H,O
(theoretical 10 wt % tin in polymer) were placed in
20 mL of water. The solutions were adjusted at dif-
ferent pH: 2, 4, 6, and 8, and kept under stirring for
24 h. Then, they were filtered with 0.45-um filter.
The blank was a poly(AA) solution in the same con-
centration of the prepared samples. The volume and
concentrations of poly(AA) and tin salt were
adjusted to a mole ratio metal-polymer : As(III)
(400 : 1) or Sn : As(Ill) (20 : 1) in the hypothetical
case that As(Ill) remained in solution. Accordingly,
the same conditions are maintained with respect to
the arsenic species retention reaction.

The Fourier transformed infrared (FTIR) spectra
were recorded with a Magna Nicolet 550 and Nexus
Nicolet spectrometers. By quantitative analysis, 1 mg
of the sample per 100 mg KBr was employed. A
total of 128 accumulative scans were applied in the
range 1300-1750 cm ™.

The NMR spectra were recorded with a multinu-
clear Bruker AC 250 spectrometer at 250 MHz at
room temperature and D,O as solvent.

X-ray diffractions were performed in Rigaku dif-
fractometer using an N filter and Cu Ko, (A = 1.5418 A)
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radiation, 40 kV and 2 mA. Operating conditions
were continuous scanning at the rate 10°/min and
for the range 20 = 0°-90°.

The thermal behavior under N, was studied with
a thermogravimetric analyzer using a TGA 625 from
Polymer Laboratories. The heating rate was 10°C/
min; the sample weight was 0.5-3.0 mg.

The total arsenic concentration was measured in
the filtrate by atomic absorption spectrometry (AAS)
using a Perkin Elmer 3100 spectrometer. The amount
retained was determined by its difference with the
initial concentration. Tin contents in samples were
evaluated in the same equipment. The samples were
dissolved in 10% HCI solution. The pH was con-
trolled by a pH meter (H. Jiirgen and Co).

Specific area measurements were made in Micro-
meritic Gemini model 2379 and adsorption volumet-
ric system with a pressure transductor MKS
Baratron 170 M. Outgassing: 100 mg of sample was
maintained under N, flow at 60°C during 4 h. The
essays were performed with CO, as adsorbate at
0°C. Assays provide a data series of adsorbed vol-
ume in (cc/g) versus equilibrium pressure. A satura-
tion pressure of 26,412 mmHg was used for CO..

LPR technique procedure

By washing method, x mmol (where x = 0.2, 1, 2, 4,
and 6) of the poly(AA)-Sn, (10 and 20 wt % Sn) with
molecular weight higher than 100,000 g/mol are dis-
solved in twice-distilled water, and the solution con-
taining 0.01 mmol of As(Ill) was added to the cell
solution. The solutions are brought to 20 mL of total
volume and the pH was adjusted by adding 0.1M
NaOH or 0.1M HCI. The washing water in the reser-
voir was at the same pH value of the cell. Further-
more, the minimum contact time of metal-polymer
with arsenic was tested for 15 min, 1 h, 2 h up to
24 h before ultrafiltration. The minimum time to
obtain the maximum retention was 2.5 h; however,
24 h was taken to ensure the retention. Filtration
runs were performed under a total pressure of 3.5
bar by using a ultrafiltration membrane with an
exclusion rating of 10,000 g/mol. The total volume
in the cell was kept constant. Fractions of 20 mL
were collected by filtration, and the arsenic concen-
tration was analyzed. Similarly, the metal-polymer
samples prepared in situ are kept in contact with ar-
senic solution at pH 8, during 3.5 and 24 h before
ultrafiltration. Also, the white precipitate of Sn(OH),
was studied by the washing method. It was placed
in contact with As(Ill) in mole ratio Sn : As(IIl) (20 :
1) at pH 4 and 8 with stirring during 24 h, prior to
ultrafiltration.

The enrichment method to determine maximum
retention capacity was also applied. The experimen-
tal conditions used were as follows: a 0.5 mM solu-
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tion of NaAsO, [37.5 mg/L As(Ill)] with 4 mmol of
poly(AA)-Sn (10 wt % tin) in 20 mL of cell, at
300 mL of total filtrate volume. One blank run, with-
out polymer, was also performed.

The determination of As(IIl) and As(V) was car-
ried out online, using a liquid high-performance
chromatography system (HPLC) (Merck-Hitachi,
model L7000) coupled to an AAS (Perkin Elmer, An-
alyst 100 model). The chromatographic separation of
As(Ill) and As(V) was performed in ion pair modal-
ity on a column RP-C18, 60 mm x 4 mm according
to conditions previously reported.” Eluted species
from chromatographic column are derivatized to ar-
senic hydride (AsHj;) with NaBH, (0.8% p/v) in
acidic media (10 % HCI) in a flow injection system
and determined online by AAS.

RESULTS AND DISCUSSION

General aspects on formation of
tin-soluble complexes

A polymer-metal complex is defined as being com-
posed of a polymer and bounded metal ions, and it
represents an attempt to give inorganic functions to
an organic polymer.® The metallic salt of tin was
synthesized with a polyanion containing carboxylate
groups as poly(AA). When the polymer ligand was
mixed directly with the metal ion, the resulting pre-
cursor principally depends on the characteristics and
number coordination of the metallic salt, the ligand
dissociation degree, and consequently on the
media’s pH, ionic strength, solvent composition, and
temperature.

When the precursor tin(I) chloride salt is in aque-
ous solution, the Sn*" cations suffer hydrolysis at
low pH values.** Hydrolysis improves in the pres-
ence of anions that can precipitate.

The hydrolysis of tin in aqueous solution yields
the following reactions in presence of 3M NaClO,:

Sn*? + H,O = Sn(OH)" + H" log K = —3.70 + 0.02

3Sn*? + 4H,0 = Sn3(OH); > + 4H" log K
= —6.80 +0.03

The hydrolysis products are SnOH", Sn,(OH) "
predominantly trimer species, and Sns(OH)y " **
because Sn'? tends to polymerize forming polynu-
clear species.

These polynuclear oxy-hydroxy complex types fre-
quently present a composition near to 3SnO x HO.
The X-ray diffraction studies showed a polyhedral
group Sn¢Og that forms a pseudocubic structure.®®
This structure contains SngO4(OH), units as octahe-
dron. The hydrate oxide is amphoteric and is
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dissolved in alkaline media. It has been proposed
that the polynuclear complex SngOgH,4 can form SnO
in the media at higher pH.****

When the polymer ligand surrounds, the metal
complex constitutes an electrostatic or hydrophobic
domain in aqueous solution.® This polymer domain
governs the metal complex’s chemical reactivity.
This phenomenon can be described as an “environ-
mental effect of polymer” in a chemical reaction.
One effect is the conformational change of the ligand
chain. The conformation of the polymer complex is
closely related to the strength of its electronegativity
domain and the reaction rate. The effects of the poly-
mer chain on reactivity are understood not only in
terms of static chemical environment but also as
dynamic effects that vary with the solution condi-
tions, such as pH, ionic strength, solvent composi-
tion, and temperature.

Polymers and copolymers of AA and its deriva-
tives are widely used as macroligands.”® The chelat-
ing process of a metal ion by a polymer may be
preceded by long-range attractive interactions. Once
the metal ion condenses on the polymer surface, it is
site-fixed by the polymer ligands as shown in
Scheme 1.

The structures (a—c) admit a degree of covalency.
The structure (d) is purely ionic. Depending on the
pH value, the organic molecule’s behavior, indicates
that the ionized poly(AA) may form complexes with
D,y or Dy, (dimmers) symmetry. At a lower pH, the
poly(AA) is not dissociated, and the dissociation
degree depends on cationic alternating environment.
It is known that organic integral polycations produce
changes in the critical pH due to poly(AA) types. At
higher critical pH values, the poly(AA) chain has a
drawn shape because of the electrostatic repulsion of
charged carboxylate groups. Thus, metal ions are
binding with either one or two neighbor groups. At
pH 4.6, according to Tsuchida and Abe,*® the macro-
molecular globule contracts and the metal ions are
able to coordinate with 2-4 carboxylic acid groups at
pKa = 5.6. In the case of poly(AA), the accepted
mechanism for this polymer-metal ion interaction
can be described as follows: positively charged tin
polynuclear species [i.e., Sn(OH)"] or tin hydrate
hydroxy can coexist at a moderately acid pH. This
form is adequate to achieve the complexation reac-
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(a) Unidentate, (b) bidentate, (c) chelating bidentate, and (d) ionic interactions.

tion of tin salt with poly(acrylate) anion at pH 5-6.
The binding is predicted by the oxygen of carboxy-
late group of polyanion with tin as shown in Scheme
1, as suggested by others authors.”” Nevertheless, it
is not discarded that unsoluble species may coexist
in solution without matrix binding. The experimen-
tal evidence provided here indicates that all poly
(AA) is bound to tin, considering the mole ratio
(1:1) of poly(AA) : Sn(Il).

Characterization

UV-vis spectrometry was used to demonstrate the
presence of complexes and compounds in the disso-
lution of tin chloride. It would show water-soluble
tin species that were present during the solid forma-
tion. Figure 1(a) shows that SnCl, at pH 2.4 main-
tains two absorption zones for soluble Sn™? species,
at 290 nm and 215 nm. When, the pH is increased to
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Figure 1 UV-vis spectra: (a) SnCl, at pH 2.4 and 8;
(b) poly(AA)-Sn(Il) (10 wt % tin) for pH 2, 4, 6, and 8.
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pH 8, the filtrated waters showed a decrease in ab-
sorbance intensity and a displacement from 290 to
297 nm of the absorption band. The band at 215 nm
maintains constant absorbance. Comparing the ex-
perimental results with data from literature,” the
authors reported (1) a predominant soluble specie
that absorbs at 290 nm and another that absorbs at
263 nm because of the aqueous Sn™2, and (2) the for-
mation of polynuclear cationic hydrolyzed species
Sn(OH)", Sny(OH),"?, Sn3(OH),"* are evidenced by
new absorption bands at 224 or 236 nm.

Figure 1(b) presents the UV-vis spectra for poly
(AA)-Sn(Il) (theoretical 10 wt %) for pH range 2-8.
The quantity of soluble Sn'? species present at
297 nm, measured in UA, increased notably because
of the presence of poly(AA) in the media. In contrast
with the aqueous media, the band at 224 nm did not
appear, and the increase in pH from 2 to 8 increased
the UA for the band at 297 nm.

Poly(AA)-Sn(Il), poly(AA), and tin(Il) chloride salt
were studied by thermogravimetry (TG) and differen-
tial scanning calorimetry (DSC) in range 25-550°C
[see Fig. 2(a—e)]. The weight loss was evaluated in
each range, and the each maximum was obtained for
DSC peak. SnCl, x 2H,O showed an exothermic
broad peak at nearly 428°C, with a 33 wt % loss, and
an endothermic peak at 248°C, with 6% weight loss.
The poly(AA) showed a well-defined endothermic
maximum at 202°C, and small exothermic peaks at
310 and 438°C, but the higher weight loss occurred in
the range 270-400°C. The poly(AA)-Sn(ll) complexes
showed two well-defined maxima in the range 385-
480°C. In this zone, the weight loss is almost constant
with tin content. It is assumed that the maximum
temperature by DSC (i.e., 470-480°C) displaced to a
higher temperature with respect to the pure tin salt
(i.e., 428°C) represents tin anchorage sites on poly
(AA) complex. The authors® have reported interest-
ing results for TG-DSC with the evaluation of IR
peaks during the thermal degradation for polyacry-
late/ZnO nanocomposites. The filler load of the com-
posite was (6.1, 14.3, and 21.1 wt % of ZnO). The
main weight loss occurred between 300 and 390°C,
and the DSC under nitrogen atmosphere showed a
maximum temperature at 410°C, which is attributed
to the decomposition of polyacrylates by surface
hydroxyl groups on the ZnO surface, catalyzing the
thermal degradation of polyacrylate.®® After this pri-
mary weight loss, the TG curves of polyacrylate/ZnO
nanocomposite films showed one additional stage of
weight loss from 390 to 470°C. This indicates a
change in the degradation mechanism, which must
be due to a chemical interaction between the filler
and the polymeric materials. The authors proposed a
mechanism for the formation of the complex by the
interaction of polyacrylate and zinc oxides particles.
The reaction could be inter- or intra-molecular.’!
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Tin contents of dissolved poly(AA)-Sn(Il) were
determined by AAS. A double synthesis of 10 and
20 wt % tin samples are showed in Table I. The eval-
uation of tin content by AAS presented good linear-
ity with R* = 0.9916.

FTIR spectra of poly(AA)-Sn (3, 5, 10, and 20 wt %
tin) materials, in the region 4004000 cm ' are
shown in Figure 3(a—d). The analysis of high zone
1400-1750 ¢cm ™' shows polymer behavior in the
presence of a metal (see Table II). The metal’s nature
is fundamental”’ because it is assumed that an
increase of covalent M-O character leads to the
higher frequency of a asymmetrical carboxyl group
and an increase in the frequency separation of the
two COQO™ stretching bands. Thus, metal anion-car-
boxylate interactions increases the effect on the
COO™ stretching frequency monodentate Vgym(+)
and Vsym(—) difference as the M-O bond becomes
stronger. In the bidentate bridging complex mode,
the difference Visym — Vsym is recognized to be
around 180 cm ™ for carboxylate groups.

The FTIR spectra of the sample prepared with a
mole ratio poly(acrylic acid) : Sn (1 : 1) indicated the
absence of v(C=0) of undissociated HCOOH at
1720 cm™' with respect to pure polyacrylic acid.
The presence of a strong band with a maximum at
1576 cm™ ! of Vasymm(COO™) is discerned in the spec-
trum, and at 1395 cm ™' of the correspondent sym-
metric carboxylate (it is not shown in figure). Based
on these results, it is possible to suggest that under
these synthesis conditions, the coordination of car-
boxylate groups with tin (II) salts should be
possible.

The spectrum of poly(AA)-Sn(Il) presents symmet-
ric stretching vibrations veym,(COO™ ) at 1405 cm !
and stretching asymmetric vibrations Vasymm (COO™)
at 1600 cm ', maintaining some free carboxylate
COO™. The difference was detailed by applying
FTIR (128 scans) to discern the asymmetric [Vagim
(COO") at 1639 cm '] and free (1576 cm ') stretch-
ing forms. The nonionized or nondissociated stretch-
ing group appears at 1720 cm™'. The absorption
bands at 777 cm ™' and 540 cm™ ! show the presence
of Sn—O. The authors®*® have reported that the
band at 770 cm ™! is v,i(Sn—O—Sn), while others®
have reported that the absorption band at 810 cm ™'
can correspond to flexion by Sn—O—H, and the
band at 570 cm ™' can be associated to traction band
of Sn—C.

Presumably, in one of the absorption modes, the
Sn(Il) ion coordinates with 2-4 carboxylate groups in
a conventionally bidentate structure; however, they
are not symmetric. Nakamoto® has suggested that
there are four types of metal carboxylate structure as
previously shown in Scheme 1. Several studies®*>°
were carried out using salts of divalent metal chlor-
ides and oxide metal in glass polyalkenoates, as
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2H,0, tin chloride dehydrated salt, (c) poly(AA)-Sn,

3 wt % tin, (d) poly(AA)-Sn, 5 wt % tin, (e) poly(AA)-Sn, 10 wt % tin, and (f) poly(AA)-Sn, 20 wt % tin.

Tin Composition for Poly(AA)-Sn(II) Evaluated by

TABLE I

Atomic Absorption Spectroscopy (AAS)

Theoretical tin
content (wt %)

Tin content
(wt %) by AAS

3
5
10
10
20
20

2.
4.
7.
8.

15
11

7
5
5
74

those of the main group elements, transition metals.
The authors®**® are in agreement that the absorption
bands assigned to the COO™ asymmetric stretching
did not correspond to the bands in the spectrum of
pure poly(AA). These results would indicate that the
asymmetric mode is more sensitive than the sym-
metric mode and that the frequencies vary from
1550 to 1620 cm ™' (metal chlorides)® or from 1500
to 1650 cm ™! (metal oxide),*® depending on the coor-
dination between the metal ion and the COO™
group; however, it moves as far as about 1634 cm ™"
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Figure 3 FTIR of (a) poly(AA)-Sn(Il) (3 wt % tin), (b) poly
(AA)-Sn(Il) (5 wt % tin), (c) poly(AA)-Sn(Il) (10 wt %
tin), and (d) poly(AA)-Sn(Il) (20 wt % tin).

for the fairly unusual case of the unidentate struc-
ture.>* For Il metal groups, two bands appear as
asymmetric stretching at 1639 (strong) and 1550 (me-
dium) cm ', The bands at 1550-1527 cm ™! are asso-
ciated with chelating bidentate structure. Thus, two
interactions seem to appear for each of the II group,
both of which seem to posses some degree of cova-
lent character.
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"H NMR spectra of poly(AA) and poly(AA)-Sn(Il)
shows the following signals (in ppm): at 1.67-2.00
corresponding to H' of (CH,) group; at 2.4 corre-
sponding to H' of (CH) group; at 7.0, the signal of
OH group appears; at 4.8, the signal corresponds to
the solvent protons. Apparently, signal displacement
did not exist in (b) relative to the poly(AA)
spectrum.

X-ray diffraction of the first series samples of poly
(AA) and poly(AA)-Sn(Il) are shown in Figure 4(a—
e). Poly(AA) is not crystalline. It is observed that
peak intensity and resolution as well as crystallinity
increase with an increase of tin content. The crystal
size was calculated with the Scherrer equation. *(B
cos 0 = S A/D), where B = FWHM (middle width
peak), S = 0.9, and A = 0.154178 nm. The peaks
used for the analysis are mainly 31.7° and 45.36° 20,
with I/Iy = 100 and 52, respectively. An increase of
crystallinity with the tin content (I/l, = 100) is
observed. However, the crystal size is not propor-
tional because it drops in the range of 90-130 nm, as
can be seen in Figure 5.

The X-ray diffractogram of poly(AA) showed neg-
ligible crystallinity in the zone 0°-20° 20 [see Fig.
4(a)]. Poly(AA)-Sn(Il) complexes showed a clear
spectra. The maximum intensity of diffraction for
peaks was in the following order: 31.64, 45.36, and
27.32, 20 [see Fig. 4(b—e)]. Table III shows typical dif-
fraction patterns of 10 wt % tin.

An intensive search of diffraction pattern files
are as follows: 46-1486 and 84-2157; SngO4(OH), 14-
0140 and 25-1303; SnzO,(OH),, with structure
hydrated oxide was made. Also, SnO file: 72-2324. A
comparative analysis by diffraction pattern indicates
predominating 14-0140 and 46-1486 SnO-nH,O
phases in the majority of samples.

Figure 6 shows the adsorbed volume as a function
of relative CO, pressure. The measurements reached
relative pressure in a small range 0-0.03 P/P,. This
type of isotherms is assumed to be produced on het-
erogeneous surfaces with multiple adsorption sites.
A lower range of pressure 107° characterizes the
Freundlich isotherm. It is observed that the adsorb-
ent’s adsorption capacity is higher on support poly
(AA) and decreases when the sample’s metallic
content increases. Table IV presents the results
adjusting the area value by isotherm BET type
model. (Transversal area CO, adsorbate c =
0.187 nm?). It is observed that specific area decreases
with tin content, seeming to indicate that tin crystal
size must be increasing with tin content.

37

Arsenic recovery by LPR technique, and As(III)
and As(V) speciation analysis

The difficulty to separate As(Ill) from water has
been published.38 As(Ill) removal could be possible
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TABLE II
Characteristic FTIR Absorption Bands for Poly(AA)-Sn(II)
Compound Unionized COOH, C=0 Coordinated COO ... M* Free COO™
Poly(AA)-Sn(II) v(em™ ) v (asymmetric) cm T v (symmetric) cm T v (em ™)

3 wt % tin 1,707 1,639 1,408 1,577
5 wt % tin 1,707 1,639 1,409 1,554
10 wt % tin 1,710 1,657 1,410 1,560

1,724 1,641 1,404 1,558
20 wt % tin 1,720 1,634 1,404 1,577

1,718 1,634 1,404 1,564
Poly(AA) 1,720 - - _

after the oxidation step as metal oxides in heteroge-
neous media. In this work, we analyze the direct
retention of As(Ill) species from water by water-
soluble metal-polymer complexes using the LPR
technique.

Figure 7 shows the total arsenic removal by LPR
technique at pH 8 for different tin contents of the
poly(AA)-Sn(Il) (3, 5, 10, and 20 wt %) and mole ra-
tio poly(AA)-Sn : As(Il) (400 : 1). The results dem-
onstrated that the complexes with theoretical 10 and

Intensity (cps)

o

", S

20.00 40.00 £0.00 80.00

2 theta {deg)

Figure 4 X-ray diffraction on (a) poly(AA), (b) poly(AA)-
Sn(I) (3 wt % tin), (c) poly(AA)-Sn(Il) (5 wt % tin), (d) poly
(AA)-Sn(Il) (10 wt % tin), and (e) poly(AA)-Sn(II) (20 wt % tin).

20 wt % tin are able to achieve a retention in a basic
medium in the theoretical mole ratio Sn : As(II)
(25 : 1) or (50 : 1). Furthermore, the assays identify
the arsenic species; a combination of separation by
liquid chromatographic technique and detection
technique by atomic absorption (HPLC-AAS) were
carried out. In all cases, the analysis of As(Ill) and
As(V), performed online, evaluated a 99 to 90 wt %
of As(Ill) and a lower quantity (up to 10 wt %) of
As(V) in the filtrate solution. In general, quantifica-
tion by HPLC determined that the quantity of ar-
senic fed was quantitatively recovered in aqueous
solution.

The differentiation analysis showed that As(Ill) is
the main species in aqueous solution. Apparently,
poly(AA)-Sn(Il) did not produce the redox reaction.
The reduction of As(IIl) to As(0)soiiq is discarded. It
is recognized that Sn in acid solution can suffer

140 2500
120
1 2000
£ 100
< 0
5 8
= 80 L1500 =
B z
= 7}
O c
[0
(] 60 =
N =
P 1 1000
404
-0-D
-1 1%
20¢
0b— ' ; : 0
3 5 10 20
Weight percent of tin

Figure 5 Maximum intensity (I/I = 100) X-ray diffrac-
tion, size crystal, and weight percent of tin samples for
poly(AA)-Sn(II) complex.
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TABLE III
X-ray Pattern Diffraction of Poly(AA)-Sn(II)
d (A) 2.8255 1.9977 3.2617 1.6285 1.4102 1.2616 1.1523
I/1y 100 52 34 20 10 12 10

Rad. A\Cu Ko 1.5406 A, Ni filter.

hydrolysis, and hydrolyzed Sn species linked to a
polymer could produce the reduction of As(Ill) spe-
cies. Even though the As(0) species are not identified
by AAS, the presence of traces of As(V) identified
by HPLC-HG-AAS, during the essay, indicated that
a relatively small fraction of As(Ill) can be oxidized
in solution during the assay.

At pH 8, the sample with poly(AA)-Sn(Il) 10 wt %
tin using a mole ratio [poly(AA)-Sn : As(Ill)] (400 : 1)
showed a 90 wt % of As(lll) species retained.
Under the same operating conditions, the poly(AA)-
Sn(Il) 20 wt % tin showed a similar arsenic differen-
tiation profile with retention of nearly 80 wt %
As(Ill). At pH 4, the poly(AA)-Sn(Il) 20 wt % tin of
(400 : 1) showed a retention profile in some cases of
50 up to 70 wt % As(Ill) (see Fig. 8).

The predominant species in solution is arsenite,
which exists as neutral species HAsO, for a wide
range of pH. Thus, a probable binding with the
polymer complex is one where O=As—OH can
undergo Lewis acid-base interaction® with Sn sites in
the polymer, forming a monodentate complex. How-
ever, the existence of hydrolyzed species of As(Il) is
not discarded, depending on the media’s pH value.
The authors found As(OH); (pH = 5) and
OAs(OHy)™ (pH = 10.5) when evaluating with infra-
red and Raman essays.

It was also determined that the equilibrium
adsorption of As(Ill) : poly(AA)-Sn is reached after
1-2 h contact with shaking prior to ultrafiltration.

10
—— Poly(AA)
5 —O- Poly(AA)-Sn(ll},(5 wt % tin)
—&— Poly(AA)-Sn(Il),(10 wt % tin)
—— Poly(AA)-Sn{ll),(20 wt % tin)
-y
£ 6
3
>
4 -
2 4
0 : . ; ‘ ‘
0 0.005 0.01 0.015 002 0025 003
P/PO

Figure 6 Isotherm adsorption CO, of poly(AA) and poly
(AA)-Sn(II) (5, 10, and 20 wt % Sn).
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The desorption of As(Ill) is reached decreasing the
acidity at pH 3, achieving a recovery in the order of
95%.

The presence of hydrolysate of tin is not discarded
completely since the arsenite retention is possible at
pH 4 and 8.

We also performed a preliminary experiment con-
sidering a SnO-nH,0O solid, and it was observed that
it maintains an acceptable performance, slightly
lower than that for the metal-polymer complexes.
This study is in progress to support the small quan-
tities of SnO-H,O or Sn(OH), on inorganic oxide-
forming column systems. On the basis of these
results, we did an experiment of aqueous Sn(OH),
precipitate using the LPR technique. The Sn(OH),
was used in aqueous media, and it is filtrated
with arsenite solution in the mole ratio Sn : As(IIl)
(20 : 1). It showed As(IlI) retention properties at pH
8 and 4 as shown in Figure 9. The tin chloride salt
assay at pH < 2 in the presence of As(Ill) in mole
ratio (Sn : As(lll) (20 : 1) did not present retention.
The results do not necessarily confirm that the phase
Sn(OH); is formed in a water-soluble metal-polymer
system or that it is the only compound responsible
for the retention ability. We did not observe an in-
soluble chelate with metallic salt and poly(AA). This
current system is a light-yellow color or colorless so-
lution depending on the quantity of tin and water.

Additionally, the LPR technique was used to test
the aqueous solution of poly(AA) and SnCl, - 2H,0
(10 wt % tin in the sample) prepared in situ in the
ultrafiltration cell. In only few minutes at pH 5,
As(Ill) was added in a mole relationship [polymer/
tin salt : As(IlI)] (400 : 1) and (Sn : As(Ill) in nearly
(20 : 1). It was performed to avoid the possible coor-
dination of metal in the polymeric network and
therefore, the effect of tin hydrolysate could be bet-
ter observed if it is formed in appreciable quantity
when retaining As(Ill). The adsorption equilibrium
was 3.5 and 24 h, respectively (see Figure 9).

TABLE IV
BET Specific Area CO, for Poly(AA) and Poly(AA)-Sn(II)

Compound SBET(CO,) (m?/ g)
Poly(AA) 72
Poly(AA)-Sn(I) (3 wt % tin) 21
Poly(AA)-Sn(Il) (5 wt % tin) 17
Poly(AA)-Sn(II) (10 wt % tin) 16
Poly(AA)-Sn(II) (20 wt % tin) 15
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Figure 7 Retention profiles for As(Ill) at pH 8, using
(a) @ poly(AA)-Sn, 3 wt % tin; (b) B poly(AA)-Sn, 5 wt %
tin; (c) A poly(AA)-Sn, 10 wt % tin; and (d) O poly(AA)-
Sn, 20 wt % tin.

Enrichment method

The saturation capacity of metal-polymer complex
to As(Ill) aqueous solution was determined. Figure
10 shows the curve obtained by the poly(AA)-10 wt %
Sn(Il) sample (first series) and blank assays.

The maximum retention capacity is defined as
follows:

C = MV /Ppsn

where P.,g, = amount of Sn of polymer (g); M = ini-
tial concentration of As(Ill) 37.5 (mg/L); V = filtrate

100
90
80
70 1
60
50 |
40 1

As(lll),(%)

—4— 20 wt% Sn, pH 8
30 1 —&— 10 wt% Sn, pH 8
—o— 20 wt% Sn, pH 4

20 1
—m— 10 wt% Sn, pH 4
101
0 2 4 6 8 10

Figure 8 Species analysis, HPLC-AA in: ¢ poly(AA)-Sn,
20 wt % tin; A poly(AA)-Sn 10 wt % tin at pH 8; and
(c) @ poly(AA)-Sn, 20 wt % tin at pH 4.
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20 —8-Sn(OH), (). pH4
—m—Sn(OH)2 (s) PH 8
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——SnCLx2H,0/P(AA), 24 h, pH 8
0 T * * * * hd * *
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4

Figure 9 Retention profiles for As(IIl) using: SnCl, ® pH
< 2; Sn(OH),) @ pH 4 and A pH 8; SnCl,/PAA, ¢ 35 h,
O 24 h.

volume (defined volume), through of membrane-free
As(Ill) (mL). C was calculated as 101 mg/g corre-
sponding to the total filtrate volume of 300 mL. The
maximum retention capacity is determined based on
the Sn(g) mass that gives reactivity to the complex.
It represents nearly 8 wt % of the polymer’s active
sites.

CONCLUSIONS

A single procedure to prepare metal-polymers based
on tin(Il) salt effectively removed arsenic as a con-
taminant from water. The material’s characterization
would indicate a coordination of the Sn(Il) ion as
conventionally bidentate but not symmetric with 2-4

—&—As(llh

—O—Blank As(Illy

As(lII), (ppm)

0 50 100 150 200 250 300
V,(mL)
Figure 10 Arsenic(IIl) concentration versus filtrate vol-

ume of poly(AA)-Sn 10 wt % Sn. Polymer amount:
4 mmol. Pattern solution of As(IIl): 0.5 mM.

Journal of Applied Polymer Science DOI 10.1002/app
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carboxylate groups. A crystalline nanomaterial
mainly a phase of SnO-nH,O would be a probable
product of hydrolysis of Sn*?. The crystallinity was
increased by tin content, and the crystal size is
nearly 90-130 nm. Texturally, it is characterized by a
small specific area, which decreases slightly as tin
content increases. This result suggests that crystal
size is increasing with tin content. The polymer’s
thermal stability was improved in the presence of
the tin salt. It is suggested that the maximum tem-
perature peaks at 390 and 480°C exist due to the
sites of Sn inserted in the poly(AA) matrix, confer-
ring retention properties to this material.

Ultrafiltration and speciation analysis showed that
the main As species retained by metal-polymers
from solution is As(Ill). The maximum retention
ability (70-90%) is found at basic pH.
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